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Abstract. In this paper we couple a spatiotemporal air quality model
of ozone concentration levels with the synthetic information model of the
Houston Metropolitan Area. While traditional approaches often aggre-
gate the population, activities, or concentration levels of the pollutant
across space and/or time, we utilize high performance computing and
statistical learning tools to maintain the granularity of the data, allow-
ing us to attach specific exposure levels to the synthetic individuals based
on the exact time of day and geolocation of the activity. We demonstrate
that maintaining the granularity of the data is critical to more accurately
reflect the heterogeneous exposure levels of the population across time
within the greater Houston area. We find that individuals in the same
zip code, neighborhood, block, and even household have varying levels
of exposure depending on their activity patterns throughout the day.
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1 Introduction

It has been demonstrated that localized specific exposures to ozone can dramat-
ically increase health risks for cardiac events and asthma [4,5,20]. For example,
it was found that an increase of 20 parts per billion (ppb) in ozone (Os) over
a period of one to three hours is associated with a 4.4% increased risk of hav-
ing an out-of-hospital cardiac arrest, for which 90% of cases result in death [4].
Many studies, however, use 12- or 24-hour activity summaries [10, 12, 16]. How-
ever, aggregating time to daily periods miss important details such as variations
in ozone levels across physical space and time, which can significantly impact
individual and population exposure levels to ozone.

In this paper, we couple a spatiotemporal air quality model of ozone concen-
tration levels (O3 ppb hourly) across the metropolitan area of Houston, Texas
to a data-informed synthetic information model. It overcomes the limitations of
traditional approaches as it is informed by how people move through their activi-
ties during the day, allowing us to attach specific exposure levels to the synthetic
individuals based on the exact geolocation of the activity and time of day. The



result is a step towards an in silico experimental platform to study social be-
havior, including interaction with the environment. While previous models have
calculated personal exposure, the space and time coupling makes this model
unique. In addition, earlier models often aggregated exposure levels to calculate
a population exposure, but computational resources have given us the ability to
maintain the granularity of the data at the individual level across both space and
time. Our contribution is the adoption of the synthetic information approach to
understand the impact of air quality over physical space and time on individual
exposure levels. This requires a richer characterization of the synthetic individ-
uals and their activity sequences than in current models. We demonstrate that
maintaining the granularity of the data is critical to more accurately reflect the
heterogeneous exposure levels of the population within the Houston Metropoli-
tan Area. We find that individuals in the same zip code, neighborhood, block,
and even household have varying levels of exposure depending on their activity
patterns throughout the day.

2 Background

Exposure is the contact an individual has with a pollutant, and is a function of
the concentration of the pollutant and the time exposed to the pollutant [25]. An
individual’s exposure has often been assumed to be proportional to the ambi-
ent concentration of the air pollutant. However, an individual’s activity patterns
across both space and time must be accounted for in order to determine a more
accurate representation of the magnitude, frequency, and the duration of indi-
vidual’s exposure to a pollutant [29].

Community-based studies [21, 23, 31] identify a significant impact on health
from air pollution levels but do not directly measure individual exposure. Other
studies focus on direct measurement of human exposure through personal mon-
itors or home-based centers, but the cost, measurement accuracy, and logistics
limit their use on a scale large enough to provide community-wide understanding
of exposure [30, 28]. Earlier models that sought to attach air pollution exposure
to populations, took a group-level approach, whether based on the demograph-
ics of a subset of individuals, the geographic location of homes and activities,
or a set of micro-environments. While some of these studies modeled represen-
tative individuals [11,2,19], they either stopped short in their ability to trace
individuals throughout the course of the day or in modeling a representative
population of the geographic location in question. For instance, a variety of En-
vironmental Protection Agency (EPA) exposure models (e.g., APEX [26] and
SHEDS [27]) utilize the Consolidated Human Activity Database, a repository
of harmonized human activity data. In this database, a person’s exposure is
obtained by mapping the activities reported in the surveys into several micro-
environment categories, each with an estimated exposure rate. In contrast, we
will map the reported activities to very granular geolocations accounting for
the time of day. Other exposure models have focused on calculating personal
exposure to emissions and other pollutants while traveling, accounting for fac-



tors such as transportation mode, vehicle type, and transportation routes [7,9].
While these models seek to accurately reflect exposure during travel, they do
not account for the individual’s full course of activities.

Moving away from aggregate-level exposure calculations and accounting for
an individual’s full course of activities, more recent exposure models have de-
veloped synthetic populations to represent each individual in a geographic lo-
cation. Traditional synthetic population models, however, are limited in their
use for estimating environmental exposure to contaminants that vary over both
space and time. These methods aggregate activities into percent time (e.g., per-
cent of day) and allocate the aggregated time to an activity location [13,17, 32].
Coupling these models to environmental exposure will mask important social
determinants of health. As an example, a study of Sydney, Australia [18] used
traditional models with single daily exposure values, and coupled the percent
time spent at various locations to these daily average exposure levels. However,
that level of granularity is not enough for differentiating important health effects
related to air quality. In contrast to this study, our research attaches actual ex-
posure values to the synthetic individuals continuously over space and time, i.e.,
at specific geographic locations and specific points in time. It has been shown
in many studies [4, 5, 20] that level of aggregation is an important consideration
as it can mask important health effects that could be translated into life saving
behavioral and policy changes.

Developing an in silico experimental platform will allow us to study dis-
parities in exposure to air pollution at a level of detail not possible with other
models. This level of granularity will improve our understanding of the exposure
pattern differences for sensitive and socioeconomically disadvantaged subpopu-
lations compared to the population at-large. The in silico platform will enable
more in-depth analysis than is currently possible with existing approaches of
populations at risk of environmental exposure (air quality).

3 Methodology

In this section we describe the current state of development of the in silico exper-
imental platform, a platform that couples a synthetic information representation
of the residents in the Houston Metropolitan Area to an air quality spatiotempo-
ral model. We begin by describing the synthetic information model developed at
Virginia Tech [15] in Section 3.1. It includes socio-demographically relevant ac-
tivity sequences and the movement of each individual in the population through
their sequences second-by-second during the day. This allows aggregation of time
intervals to match the environmental quality data (e.g., hourly intervals), which
is explained in Section 3.2. Finally, we demonstrate the methodology to deter-
mine spatiotemporal individual-level exposure to ozone in Section 3.3. This in
silico platform provides the exposure profiles for the roughly 4.9 million syn-
thetic individuals in the Houston Metropolitan Area. Figure 1 illustrates the
conceptual model of the current state of the in silico experimental platform.
This platform will provide an integrated database that can be used and reused



for the analysis of various studies related to the synthetic population and air
quality.

3.1 Synthetic population information model
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thesis, in which a synthetic
representation of each indi-
vidual and household in a region is created using socioeconomic characteristics
from census data, (2) activity assignments, in which each synthetic person in a
household is assigned a set of activities to perform during the day, along with
start and end times based on activity or time-use survey data; and (3) location
choice, in which an appropriate real location is chosen for each activity for every
synthetic person based on data sources, such as land use patterns, tax data, or
commercial location data. The data sources used in the creation of the Houston
synthetic population are given in Table 1.

The American Community Survey (ACS) provides tables of distributions on
demographic characteristics, such as age, gender, household income, and house-
hold size, which are referred to as marginal distributions. Joint demographic
distributions are reconstructed from these marginal distributions using an iter-

ative proportional fitting technique [1]. The process ensures that the synthetic



Table 1. Houston Metropolitan Area synthetic information data sources.

Data Source Description

US Census TIGER Data True population geographic boundaries and
demographics to be matched by synthetic population.

US Census American Primary source of data used to build the synthetic

Community Survey (ACS) set of people with the aggregate statistics matching

(2005 to 2009) US Census marginals.

National Household Travel Data on travel behavior and activity sequences.

Survey (NHTS)

Dun & Bradstreet (D&B) Describes home locations and retail locations -
used to locate activities.

HERE (formerly NAVTEQ) Road Network and transportation map.

National Center for Education Data on school locations.

Statistics (NCES)/

population matches the marginals of the true population. Furthermore, because
the distribution of the various demographic variables are generated from the
ACS they are ensured to be representative of the true population. Synthetic
individuals are placed in a household with other synthetic individuals. Each
household is then located geographically using land-use data and data pertain-
ing to businesses and transportation networks. Realistic activity patterns and
their locations are then added. A set of activities for an average day is determined
by analyzing the activity patterns in the National Household Travel Survey and
linking these patterns to the socio-demographic composition of the households
and individuals within the households.

The Houston Metropolitan Area synthetic population was extracted from
a synthetic population developed for the entire state of Texas. Any synthetic
individual with either a home or activity location within Harris County, TX
was included. This resulted in approximately 4.9 million individuals grouped
into 1.8 million households. Synthetic individuals can perform up to 6 different
types of activities including travel; activity types can be performed multiple
times by the same individual on the same day. Activities occur in 1.2 million
different activity locations (895 thousand housing locations, 166 thousand work
locations, 37 thousand shopping locations, 4 thousand schools, and 112 thousand
other locations). Figure 2 shows the household and activity locations across the
region, as well as an example set of activities for one household.

3.2 The air quality model

According to the Texas Commission on Environmental Quality (TCEQ), the
air quality in Houston, TX is monitored more closely and analyzed with more
intensity than perhaps anywhere in the country — if not in the world [24]. The
Houston area has an extensive air monitoring network including 47 monitors
measuring ozone. Monitor data, extending back more than tens years at some
locations, are collected hourly using EPA federal reference methods [26] and
validated by TCEQ. One hour ambient meteorological (temperature, relative
humidity, and wind speed) data are available through the monitors. For this
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Fig. 2. Activity Locations. (a) The red points represent the 1.2 million activity lo-
cations for the synthetic population and the blue points represent the 895 thousand
housing locations. The shadow is the boundary of Harris County, Texas. (b) A “close-
up” of the activity patterns on an average day for a two-person household.

initial model, hourly recordings on August 26, 2008, of ozone concentration levels
(O3 ppb hourly) across 39 EPA monitors in the Houston Metropolitan Area were
used.

The first step to coupling the environmental pollutant data with the synthetic
information is to assign the hourly ozone concentration to each activity location
(e.g., home, work, school, shopping, travel). This was done using the inverse
weighted distance from each location to the 39 monitors, a standard method for
assigning ozone concentration (8,14, 22]. Given that m;(t) is the concentration
measured by monitor j € {1,...,n} at time ¢, the pollutant concentration ¢; at
each activity location ¢ at time ¢ € {1, ...,24} is calculated as follows:

1
ci(t) = Z Z]nilﬂ (1)
j=1
where d;; is the great circle distance between location ¢ and monitor j. Using
the geo-coordinates (i.e., latitude and longitude) of the monitoring stations and
the activity locations, d;; is calculated as follows:

dij = 7 * arccos(sing1 singa + cospicospacos(|Aa — M1])), (2)

where ¢1 A1 and ¢\ are the latitudes and longitude, respectively, of points 1
and 2 and r is the Earth’s mean radius. The result is a ¢ x p matrix, where q is
the number of activity locations (approximately 1.2 million) and p is the number
of hours in a day (24). At this point, each activity location for each hour of the
day has an assigned ozone concentration level.

3.3 The personal exposure model

The representative day and corresponding activity sequences of each synthetic
entity is linked in space and time to the corresponding ozone concentration levels.



The personal exposure model is developed by coupling the air quality model with
the individual activity patterns from the synthetic information. Exposure to a
pollutant is a function of the concentration of that pollutant and time. Because
we are modeling each day using discrete time steps (i.e., in units of seconds), the
personal exposure e;, for an individual synthetic person p at a visited activity
location 4 during the 24-hour sequence (86,400 seconds) is calculated as follows:

e =Y cilt)tr — ], 3)

t <t

where ¢;(t;) is the concentration at activity location ¢ at time t; and ¢, — ¢; is
the time person p spent at location i. We calculate e;;, for all activity locations
visited by person p during the day. Note that some activity locations may be
revisited at different times in the same day (e.g., home). The assignment of
exposure to travel is made by splitting the travel time between the origin and
destination activity locations. Therefore, travel exposure is calculated based on
the concentration of ozone at the origin and destination activity locations during
the time of travel.

4 Results

Previous studies have assumed that an individual’s location remains the same
throughout the day (i.e., individuals stay home) or have used 24-hour aggregate
pollutant concentration levels (see section 2). In the model presented here, we use
geolocated hourly levels of ozone concentration and allow individuals to move
through their time-sequenced activities. We find that exposure levels can be
quite different across Houston and even within neighborhoods and households.
The cumulative exposure distribution across the entire synthetic population with
homes in Harris County is shown in Figure 3, as well as a “close-up” for a single
neighborhood. This demonstrates that there is heterogeneity in exposure levels
within neighborhoods due to the fact that people move around during the day.
The platform also allows us to trace individuals over the course of the day.
Hourly exposure traces for two synthetic families are given in Figure 4. These
are two demographically similar families located in different parts of Houston.
This demonstrates that ozone exposure is heterogeneous even within household,
illustrating the significance of our research.

As has been shown in previous studies, increases in ozone levels over the
course of a few hours can have major health implications (see section 1), support-
ing the need for exposure calculations that are sufficiently granular. To see the
impact that modeling at different levels of resolution has on population exposure,
three scenarios are compared. Scenario 1 calculates exposure by using 24-hour
aggregate concentration and assumes individuals stay home all day. Scenario 2
calculates exposure by using the geolocated hourly concentration levels and as-
sumes individuals stay at home all day. Scenario 3 uses the geolocated hourly
concentrations for all of the activity sites and moves the individuals through
their time activity sequences for the day. This is the most realistic scenario, as



it calculates exposure according to where people are physically located through-
out the day. Figure 5 gives the exposure traces for the synthetic population in
an area of Houston for one day using these scenarios. This demonstrates that
time sensitive exposures can be quite off when not accounting for actual activity
locations. While Scenarios 2 and 3 show similar patterns, Scenario 2 does not
capture the extreme values. Without the level of spatiotemporal resolution of
Scenario 3 we would not be able to capture the full spread of exposure, which
could be particularly important if these extreme values are experienced by the
sensitive population of Houston.
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Fig. 3. The cumulative exposure distributions for the synthetic population for August
26, 2008. (a) Shows the synthetic residents of Harris County. (b) A “close-up” of the
cumulative exposure for one neighborhood.
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Fig. 5. Hourly exposures for the synthetic population in zip code 77026 in Houston
calculated according to three scenarios, using ozone levels on August 26, 2008. (a)
Scenario 1 assumes 24-hour aggregate concentrations and individuals stay home. (b)
Scenario 2 allows geolocated concentrations to vary hourly and assumes individuals
stay home. (c) Scenario 3 allows geolocated concentrations to vary hourly and assumes
individuals move through their time-sequenced activities.
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5 Conclusion

In this paper, we coupled an air quality spatiotemporal model to the synthetic
information model of the Houston Metropolitan Area that captures the detailed
individual-level activities throughout the day. This allowed us to attach specific
exposure levels to the synthetic individuals based on the exact time of day, the
geolocation of the activity, and the condition of the physical environment. This
is crucial to better understanding exposure pattern heterogeneity. Models that
do not account for this level of granularity in space and time would be missing
important differences in the distribution of exposure in the population and within
neighborhoods, blocks, and even households.

In further work, we will couple the synthetic information to an improved spa-
tiotemporal ozone model developed by Ensor [3], which fully incorporates me-
teorology and provides estimates of ambient ozone levels continuously in space
and time. In addition, we will extend the model to different geographic areas,
beginning with the Washington, DC metropolitan area. For each region, we will
create a richer representation of the synthetic information model to capture key
features relevant to the social determinants of health and life style choices. We
will expand the socioeconomic representations of the individuals, such as educa-
tional attainment, occupation, and health insurance status, and their associated
set of activities that has relevance with respect to environmental exposure lev-
els, such as transportation mode, transportation route, and type of day (e.g.,
weekday versus weekend). Moreover, we will further characterize the condition
of activity locations to model ambient air quality transfer to indoor spaces, with
a focus on housing or building quality, sources of heating, building occupancy,
and land use (e.g., green space). Furthermore, we will generate multiple replica-
tions of the synthetic populations in order to better capture uncertainty across
many runs of the model. Finally, we will test potential intervention strategies by
conducting “what if” scenarios to inform policy. The platform will allow us to
explore the complex interplay of policies and incentive programs related to air
quality. Adjusting behavior of the synthetic population in response to a policy or
program proposal will generate new estimates of exposures that can be used to
compare to the original exposures. This will allow us to study policy alternatives
that aim to reduce time spent outside, such as the increase in the access of public
transportation, and more focused health alerts on bad ozone days. Moreover, it
will allow us to explore different individual behaviors in compliance with incen-
tive schemes based on individual characteristics, such as bus ticket vouchers for
disadvantaged populations in areas identified as high risk for ozone exposure.

The coupling of improved spatiotemporal air quality models with enhanced
synthetic information models will result in an in silico experimental platform
to study disparities in exposure to air pollution at a level of detail not possible
with other models. This level of granularity in the estimation of environmental
exposure will improve our understanding of the exposure pattern differences,
particularly for sensitive and socioeconomically disadvantaged subpopulations.



11

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Beckman, R.J., Baggerly, K.A., McKay, M.D.: Creating synthetic base-line popu-

lations. Transportation Research A — Policy and Practice 30, 415429 (1996)
Burke, J.M., Zufall, M.J., Ozkaynak, H.: A population exposure model for particu-
late matter: case study results for pm2. 5 in philadelphia, pa. Journal of Exposure
Analysis and Environmental Epidemiology 11(6), 470-489 (2001)

Ensor, K., Raun, L.: Spatio-temporal pollution estimation from monitoring net-
work data. Tech. rep., Rice University (2015)

Ensor, K.B., Raun, L.H., Persse, D.: A case-crossover analysis of out-of-hospital
cardiac arrest and air pollution. Circulation (2013)

Ensor, K.B., Ray, B.K., Charlton, S.J.: Point source influence on observed extreme
pollution levels in a monitoring network. Atmospheric Environment 92, 191-198
(2014)

Hastie, T., Tibshirani, R., Friedman, J.: The Elements of Stastical Learning Data
Mining, Inference, and Prediction. Springer, 2nd edn. (2009)

Hatzopoulou, M., Hao, J.Y., Miller, E.J.: Simulating the impacts of household
travel on greenhouse gas emissions, urban air quality, and population exposure.
Transportation 38(6), 871-887 (2011)

Hwang, B., Jaakkola, J.: Ozone and other air pollutants and the risk of oral clefts.
Environmental Health Perspectives 116, 1411-1415 (2008)

Hlsmann, F., Gerike, R., Kickhfer, B., Nagel, K., Luz, R.: Towards a multi-agent
based modeling approach for air pollutants in urban regions. In: Proceedings of
the Conference on Luftqualitt an Straen. pp. 144-166 (2011)

Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, J.P., Tsang, A.M., Switzer,
P., Behar, J.V., Hern, S.C., Engelmann, W.H.: The national human activity pat-
tern survey (nhaps): a resource for assessing exposure to environmental pollutants.
Journal of exposure analysis and environmental epidemiology 11(3), 231-252 (2001)
Kousa, A., Kukkonen, J., Karppinen, A., Aarnio, P., Koskentalo, T.: A model
for evaluating the population exposure to ambient air pollution in an urban area.
Atmospheric Environment 36(13), 2109-2119 (2002)

Leech, J.A., Nelson, W.C., Burnett, R.T., Aaron, S., Raizenne, M.E.: It’s about
time: A comparison of canadian and american time-activity patterns. Journal of
Exposure Analysis and Environmental Epidemiology 12(6), 427-32 (2002)
Lenormand, M., Deffuant, G.: Generating a synthetic population of individuals in
households: Sample-free vs sample-based methods. Journal of Artificial Societies
and Social Simulation 16(4), 12 (2013)

Lu, G., Wong, D.: An adaptive inverse-distance weighting spatial interpolation
technique. Computers & Geosciences 34, 1044-1055 (2008)

Marathe, M., Mortveit, H., Parikh, N., Swarup, S.: Prescriptive Analytics Using
Synthetic Information. IGI Global (2014)

Matz, C.J., Stieb, D.M., Davis, K., Egyed, M., Rose, A., Chou, B., Brion, O.:
Effects of age, season, gender and urban-rural status on time-activity: Canadian
human activity pattern survey 2 (chaps 2). International journal of environmental
research and public health 11(2), 2108-2124 (2014)

Namazi-Rad, M.R., Mokhtarian, P., Perez, P.: Generating a dynamic synthetic
populationusing an age-structured two-sex model for household dynamics. PloS
one 9(4) (2014)

Newth, D.: An integrated agent-based framework for assessing air pollution im-
pacts. Journal of Environmental Protection 03(29), 1135-1146 (2012)



12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

('jzkaynak7 H., Palma, T., Touma, J.S., Thurman, J.: Modeling population expo-
sures to outdoor sources of hazardous air pollutants. Journal of Exposure Science
and Environmental Epidemiology 18(1), 45-58 (2008)

Raun, L.H., Ensor, K.B., Persse, D.: Using community level strategies to reduce
asthma attacks triggered by outdoor air pollution: a case crossover analysis. Envi-
ronmental Health 13, 58-58 (2014)

Rosenthal, F.S., Carney, J.P., Olinger, M.L.: Out-of-hospital cardiac arrest and
airborne fine particulate matter: a case-crossover analysis of emergency medical
services data in indianapolis, indiana. Environmental health perspectives 116(5),
631 (2008)

Salam, M., Millstein, J., Li, Y., FW, L., Margolis, H., Gilliland, F.: Birth outcomes
and prenatal exposure to ozone, carbon monoxide, and particulate matter: results
from the children’s health study. Environmental Health Perspectives 113, 1638—
1644 (2005)

Silverman, R.A., Ito, K., Freese, J., Kaufman, B.J., De Claro, D., Braun, J.,
Prezant, D.J.: Association of ambient fine particles with out-of-hospital cardiac
arrests in new york city. American journal of epidemiology p. kwq217 (2010)
Texas Commission on Environmental Quality: The houston air quality change.
rapid economic and population growth create a potent blend for the region’s envi-
ronment (2005), available: http://www.tceq.state.tx.us/

U.S. EPA: Exposure factors handbook: 2011 edition. u.s. environmental protec-
tion agency, office of research and development, national center for environmental
assessment, washington office, washington, dc (2011)

U.S. EPA: Human exposure modeling -air pollutants exposure model
apex/trim expo inhalation (2012), available: http://www2.epa.gov/fera/human-
exposuremodeling-air-pollutants-exposure-model

U.S. EPA: EPA’s stochastic human exposure and dose simulation (sheds) model
(2014), available: http://www.epa.gov/heasd/research/sheds.html

U.S. EPA: Relationship between indoor, outdoor, and personal air. research project
publication details (2015), available: http://cfpub.epa.gov

Vallero, D.: Fundamentals of Air Pollution, 5th Edition. Elsevier, Amsterdam,
Boston (2014)

Weisel, C., Zhang, J., Turnip, B., Morandi, M., Colome, S., Stock, T., Spektor,
D., Korn, L., Winer, A., Alimokhtari, S., Kwon, J., Mohan, K., Harrington, R.,
Giovanetti, R., Cui, W., Afshar, M., Maberti, S., Shendell, D.: Relationship of in-
door, outdoor, and personal air (riopa) study: study design, methods and quality
assurance/control results. Journal of Exposure Analysis and Environmental Epi-
demiology 15, 123-127 (2005)

Wellenius, G.A., Burger, M.R., Coull, B.A., Schwartz, J., Suh, H.H., Koutrakis,
P., Schlaug, G., Gold, D.R., Mittleman, M.A.: Ambient air pollution and the risk
of acute ischemic stroke. Archives of internal medicine 172(3), 229-234 (2012)
Wheaton, W.D., Cajka, J.C., Chasteen, B.M., Wagener, D.K., Cooley, P.C., Gana-
pathi, L., Roberts, D.J., Allpress, J.L.: Synthesized population databases: A us
geospatial database for agent-based models. Methods Rep RTI Press 2009(10),
905 (2009), http://www.ncbi.nlm.nih.gov/pubmed/20505787



