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ABSTRACT
A Statistical Investigation of Ozone Exposure Assessment by
Direct and Indirect Measurement
by

Loren Palmer Hopkins

Recent studies have proposed the application of exposure-based criteria in
developing alternative primary ambient ozone standards. Historically, epidemiological
studies of ozone have approached exposure assessment in a simplistic fashion with
simplistic methods used to estimate ambient ozone concentrations in exposure
assessment. A new method for assessing human exposure to ozone has been developed.
The research uses a spatial temporal statistical method, kriging, in conjunction with
subject activity logs to estimate personal exposure to ozone.

The personal ozone exposure to human subjects was monitored using Harvard
passive samplers during August and September of 1997. Each subject logged their )
location and activity during the exposure period. A three-dimensional kriging model of
ozone was developed to estimate the ozone exposure for each subject from ambient fixed
site monitoring data. The ozone predications from the model were combined with the
activity and location information, adjusted for indoor environment when applicable, to

estimate personal exposure concentrations for each subject.



Using two independent approaches, the kriging model was proven to provide
accurate spatial and temporal estimates of ozone at subject exposure points. The results
from this work show that the method developed to estimate exposure through kriging
over (X,y,t) to predict ozone concentrations at exposure points combined with subject
activity and location logs produces exposure estimates within the error bounds of the

analytical methods for personal monitoring.
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1.0 INTRODUCTION

I.1 Air Pollution

Regulatory strategies mandated by the Clean Air Act (CAA) have emphasized
controlling outdoor sources of air pollution since 1970. During the past twenty-eight
years, the concentrations of five of the six pollutants for which National Ambient Air
Quality Standards (NAAQS) are designated (carbon monoxide, nitrogen dioxide,
particulate matter (10 microns), sulfur dioxide, lead) have been substantially reduced in
ambient air in the United States. The outdoor exposure to the sixth pollutant, ozone (O5),
still threatens human health in many locations within the United States (NRC, 1991). For
example, the City of Houston reported 362 days when the ozone level exceeded the
NAAQS between 1990 and September of 1997 and in 1997, the maximum 1-hr ozone
level reported in Houston (0.234 ppm) exceeded the level in Los Angeles (0.210 ppm),
historically the most ozone polluted city in the United States, for the first time.

The adverse health effects of exposure to ozone cannot be understated. The
American Lung Association, in their review of ozone health studies performed during the
past 10 years, determined that air pollution contributes to premature deaths among the
elderly and young children (Reporter, 1995). Additionally, air pollution is thought to be
responsible for the rise in asthma cases and causes respiratory problems for children even
at levels below the air quality standards(Reporter, 1995). Moreover, in 1993 a working

group organized for the purpose of recommending research on health effects of



"~

tropospheric ozone identified the following deficiencies in our understanding of air

pollution (Tager, 1993):

1. Evidence for a connection between the acute respiratory effects of O3 and possible

chronic respiratory effects;

[8S]

Adequate exposure assessment tools for reconstruction of lifetime O3 exposure;
3. Clear evidence for a human analogue of the terminal bronchiolar and proximal acinar

changes observed in lungs of ozone-exposed animals;

e

Definition of characteristics of O3 susceptible individuals; and
5. Information on the role of other ambient environmental pollutants in the facilitation of

O; effects or as a cause of effects attributed to O3 in human populations.

1.2 Research Theme

This research is focused on addressing some of the deficiencies identified by
Tager (1993), primarily “studies which incorporate accurate and precise tools for chronic
Os exposure assessment need to be developed for use in retrospective and prospective
studies.” Exposure assessment refers to the process of estimating the exposure a person
receives from a contaminant. Exposure is defined as an event that occurs when there is
contact at a boundary between a human and the environment with a contaminant of a

specific concentration for an interval of time (NRC, 1991). In air pollution, exposure is



due to inhalation of air pollutants and exposure assessment involves monitoring what
concentrations an individual is exposed to (inhales) and for what duration.

Vostal (1994) concurs that exposure assessment or the exact measurements or
modeling of human exposures to environmental pollutants are of crucial importance for a
realistic evaluation of public health risks. Also, obtaining valid measures or estimates of
exposure is essential in order to investigate causal relationships between exposure to
chemical and physical agents and adverse consequences to human health. The National
Research Council (1991) states that exposure assessment is an integral component of
environmental epidemiology, risk assessment, risk management, and disease diagnosis
and treatment. It is an equal partner with toxicology in defining human health risk and
identitying exposure-response relationships. Exposure assessment is central to risk
management efforts because it determines:

o Concentration distributions in time and space;

¢ Populations or subgroups at high and low risk;

o Efficient, effective, and representative environmental monitoring programs;

e Chemical and physical contributions of various sources to concentrations;

* Factors that control contaminant release into environmental media, routes of
environmental transport, and routes of entry into humans;

e Effective mitigation measures; and

e Compliance through mitigation measures to achieve health standards.



Public health experts have developed and utilized sophisticated techniques for all
aspects of risk assessments and epidemiology studies except exposure assessment (NRC,
1991). Historically, simplistic models have been used to estimate exposure when
extensive, long duration studies are conducted and personal monitoring is not feasible.
This weakness likely stems from the fact that tools to facilitate good exposure estimates
have not been available or, when available, require significant effort, resources and
sophistication to employ. Sophisticated models which could greatly strengthen risk
assessment and epidemiology studies through more precise estimation of exposure point
concentrations spatially and temporally have not been utilized in exposure assessments.
This research is intended to help bridge this gap by providing a prototype methodology
for exposure point modeling and exposure assessment for air pollution.

The overall objective of this research is to provide a more sophisticated and
precise approach for conducting exposure assessment than is currently utilized in
epidemiology studies and risk assessments on air pollutants. The research uses a spatial
temporal statistical method in conjunction with subject activity logs to estimate personal
exposure to ozone. This approach is novel and unique and has not been utilized by other
researchers to date. The resulting spatial temporal estimate of ozone and the personal

exposure estimates are validated through comparison with measured data.



1.3  Thesis Organization

The thesis is organized into four parts. Part | is a statement of the problem and
includes Chapters 1, 2 and 3. The introduction is contained in Chapter | followed by the
research objectives in Chapter 2 and the literature review in Chapter 3. Part 2 contains
the methods and research approach in Chapters 4, 5 and 6. Chapter 4 contains a
description of kriging which is used to estimate the ambient ozone concentration.
Chapter 5 contains a discussion of sampling and data collection and Chapter 6 contains a
description of the methodology used to estimate personal exposure. Part 3 contains the
results and discussion of the results in Chapters 7, 8,9 and 10. An empirical evaluation
of ozone estimation techniques is presented in Chapter 7, the ozone data used in the
exposure research are presented in Chapter 8, kriging estimates of ambient ozone during
the exposure period is presented in Chapter 9, and estimates of personal exposure and
comparisons with measured personal exposure are presented in Chapter 10. Part 4

contains the conclusions and references in Chapters 11 and 12.



2.0 RESEARCH OBJECTIVES

2.1 Hypothesis

The hypothesis proposed in this research can be described as follows:

* Kriging in two or three dimensions, an estimation technique which incorporates
spatial/temporal correlation structure, predicts ambient ozone concentrations at a
location better than standard prediction techniques used in exposure assessment.
Standard prediction techniques include: nearest monitor daily mean, nearest monitor
daily maximum, a regression of the ambient monitoring station ozone concentrations
to the ozone concentrations measured outside subject homes, and inverse distance
weighting.

e Three-dimensional kriging (x,y,t) of estimates of ozone concentrations combined with
subject location activity logs provides an estimate of personal exposure to ozone

which is not statistically different from personal monitoring of ozone.

2.2 Research Design

The research design plan to evaluate the first part of the hypothesis consists of
empirically evaluating the performance of spatial and temporal or three-dimensional
kriging (x,y,t) and spatial or two-dimensional kriging (x,y) against the standard estimation
techniques used in exposure assessment. The standard techniques explored in the

research included: statistic from the nearest monitor, inverse distance weighting of the



three nearest monitors, and a regression equation developed from measurements at the
fixed site and subject homes. The mean squared error of prediction between the different
techniques was used as a comparison measure.

The research design plan to evaluate the second part of the hypothesis consists of
collecting personal ozone exposure concentration measurements (total of 22) and location
log information from a study panel of human subjects for an exposure period from
August through September 1997, using kriging in (x,y,t) to estimate ozone concentrations
at the subject locations and estimating personal exposure by combining the location
information and kriged ozone concentrations. The measured and estimated ozone
personal exposure were compared statistically.

The research design plan discussed above is presented in schematic form in Figure
1. The remainder of this section describes the various tasks and objectives of the research

that are shown in Figure 1.

Objective | Evaluation of the effectiveness of 2-dimensional and 3-dimensional kriging

This objective involved three tasks. The first task consisted of empirical
evaluation of two and three-dimensional kriging against the daily mean and maximum
from the nearest fixed site monitor, inverse distance weighting of the three nearest
monitors, and a regression equation developed from measurements at the fixed site and
subject homes. The second task consisted of the use of kriging to model the

concentrations of ozone that the study subjects were exposed to during the study period.
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The third task consisted of validation of the kriging model by comparing the model

predicted results to measured concentrations.

Objective 2 Ozone data collection

This objective involved two tasks. The first task consisted of using the Harvard
passive sampler to sample ozone at three types of locations: fixed site monitor locations,
outside of the homes of human subjects and human subject personal exposure. The
passive sampler was used to sample ozone at the fixed site monitor location and outside
of the human subject’s homes to support validation of the passive sampler. The passive
sampler was worn by the human subject to measure the subject’s personal exposure to
ozone. The second task consisted of validation of the passive sampler through statistical
comparison of the ozone concentration from the passive sampler with the fixed site

monitor ozone concentration or modeled concentration.

Objective 3 Estimation of personal exposure

This objective involved three tasks. The first task consisted of selection of a study
panel. The second task consisted of collection of human subject location data. The third
task consisted of estimation of personal exposure using location logs and exposure point

concentrations derived from kriging (X,y,t).



Objective 4 Comparison of the estimated and measured personal exposure
This objective consisted of a statistical comparison of the estimated and measured
personal exposure to ozone. As part of this task, conclusions were drawn from the

comparisons to evaluate the hypothesis.

23 Significance of the Research

The application of the propesed technique, three-dimensional kriging in (x,y,t) to
predict pollutant exposure, is a novel approach which may provide a significant
improvement in our ability to predict ambient ozone concentration spatially, and improve
the accuracy of exposure assessment models for epidemiological studies. This in turn
may lead to regulations that can more accurately incorporate pollutant exposure.

The significance of the research is evident from observing the current trend of
proposing exposure-based criteria as alternative primary ambient ozone standards.
Blanchard et al. (1997) propose human-exposure based criteria as an alternative primary
ambient ozone standard. They argue that the potential health effects of ozone are not tied
exclusively to the value of the peak ozone concentration, but rather, the effects of ozone
on a person depend upon integrated exposure. Therefore, the current primary ozone
standards that are based on the highest ozone concentration observed at fixed monitoring
locations may not be representative of the air quality and population exposure throughout
an area that does not attain the air quality standard. Human exposure-based criteria would

require estimating the ambient ozone concentration spatially and temporally throughout



the nonattainment area and combining that concentration information with human activity
patterns. The techniques most frequently used to estimate ambient concentrations of
ozone at the point of exposure for epidemiological exposure assessment include: daily
mean concentration (Linn et al., 1976; Dockery et al., 1993; Sawicki and Lawrence, 1977;
Ozkaynak et al., 1996; Comstock et al., 1973; and Rokaw et al., 1978) or daily maximum
concentration (Ozkaynak et al., 1996) from the nearest monitors, a regression of the
ambient monitoring station ozone concentrations to the ozone concentrations measured
outside subject homes (Johnson et al., 1990), or inverse distance weighting between fixed
monitoring locations (Abbey and Burchette, 1996; Korc, 1996). These techniques do not
provide good estimates of outdoor ozone concentrations because of the spatial and diurnal
variation in ozone concentrations in urban areas (Liu and Rossini, 1996). Human
exposure models can be greatly improved with improved estimations of ozone

concentration between fixed site monitoring sites.



3.0 LITERATURE REVIEW

The focus of this chapter is to provide background information and a sense of the
state of the research regarding ozone air pollution, ozone air models, ozone exposure

assessment and exposure assessment through a review of the scientific literature.

3.1 Ozone Air Pollution

This section presents a description of the formation of ozone, sources of ozone

precursors, ozone occurrence, and ozone health effects.

3.1.1 Ozone Formation

The earth’s atmosphere is composed of many layers (Mcllveen, 1992). For the
purposes of discussing ozone formation, the layers of concern are the troposphere, the
stratosphere, and the boundary between them, the tropopause. The troposphere extends
from the earth’s surface to the tropopause at approximately 14 km altitude above the
earth’s surface. The stratosphere extends from the tropopause to an altitude of 50 km.
Ozone is formed through different series of reactions in the stratosphere and the
troposphere. The formation of ozone in the stratosphere is dependent on wavelengths of
solar radiation not available in the troposphere. Naturally occurring tropospheric ozone

consists of ozone formed in the stratosphere which is transported down to the



troposphere. The majority of ozone found in the troposphere, however, is from
photochemical oxidation of anthropogenic precursors. The following is a discussion of
the reactions that form ozone in the stratosphere and the troposphere. The ozone
concentrations of concern in this research are within the troposphere.
Stratosphere

High energy solar radiation (A = 0.2 um,) in the upper atmosphere (above 50 km)
attack molecular oxygen, as given by the reaction:

01 + hv = 20(°P) (1)

where
O(C’P) = monatomic oxygen in the ground state
hv = v is the frequency associated with a particular photon, /i is Planck’s constant
(6.6x10* J.s), and A is the wavelength of light and is inversely proportional to its
frequency (hv=hc/M). The velocity of light is denoted by c.

Therefore, oxygen exists almost entirely as monatomic O in the upper stratosphere
(Wark et al., 1998). In lower levels of the stratosphere, the monatomic oxygen undergoes
a number of reactions. Two of the reactions are the recombination to form O and
combination with Os to form ozone according to the reaction:

OCP)+ 0, +M = 03 + M )
where

M = an energy-accepting third body.



Troposphere

Ozone from the stratosphere travels downward into the troposphere to form
background ozone, however, ozone in the troposphere is not formed through reactions 1
and 2 because the solar energy necessary for reaction | does not reach the tropopause.
The solar radiation less than 0.29 um has been removed largely by absorption with ozone
in the stratosphere. Instead, the only significant anthropogenic source of ozone is a result
of photodissociation of NO, by sunlight (Pitts and Pitts, 1993). The atmosphere receives
large quantities of SO,, NO and hydrocarbons in areas where emissions from heavy
industry combine with emissions from mobile sources. Nitric oxide and SO, alone would
be slowly converted into sulfates and nitrates in the absence of sunlight. However, with
the addition of hydrocarbons and sunlight, photochemical air pollution is formed.

The basic process leading to the photochemical formation of ozone in the

troposphere involves three main reactions.

NO> + hv = NO + OCP) 3)
OCP)+0,+M — 0; +M 4)
03 +NO > NO‘_’ + 03 (5)

Nitrogen dioxide is highly photochemically active. The gas dissociates according
to the reaction 3 for radiation below 0.43 um. Now that the highly active-monatomic
oxygen is available from reaction 3, reaction 4 proceeds and ozone is formed. Ozone
then reacts with nitric oxide to form nitrogen dioxide and oxygen in reaction 5. These

three reactions form the atmospheric nitrogen dioxide photolytic cycle (Figure 2).



Figure 2

Ozone Formation: Interaction of Hydrocarbons with the Atmospheric Nitrogen Dioxide
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The initial NO» needed for reaction 3 is supplied by oxidation of NO released by
stationary and mobile sources to NO, as follows:
2NO + O, - 2NO, (6)
Many other reactions which involve nitrogen and oxygen species may also occur

complicating the cycle in Figure 2 such as:

O+NO>»—>NO+0, N
O+NO>+M - NO; +M (8)
O+NO+M - NO,+M 9)
NO; + NO — 2NO, (10)
NO; + 03 -5 NO3; + O, (an
NO; + NO2+ M - N.Os + M (12)

At night nitric acid is formed on surfaces and particles as the N2Os undergoes
hydrolysis in the following reaction:
N2Os + H,O — 2HNO; (13)
During the day, nitric acid is formed through the reaction of NO, and the hydroxy radical
(OH) in the following reaction:
NO: + OH - HNO; (14)
The nitric acid formed in reaction 13 and 14 may react further to form nitrate salts.
The nitrogen dioxide photolytic cycle does not predict the high levels of ozone

seen in the atmosphere. The large quantity of ozone observed in the urban atmospheres



above the amount predicted by the nitrogen dioxide cycle can only be explained when
hydrocarbon chemistry is incorporated. The hydrocarbons in the atmosphere are emitted
from both natural and anthropogenic sources. The hydroxyl radical (OH) is formed when
ozone itself undergoes photochemical change with A<0.32 um in the following reaction:

O3+ hv — 02+ O('D) (15)
where
O('D) = an excited oxygen atom.
and

O('D) + H,O—20H- (16)
The OH radical then reacts with reactive volatile organic compounds (RH) in the
following reaction:

RH + OH — R- + H.0 (17
where
R- = organic radical.
The organic radical reacts with molecular oxygen to form the peroxy radical when an
inert third body such as N> or O, is present as follows:

M

R- + O, - RO»: (18)
where
ROs: = peroxy radical

M = inert third body.
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Nitric oxide is oxidized to nitrogen dioxide when it reacts with the peroxy radicals in the
following reaction:
RO; + NO — NO, + RO (19)

The alkoxy radical, RO, behaves in a manner analogous to reaction 17 continuing
the organic radical chemistry. In the presence of hydrocarbons, reaction 19 dominates the
production of NO, beyond that produced in the nitrogen dioxide photolytic cycle
(reactions 3-5) which in turn results in formation of additional ozone. In the above
scheme, reaction 19 overshadows reaction 5 in the formation of NO», resulting in the
formation of NO, without consumption of O;. As a consequence, reaction 2 produces
ozone and little is reacted away reforming NO,.

The reaction of O; with some hydrocarbons provides another source of peroxy
radicals to the atmosphere which can then augment the reaction of NO to NO». These
reactions lead to less NO available to titrate ozone (reaction 5) as a significant portion of
NO is reacting with the hydrocarbon species. The overall result is increasing ozone
levels, rather than remaining relatively constant as predicted by the primary photolytic
cycle (reactions 3-5). NO, (without organic radical chemistry), would decrease because
of its photodissociation by sunlight as predicted by the nitrogen dioxide photolytic cycle
in Figure 2. But observations show increases of NO, with decreasing NO from organic
radical chemistry. The above discussion is a summary of the most important reactions as

the chemistry is very complex owing to the wide variety of reactive hydrocarbons present



in the atmosphere. A more detailed discussion of these reactions can be found in the

literature (NAS, 1992; USEPA, 1996).

3.1.2 Sources

Sources of VOCs inciude: motor vehicle emissions, other internal combustion
engines, industrial facilities, consumer and commercial products (paints, solvents and
cleaners) and biogenic emissions (plants and trees). NO are primarily produced by high

temperature combustion in motor vehicles and power plants (Wark et al., 1998).

Major emission source categories include transportation, stationary source fuel
combustion, industrial processes, solid waste disposal, and some miscellaneous
combustion-related activities. Estimates of emissions from manmade sources in the
United States for 1991 are listed in Table 1. The largest source categories of VOC
emissions are from highway emissions (28.5 %) and solvent utilization (26 %). The
largest source categories of nitrogen oxides are from highway vehicles (34 %) and electric

utilities (32 %) (USEPA, 1996).

3.1.3 Ozone Occurrence

Due to the necessity of photochemica! reactions and the variation in sunlight

intensity, ozone levels vary by season, tending to be highest in late spring and summer



Table 1
Estimated 1991 Emissions
from Manmade Sources in the United States

Volatile Organic

Compounds Nitrogen Oxides
Source Category Emissions (Tg) Emissions (Tg)
Transportation
Highway vehicles 6.00 .20
Off-highway vehicles 1.87 2.51
Stationary fuel combustion
Electric utilities 0.03 6.74
Industrial 0.26 3.27
Other 0.39 0.68
Industrial processes
0.80
Chemical manufacture 1.61
Petroleumn and related 0.68
Solvent utilization 5.50
Petroleum product storage 1.69
and transport
Other 0.49
Solid waste 0.07
Waste disposal / recycling 2.0l
Miscellaneous 0.51 0.12
Source Total 21.04 21.39

Tg=teragram
Source: U.S. EPA, 1996




and lower in the winter. Levels also follow a diurnal pattern during a 24 hour period
tending to peak in the afternoon and be at their minimum in the early morning hours.
Ozone concentrations further vary geographically based on climate and weather
conditions.

Ozone is regulated as a criteria pollutant through the Environmental Protection
Agency (EPA) under the Clean Air Act. The National Ambient Air Quality Standard for
ozone is 0.12 parts per million (ppm) averaged over one hour. An adopted standard of
0.08 ppm over an eight-hour average has been promulgated because many published
studies have shown clear and consistent health effects associated with exposure to ozone
at and below the current NAAQS. About half of the U.S. population lives in areas where
the NAAQS for ozone is exceeded (Lippman, 1995).

The City of Houston reported 362 days when the ozone level exceeded the
NAAQS between 1990 and September of 1997 (Figure 3), and in 1997 the maximum l-hr
ozone level reported in Houston exceeded the peak ozone concentration in Los Angeles,
the city with historically the most severe ozone pollution, for the first time (Figure 4).
Ozone data in Houston are reported from sites in three different air quality monitoring
networks (Texas Natural Resource Conservation Commission network, City of Houston
network and Houston Regional Monitoring network) in the Houston area with a total of
20 fixed site monitoring stations as shown in Figure 5. The City of Houston reported 362
days when the ozone level exceeded the NAAQS between 1990 and September of 1997.

In 1997, the maximum I-hr ozone level reported in Houston (0.234 ppm) exceeded the
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Figure 5

Fixed Site Monitoring Locations

Houston, Texas
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level in Los Angeles (0.210 ppm), historically the most ozone polluted city in the United

States, for the first time.

3.1.4 Health Effects of Ozone

Ozone exposure has been linked to a variety of well documented health effects at
levels above and below the current one hour standard. Bates (1995) describes health
outcomes which have been linked to ozone exposure as:

* Increased airway responsiveness in the population;

e Increased prevalence of asthma;

¢ Increased severity and incidence of asthma attacks;

¢ Increased severity and incidence of respiratory symptoms; and
* Development of chronic respiratory bronchiolitis.

A review of the effect of ozone in human studies (Alexis et al., 1994) indicates
that healthy adults who exercise heavily for | or 2 hours during periods of elevated O;
concentrations experience pronounced symptoms and decreases in lung function. Effects
of Oj are short-term, transient, and appear reversible that follow exposure of 5 min to 6.6
hr. These include changes in vital capacity, flow resistance, reactivity to bronchoactive
challenge, epithelial permeability, and respiratory symptoms. Effects are observed
initially, persisting for hours or days after exposure. Repetitive daily exposures initially

exacerbate and prolong transient changes. Adaptation occurs reducing some, but possibly



not all effects with increased time. Definitive information on the chronic effects of
exposure 10 ozone in humans is not available. There is a strong concern that ozone could
produce chronic lung damage in humans on the basis that exposures are ubiquitous at
levels that produce transient symptoms, function deficits, and lung inflammation in
humans and chronic lung damage in laboratory animals. Both prospective and national
population surveys suggest an association between chronic O3 exposure and reduced lung
function. A pilot investigation of autopsied lungs of accident victims in Los Angeles
reported an unexpectedly high incidence of disease in the centriacinar region, the lung
region known to receive the highest dose of inhaled O; (Lippman, 1993).

An extensive summary of the health effects of ozone is presented in EPA’s Air
Quality Criteria Document for Ozone and Related Photochemical Oxidants (USEPA,
1996). A summary of the key studies and their findings is presented in Table 2.

Lippman (1995) summarizes the understanding of O3 and respiratory health
effects as follows:

o The control of ambient Oj to levels within the current NAAQS presents an intractable
problem;

¢ The current NAAQS contains little, if any, margin of safety against effects considered
to be adverse; and

e More than half of the U.S. population resides in communities that exceed the O

NAAQS.
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