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EXECUTIVE SUMMARY
Background
 Studies have shown associations between increased ozone and a variety of adverse health
impacts. The evidence is strongest for respiratory effects observed at ozone levels above the
current National Ambient Air Quality Standard (NAAQS) of 70 parts per billion (ppb).
 The goal of this Health Impact Assessment (HIA), was to estimate the health and cost impacts of
changes in outdoor ozone to Bexar County residents.
o The US Environmental Protection Agency’s (EPA) Environmental Benefits Mapping and
Analysis Program (BenMAP) model was used for the HIA; BenMAP is used by the EPA for
regulatory assessments and is the standard tool for performing this type of analysis.
BenMAP uses epidemiological data, ozone monitoring and modeling data, and health
and population data to calculate health impacts and the resulting costs. We used San
Antonio‐specific data to the extent possible.
o We estimated health impacts and associated costs of changes in Bexar County ozone
levels from the 2010‐2014 average (the Baseline Scenario) to a higher ozone
(deteriorated) scenario and a lower ozone (improved) scenario (Table ES‐1).
o Health impacts and associated costs were estimated for the following outcomes: non‐
accidental mortality from short‐term ozone exposures, respiratory mortality from long‐
term ozone exposure, hospital admissions for respiratory and cardiovascular disease,
emergency room visits for asthma, and school days lost).
Table ES‐1. Ozone scenarios used in the BenMAP health impact modeling.
Scenario‐>

Baseline

Improved

Deteriorated

AQS Monitor ID

CAMS ID

Monitor Name

2010‐2014 Baseline
Period Average
Design Value (ppb)

2023 Projected
Average Design
Value (ppb)

2012 Design
Value (ppb)

480290032

CAMS 23

San Antonio NW

76.0

66.6

77.0

480290052

CAMS 58

Camp Bullis

78.2

68.3

80.0

480290059

CAMS 59

Calaveras Lake

67.8

60.4

69.0

Key Findings
 Respiratory mortality from long‐term (annual average) ozone exposures was the only health
outcome for which statistically significant changes were estimated to occur due to changes in
Bexar County ozone levels. Changes in other health outcomes (non‐accidental mortality from
short‐term ozone exposures, hospital admissions for respiratory and cardiovascular disease,
emergency room visits for asthma, and school days lost), were not statistically significant.
 As summarized in Table ES‐2 and Figure ES‐1, BenMAP estimated 19 (range of 13 to 25)
respiratory deaths would result from annual ozone increases from the 2010‐2014 baseline to
ozone levels in the higher (deteriorated) ozone scenario. The higher ozone scenario was an
increase from the baseline to 2012 levels, which exceeded the 70 ppb NAAQS and are the
highest ozone levels that have been observed in Bexar County in the last 10 years. The 19
2
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additional deaths represent about 2% of all annual respiratory deaths in Bexar County. The cost
associated with these additional deaths is estimated to be $170,000,000 in 2014 dollars based
on BenMAP’s default EPA estimate of a mortality cost of $9.2 million per statistical life using
2014 dollars.
Similarly, BenMAP estimates 24 (range of 17 to 32) deaths would be avoided (lives saved) as a
result of ozone decreases from baseline to the improved ozone scenario. The avoided cost of 24
deaths is estimated to be $220,000,000 in 2014 dollars.

Table ES‐2. Respiratory mortality associated with the higher ozone and lower ozone scenarios.
Annual Deaths
(95% Confidence
Interval)

% of Baseline

Valuation 2014 $
(95% Confidence
Interval)

Higher (Deteriorated) Ozone Scenario
(2012 ozone levels exceeding the 70
ppb NAAQS)

19 (13 to 25)

2.2%

$170,000,000
($16,000,000 to
$469,000,000)

Lower (Improved) Ozone Scenario
(EPA‐projected 2023 levels attaining
the 70 ppb NAAQS)

‐24 (‐32 to ‐17)

‐2.8%

‐$220,000,000
(‐600,000,00 to
‐$20,000,000

Ozone Scenario

* Positive estimates indicate an increase in deaths and costs and negative estimates indicate avoided deaths and costs.

Figure ES‐1. Respiratory mortality associated with changes in ozone levels.
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Interpreting the Findings










We evaluated health impacts of changes in San Antonio ozone that may reasonably be expected
to occur during the next 5‐10 years. Although Bexar County monitored ozone design values were
used to select the air quality scenarios, the ozone increments used by BenMAP to calculate
health impacts are specified by the model methodology. The ozone increments between the
Baseline Scenario and the other two scenarios were smaller than changes in the ozone design
values, and therefore yielded relatively small health impacts.
We report health impacts that are smaller than in some other studies of ozone that use BenMAP
to estimate health impacts; this is because other studies have evaluated health effects from
larger changes in ozone e.g. from current levels down to 60 ppb or to unrealistic natural
background levels of 20 ppb.
BenMAP calculates health impacts based on findings from population‐based epidemiological
studies that infer statistical associations between health effects and air pollution exposures, but
cannot establish with certainty a cause and effect relationship because of important limitations
including:
o Ozone exposure to people is estimated from ozone levels at outdoor monitoring sites;
however, monitor values may not accurately represent actual exposures that people
experience. For example, ozone exposure may be lower for people who spend much of
their day indoors.
o There is uncertainty in reporting of health outcomes. For example, asthma
exacerbations may be reported as another condition such as reactive airway disease.
o It is difficult to determine from epidemiological studies if health effects are from ozone
or from other factors such as weather, other pollutants, or life style factors such as
smoking and diet.
o The associations between ozone and health impacts are not always consistent across
different epidemiological studies.
BenMAP calculates mortality costs using the EPA’s “value of a statistical life”. The EPA does not
place a dollar value on individual lives. Rather, when conducting a benefit‐cost analysis, the
estimate is generated by how much people are willing to pay for small reductions in their risks of
dying from adverse health conditions that may be caused by environmental pollution; this value
does not account for age or quality of life. This is what is meant by the "value of a statistical
life.” It is important to note that it is not an estimate of how much money any single individual
or group would be willing to pay to prevent the certain death of any particular person.
Study findings should therefore be interpreted with caution and within the context of all health
effects studies because the biological mechanism of ozone’s effect on human health is complex
and is a subject of ongoing investigation by the scientific community. Because we used BenMAP
for the HIA, the findings of this study necessarily rely on epidemiological studies. These
epidemiological studies have the limitations described above.
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1.0 INTRODUCTION
In 2015, the US Environmental Protection Agency (EPA) lowered the National Ambient Air Quality
Standard (NAAQS) for ozone to 70 parts per billion (ppb) based on its evaluation of the scientific
evidence for ozone health effects. Based on the most recent monitoring data, San Antonio ozone
levels (74 ppb1) exceed the NAAQS. Violating the NAAQS can have both public health and economic
consequences. San Antonio area elected officials, stakeholders and residents will participate in an
air quality planning process to protect public health while maintaining a healthy regional economy.
To inform the planning process, concise and easily accessible information on the public health and
economic impacts of ozone is needed.
The purpose of this Health Impact Assessment (HIA) is to assess the health impacts of ambient (i.e.
outdoor) ozone to Bexar County residents, including both direct and indirect costs of ozone
pollution. The HIA used the EPA’s Environmental Benefits Mapping and Analysis Program model
(BenMAP 4.0; EPA, 2017) to assess the health effects and associated costs of ozone exposure in the
general public as well as in vulnerable populations. BenMAP calculates health impacts and the
economic value of changes in air pollution.
The HIA assessed the health effects of ozone exposure in the general public as well as the health
impacts to vulnerable populations: children, populations of color, and populations living in poverty.
The study evaluated cardiovascular and respiratory morbidity and mortality and adversely impacted
days (i.e., school days lost) under two exposure scenarios. The first scenario compared a baseline
ozone scenario (2010‐2014 Bexar County average) and an improved (lower) ozone scenario. The
second scenario compared the baseline ozone scenario with a deteriorated (higher) ozone level
scenario. The purpose of analyzing these scenarios is to compare and contrast the health impacts
and their associated costs at different levels of ambient ozone. In Section 1, we provide background
information on ozone in San Antonio and comparable cities and on the health effects of ozone. HIA
modeling methods are described in Section 2. The results of the HIA modeling are summarized in
Section 3. In Section 4, we describe potential effects of climate change on San Antonio air quality.
The report is intended to provide an overview of the study and its results. Additional information
on the health effects of ozone, baseline health data, and the modeling methods and results is
provided in Appendices A‐D.

1.1 Ozone in San Antonio
In Section 1.1, we provide a brief overview of ozone formation and recent ozone trends in San
Antonio and how they align with trends in comparable US cities. In Section 1.2, we describe the
effects of ozone on human health.
1.1.1 Where Does Ozone Come From?
Ozone is colorless gas consisting of three oxygen atoms. While ozone formed through natural
processes in the upper atmosphere (stratosphere) is beneficial to life by shielding the earth from

1
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harmful ultraviolet radiation from the sun, high concentrations of ozone at ground level are a health
and environmental concern (Figure 1‐1).

Figure 1‐1.
Left panel: location of ozone within the atmosphere. Ozone forms through natural
processes in the stratosphere and creates a protective layer shielding us from harmful radiation
from the sun. Ozone forms from pollution near the earth’s surface in the lower layer of the
atmosphere called the troposphere. Right panel: ozone forms near the earth’s surface due to
emissions of air pollutants from human activities and natural sources. EPA figures2,3.
Ozone is not emitted directly into the atmosphere, but forms from chemical reactions of nitrogen
oxides (NOx) and volatile organic compounds (VOC) in the presence of sunlight. NOx and VOCs are
emitted by both natural processes and human activities. NOx is produced by combustion of fuel and
is emitted by a myriad of sources including power plants, cars, trucks, drilling rigs, agricultural and
construction equipment, aircraft and locomotives. NOx is also produced from natural sources such
as wildfires, lightning and microbial processes in soils. VOC are produced by combustion and
evaporation of fuel and by solvent use, dry cleaning operations, and oil and natural gas production,
among other sources. Vegetation is also an important source of VOC in Texas. Because naturally‐
occurring VOC from vegetation is so plentiful, ozone formation in Bexar County is typically limited by
the amount of available NOx formed from human activities (AACOG, 2015a).
Typical ground‐level ozone concentrations range from 20‐120 parts ozone per billion parts air.
Concentrations of 20 parts per billion (ppb) are typical of very clean, maritime air while
concentrations of 120 ppb would be found only in a heavily‐polluted environment.

2
3

https://cfpub.epa.gov/airnow/index.cfm?action=gooduphigh.index
http://www.epa.gov/air/ozonepollution/basic.html
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Conditions that favor the formation of ground‐level ozone in Bexar County are strong sunlight, high
temperatures, light winds and high NOx and VOC concentrations (Alamo Area Council of
Governments [AACOG], 2015a). High ozone precursor (NOx, VOC) concentrations in the atmosphere
occur when emissions are large and/or weather conditions allow precursors to accumulate. When
winds are calm and the atmosphere is stable, emitted precursors do not disperse and are available
for ozone formation.
The EPA defines the ozone season in Bexar County to extend from March‐November4. AACOG’s
analysis of Bexar County ozone monitoring data indicates that episodes of high ground level ozone
in Bexar County typically occur between April and October (AACOG, 2015a). Most high ozone
episodes in Bexar County are associated with light near‐surface afternoon winds from the
north/east/southeast/south. Days during the ozone season with low ozone typically occur during
periods of strong southeasterly winds that bring comparatively less polluted maritime air from the
Gulf of Mexico northward into Bexar County (AACOG, 2015a).
Because ozone is not emitted directly and is formed through chemical reactions of NOx and VOC,
peak ozone concentrations are typically found downwind of the region of maximum emissions. For
example, the highest ozone concentrations in an urban area may be in a downwind suburban
region, rather than in the downtown area where most of the emissions from motor vehicles and
heavy industry are located. AACOG’s Conceptual Model of Ozone formation shows that the highest
ozone concentrations in Bexar County occur north/northwest of the San Antonio urban core
(AACOG, 2015a; Figure 1‐2). This is consistent with the southeasterly prevailing wind direction;
winds transport ozone and its precursors north and west of the San Antonio urban area.
Ozone is removed from the atmosphere by chemical reactions, photolysis (destruction by sunlight),
deposition onto surfaces and uptake by plants. Ozone has a lifetime of several days to weeks at
ground level; this lifetime is long enough to allow ozone to be transported thousands of miles. At
any given location, therefore, measured ozone is partly due to a contribution from local emissions
and partly due to transported ozone, which is often referred to as background ozone.

4

https://aqs.epa.gov/aqsweb/documents/codetables/ozone_seasons.html
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Figure 1‐2.
Contour plots of Alamo Area ozone design values, 2009 – 2014. Figure from AACOG
conceptual model (AACOG, 2015a). The ozone design value is defined in Section 1.1.2. Locations
shown on map are Continuous Air Monitoring Stations (CAMS) that measure ozone.
High background ozone exacerbates local ozone problems, but is not a necessary condition for an
area to have high ozone. Ozone problems solely from transport can occur, but are rare. Background
ozone transported in to Bexar County contributes to high ozone at Bexar County ozone monitors, as
do local emissions of ozone precursors (AACOG, 2015a).
8
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1.1.2 Bexar County Ozone Trends
The EPA sets a NAAQS for ozone in order to protect public health and the environment. The ozone
NAAQS sets a maximum level for the three‐year running average of the annual fourth‐highest daily
maximum 8‐hour average (MDA8) ozone concentration; this three‐year average quantity is known
as the design value. The NAAQS for the ozone design value is currently 70 ppb. The NAAQS is based
on health impacts for sensitive groups and there are economic penalties for areas that fail to attain
it. The Texas Commission on Environment Quality (TCEQ) owns three Continuous Air Monitoring
Station (CAMS) regulatory ozone monitors in Bexar County that determine whether the County is in
compliance with the NAAQS. The locations of the Bexar County regulatory monitors are shown in
Figure 1‐3 as red squares outlined in black and their names are indicated in the figure. There are
also a number of research ozone monitors in Bexar County. These monitors are used to study Bexar
County ozone, but are not used to assess compliance with the NAAQS. Non‐regulatory monitor
locations are shown in Figure 1‐3 as red squares with no border.

Figure 1‐3.
Bexar County ozone monitoring sites. Red squares indicate ozone monitoring site
and name is white box is monitor name. Sites with black boxes are regulatory monitors. Number
listed alongside each site is the TCEQ CAMS identifier. Figure adapted from TCEQ GeoTAM
viewer5.
Recent Bexar County ozone trends are shown in Figure 1‐4 and Figure 1‐5. Note that the design
values shown in Figure 1‐5 are a 3‐year average of the data shown in Figure 1‐4, so that the 2016
design value is an average of the 2014, 2015 and 2016 daily maximum 8‐hour average ozone values.
The design value curves are therefore a smoothed version of the daily maximum 8‐hour average
ozone curves.
5

https://www.tceq.texas.gov/gis/geotam‐viewer
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Figure 1‐4.
Recent values of the 4th highest daily maximum 8‐hour ozone (MDA8) for Bexar
County regulatory monitors. 2017 MDA8 values are for a partial year and are based on data
through September 15, 2017.

Figure 1‐5.
Recent ozone design values for Bexar County regulatory monitors. 2017 design
value is a partial year value based on data through July 13, 2017. Dashed red lines indicate levels
of previous 84 ppb and 75 ppb ozone NAAQS. Solid red line indicates current 70 ppb NAAQS.
2017 design values are for a partial year and are based on data through September 15, 2017.
Both the daily maximum 8‐hour average ozone and design value curves have significant year‐to‐year
variation and are generally decreasing. Variability in the daily maximum 8‐hour average ozone and
design values is produced by interannual variations in weather and by changes in local and distant
ozone precursor emissions. For example, in 2002 and 2012, Texas had many days with plentiful
sunshine, high temperatures and wind conditions conducive to ozone formation; these two years
show up as peaks in the daily maximum 8‐hour average ozone. While changes in weather are
expected to produce year‐to‐year swings in ozone, changes in emissions produce long‐term trends.
10
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Local Bexar County NOx emissions decreased by nearly 200 tpd between 1999 and 2012 despite
steady increases in population (Figure 1‐6). These NOx emissions reductions likely decreased the
contribution of locally‐formed ozone to ozone at Bexar County monitors. The contribution of
transported ozone entering Bexar County also decreased (AACOG, 2015a) likely due to power plant
NOx emissions reductions across the eastern US made due to the 2005 Clean Air Interstate Rule
(CAIR), and light duty vehicle emissions reductions due to the Federal Tier 2 standards and fleet
turnover (e.g. Lamsal et al., 2015).

Figure 1‐6.
Population vs. VOC and NOx Emissions Trend, San Antonio‐New Braunfels MSA.
Figure and caption from (AACOG, 2015b).
1.1.3 Emissions of Ozone Precursors
Grant et al. (2015) analyzed the TCEQ’s 2012 emission inventory of ozone precursors from human
activities for Bexar County. Figure 1‐7 summarizes the 2012 emissions of NOx and VOC. On‐road
vehicles (cars, trucks, buses, etc.) are the second largest contributor to NOx emissions, accounting
for 38% of Bexar County anthropogenic NOx emissions. The emissions are dominated by light duty
gasoline vehicles and trucks (53%) and heavy duty diesel vehicles (30%). Non‐road mobile sources
are the third largest contributor to NOx emissions, accounting for 14% of anthropogenic NOx
emissions. Off‐road mobile sources result from mobile and portable internal combustion powered
equipment not generally licensed or certified for highway use. Off‐road emissions equipment
categories span a wide range of equipment types, and include lawn and garden equipment, heavy‐
duty construction equipment, aircraft, and locomotives. The three largest non‐road NOx emission
sources are construction and mining equipment, locomotives, and aviation.

11
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Figure 1‐7.
Bexar County NOx (left) and VOC (right) emissions from human activities in tons per
day by sector (2018 emissions for area, on‐road, and non‐road sources, and 2012 for point
sources). Figure from Grant et al. (2015).
The area source inventory treats in aggregate all stationary sources that have emissions below the
point source threshold. These are sources that may be spread out geographically and are small
individually, but, taken together, may constitute a sizeable amount of emissions. Examples of area
sources include dry cleaners, residential wood heating, auto body painting, fires, oil and gas wells,
and consumer solvent use. Area sources constitute the smallest NOx emissions of any
anthropogenic sector in Bexar County, comprising approximately 10% of total anthropogenic NOx
emissions. NOx area source emissions are primarily from the combustion of various fuel types in
residential, commercial, and industrial settings and from the oil and gas sector.
Point sources are large, stationary, emissions sources that exceed a specified emissions threshold.
Point source emissions are frequently, but not always, released through a stack. Point sources
contribute a large portion (38%) of 2012 Bexar County NOx emissions. Most of the point source NOx
emissions in Bexar County are electric services and electric generating units (64%) and cement
manufacturing plants (30%). There are two major power plants in the Bexar County area; both sites
are operated by CPS Energy and located in southeast San Antonio (left panel of Figure 1‐8). The
Calaveras Lake Generating Station is the largest emitter (15.5 tpd NOx). The Braunig Power Station
is a natural‐gas fired power plant with emissions of 2.1 tpd NOx. There are two major cement
manufacturing plants in Bexar County, the Alamo 1604 Plant (6.0 tpd NOx) and the Capitol
Aggregates Plant (2.5 tpd NOx); both are located in northeastern San Antonio.
Figure 1‐8 summarizes the spatial distribution of Bexar County NOx emissions sources. The left
panel shows the outline of the urban area and the location of the major point sources of NOx as of
2012. The right panel of Figure 1‐8 shows the sum of the TCEQ onroad mobile, offroad mobile area
source and biogenic NOx emissions for 2017; all of the non‐point NOx emissions sources. The non‐
point emissions are largely concentrated in the San Antonio urban area, with the exception of the
on‐road mobile emissions visible along the I‐35 Interstate Highway (southwest to northeast
oriented line source that passes through San Antonio) and the I‐10 Interstate Highway that extends
from San Antonio to the northwest.
12
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Figure 1‐8.
City of San Antonio and Bexar County Point source NOx emissions (left) and Bexar
County non‐point. Left panel adapted from Grant et al. (2015). Figures are based on TCEQ
emission inventories for photochemical modeling (TCEQ, 2017).
1.1.4 Comparison of San Antonio with Similar US Cities
Figure 1‐9 shows trends in ozone design values for cities of comparable size and latitude to San
Antonio. We chose cities of similar population so that emissions that are related to population
would be roughly equivalent and cities of similar latitude so that the intensity of sunlight that drives
ozone‐producing chemical reactions is comparable. We compare Houston, Texas, Dallas, Texas,
Phoenix, Arizona, San Jose, California and San Diego, California ozone design values to those of San
Antonio.
The two cities with ozone design value trends most similar to San Antonio’s are Houston and Dallas.
This is reasonable because these cities are exposed to levels of incoming background ozone most
similar to San Antonio and are, on occasion, upwind of San Antonio on high ozone days (AACOG,
2015a). All three Texas cities show sharp decreases in ozone between 2006 and 2009. This is due to
the Federal NOx emissions reductions programs mentioned above as well as extensive NOx
reductions programs undertaken within East Texas (e.g. 30 Texas Administrative Code [TAC] Chapter
117 NOx emissions reductions programs). The recession in the late 2000s also slowed economic
activity in Texas and contributed to the decrease in design values.
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Figure 1‐9.
Design value trends for comparable cities. Design value shown is the highest design
value among all monitors in a given area for that year.
Design values in Texas rose again during 2011 and 2012. Both years had extended periods of hot
weather (NOAA, 2017) and stagnant wind conditions that were conducive to ozone formation
across East Texas. The 2011 wildfire season was also unusually severe (Texas A&M Forest Service,
2011). Since 2011, design values in Houston and Dallas have declined, although both areas still
exceed the 2015 NAAQS.
The ozone design value time series for Phoenix is very similar to that of San Antonio, while San Jose
has seen consistently lower ozone than San Antonio. The other California city, San Diego, has ozone
levels that were higher than those of San Antonio from 2006‐2011 and very similar from 2012‐2015.
San Antonio saw a decrease in ozone design value in 2016 while San Diego’s design value increased.

1.2 Health Effects of Ozone
The EPA recently reviewed the health effects from ozone exposure and reported findings in their
Integrated Science Assessment (ISA, EPA 2013). The EPA’s findings are summarized in Figure 1‐10,
which shows qualitatively how ozone‐related health effects vary in severity and prevalence. The EPA
uses a pyramid to indicate that ozone is associated with a range of health impacts of varying
severity. The least severe impacts (e.g. reductions in lung function) are expected to affect the
largest number of people and the most severe outcome (death) affects the smallest number of
people. Although the figure is useful as a broad‐brush summary of the EPA’s understanding of the
linkage between ozone and health effects, this figure does not indicate levels of exposure to ozone
that are likely to exert these effects.
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.
Figure 1‐10. Summary of ozone health impacts and their severity and prevalence. EPA figure6.
The graphic does not include levels of exposure at which effects are observed.
In the ISA, the EPA evaluated the health effects of ozone exposures from many different types of
studies. These included: controlled human exposure studies of volunteers exposed to ozone in a
controlled laboratory setting, epidemiological studies that evaluate statistical associations between
exposures to outdoor ozone and incidence of health effects in population groups (e.g., mortality,
hospital admissions, emergency room visits), controlled animal exposure studies, and cell‐based
studies that allow researchers to investigate biological mechanism of ozone effects at the cell level.
All of these studies have strengths and limitations that the EPA considered in determining the
potential impacts from ozone exposures and setting the ozone NAAQS at a level aimed at providing
adequate protection for human health.
Based on their evaluation of scientific studies, the EPA concluded that the evidence is strongest for
respiratory effects from short‐term ozone exposures (daily exposures). The EPA assigned a
classification of “causal” to this outcome, meaning that evidence shows a clear cause and effect
relationship between ozone and the health outcome. For other health outcomes, including total
mortality and cardiovascular effects from short‐term ozone exposures and respiratory effects from
long‐term ozone exposures (i.e., annual averages), the EPA noted some deficiencies in the scientific
evidence and classified these outcomes as “likely causal,” because a true cause and effect
relationship has not been well established for these health outcomes. For outcomes for which
evidence was insufficient to make a strong determination of a causal link from ozone exposures, the

6

https://www.epa.gov/sites/production/files/2014‐10/benmappyramid.png
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EPA classified the evidence to be only “suggestive.” Figure 1‐11 summarizes the EPA’s causal
classifications of health outcomes associated with ozone exposures.

Figure 1‐11.

Causal determinations for ozone health effects (EPA, 2014a).

The EPA determined that the major health concern from ozone exposure is effects to the
respiratory system (Figure 1‐11). The pulmonary responses observed in healthy human subjects
exposed to ambient ozone concentrations consist of small and reversible decreases in lung function,
mild bronchoconstriction, rapid shallow breathing during exercise, and symptoms such as cough and
pain on deep inspiration (EPA, 2014a).
In addition, ozone has been shown to result in airway hyper‐responsiveness, as demonstrated by an
increased physiological response to a nonspecific stimulus (such as an allergen), which can
aggravate existing respiratory conditions such as asthma (EPA, 2014a). These effects have been
observed in studies of healthy human volunteers that are exposed to ozone in a controlled
laboratory environment and are typically performing either continuous or intermittent exercise.
These controlled human exposure studies provided the strongest and most quantifiable data on the
health effects of ozone to humans at different ozone concentrations, because exposures are
controlled and closely measured in these studies. Other studies such as epidemiological studies use
estimates of exposure that may not be representative of actual exposures. Largely based on the
results from controlled human exposure studies, the EPA determined that maintaining ozone
concentrations lower than the current NAAQS of 70 ppb is likely to protect people from the health
effects from ozone exposures, including sensitive population groups such as children, the elderly,
and people with pre‐existing respiratory conditions such as asthma.
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Other evidence of health effects associated with ozone exposures is derived from epidemiological
studies assessing the potential for health effects from ozone exposures based on statistical
associations between ozone exposure and health impacts in a sample of the population. Because
laboratory studies with human volunteers cannot expose subjects to potentially dangerous levels of
ozone, epidemiological studies are critical for evaluating the potential for more serious health
effects from ozone exposures such as mortality or hospital and emergency room visits due to
respiratory or cardiovascular disease. Although statistical associations may be indicative of
potential causal links, epidemiological studies have important limitations that prevent inference of a
clear cause and effect relationship.
A primary limitation of epidemiological studies is a lack of information regarding population ozone
exposures, which are typically estimated based on outdoor monitor data (e.g. measurements made
at monitors shown in Figure 1‐3) but may not represent personal exposures experienced by people
in their everyday lives (for example, exposures at home, at work, while commuting). Another
limitation is that epidemiological studies cannot always account for other factors or exposures that
could contribute to or account for the observed health effects. For example, many other air
pollutants, such as particulates, have been shown to be associated with the same health effects as
those associated with ozone. Epidemiological studies often cannot distinguish effects attributed to
one air pollutant from those of another air pollutant. Therefore, as the EPA did in the ISA, when
assessing the health impacts of ozone, it is important to consider information from other all health
effects studies including from animal and cell‐based studies in the interpretation of results. The
analysis conducted here using BenMAP relies only on epidemiological studies; therefore, although
the results indicate potential harm from changes in ozone exposure the actual impacts may be
larger, or they may also be lower.
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2.0 METHODS
2.1 Method
We estimated the health impacts of changes in outdoor ozone to Bexar County residents as well as
the costs of ozone‐related illnesses on the general public and vulnerable population groups (the
elderly, children, people of color, and people living in poverty) using the EPA’s BenMAP model.
BenMAP is a Geographic Information Systems (GIS)‐based model and is the standard tool used by
the EPA in regulatory impact assessments. BenMAP has been used to assess the benefits from the
Clean Air Act Amendments (EPA, 2011a) and the Air Toxics Rule (EPA, 2011b). The EPA has also
used BenMAP to quantify benefits from achieving ozone and particulate matter (PM) air quality
standards (see, for example, Hubbell et al., 2005, 2009; Fann et al., 2012).
2.1.1 BenMAP Inputs
BenMAP uses a number of inputs to estimate the health impacts and associated costs from changes
in air pollution exposures. The inputs include: an estimate of change in ambient air pollution
generated from measured and/or modeled air quality data; estimates of baseline health statistics
for each health outcome of interest; a health impact function or effect estimate derived from
epidemiology studies; population data; and a valuation function that estimates the costs associated
with each health outcome. Figure 2‐1 summarizes the calculation of health impacts and costs within
BenMAP.

Figure 2‐1.
Calculating health effects and costs in BenMAP. Adapted from the EPA’s BenMAP
manual (EPA 2012).
In developing BenMAP inputs for the HIA, we used San Antonio‐specific data to the extent possible
as described in Sections 2.3 and 2.4.
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2.2 Selection of Health Outcomes and BenMAP Health Function Inputs
As discussed in Section 2.1, a key input to BenMAP is the health function (also known as an effect
estimate), which is the association between average ambient ozone concentrations and a health
outcome of interest. The health functions used in BenMAP are derived from results reported in
epidemiological studies. A number of epidemiological studies have evaluated the effects of ozone
on different health outcomes including premature mortality (from short and long‐term ozone
exposures), hospital admissions and emergency room visits for respiratory and cardiovascular
outcomes, and work and school days lost. We evaluated the available health functions and baseline
incidence data for including these health outcomes in the HIA.
Our approach included a review of the recent EPA ISA (EPA, 2013) as well as the Risk and Exposure
Assessment (REA) for ozone (EPA, 2013, 2014) to identify the key outcomes to be included in the
HIA. We also reviewed the health functions available in BenMAP and compared them to the recent
EPA analyses. In addition, we conducted a literature search and review to identify any newer
studies with more recent or complete data for any of the outcomes we identified or for other
outcomes. In Section 2.2.1, we provide an overview of the review. More detailed information on
the rationale for selection of outcomes and the literature search strategy is provided in Appendix A.
2.2.1 Summary of Selected Health Outcomes and Health Function Inputs
The outcomes that were selected for inclusion in the San Antonio HIA are:


non‐accidental mortality associated with short‐term ozone exposures;



hospital admissions (chronic obstructive pulmonary disease (COPD), all respiratory, all
cardiovascular);



emergency room visits (asthma);



respiratory mortality associated with long‐term ozone exposures; and



school days lost.

We briefly describe below the studies that were the basis of the outcomes and the health functions
that were used in the San Antonio HIA. Health functions were specific to certain groups (e.g.,
asthma ER visits were for children and were used with corresponding baseline health statistics and
population estimates for children). All of the studies had important limitations as discussed above
including: (1) assumption of a linear relationship between ozone exposure and the health outcome
(i.e., no threshold below which human health is unaffected), (2) lack of inclusion and/or accurate
characterization of other risk factors that could be associated with the health outcome including
other pollutants, weather and lifestyle factors (smoking, diet, etc.), and (3) choice of ozone
exposure metric (e.g., 1‐hour maximum concentration, 8‐hour daily average, annual average). In
addition, as noted previously exposure estimates are typically based on estimates of outdoor ozone
concentrations that may not reflect personal exposures experiences throughout a person’s day (at
home, work or during travel). More details are provided in Appendix A for each of the outcomes and
the studies from which the health functions were derived.
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For some health outcomes, we relied on the same studies that the EPA used in the ozone REA (EPA,
2014a). For example, we used the study by Smith et al. (2009) for assessing non‐accidental
mortality from short‐term (daily) ozone exposures. This study represents one of the largest multi‐
city studies to be conducted to date on air pollution exposures and mortality. A major strength of
these studies is the availability of city‐specific health functions, including a health function for San
Antonio as well as a national health function that provides an average estimate across all 98 cities
that were evaluated. Smith et al. (2009), however, noted that there is a large amount of variability
in the health functions across different cities and, to date, this variability remains unexplained.
Therefore, it is unclear if using a national health function is appropriate for describing health
impacts that are specific to San Antonio. Similarly, we relied on the same study that EPA (2014)
selected for assessing hospital admissions for chronic obstructive pulmonary disease (COPD), a
study by Medina‐Ramon et al. (2006). Medina‐Ramon et al. (2006) assessed the association
between short‐term exposure to ozone and Medicare hospital admissions of individuals older than
64 years of age for COPD in 36 cities in the U.S. for the years 1986‐1999, including Houston, TX. This
study represents the most recent study of respiratory hospital admissions associated with ozone
exposures conducted across multiple cities and replaces older single‐city studies available in
BenMAP.
For hospital admissions for all respiratory and cardiovascular diseases, we derived health functions
from the Air Pollution and Health: A European and North American Approach (APHENA) study that
combined data from existing multicity study databases from Canada, Europe, and the U.S.
(Katsouyanni et al., 2001), and was conceived with the goal of developing reliable and robust effect
estimates of air pollution and health by providing a common basis for comparison across different
geographic areas.
With regards to emergency room visits, our literature search identified a recent multi‐city study
(Alhanti et al., 2016) that was particularly relevant because it included a Texas city. Multi‐city
studies such as this one that use a consistent analysis method across all cities are preferable to
single‐city studies. Alhanti et al. (2016) assessed the relationship between emergency room visits
and ambient ozone in three cities (Atlanta, Dallas, and St. Louis). We selected a health function
based on the estimate for Dallas, Texas.
For respiratory mortality from long‐term ozone, our literature search identified a recent update to a
study that was previously used by EPA (2014). This study by Turner et al. (2016) evaluated the
association between long‐term ozone exposures and all‐cause and cause‐specific mortality using a
large number of participants from around the U.S. and assessed mortality associations with annual
ozone levels through 2004. The authors did not provide city‐specific estimates but instead
presented a combined national estimate that was applied to the analysis in San Antonio.
EPA (2014) did not evaluate school days lost as part of the ozone REA (EPA, 2014a). Although no
reason was given, it is likely due to the limited number of studies that have evaluated associations
between ozone and school absences. Because it is an outcome that is of interest to the City of San
Antonio, we included this outcome, using the default study by Gilliland et al. (2001), which is
available in BenMAP. In this study, the authors evaluated the association between air pollution and
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school absenteeism among 4th grade school children (ages 9‐10) in 12 southern California
communities from January through June 1996.

2.3 Additional BenMAP Inputs: Baseline Health Statistics, Population Data and
Valuation Functions
2.3.1 Baseline Health Statistics
BenMAP requires estimates of baseline incidence (or prevalence) for each outcome as an input to
the model. Baseline incidence is an estimate of the incidence rate in the study location (number of
cases of the health effect per year or day, depending on endpoint, typically per 100,000 people).
Baseline prevalence rate is the prevalence of a given disease (e.g., asthma) within the population
(i.e., number of individuals with the disease, typically per 100,000 people). These baseline
estimates are multiplied by the population to obtain the total baseline incidence or prevalence per
year. For the HIA analyses, we obtained baseline incidence data for non‐accidental mortality,
respiratory system mortality, hospital admissions for COPD, respiratory and cardiovascular
outcomes, and emergency room visits for asthma. We also obtained San Antonio‐specific data for
school days lost. The data and data sources are shown in Appendix B.
2.3.2 Population Data
BenMAP estimates the population data for a given geographic area using data from the U.S. Census
from 2010. The population data are also available by age group and by race/ethnicity. We matched
the population data to the population that was evaluated in each of the epidemiological studies that
were the bases of the health function for each of the health outcomes as described in detail in
Appendix A.
In addition, we conducted analyses to evaluate the health risks in vulnerable populations groups,
thereby conducting analyses by age group (the elderly or children), by race, and by poverty level
(populations below and above the poverty level). Data regarding populations above and below the
poverty level were obtained from National Historic Geographic Information System (NHGIS)
(Minnesota Population Center, 2016). The dataset is compiled from the American Community
Survey 5‐year (2010‐2014) data and uses the Census Tract as the spatial unit of analysis. The Tract‐
level data was spatially allocated over the 12‐km grid used for the BenMAP analysis.
To calculate the costs (or benefits) associated with the calculated health impacts from increased (or
decreased) ozone concentrations the EPA uses valuation functions assigned to each health impact.
We used the default valuations that were available in BenMAP 4.0. More information regarding the
source of the valuation functions is provided in Appendix A.

2.4 Air Quality Scenarios
As described in Figure 2‐1, BenMAP requires as input a change in air quality that is used to calculate
the corresponding change in a health outcome. We assessed the health impacts of two different
ozone exposure scenarios, each of which represents a change from a Baseline Scenario, defined to
be 2010‐2014 average ozone levels in Bexar County. The two scenarios are listed below and are
described in Table 2‐1.
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1. Deteriorated Scenario (2012; ozone higher than Baseline level)
2. Improved Scenario (2023; ozone lower than Baseline level)
Table 2‐1. Summary of ozone air quality in Baseline and in Deteriorated and Improved
scenarios. The columns labelled “Ozone DV Change” indicate the change from the baseline to that
scenario with negative numbers indicating a decrease in ozone.

We chose 2012 to be the Deteriorated (higher ozone) Scenario because this year had the highest
recent monitored values of the daily maximum 8‐hour average ozone (Figure 1‐4) at the Bexar
County regulatory monitors. 2012 design values at the three regulatory monitors were also high,
reaching values of 70 ppb or greater at all of the three regulatory monitors in Bexar County (Figure
2‐2). The Deteriorated Scenario represents a year when Bexar County ozone exceeded the NAAQS
and had degraded ozone air quality relative to the 2010‐2014 Baseline Scenario as well as to more
recent 2014‐2016 ozone levels. 2012 design values at the regulatory monitors exceeded the 2010‐
2014 Baseline by 1‐2 ppb.
While a 1‐2 ppb increment is not a large change relative to the 2010‐2014 Baseline Scenario, the
most recent year with San Antonio monitor design values higher than 2012 is 2006 (Figure 1‐5).
Because there were significant reductions in Bexar County NOx emissions as well as transported
ozone between 2006 and the 2010‐2014 era (Figure 1‐6), selecting 2006 or an earlier year for the
Deteriorated Scenario would produce a scenario that no longer represents the current situation in
San Antonio and the surrounding region. For example, 2006 saw a higher‐emitting motor vehicle
fleet and intensive development of the Eagle Ford Shale had not yet begun. In selecting a year for
the Deteriorated Scenario, our purpose was develop a realistic scenario in which (1) Bexar County
did not attain the 70 ppb NAAQS, and (2) ozone and emission patterns are comparable to those of
the present day. Despite the expected growth in Bexar County population, ozone precursor
emissions and ozone levels are projected to decline in the future (Figure 2‐2) so choosing a
Deteriorated Scenario ozone level close to present values serves as reasonable upper bound for
ozone exposure.
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Figure 2‐2.
Ozone design values for Bexar County monitors for air quality scenarios used in the
HIA. Dashed lines indicate 2010‐2014 average design values for the Baseline Scenario for each
monitor. Red oval indicates 2012 design values used in the Deteriorated Scenario and green oval
indicates EPA 2023 projected design values used in Improved Scenario. Black line indicates 70 ppb
NAAQS.
We selected 2023 for the Improved (lower ozone) Scenario because the EPA’s air quality modeling
projects that all Bexar County monitors will have design values that are in attainment of the 70 ppb
NAAQS in 2023 (EPA, 2016a). Therefore, the 2023 future year represents an Improved Scenario in
which San Antonio has achieved its SA Sustainability Plan goal of attaining the NAAQS. The EPA’s
projected 2023 design values show a 7‐10 ppb reduction compared to the 2010‐2014 baseline
values.
We used both ozone monitor data and air quality computer model7 simulation data from the EPA’s
Interstate Transport Rule modeling (EPA, 2016a) to develop ozone inputs for the BenMAP health
impact assessment. Ozone monitoring data has the advantage of representing the true state of the
atmosphere, but even in relatively well‐monitored areas such as Bexar County, the monitoring
network is sparse. Unlike monitoring data, air quality model output data provides complete
coverage over the modeling region and can cover all of Bexar County, but models often contain
biases that can affect the accuracy of the health impact assessment. Therefore, we used monitoring
and model data together to take advantage of the additional spatial detail of the model data, while
anchoring the analysis to the observed data. This is consistent with the EPA’s approach to design
7

Air quality models are similar in many respects to the computer models used to forecast the weather. Air quality
models simulate the emissions of ozone precursors and the formation of ozone and its subsequent transport and
eventual removal from the atmosphere.
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value scaling for its regulatory ozone modeling. More information on the air quality modeling and
the processing of the air quality data for use in BenMAP is provided in Appendix D.

.
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3.0 SUMMARY OF HEALTH IMPACT ASSESSMENT RESULTS
We estimated the health impacts and associated costs of changes in ozone levels from the 2010‐
2014 average (the Baseline Scenario) to the Improved Scenario and the Deteriorated Scenario. In
Section 3, we give an overview of statistically significant results from the study. All other results are
described in Appendix C.
Using BenMAP, we calculated the health impacts from incremental changes in ozone levels from the
Baseline Scenario (2010‐2014) to the Deteriorated Scenario (2012 levels) and the Improved Scenario
(projected 2023 levels). We calculated the impacts from short‐term (daily) ozone exposures on
non‐accidental mortality; hospital admissions for COPD, all respiratory outcomes, and all
cardiovascular outcome; emergency room visits for asthma; school days lost; and respiratory
mortality from long‐term ozone exposures (annual exposures).
In addition to estimating the average change in the incidence of the above health outcomes, we also
calculated the uncertainty in the estimated health impacts. The uncertainty provides a quantitative
estimate of the confidence that can be placed in the results. Higher uncertainty means that there is
less confidence in the estimated health impact.
We used the uncertainty analyses feature in BenMAP, which generates an uncertainty distribution
around the effect coefficients or valuation estimates (willingness to pay estimates8). This allows us
to present results with a confidence interval around the average health impacts and valuation
estimates. The confidence interval gives an estimated range of values which is likely to include the
true value. The level of a confidence interval gives the probability that the interval includes the true
value of the quantity being estimated. In this study, we report the 95% confidence interval. This
essentially means that 95% of our estimates of the health impact will include the true value, but 5%
won't. So there is a 1‐in‐20 chance (5%) that our confidence interval does not include the true value.
A health function from an epidemiological study that has a large amount of uncertainty will produce
a BenMAP health impact estimate with a large 95% confidence interval, while an epidemiological
study with a smaller uncertainty in the health function will produce BenMAP impacts that have a
smaller confidence interval, which means we are more certain of the results. While the 95%
confidence interval is a standard metric for statistical significance, it is an arbitrary threshold.
Results at the 94% and 96% confidence intervals would have similar robustness; however, one
result would meet the 95% bright line significance test and the other would not. To ensure that all
results are available for review, HIA results that did not meet the 95% test are not excluded, but are
reported separately in Appendix C.

3.1 BenMAP Modeling Results
For the majority of health outcomes, the health impacts from changes in ozone levels were very
small and the uncertainty was comparatively large (i.e., the confidence intervals were large),

8

BenMAP uses Monte Carlo methodology to generate distributions based on the standard errors in the health effects
functions derived from the results in the epidemiological studies.
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indicating that statistical confidence in the estimated impacts was low. Results for these outcomes
did not show statistically significant increases or decreases and are presented in Appendix C.
The only health outcome for which the health impacts showed statistically significant increases with
increased ozone levels is respiratory mortality associated with long‐term (annual) changes in ozone
levels (Figure 3‐1). The BenMAP results indicate that approximately 19 (range of 13 to 25) annual
excess respiratory deaths are predicted from annual changes in ozone levels between the 2010‐
2014 Baseline and the Deteriorated Scenario (i.e., 2012 levels) ; this increase in mortality over
baseline represents approximately 2% of the Baseline respiratory deaths in Bexar County. Similarly,
approximately 24 (range of 17 to 32) deaths would be avoided if ozone levels were reduced to levels
reflected in the 2023 scenario, or about 3% of the total number of respiratory deaths.

Figure 3‐1.
Annual Ozone‐Related Long‐Term, Respiratory Mortality (ages >30). Vertical bars
show 95% confidence interval.
The costs associated with deaths from an increase in ozone to 2012 levels are estimated to be
$170,000,000 (range of $16,000,000 to $469,000,000) in 2014 dollars based on default EPA
estimates of the mortality costs. Similarly, the costs associated with avoided deaths from meeting
ozone levels in the 2023 modeled scenario were estimated to be $220,000,000 (range of
$20,000,000 to $600,000,000). It is important to note that there remains little consensus on issues
related to this estimate including appropriate discount rate and whether factors such as age or
quality of life should factor into the calculations. The EPA did not consider age or quality of life in
the costs.
Figure 3‐2 shows the spatial distribution of respiratory mortality impacts on Bexar County for the
two scenarios. In the Deteriorated Scenario, the grid cells with the largest increase in ozone‐related
mortality are in the northern part of Bexar County. In the Improved Scenario, a greater reduction in
mortality occurs around the outer regions of Bexar County, with smaller reductions in central San
Antonio. The changes in the spatial patterns of respiratory mortality depend in part on the spatial
distribution of the ozone impacts and also on the distribution of population and the baseline
incidence rates. Figure 3‐3 shows the spatial distribution of the increment in the annual average
daily maximum 8‐hour average ozone, which is the air quality metric used in the health function for
long‐term respiratory mortality. This metric shows the greatest changes in the northern part of
Bexar County and smaller changes in central Bexar County.
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Figure 3‐2. Spatial distribution of annual ozone‐related long‐term, respiratory mortality (ages >30)
for the Deteriorated Scenario (left) and the Improved Scenario (right).

Figure 3‐3. Spatial distribution of the daily maximum 8‐hour average ozone increment for the
Deteriorated Scenario (left) and the Improved Scenario (right).
For long‐term respiratory mortality, we calculated population‐weighted average ozone exposure
levels for vulnerable populations within Bexar County. This calculation followed the method of Clark
et al. (2014). We calculated population‐weighted mean ozone concentrations by race and
household income using the gridded ozone concentrations and the Bexar County population
estimates.
We determined that Census Tracts were the smallest 2010 Census geographical region that
contained the required demographic data on race‐ethnicity and household income. We calculated
the population‐weighted ozone concentration across each of the grid cells within Bexar County. For
example, the population‐weighted mean ozone concentration for a given subgroup was calculated
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as the mean of ozone concentrations weighted by the fractional population of that group in the
region of interest.
We analyzed risks by age group and race. As shown in Figure 3‐4 and Figure 3‐5, the results suggest
that the elderly and white subgroups are most at risk for increased mortality from ozone increases
in the Deteriorated Scenario and show the largest number of avoided deaths in the Improved
Scenario. This may be due to higher baseline mortality rates in these groups. In 2010‐2014, 82% of
the total respiratory deaths were reported for people over 65 years of age, whereas only 17% of the
deaths were reported for people below 65 years. Similarly, of all respiratory deaths, 53% of the
baseline deaths were among the white population group.9

Figure 3‐4. Annual ozone‐related long‐term, respiratory mortality (ages >30): subgroup analysis
accounting for age, race and poverty.

Figure 3‐5. Annual ozone‐related long‐term, respiratory mortality (ages >30): subgroup analysis by
race/ethnicity.
9

http://wonder.cdc.gov/ucd‐icd10.html
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3.2 Summary of Findings
Table 3‐1 summarizes the results for each health outcome reported as an increase in cases and the
associated public health costs due to increases in ozone levels from the Baseline Scenario to the
Deteriorated Scenario. Table 3‐2 summarizes the expected health benefits (avoided cases)
associated with decreases in ozone levels from the Baseline Scenario to the Improved Scenario. In
Table 3‐1 and Table 3‐2, we show results for all health outcomes evaluated in the HIA. For outcomes
where there is low confidence that the results are statistically different from zero, the results are
shown in gray. The only health outcome for which estimated health effects were statistically
different from zero was long‐term respiratory mortality (shown in bold, black type). Detailed results,
including 95% confidence intervals for health outcomes, are provided in Appendix C.
Table 3‐1. Impacts in higher (deteriorated) ozone scenario, where Bexar County ozone increases
from baseline to 2012 levels, which exceeds the 70 ppb National Ambient Air Quality Standard
(NAAQS) for ozone.
Increase in
Annual Cases

% of Baseline

Non‐Accidental Mortality, Short‐term

3

0.03%

$

26,000,000

Respiratory Mortality, Long‐term

19

2.2%

$

170,000,000

Hospital Admissions, Chronic
Obstructive Pulmonary Disease

<1

0.002%

$

700

Hospital Admissions, Respiratory

3

0.06%

$

100,000

Hospital Admissions, Cardiovascular

15

0.13%

$

600,000

Emergency Room Visits, Asthma

5

0.05%

$

2,000

32,335

1.2%

$

3,000,000

Health Outcome*

School Days Lost

Valuation (2014 $)

* Health outcome results shown in gray are highly uncertain and there is low confidence that they are statistically different from zero.
For results in black, there is higher confidence that results are statistically different from zero.

Table 3‐2. Impacts in lower (improved) ozone scenario, where Bexar County ozone decreases
from baseline to projected 2023 levels with all San Antonio regulatory ozone monitors attaining
the 70 ppb NAAQS.
Decrease in
Annual Cases

% of
Baseline

Valuation
(2014 $)

Non‐Accidental Mortality, Short‐term

‐4

0.04%

‐$35,000,000

Respiratory Mortality, Long‐term

‐24

2.8%

‐$200,000,000

Hospital Admissions, Chronic Obstructive
Pulmonary Disease

<1

0.004%

‐$1,000

Hospital Admissions, Respiratory

‐3

0.04%

‐$80,000

Hospital Admissions, Cardiovascular

‐12

0.11%

‐$450,000

Emergency Room Visits, Asthma

‐6

0.06%

‐$2,000

‐38,131

1.4%

‐$4,000,000

Health Outcome*

School Days Lost

*Health outcome results shown in gray are highly uncertain and there is low confidence that they are statistically different from zero.
For results in black, there is higher confidence that results are statistically different from zero.
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3.3 Interpreting the Findings
The health impacts we calculated are smaller than the health impacts that have been reported in
other studies that used BenMAP to evaluate the health effects of changes in ambient ozone. For
example, in 2016, the American Thoracic Society, in collaboration with the Marron Institute of
Urban Management at New York University, published a study that used BenMAP to estimate the
health impacts of air pollution exceeding the NAAQS in cities across the U.S., including San Antonio
(Cromar et al., 2016). For each city, ozone increments approximated the difference between its
2011‐2013 ozone design value and 60 ppb. For San Antonio, they reported 52 annual excess deaths
from ozone exposure and 122 annual morbidity incidents (hospital admissions and emergency room
visits combined) resulting from exceedance of an ozone NAAQS of 60 ppb (well below the NAAQS of
70 ppb). Because the study evaluated large potential changes in ozone concentrations, their
calculations showed large estimated health effects. Similarly, the studies conducted in New York
City (Kheirbek et al., 2015) and in Pennsylvania (Madsen and Willox, 2006) reported large health
impacts from ozone exposures, but assessed impact of reducing current ozone levels to unrealistic
ozone concentrations representative of natural background levels (i.e., 20 ppb). In contrast, we
evaluated health impacts based on changes in Bexar County ozone that could reasonably be
expected to occur in the next 5 to 10 years and these smaller changes are associated with smaller
impacts.
Although Bexar County monitored ozone design values were used to select the air quality scenarios,
the ozone increments which are input to BenMAP for calculation of health impacts are determined
by the air quality metrics used in the health functions (Table A‐1). Changes in the health function
ozone metrics between the Baseline Scenario and the other two scenarios were smaller than
changes in the ozone design values. More detail on the changes in ozone between the baseline and
the Improved and Deteriorated Scenarios is provided in Appendix D.
The BenMAP impact results for long‐term respiratory mortality presented above should be
interpreted with caution. The epidemiological data for this outcome is inconsistent across studies
and the uncertainty calculated in BenMAP for these estimates (i.e. the confidence intervals) only
accounts for a small portion of the overall uncertainty in these estimates. Although the
epidemiological evidence is suggestive of a causal link between ozone exposure and mortality, this
association has not been confirmed and remains unexplained. That is, for ozone, there is no known
biological mechanism that explains how ozone could cause mortality at the ambient levels
measured in Bexar County. In fact, the EPA determined that the evidence suggests that the current
NAAQS represents an adequate threshold below which health impacts from ozone are unlikely. In
addition, our results for long‐term mortality are based on a single study that reported an association
between ozone exposure and mortality (Turner et al., 2016) while several other studies have
reported no such association (e.g., Krewski et al., 2009; Wang et al., 2009; Lipsett et al., 2011). This
study was selected because it is the most recent multi‐city cohort study available for this outcome
that used high resolution exposure estimates. It is not uncommon to find different results across
different studies because each evaluates different population and air quality data, and uses
different statistical methods to analyze the data. Because there is no scientific consensus on the
single best method for doing these analyses, it is important to consider whether results across
studies are consistent.
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In interpreting the HIA findings, it is important to consider that BenMAP calculates health impacts
based on population‐based epidemiological studies that infer statistical associations between health
effects and air pollution exposures, but that cannot provide definite evidence of a cause and effect.
This is because these studies have important limitations that preclude definite conclusions
regarding a causal link between ozone and mortality, as discussed above. These limitations include
uncertainty regarding the exposure estimates in epidemiological studies, the potential role of other
pollutants or weather that might explain the effects, evidence that there is likely a threshold below
which health impacts are unlikely, and inconsistencies in the results reported in the epidemiological
literature.
Because we used BenMAP to evaluate the health impacts of changes in ozone, our analysis was
limited to health outcomes for which there were health functions available from the
epidemiological literature as well as baseline health data for San Antonio. Appendix A describes the
selection of health outcomes for the study. For example, reliable, San Antonio‐specific health
functions were not available for asthma exacerbations, so this health outcome was not included.
Therefore this study addresses some, but not all, potential health effects of ozone changes in San
Antonio.
While the results from this study indicate the possibility for harm from increased levels of ozone
exposure and benefits from reductions in ozone, less weight should be placed on the magnitude of
the impacts than on the qualitative finding of potential improved health outcomes from improved
air quality. The results point out the potential benefits of efforts to reduce ozone pollution levels.
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4.0 CLIMATE CHANGE PROJECTIONS AND AIR QUALITY IN SAN ANTONIO
The City of San Antonio has outlined its plans for air quality improvement in its “SA Tomorrow
Sustainability Plan” (City of San Antonio, 2016). As of the 2015 date of publication of the Plan, the
Bexar County design value was 78 ppb, which exceeds the 70 ppb NAAQS. The Plan sets a target of
attainment of all Federal ambient air quality standards by 2040, and outlines the path toward
achieving this goal. The strategy for reducing Bexar County ozone levels is to implement ozone
precursor emissions reductions identified in a recent study “City of San Antonio Potential Emissions
Control Strategies” (Grant et al., 2015).
The climate of Texas is changing in ways that may influence air quality in San Antonio and the
effectiveness of the City of San Antonio’s efforts to achieve the goal of compliance with the ozone
NAAQS. In this section, we address potential impacts to air quality and air quality‐related public
health indicators as a result of climate change.
The climate in Texas is changing and is expected to continue to change throughout the 21st century
(EPA, 2016b). The City of San Antonio recently carried out a study of climate trends in San Antonio
(Hayhoe, 2015). Hayhoe (2015) reviewed recent trends in temperatures and precipitation in San
Antonio and summarized the climate change findings of the National Climate Assessment (Melillo et
al., 2014) for the south central U.S. region, which includes San Antonio.
Ozone formation is favored on hot days. Higher temperatures speed the chemical reactions which
produce ozone and also enhance the rate of emissions from vegetation and from human sources
such as evaporation of fuels. Hayhoe (2015) determined that temperatures in San Antonio show an
increasing trend and that there is high confidence that both the average temperatures in San
Antonio as well as the annual number of hot days and warm nights will continue to increase (Figure
4‐1). The magnitude of these increases depends on the success of global efforts to minimize
emissions of greenhouse gases during the 21st century.
Changes in climate are expected to influence rainfall as well as temperatures in Texas. EPA (2016)
notes, “In the eastern two‐thirds of the state, average annual rainfall is increasing, yet the soil is
becoming drier. Rainstorms are becoming more intense, and floods are becoming more severe…In
the coming decades, storms are likely to become more severe, deserts may expand, and summers
are likely to become increasingly hot and dry, creating problems for agriculture and possibly human
health.” The increased prevalence of high temperatures and drought may increase the frequency
and intensity of wildfires. Wildfires can produce ozone as well as particulates (e.g. Jaffe and Wigder,
2012) that can affect human health.
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Figure 4‐1.
Number of days per year with temperatures exceeding 100°F in San Antonio for
present and in climate model projections of the 21st century. Projections are based on downscaled
CMIP5 climate model projections10 using a business‐as‐usual (High) future greenhouse gas
emissions scenario. Analysis and figure by Climate Central.
Ozone formation is also influenced by atmospheric circulation patterns which can either disperse or
concentrate pollutants that affect human health. In recent years, the number of stagnant days has
increased in San Antonio (Hou et al., 2016). The number of stagnant days in the San Antonio area
has been projected to increase during the 21st century in some studies (e.g. Horton et al., 2012; Hou
et al., 2016), but not in others (Horton et al., 2014). While confidence is high that there will be
increases in temperature in San Antonio, confidence in the projected changes in atmospheric
circulation patterns that affect ozone is low (IPCC, 2013).
The EPA performed a study that assessed potential impacts of climate change on air pollution and
human health (Fann et al., 2015). Fann et al. (2015) estimated changes in temperatures and ozone
between 2000 and 2030 and used these changes to estimate changes in ozone‐related mortality
with BenMAP. The results, summarized in Figure 4‐2, show that despite a projected increase in
temperatures, ozone is expected to decrease due to local, regional and national emissions controls,
so that the number of premature deaths in Bexar County is projected to decrease by 2030.

10

http://www.climatecentral.org/news/87‐cities‐4‐scenarios‐1‐really‐hot‐future‐for‐us‐17866
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Figure 4‐2.
Projected changes in temperatures, ozone and ozone‐related mortality from 2000
to 2030. Figure from Fann et al. (2015).
Fann et al. (2015) highlight the uncertainties in the modeling that underlies these projections, which
rely on application of a succession of climate, air quality and health effects models as well as
estimates of future emissions of greenhouse gases and ozone precursors. Fann et al. caution that
health functions from existing epidemiological studies are based on historical data and may not be
applicable to future relationships between air quality, population exposure and human health and
that, ”… these studies do not account for the possibility of a physiological interaction between air
pollutants and temperature, which could lead to increases or decreases in air pollution‐related
deaths and illnesses”.
In summary, local, regional and national‐level emissions reductions are projected to reduce ozone
levels in Bexar County in the future, leading to potential benefits in human health. The changing
climate is projected to exact a “climate penalty” by increasing temperatures and the severity and
frequency of wildfires. The effects of climate‐related changes such as atmospheric circulation
patterns are less certain. The climate penalty reduces the effect of future emissions reductions
benefits by causing atmospheric and land changes that enhance ozone formation. The climate
penalty means that additional emissions reductions are needed to produce the same level of ozone
reductions and human health benefits than would be required in a climate that was not changing.
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5.0 SUMMARY
We conducted a study to evaluate the health impacts from changes in ozone air quality in Bexar
County. We evaluated air quality scenarios that could potentially occur in Bexar County within the
next 5 to 10 years; one scenario had higher ozone than the 2010‐2014 baseline and exceeded the
NAAQS and one scenario had lower ozone than the baseline and attained the NAAQS. We applied
models and methods consistent with previous EPA studies to calculate mortality and morbidity
(hospital admissions, emergency room visits and school days lost) associated with the changes in
ozone in each scenario. We also evaluated incurred and avoided costs resulting from the ozone‐
related health impacts. Bexar County monitored ozone design values were used to select the air
quality scenarios; however, the ozone increments which are input to BenMAP for the calculation of
health impacts are determined by the air quality metrics used in the health functions. Changes in
these metrics between the Baseline Scenario and the other two scenarios were smaller than
changes in the ozone design values. Therefore, our BenMAP modeling yielded relatively small health
impacts. Importantly, for most of the health outcomes impacts were far smaller than the
uncertainty around these estimates. Only for respiratory mortality from long‐term exposures were
impacts statistically significant.
Our BenMAP modeling results indicated that lowering Bexar County ozone levels to projected 2023
levels that attain the NAAQS results in 24 avoidable deaths while 19 excess deaths resulted from an
increase to 2012 ozone levels that exceed the NAAQS. There was low confidence of any effects from
changes in ozone for all other health outcomes. As we noted, these findings need to be interpreted
with some caution because of the limitations of the methodology.
In determining the health effects from ozone exposures and establishing a health‐protective
NAAQS, the EPA considered the overall body of scientific evidence. In doing so, the EPA assigned a
confidence level in the scientific evidence for each health outcome’s association with ozone. For
mortality from long‐term ozone exposures, the EPA noted that there was only a “likely” relationship
because the evidence was not sufficient to say with certainty that ozone is linked to mortality. This
is because the linkage between ozone and this health outcome is supported solely by
epidemiological data and these data have limitations. There is no clear evidence of a biological
mechanism by which ozone can cause mortality. The EPA (2014) noted there is a potential for
ozone to exacerbate respiratory conditions that could lead to death, or to instigate a cascade of
events that eventually leads to death. However, because there are so many other factors that
contribute to exacerbation of disease or to the cascade of events that lead to mortality, it is difficult
to definitively conclude that ozone is the causative agent, and it is more likely that it is a
contributing agent at a certain level of exposure. After weighing the evidence, the EPA determined
that the current 70 ppb NAAQS is likely protective of human health.
In addition, the BenMAP results for asthma emergency room visits and hospital admissions are
inconsistent with our expectations of impacts resulting from a causal association between long‐term
ozone exposure and mortality. Consistent with the EPA’s conceptual model (Figure 1‐10), we expect
that in a population that is exposed to increased ozone, we would see a larger increase in
emergency room visits and hospital admissions than actual deaths attributable to ozone. This
analysis did not show larger increases in emergency room visits and hospital admissions than
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increased respiratory mortality within the Deteriorated Scenario. This may be due to limitations
and assumptions employed in conducting this analysis. Limitations in availability of locally‐relevant
epidemiological studies as well as in the baseline statistics that were inputs to the analysis may have
contributed to the uncertainty in the results.

36

September 2017

6.0 REFERENCES
Alamo Area Council of Governments (AACOG), 2015a. Conceptual Model Ozone Analysis of the San
Antonio Region Updates through Year 2014. Technical Report prepared for the Texas
Commission on Environmental Quality. October.
Alamo Area Council of Governments (AACOG), 2015b. Emissions Trend Analysis for the San Antonio‐
New Braunfels MSA: 1999, 2002, 2006, 2012, 2018, 2020, and 2023. Technical Report
prepared for the Alamo Area Metropolitan Planning Organization (AAMPO). September.
City of San Antonio, 2016. SA Tomorrow Sustainability Plan. Adopted August 2016. Accessed May,
2017.
http://www.sasustainabilityplan.com/files/managed/Document/160/SA%20Tomorrow%20S
ustainability%20Plan%20Adopted%2008%2011%202016.pdf,
Cromar, K.R., Gladson, L.A., Perlmutt, L.D., Ghazipura, M., Ewart, G.W., 2016. Estimated Excess
Morbidity and Mortality Caused by Air Pollution above American Thoracic Society–
Recommended Standards, 2011–2013. Ann. Am. Thorac. Soc. Vol 13, No 8, pp 1195–1201.
EPA, 2013. Integrated Science Assessment (ISA) of Ozone and Related Photochemical Oxidants (Final
Report). U.S. Environmental Protection Agency, Washington, DC, EPA/600/R‐10/076F.
EPA, 2014a. Health Risk and Exposure Assessment for Ozone (Final Report). U.S. Environmental
Protection Agency. Research Triangle Park, NC. EPA‐452/R‐14‐004a.
EPA, 2014b. Draft Modeling Guidance for Demonstrating Attainment of Air Quality Goals for Ozone,
PM2.5, and Regional Haze. http://www.epa.gov/ttn/scram/guidance/guide/Draft_O3‐PM‐
RH_Modeling_Guidance‐2014.pdf.
EPA, 2016a. Air Quality Modeling Technical Support Document for the 2015 Ozone NAAQS
Preliminary Transport Assessment. Office of Air Quality Planning and Standards. December,
2016. https://www.epa.gov/sites/production/files/2017‐
01/documents/aq_modeling_tsd_2015_o3_naaqs_preliminary_interstate_transport_assess
men.pdf. Accessed March, 2017.
EPA, 2016b. What Climate Change Means for Texas. EPA document EPA 430‐F‐16‐045. August.
EPA, 2017. Environmental Benefits Mapping and Analysis Program – Community Edition. User’s
Manual and Appendices. Prepared for Office of Air Quality Planning and Standards.
Research Triangle Park, NC. Prepared by RTI International. Available at:
https://www.epa.gov/benmap/manual‐and‐appendices‐benmap‐ce.
https://19january2017snapshot.epa.gov/sites/production/files/2016‐
09/documents/climate‐change‐tx.pdf.
Fann N., Lamson A.D., Anenberg S.C., Wesson, K., Risley, D., Hubbell, B.J., 2012. Estimating the
national public health burden associated with exposure to ambient PM2.5 and ozone. Risk
Anal; 32(1): 81–95.
Fann, N., Nolte, C.G., Dolwick, P., Spero, T.L., Brown, A.C., Phillips, S and Anenberg, S., 2015. The
geographic distribution and economic value of climate change‐related ozone health impacts

37

September 2017

in the United States in 2030, Journal of the Air & Waste Management Association, 65:5, 570‐
580, DOI: 10.1080/10962247.2014.996270.
Grant, J., Pavlovic, T., Lindhjem, C. and Chan, L., 2015. Potential Emission Control Strategies
Available for Evaluation by the City of San Antonio. Report prepared for the Texas
Commission on Environmental Quality. March.
https://sanantonio.gov/Portals/0/Files/Sustainability/Environ%20Report.pdf.
Hayhoe, K., 2015. Climate trends in San Antonio and an overview of climate projections for the South
Central region. Report.
http://www.sasustainabilityplan.com/files/managed/Document/152/ARC.SanAntonio.Climat
eReport.pdf.
Hou, P. and Wu, S., 2016. Long‐term Changes in Extreme Air Pollution Meteorology and the
Implications for Air Quality. Nature, 6:23792 | DOI: 10.1038/srep23792.
Horton, D.E., Harshvardhan, and Diffenbaugh, N.S., 2012. Response of air stagnation frequency to
anthropogenically enhanced radiative forcing. Environ. Res. Lett. 7 (2012) 044034 (9pp).
doi:10.1088/1748‐9326/7/4/044034.
Horton, D.E., Skinner, C.B., Singh, D. and Diffenbaugh, N.S., 2014. Occurrence and persistence of
future atmospheric stagnation events. Nature Climate Change. DOI: 10.1038/nclimate2272.
Hubbell B.J., Hallberg A., McCubbin D.R., Post E., 2005. Health‐related benefits of attaining the 8‐hr
ozone standard. Environ Health Perspect; 113(1): 73–82.
Hubbell B.J., Fann N., Levy J.I., 2009. Methodological considerations in developing local‐scale health
impact assessments: Balancing national, regional, and local data. Air Qual Atmos Health;
2(2): 99–110.
IPCC, (2013). Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. [Stocker,
T.F., D. Qin, G.‐K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and
P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA, 1535 pp, doi:10.1017/CBO9781107415324.
http://www.climatechange2013.org/report/full‐report/.
Jaffe, D., and Wigder, N., 2012. Ozone production from wildfires: A critical review. Atmos. Env. 51. 1‐
10. doi:10.1016/j.atmosenv.2011.11.063.
Kheirbek, I., Wheeler, K., Walters, S., Pezeshki, D.K., 2015. Air Pollution and the Health of New
Yorkers: The Impact of Fine Particles and Ozone. New York City Department of Health and
Mental Hygiene. Available at:
https://www1.nyc.gov/assets/doh/downloads/pdf/eode/eode‐air‐quality‐impact.pdf
Krewski, D., Jerrett, M., Burnett, R.T., Ma, R., Hughes, E., Shi, Y., Turner, M.C., Pope, A., Thurston,
G., Calle, E.E., Thun, M.J., 2009. Extended Follow‐Up and Spatial Analysis of the American
Cancer Society Study Linking Particulate Air Pollution and Mortality. HEI Research Report
140. 154p., May.

38

September 2017

Lamsal, L. N., Duncan, B. N., Yoshida, Y., Krotkov, N. A., Pickering, K. E., Streets, D. G., & Lu, Z., 2015.
US NO2 trends (2005–2013): EPA Air Quality System (AQS) data versus improved
observations from the Ozone Monitoring Instrument (OMI). Atmos. Env., 110, 130‐143.
Lipsett, M.J., Ostro, B.D., Reynolds, P., Goldberg, D., Hertz, A., Jerrett, M., Smith, D.F., Garcia, C.,
Chang, E.T., Bernstein, L. 2011. Long‐term exposure to air pollution and cardiorespiratory
disease in the California teachers study cohort. Am. J. Respir. Crit. Care Med. 184(7):828‐835.
Madsen, T, Willox, N. 2006. Air Pollution and Public Health in Pennsylvania. PennEnvironment
Research and Policy. Available at: http://research.policyarchive.org/5525.pdf
Melillo, Jerry M., Terese (T.C.) Richmond, and Gary W. Yohe, Eds., (2014). Climate Change Impacts in
the United States: The Third National Climate Assessment. U.S. Global Change Research
Program, 841 pp. doi:10.7930/J0Z31WJ2.
Minnesota Population Center, 2016. National Historical Geographic Information System: Version
11.0 [Database]. Minneapolis: University of Minnesota.
http://doi.org/10.18128/D050.V11.0.
National Oceanic and Atmospheric Administration State of the Climate Website National Climate
Report for 2011, accessed June, 2017. https://www.ncdc.noaa.gov/sotc/national/201108.
Texas A&M Forest Service. 2011 Wildfires. Common Denominators for Home Destruction. Accessed
July, 2017.
http://texasforestservice.tamu.edu/uploadedFiles/TFSMain/Preparing_for_Wildfires/Prepar
e_Your_Home_for_Wildfires/Contact_Us/2011%20Texas%20Wildfires.pdf.
Texas Commission on Environmental Quality, 2017. Air Quality Modeling Files website accessed
September 15, 2017. https://www.tceq.texas.gov/airquality/airmod/data/tx2012.
Wang, X.Y., Hu, W., Tong, S. 2009. Long‐term exposure to gaseous air pollutants and cardio‐
respiratory mortality in Brisbane, Australia. Geospat. Health 3(2):257‐263.

39

September 2017

APPENDIX A
Summary of Review of Epidemiological Literature

July 2017
DRAFT/CONFIDENTIAL

APPENDIX A
A.1

SUMMARY OF REVIEW OF EPIDEMIOLOGICAL LITERATURE

Selection of Health Outcomes And Functions

The purpose of this study was to assess the health impacts of ambient ozone to Bexar County
residents, including both direct and indirect costs of ozone pollution. The study used the EPA’s
Environmental Benefits Mapping and Analysis Program model11 (BenMAP 4.0; EPA, 2017) to
assess the health effects and associated costs of ozone exposure in the general public as well as
in vulnerable populations. BenMAP calculates health impacts and the economic value of
changes in air pollution using health functions, also known as concentration‐response functions
(CRFs) as one of the inputs to the model. Health functions are empirically derived estimates of
the association between ambient ozone concentrations and a health outcome of interest. A
health function is typically obtained from an epidemiological study that has estimated the
association between ozone exposures and a specific health outcome in a human population.
Additional health inputs include the baseline health statistics (e.g., mortality rates or incidence
data) and the health valuation functions.
A number of health outcomes were specified in the City of San Antonio’s Scope of Service for
inclusion in the San Antonio Health Impact Assessment (HIA). These included premature
mortality (from short and long‐term ozone exposures), hospital admissions and emergency
room visits for respiratory and cardiovascular outcomes, and work and school days lost. We
evaluated the available health functions and baseline population data to assess the feasibility of
including these health outcomes in the HIA. We selected outcomes based on the availability of
a robust, high quality epidemiological study that reports a health function applicable to the San
Antonio study (i.e., is either specific to the San Antonio area or a US city or cities similar to San
Antonio in population and geographic region). The appropriate choice of epidemiological study
is necessary to reduce to the extent possible the uncertainties associated with the health
impact analysis. These uncertainties are described in Section A1.2.
Our review focused on health outcomes for which an association with ambient ozone has been
documented. The most comprehensive recent reviews of potential linkages between ambient
ozone and health outcomes were performed by the EPA in their Integrated Science Assessment
(ISA; EPA, 2013) and Risk and Exposure Assessment (REA) for ozone (EPA, 2014a). We reviewed
the ISA and REA to compile a list of health outcomes determined by the EPA to have the
strongest links to ambient ozone. We then conducted a literature search and review to identify
studies with data more recent or complete than those reviewed in the ISA and REA. The
literature review is summarized in Section A.1.1. Our literature review informed selection of
outcomes from the list of outcomes in the San Antonio HIA Scope of Service as well as the
selection of health functions used in the HIA. In Section A.1.2, we provide a brief summary of
11

We note that there are different versions of the BenMAP model. The latest version was released April 2017
(BenMAP Community Edition (CE) v 1.3). There is also a legacy version (BenMAP 4.0)
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the rationale for selecting the key outcomes for inclusion, summaries of the most relevant
studies.
We reviewed the health functions available in BenMAP‐CE manual and related appendices12 for
the selected health outcomes (EPA 2015). For outcomes where health functions identified in
the literature review are more recent or reliable than those in BenMAP, we opted to replace
the BenMAP health functions for the HIA analysis. In Section 1.3, we discuss selection of the
health functions. In Section 2, we give an overview of the baseline health data used in the San
Antonio HIA. Finally, in Section 3, we give an overview of the valuation data that was used in
the analysis.
A.1.1 Literature Search Strategy for Ozone and Health Effects
We conducted a literature search to identify relevant studies published since the most recent
EPA review of the health effects of ozone (EPA, 2013; 2014). For their review, The EPA
conducted a literature search to identify published literature through July 2011. Therefore, our
literature search was restricted to July 1st, 2011 to March 20th, 2017. In PubMed, we used a
search string that consisted of Ozone and (Mortality OR "Hospital Admissions" OR "Emergency
Department" OR "Emergency Room" OR "Work days lost" OR "School days lost" OR Asthma OR
COPD13). A same search terms were used in a Scopus search and restricted to the health
literature. Through these searches, we identified 730 potentially relevant publications. We
reviewed the publications to assess whether studies were relevant using the following criteria:





Studies were relevant if they were conducted in US cities;
Studies were relevant if they were epidemiological studies that evaluated the
association between ozone and (1) mortality, (2) hospital admissions, (3) emergency
room visits, (4) school days lost or (5) work days lost; and
Studies were relevant if they provided sufficient information to derive a health function
for the association between ozone and one of the health outcomes of interest.

We excluded studies that were conducted in non‐US cities, studies that were not
epidemiological studies, studies that assessed health outcomes not included in our list of key
outcomes (i.e., mortality, hospital admissions and emergency room visits for respiratory or
cardiovascular diseases, school day or work days lost), or studies that did not include estimates
for ozone exposures. Some outcomes were not included in our analyses because it would be
difficult to find relevant baseline health statistics that could be used to evaluate the health
outcome using BenMAP (see Section 2) or because we could not derive a valid health function
for the outcome based on the available epidemiological studies. We relied on outcomes that
were identified by the EPA for the risk assessment to support the ozone NAAQS and compared
these to outcomes that have been previously evaluated using BenMAP. Based on our initial
screening of the health effects literature, we identified 55 potentially relevant epidemiological
12
13

https://www.epa.gov/benmap/manual‐and‐appendices‐benmap‐ce
chronic obstructive pulmonary disease
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studies. These studies were further reviewed to assess whether they should be considered for
inclusion in the BenMAP analyses as discussed in Section 1.2.
In addition to the PubMed search, we conducted a number of “forward” and “backward”
searches of the key studies we identified for inclusion in the analysis (see Section 1.3). The
forward searches were conducted in PubMed to identify literature that cites the publication of
interest and the backward searches were conducted in Scopus to identify the publications that
are cited by each study. Any epidemiological studies of ozone and the health outcomes of
interest identified by these searches were evaluated for inclusion in the analyses.
A.1.2 Rationale for Health Outcomes Selection
In selecting health outcomes for inclusion in the analyses, we sought to minimize uncertainties
associated with using epidemiological data to calculate potential health effects from ozone
exposures. Epidemiological data is only one of several lines of evidence that are used to inform
our understanding of the health effects associated with exposures to toxic pollutants. Other
lines of evidence include experimental studies such as controlled human exposure studies,
animal studies, and cell‐based studies. Each type of study has its strengths and limitations.
While EPA considered all lines of evidence in assessing the causal link between ozone exposure
and health outcomes, the health functions used by the BenMAP model are based solely on
epidemiological data. Therefore, the health impacts calculated in this study depend only on
epidemiological evidence.
Epidemiological studies are observational studies of the response of human populations to
exposure to ambient air pollutants. However, epidemiological studies have important
limitations. When basing an assessment of risk on an epidemiological study, it is important to
recognize the underlying assumption of a causal association between the pollutant exposure
and the health outcome. An epidemiological study alone cannot establish a causal link, but
determines whether there is a statistically significant correlation between the ambient
pollutant and the health outcome.
One of the key limitations of epidemiological studies is that even the best studies cannot
adequately account for all factors (other than the pollutant in question) that could be
associated with the health outcome. For example, this might include other pollutants or other
lifestyle factors (e.g., smoking, diet) that could occur together with both the pollutant exposure
and the health outcome. In epidemiology, this is called a confounder. If a confounder is not
included in the analysis the study can produce a spurious association between the pollutant and
the health outcome, because there is an underlying factor other than the pollutant in question
that could also account for the association. It is important to note that even if another factor
(such as another air pollutant) is included in the epidemiological analysis – there may still be
problems with completely accounting for the influence of that factor due to incomplete
information regarding that factor. For example, a confounding air pollutant may have missing
data, or be measured using a monitoring network with different spatial and temporal coverage
than the pollutant of concern. For ozone, data are typically collected on an hourly basis
(although data may be collected only during the ozone season), while for particulate matter
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data may only be available every few days. Also, ozone and particulate matter monitoring sites
may or may not be collocated in a particular area. These differences can make it difficult to
isolate health effects of ozone from those of particulate matter.
Another important limitation in epidemiological studies is related to assessing exposure. Most
studies have historically relied on outdoor ground‐level monitors to estimate exposures for the
participants in the study. However, most people spend a majority of time indoors, at work or at
home, and therefore the ozone measured at an outdoor location is unlikely to be
representative of a typical person’s actual exposure. There may be exceptions, such as
construction workers or others who work primarily outdoors. For the majority of the
population, however, this is an important issue because indoor levels of ozone tend to be
significantly lower than outdoor levels (by as much as a factor of 10) owing to the reactive
nature of ozone and the lack of any significant sources of ozone indoors(EPA, 2013). There can
be significant uncertainty associated with incorrect exposure estimates, and this is often
referred to as exposure measurement error.
An additional limitation of epidemiological studies is that the statistical models used to infer the
linkage between ambient air pollutant levels and health effects often assume a linear
relationship between the air pollutant exposure and the health outcomes. The relationship is
assumed to be reliable even at low levels of air pollution exposure where there is often little
data. This assumption implies that there is no threshold air pollution concentration below
which no health effects are observed. There is currently no consensus on whether there is an
observable threshold for ozone health effects in epidemiological studies. Some studies show
evidence of a threshold while others indicate that there is no threshold (EPA, 2013). However,
there is evidence from experimental studies and from what is known about the mechanism of
action by which ozone could inflict harm that indicate that a threshold is biologically plausible.
Lastly, another factor that complicates the use of epidemiological studies is the large number of
possible statistical models that can be applied to evaluate the associations between ozone and
different health outcomes. There is no consensus in the scientific community regarding the
best way to model ozone health effects and researchers have found significant differences in
the results depending on the selected model (EPA, 2013). Additional complexity is introduced
for ozone because of differences in the selection of the ozone metric that is evaluated (e.g.,
daily 1‐hr max, daily 8‐hr average, daily 8‐hr max, 24‐hr average), the season that is evaluated,
and consideration of same day exposures versus exposures over several days.
As noted above, we reviewed the EPA ISA (EPA, 2013) and REA (EPA, 2014a) to identify
outcomes of potential interest for inclusion in the San Antonio analysis. In particular, we
consulted the EPA (2014) REA to determine which key health outcomes the EPA had identified
in their risk assessment for ozone to support the development of the NAAQS.
The EPA focused on key health outcomes that it had classified as likely or causally associated
with ozone (EPA 2013). In making these determinations, the EPA evaluated the full body of
scientific evidence to assess whether there was sufficient evidence to make the classification.
As shown in Figure A ‐ 1, the health endpoints for which the EPA is confident of a likely or a
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causal association with ozone include respiratory effects, cardiovascular effects, and total
mortality from short‐term ozone exposures and respiratory effects from long‐term ozone
exposures (including mortality).
As noted in the REA (EPA, 2014a), the EPA based their urban‐scale risk assessment on
epidemiological studies that were conducted in the specific cities that were included in their
evaluation. That is, the EPA applied a city‐specific health function to each city‐specific analysis
whenever possible. One rationale for doing this is that there is a large amount of heterogeneity
across risk estimates for different cities and the source of this heterogeneity is unclear, but may
be attributed to city‐specific characteristics that modify the relationship between ozone and
various health outcomes.

Figure A ‐ 1.

Causal determinations for ozone health effects. [Source: EPA, 2014a]

For example, weather (especially temperature) and socioeconomic factors have been
hypothesized as factors that could change the relationship between ozone exposures and
health. The impact of weather on air pollution levels is well demonstrated, and weather also
affects individual time‐activity patterns that contribute to air pollution exposures. Researchers
hypothesize that vulnerable population groups, such as individuals with a lower socioeconomic
status, may be more susceptible to the effects of air pollution possibly due to having poorer
health or living in areas that could have increased levels of air or other pollutants. By using city‐
specific health functions, the EPA minimized uncertainties that might be introduced by
extrapolation of risk assessment results from one city to another.
Applying their criteria, the EPA identified short‐term mortality and respiratory hospital
admissions for inclusion in their analyses. For a few of the city‐specific assessments, the EPA
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identified single‐city studies conducted in the city that matched the city included in the analysis
(e.g., New York, Atlanta). The EPA also included respiratory mortality associated with long‐term
ozone exposures based on the determination of a likely causal link between long‐term ozone
exposures and respiratory health outcomes. However, there was only one study available for
consideration of this health outcome. With regards to cardiovascular effects, the EPA noted
that cardiovascular mortality effects are included within the estimates of total mortality
because total mortality is dominated by cardiovascular mortality. In addition, the EPA noted
that there were insufficient epidemiological studies of cardiovascular morbidity showing
consistent associations with ozone to justify inclusion of these endpoints in the risk assessment.
We used similar criteria in assessing inclusion of health endpoints for the San Antonio analysis.
In summary, the criteria for inclusion of a health outcome were based on:




An EPA identified health outcome with sufficient evidence of a causal or likely causal
relationship
Inclusion of the health outcome in the REA
Identification of recent literature with an adequate health function we could use
particularly multi‐city studies or studies in relevant cities (defined within the Scope of
Service to be San Antonio, Dallas, Houston, Phoenix, San Jose, San Diego)

The general exclusion criteria for certain outcomes or studies:




Outcomes that were not evaluated by the EPA and for which no relevant
epidemiological study was identified
Epidemiological studies not conducted in the US
Epidemiological studies in single cities that are sufficiently different from San Antonio
that they may not be relevant (e.g., because of population size and/or climate)

A.1.3 Summary of Selected Health Outcomes, Health Functions and Studies
The outcomes that were selected for inclusion in the San Antonio analysis are:






non‐accidental mortality associated with short‐term ozone exposures;
hospital admissions (chronic obstructive pulmonary disease (COPD), all respiratory, all
cardiovascular);
emergency room visits (asthma);
respiratory mortality associated with long‐term ozone exposures; and
school days lost.

In the remainder of Section 1.3, we describe the evidence that informed the selection of these
outcomes and the health functions used in the San Antonio HIA. Limitations common to all of
the epidemiological studies described below include: (1) assumption of a linear relationship
between ozone exposure and the health outcome, (2) lack of inclusion and/or accurate
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characterization of the confounding influence of co‐pollutants, meteorology and other factors,
and (3) choice of ozone metric.
A.1.3.1 Mortality from Short‐term Ozone Exposures
Our literature search did not identify any studies more recent than those used in the REA (EPA,
2014a) and that would be appropriate to consider for the evaluation of mortality from short‐
term ozone exposures. We therefore relied on the same study that the EPA (2014) used in the
REA (i.e., the study by Smith et al., 2009). The study by Smith et al. (2009) was a re‐analysis and
expansion of the study by Bell et al. (2004), which is the study that is included in the BenMAP
database. Bell et al. (2004) evaluated the association between short‐term ozone exposures
(daily and weekly) and mortality due to air pollution. The authors used statistical methods and
databases developed for the National Morbidity, Mortality and Air Pollution Study (NMMAPS).
Bell et al. (2004) estimated daily mortality associated with different ozone metrics (24‐hour, 8‐
hour maximum, and 1‐hour maximum) and different statistical model options and mortality in
95 US studies for the years 1987‐2000. Smith et al. (2009) re‐analyzed and expanded on the
NMMAPS database analyses conducted by Bell et al. (2004). These studies represent one of the
largest multi‐city studies to be conducted to date on air pollution exposures and mortality. A
major strength of these studies is the availability of city‐specific health functions, including a
health function for San Antonio.
Smith et al. (2009) calculated ozone‐mortality estimates in each of 98 US cities after adjusting
for meteorology, seasons, long‐term trends, and day‐of‐the‐week effects. Unlike the study by
Bell et al. (2004), Smith et al. (2009) also evaluated raw estimates compared to regional‐prior
and national‐prior Bayesian estimates14. The selection of the health function from the Smith et
al. (2009) was based on the recommendation of the author to use the raw estimates calculated
for the city of San Antonio given the large heterogeneity across cities and based on the year‐
round ozone measurements that are available and that are more representative of overall
ozone exposures.
The EPA noted that Smith et al. (2009) applied methodology that is considered superior to the
methodology employed by Bell et al. (2004). Smith et al. (2009) also offered city‐specific data
for a range of health functions (e.g., adjusted for different ozone metrics, based on national or
regional‐priors, and estimates that were adjusted for PM10) that could be used in additional
analyses to assess their impact on the results. We contacted the lead author of the Smith et al.
(2009) study to obtain the city‐specific health function for San Antonio (publicly available at:
www.unc.edu/~rls/out1.csv) for all year daily maximum 8‐hr average ozone exposures and
based on the raw estimates (percent increase in mortality of ‐0.14% for a 10 ppb increase in
ozone with a standard deviation of 0.47%). A summary of the health function and underlying
basis are shown in Table A ‐ 1. Multi‐city studies like the study by Smith et al. (2009) are
considered to be the gold standard in air pollution epidemiology (e.g., EPA, 2013) because they
14

In Bayesian analyses, it is necessary to specify a “prior” or an initial value which is then adjusted based on the
city‐specific estimate (the raw value). These priors are generally a mean value across all of the cities, in this case,
cities in regions (regional‐prior) or cities across the nation (national‐prior).
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have a larger number of data points than a single city study; this increases the statistical power
of the data set and increases the likelihood of a statistically significant correlation between
ambient exposure and the health effect. Like all epidemiological studies, however, these
studies have important limitations such as those describe in Section 1.3 above. The authors
note that there is unexplained heterogeneity across city health impact estimates and this,
together with the sensitivity of ozone effects to a variety of modeling assumptions, leaves open
the question regarding a true causal relationship between ozone and mortality (Smith et al.,
2009).
A.1.3.2

Hospital Admissions

A.1.3.2.1
COPD Hospital Admissions
Medina‐Ramon et al. (2006) assessed the association between short‐term exposure to ozone
and Medicare hospital admissions of individuals older than 64 years of age for COPD in 36 cities
in the U.S. for the years 1986‐1999, including Houston, TX. This study represents the most
recent study of respiratory hospital admissions associated with ozone exposures conducted
across multiple cities and replaces older single‐city studies available in BenMAP. EPA (2014)
relied on the “warm season” estimate of COPD hospital admissions across all 36 cities, however
we included in our analyses the estimate for all year ozone exposures which was a 0.04% (95%
confidence interval (CI)15: ‐0.13, 0.20%) increase in hospital admissions with an ozone
distributed lag of 0‐1 days16 associated with a 5 ppb increase in daily maximum 8‐h average
ozone concentrations. This was the basis for the health function used in the San Antonio
analysis
(Table A ‐ 1).
A.1.3.2.2
Respiratory and Cardiovascular Hospital Admissions
The Air Pollution and Health: A European and North American Approach (APHENA) study
combined data from existing multicity study databases from Canada, Europe, and the US
(Katsouyanni et al., 2001), and was conceived with the goal of developing reliable and robust
effect estimates of air pollution and health by providing a common basis for comparison across
different geographic areas. This rigorous and robust multi‐city study replaces the single‐city
studies available in BenMAP.
The authors of the APHENA study conducted extensive additional analyses to determine how
best to model the association between ozone and various health outcomes and evaluate
different ways to account for seasonal and temporal trends that could impact the results.
Katsouyanni et al. (2009) noted that the results from models that used the partial
autocorrelation function (PACF) and were based on penalized splines (PS) model showed
15

The confidence interval is a statistical way to describe the uncertainty associated with the calculated estimate. A
95% confidence interval means that the estimate is likely to fall within the confidence interval range with 95%
confidence.
16
In these statistical analyses a lag of 0 or 1 day means that the analyses included exposures to ozone on the same
day (lag 0) in which the health effect was observed and on the day prior to when the effect was observed (lag 1). A
distributed lag accounts for exposures on both the same and the previous day.
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stronger performance and thus may be the more appropriate model specifications to use, but
the authors noted that there was no "best" model to use overall. Therefore we selected the
health function based on models that used PACF/PS. Specifically, in year round analyses, the
authors reported a 0.09% (95% CI: ‐1.45, 1.65%) increase in respiratory hospital admissions for
a distributed lag (0‐1) per 5 ppb increase in 1‐h max ozone concentrations. For cardiovascular
hospital admissions the corresponding effect estimate was 0.23% (95% CI: ‐0.09, 0.55%).
Details are shown in Table A ‐ 1. As noted by the Health Effects Institute Review Committee
(Katsouyanni et al., 2001) in their commentary on the study, there is a lack of concordance
across health effects estimates that are calculated based on different models, across different
cities, etc. and this indicates uncertainty in the hospitalization findings.
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Table A ‐ 1.

Concentration response functions (health functions) used in the HIA.
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A.1.3.3 Emergency Room Visits
Our literature search identified a limited number of single‐city studies and one multi‐city study
(Alhanti et al., 2016) that are particularly relevant because it includes a Texas city. Multi‐city
studies using a consistent analysis method across all cities are preferable to an ensemble of
single‐city studies that may use different data and methods. Alhanti et al. (2016) assessed the
relationship between emergency room visits and ambient ozone (daily maximum 8‐hr average
ozone) in three cities (Atlanta, Dallas, and St. Louis). Daily time‐series regression analyses were
done to estimate associations by age group (0‐4, 5‐18, 19‐39, 40‐64, and 65+ years), race, and
sex between ozone exposures using a moving average of the daily maximum 8‐hr ozone
concentrations (on the day of the emergency room visit, the day before, and 2 days prior) and
an emergency room visit . We selected a health function based on estimates for Dallas and the
5‐18 age group, which is consistent with the baseline data we were able to obtain (see Section
2)). Note that we did not include data for the 0‐4 age group because the authors reported no
association between asthma and ozone exposures for this age group (RR = 1.00, 95% CI: 0.94‐
1.07). This study did not consider confounding by co‐pollutants or other factors.
A.1.3.4 Respiratory Mortality Associated with Long‐term Ozone Exposures
In the REA, EPA (2014) included respiratory mortality associated with long‐term ozone
exposures based on the evidence presented in the ISA that supports a “likely to be causal”
relationship between long‐term ozone exposures and respiratory effects. The EPA used
estimates based on the study by Jerrett et al. (2009), which at the time was the first study to
report a significant effect for respiratory mortality (which was reported as a combined
cardiopulmonary mortality category in previous studies). This is also the study that is available
for use in BenMAP.
Our literature search identified a more recent update of the Jerrett et al. (2009) study. Turner
et al. (2016) evaluated the association between long‐term ozone exposures and all‐cause and
cause‐specific mortality using the Cancer Prevention Study II participants cohort and assessed
deaths through 2004. A hierarchical Bayesian space‐time model17 was used to estimate ozone
concentrations at participant’s homes using mean annual and summertime ozone metrics for
the years 2001‐2008. The authors reported statistically significant associations between ozone
(and the other pollutants evaluated – PM2.5, NO2) and all‐cause and cause‐specific mortality.
The authors reported a number of health functions based on different models (e.g., ozone
alone, ozone and PM2.5, ozone and PM2.5 and NO2, ozone based on a threshold model). We
selected the health function based on the threshold model at 35 ppb as the authors reported
improved model fit for respiratory mortality compared to the linear model. This health
function was for respiratory system mortality was 1.17, 95% CI = 1.11‐1.22). The authors noted
a number of limitations associated with their analysis. One limitation included a lack of
17

Hierarchical Bayesian space‐time models are statistical models that can account for the variations in air pollutant
concentrations across both space and time to provide better estimates of air pollution exposures. Specifically the
models can incorporate complex space‐time interactions at different stages of the model (thus the hierarchical
aspect).
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updated data on residential history over time. This increases the uncertainty associated with
estimating ozone and other pollutant exposures as well as uncertainty regarding the
sociodemographic information that is used to adjust for potential confounders in the model.
The authors also lacked historical ozone data, further adding to the uncertainty regarding ozone
exposures. Although the authors accounted for exposures to other air pollutants in their
analyses (PM2.5, NO2) – due to differences in how the air pollutants were measured and the
measurement time periods, it is unclear whether residual confounding effects influenced their
analyses. The authors also found evidence of a potential threshold below which mortality was
not observed. This threshold was lower (35 ppb) than the 56 ppb threshold observed by Jerrett
et al. (2009). In our evaluation of respiratory mortality associated with long term ozone
exposure, we conservatively used the 35 ppb threshold of Turner et al. (2016).
A.1.3.5 School Days Lost
EPA (2014) did not evaluate school days lost as part of the ozone risk and exposure assessment.
Although no reason was given, it is likely due to the limited number of studies that have
evaluated associations between ozone and school absences. School days lost is a challenging
outcome to quantify because there are many reasons for school absences that do not
necessarily relate to ozone exposures (or may be potential cofounders – such as a parent
keeping a child home because there is an air quality alert although there is no real health
impact).However, there are studies available and health functions that could be used to model
this outcome in BenMAP. Because it is an outcome that is of interest to the City of San Antonio,
we included this outcome despite increased uncertainty due to limited data on this outcome.
We used the default study of Gilliland et al. (2001), which is available in BenMAP. Our literature
review found no more recent references that were appropriate for use in this study.
Gilliland et al. evaluated the association between air pollution and school absenteeism among
4th grade school children (ages 9‐10) in 12 southern Californian communities from January
through June 1996. School records were used to collect daily absence data and parental
telephone interviews were conducted to identify causes of absences. For all absences, the
health function and standard error are based on a percent increase of 16.3 percent (95% CI ‐2.6
percent, 38.9 percent) associated with a 20 ppb increase in 8‐hour average ozone
concentration. The EPA provides an estimate based on an 8‐hour maximum ozone
concentration and applied this estimate to all school aged children (5‐17 years old). This is the
estimate that was used in the San Antonio analysis.

A.2

Baseline Health Statistics

BenMAP requires estimates of incidence (or prevalence) as an input. Baseline incidence is an
estimate of the incidence rate in the study location (number of cases of the health effect per
year or day, depending on endpoint, typically per 100,000 people). Baseline prevalence rate is
the prevalence of a given disease (e.g., asthma) within the population (i.e., number of
individuals with the disease, typically per 100,000 people). These baseline estimates are
multiplied by the population to obtain the total baseline incidence or prevalence per year. For
the San Antonio analyses, we obtained baseline incidence data for non‐accidental mortality,
respiratory system mortality, hospital admissions for COPD, respiratory and cardiovascular
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outcomes, and emergency room visits for asthma. We also obtained San Antonio‐specific data
for school days lost. The data and data sources are presented in Appendix B.
Baseline incidence data on mortality: County‐specific (and age‐ and race‐specific) baseline
incidence data are available for all‐cause and cause‐specific mortality from the Centers for
Disease Control and Prevention Wide‐ranging ONline Data for Epidemiologic Research (CDC
WONDER). The most recent year for which data are available online is 2015. For non‐accidental
mortality and respiratory mortality, we matched the International Statistical Classification of
Diseases and Related Health Problems, 10th revision (ICD‐10) codes used in the individual
epidemiological studies.
Baseline incidence data for hospital admissions and emergency room visits: State‐ and county‐
specific data on hospital admissions were obtained from the Healthcare Cost and Utilization
Project (HCUP), sponsored by the Agency for Healthcare Research and Quality (AHRQ). The
HCUP State Inpatient Databases (SID) were queried for years 2010 to 2014 using the age groups
specified in the individual epidemiological studies and the relevant International Statistical
Classification of Diseases and Related Health Problems, Ninth Revision, Clinical Modification
(ICD‐9 CM) or Clinical Classification Software (CCS) principal diagnosis codes. For emergency
room visits, we obtained pooled estimates (2002‐2013) for pediatric emergency room visits for
asthma from the Texas Emergency Department Asthma Surveillance (TEDAS) program, which is
sponsored by the Texas Department of State Health Services. The data represent emergency
room visits from five participating hospitals in Houston, Galveston, and Dallas.
School days lost: The number of school days lost by students in Bexar County was estimated
based on San Antonio area attendance rates for academic years 2013‐2014 and 2014‐2015, as
supplied by the Texas Education Agency.
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A.3

Health Valuation

Additional inputs to the BenMAP model are the estimates of valuation for each of the health
outcomes. The unit values that are selected for the health valuation are the EPA recommended
values that are provided in the BenMAP User’s Manual Appendices (EPA, 2012). In this section,
we summarize the selected health valuations and basis for selection of the values for each
outcome. All EPA estimates in BenMAP are converted to 2014 dollars.
A.3.1 Mortality
As noted by the EPA, there is considerable on‐going debate in the economics literature related
to valuing reductions in premature mortality, with no consensus on the best methodology for
developing an appropriate value. There remains little consensus on issues related to the
appropriate discount rate and whether factors such as age or quality of life should factor into
the calculations. The EPA provides different estimates for valuing premature mortality in
BenMAP and options for assessing the uncertainty around the unit value for premature
mortality estimates. The value that has most frequently used by the EPA in Regulatory Impact
Analyses (RIAs) is an estimate based on the mean of a distribution fitted to 26 estimates in the
economics literature. As noted by the EPA, this value does not take into account age at death
or quality of life.
A.3.2 Hospital Admissions
The EPA estimated the costs of hospital admissions by considering the direct costs associated
with the hospital stay (independent of associated costs from an emergency room visit) as well
as the opportunity costs from the hospital stay based on the average length of stay at the
hospital. The opportunity costs reflect productivity losses and are based on lost daily wages.
The EPA notes that these estimates do not include the value of the pain and suffering from the
illness and hospital stay.
For all hospital admission outcomes, unit values and length of hospital stays were based on
statistics provided by the 2007 Agency for Health Care Research and Quality’s Health care
Utilization Project National Inpatient Sample database. As noted by the EPA (2012) this
database is a large, nationally representative sample and thus provides the best estimates of
hospital admissions costs.
The unit value for hospital admissions is based on unscheduled hospital visits. The total cost of
illness (COI) is calculated as the average hospital cost plus the daily lost wage times the average
number of days in the hospital. Daily wages are available for over 800 counties, and details are
available in EPA (2012). The county specific unit values are available for hospital admissions for
all cardiovascular, all respiratory, and for chronic lung disease.
A.3.3 Emergency Room Visits for Asthma
The EPA presents two estimates for hospital admissions from asthma in BenMAP. We selected
the more recent estimate based on the study by Stanford et al. (1999) as the EPA noted that
this study accounts for changes in treatment patterns of asthma in the 1990s and also is based
on actual costs incurred by the hospital for treating asthma rather than payments made by the
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patient or insurance company providing a more accurate accounting of costs. We note that this
estimate is not restricted to pediatric cases.
A.3.4 School Days Lost
The EPA provides one unit value in BenMAP for school days lost. The value is based on a parent
staying home to care for the child and the associated parent’s lost productivity. The estimate
assumes that the mother will care for the sick child and thus is based on the median weekly
wage among women 25 years and older in 2015 (EPA, 2012). The EPA also accounted for the
percentage of women with children that were employed according to the US Bureau of the
Census.

A.4
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APPENDIX B
B.1

BASELINE HEALTH AND POPULATION DATA

Baseline Data Used as Input to BenMAP

In Appendix B, we present baseline health and population data used as inputs in the BenMAP
modeling.
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Table B ‐ 1. Baseline Scenario non‐accidental mortality (deaths and crude death rates) by age. ICD‐10 CODES: A00 ‐ R99; codes
for injuries and other external causes of death (codes S00 and above) were excluded. Source: CDC WONDER, CDC/National Center
for Health Statistics, Accessed on‐line on 3/28/2017: http://wonder.cdc.gov/ucd‐icd10.html.
Bexar County, Texas
2010‐2014 (Combined)
Age
TOTAL
<1 year
1‐4 years
5‐9 years
10‐14 years
15‐19 years
20‐24 years
25‐29 years
30‐34 years
35‐39 years
40‐44 years
45‐49 years
50‐54 years
55‐59 years
60‐64 years
65‐69 years
70‐74 years
75‐79 years
80‐84 years
85‐89 years
90‐94 years
95‐99 years

Deaths
Population
Crude rate per 100,000
54,208
8,930,106
607.0
744
131,602
565.3
95
528,167
18.0
45
667,418
6.7
50
660,145
7.6
81
664,043
12.2
143
701,650
20.4
260
702,326
37.0
346
652,123
53.1
551
595,988
92.5
911
593,255
153.6
1,585
581,280
272.7
2,770
567,262
488.3
3,385
499,821
677.2
4,264
425,734
1001.6
4,737
317,282
1493.0
4,853
222,963
2176.6
5,959
169,699
3511.5
7,459
126,735
5885.5
8,063
Not Applicable
Not Applicable
5,542
Not Applicable
Not Applicable
1,954
Not Applicable
Not Applicable
100+ years
410
Not Applicable
Not Applicable
** Estimate is statistically unreliable (based on fewer than 20 deaths).
*** Data are suppressed due to confidentiality constraints.

B‐2

Standard Error
2.6
20.7
1.8
1.0
1.1
1.4
1.7
2.3
2.9
3.9
5.1
6.8
9.3
11.6
15.3
21.7
31.2
45.5
68.1
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Baseline
Mortality
0.0060703
0.0056534
0.0001799
0.0000674
0.0000757
0.0001220
0.0002038
0.0003702
0.0005306
0.0009245
0.0015356
0.0027267
0.0048831
0.0067724
0.0100156
0.0149299
0.0217659
0.0351151
0.0588551
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Table B ‐ 2. Baseline Scenario non‐accidental mortality (deaths and crude death rates) by race.. ICD‐10 CODES: A00 ‐ R99;
codes for injuries and other external causes of death (codes S00 and above) were excluded. Source: CDC WONDER, CDC/National
Center for Health Statistics, Accessed on‐line on 3/28/2017: http://wonder.cdc.gov/ucd‐icd10.html.
Bexar County, Texas
2010‐2014 (Combined)
RACE
Deaths
Population
Crude rate per 100,000
TOTAL
54,208
8,930,106
607.0
Hispanic or Latino (Total)
24,007
5,269,896
455.5
American Indian or Alaska Native
***
100,296
***
Asian or Pacific Islander
***
41,776
***
Black or African American
39
100,399
39
White
23,951
5,027,425
476
Not Hispanic or Latino (Total)
29,708
3,660,210
811.6
American Indian or Alaska Native
63
25,795
244
Asian or Pacific Islander
593
250,778
237
Black or African American
4,157
656,455
633
White
24,895
2,727,182
912.8
Hispanic Origin Not Stated
493
Not Applicable
Not Applicable
American Indian or Alaska Native
***
Not Applicable
Not Applicable
Asian or Pacific Islander
***
Not Applicable
Not Applicable
Black or African American
85
Not Applicable
Not Applicable
White
397
Not Applicable
Not Applicable
** Estimate is statistically unreliable (based on fewer than 20 deaths).
*** Data are suppressed due to confidentiality constraints.
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Standard Error
2.6
2.9
***
***
6.2
3.1
4.7
30.8
9.7
9.8
5.8
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Baseline
Mortality
0.0060703
0.0045555

0.0003885
0.0047641
0.0081165
0.0024423
0.0023646
0.0063325
0.0091285
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Table B ‐ 3.
Respiratory mortality (deaths and crude death rates) by age for Baseline Scenario (2010‐2014). ICD‐10 CODES: J00‐
J98 ‐ Diseases of the Respiratory System (as in Turner et al. 2016). Source: CDC WONDER, CDC/National Center for Health Statistics.
Accessed on‐line on 4/5/2017: http://wonder.cdc.gov/ucd‐icd10.html.

YEAR
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014

AGE GROUP
Total
30‐34 years
35‐39 years
40‐44 years
45‐49 years
50‐54 years
55‐59 years
60‐64 years
65‐69 years
70‐74 years
75‐79 years
80‐84 years
85‐89 years
90‐94 years
95‐99 years
100+ years

2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014
2010‐2014

< 40 years*
30‐39 years*
40‐49 years
50‐59 years
60‐69 years
70‐79 years
> 80 years
30+ years

Bexar County, Texas
Multi‐Year Estimate (2010‐2014 combined) by AGE
DEATHS
POPULATION
CRUDE DEATH RATE
SE OF DEATH RATE
4,768
8,930,106
53.4
0.8
Suppressed
652,123
Suppressed
Suppressed
35
595,988
5.9
1.0
34
593,255
5.7
1.0
71
581,280
12.2
1.4
139
567,262
24.5
2.1
205
499,821
41.0
2.9
315
425,734
74.0
4.2
408
317,282
128.6
6.4
506
222,963
226.9
10.1
674
169,699
397.2
15.3
808
126,735
637.6
22.4
817
Not Applicable
Not Applicable
Not Applicable
495
Not Applicable
Not Applicable
Not Applicable
163
Not Applicable
Not Applicable
Not Applicable
34
Not Applicable
Not Applicable
Not Applicable
Specific Age Groups Used in Turner et al. 2016 (2010‐2014 combined)
99
5,303,462
1.9
0.2
44
1,248,111
3.5
0.5
105
1,174,535
8.9
0.9
344
1,067,083
32.2
1.7
723
743,016
97.3
3.6
1,180
392,662
300.5
8.7
2,317
249,348
929.2
19.3
4,713
4,874,755
96.7
1.4
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Baseline
Mortality
0.000534
0.000059
0.000057
0.000122
0.000245
0.000410
0.000740
0.001286
0.002269
0.003972
0.006376

0.000019
0.000035
0.000089
0.000322
0.000973
0.003005
0.009292
0.000967
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* In Turner participants had to be 30+ years to participate in the American Cancer Society Cancer Prevention Study II Cohort.

Table B ‐ 4.
Respiratory mortality (deaths and crude death rates) by race for Baseline Scenario (2010‐2014). ICD‐10 CODES: J00‐J98 ‐
Diseases of the Respiratory System (as in Turner et al. 2016). Source: CDC WONDER, CDC/National Center for Health Statistics. Accessed
on‐line on 4/5/2017: http://wonder.cdc.gov/ucd‐icd10.html.
Bexar County, Texas
Multi‐Year Estimate (2010‐2014 combined) by RACE
YEAR
RACE
DEATHS
POPULATION
CRUDE DEATH RATE
Total
2010‐2014
4,768
8,930,106
53.4
Hispanic or Latino (Total)
2010‐2014
1,611
5,269,896
30.6
American Indian or Alaska Native
***
100,296
***
2010‐2014
Asian or Pacific Islander
***
41,776
***
2010‐2014
Black
or
African
American
***
100,399
***
2010‐2014
White
1,605
5,027,425
31.9
2010‐2014
Not Hispanic or Latino(Total)
2010‐2014
3,104
3,660,210
84.8
American Indian or Alaska Native
***
25,795
***
2010‐2014
Asian or Pacific Islander
50
250,778
19.9
2010‐2014
Black or African American
318
656,455
48.4
2010‐2014
White
2,728
2,727,182
100
2010‐2014
Hispanic Origin Not Stated
2010‐2014
53
Not Applicable
Not Applicable
American Indian or Alaska Native
**
Not Applicable
Not Applicable
2010‐2014
Asian or Pacific Islander
**
Not Applicable
Not Applicable
2010‐2014
Black or African American
10
Not Applicable
Not Applicable
2010‐2014
White
43
Not Applicable
Not Applicable
2010‐2014
** Estimate is statistically unreliable (based on fewer than 20 deaths).
*** Data are suppressed due to confidentiality constraints.
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SE OF DEATH RATE
0.8
0.8
***
***
***
0.8
1.5
***
2.8
2.7
1.9
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Baseline
Mortality
0.000534
0.000306

0.000319
0.000848
0.000199
0.000484
0.001000
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Table B ‐ 5. Hospital Admissions for COPD and bronchiectasis ‐ Bexar County, Texas (2012). CCS principal diagnosis category:
127 ‐ Chronic obstructive pulmonary disease and bronchiectasis. Source: Agency for Healthcare Research and Quality (AHRQ),
Healthcare Cost and Utilization Project (HCUP), State Inpatient Databases (SID), based on data collected by individual States and
provided to AHRQ by State Partners. Accessed on‐line on 4/5/17 at: https://hcupnet‐archive.ahrq.gov/HCUPnet.jsp.
Number of
Rate of
Aggregate
inpatient
discharges
number of
days per
Population
Total number of
per 100,000
Mean length
days in the
100,000
(Bexar
Baseline
discharges
population
of stay, days
hospital
population
County)
Incidence
671,035
214.3
4.3
2,871,116
917.0
US Total
44,847
173.2
4.4
199,247
769.4
State Total
1,913
108.8
4.0
7,669
436.2
Bexar, Texas
Age group <1
*
*
*
*
*
*
*
*
*
*
1‐17
64
9.3
4.2
271
39.5
18‐44
669
168.8
3.7
2,485
627.1
45‐64
1,167
641.7
4.2
4,862
2,673.3
65+
166,779
0.006997
*
†
*
*
†
Missing
* Statistic is not reported because the reporting cell draws from fewer than two hospitals, contains fewer than 11 discharges, has a relative standard
error (standard error / weighted estimate) greater than 0.30 or equal to 0, or because the county is missing 2% or more of total discharges in the
HCUP State Inpatient Database (SID) when compared to the Medicare Hospital Service Area File. For more information, see "Calculating Community‐
Level Statistics for HCUPnet: Methods" PDF (74 KB)
† Sta s cs for age, sex, and expected payer type cannot be calculated because population estimates are not available for missing categories of age or
sex and because population insurance coverage information is not available at the county‐ or region‐level. For more information, See Appendix B,
Population Denominator Data for use with the HCUP Databases (Updated with 2012 Population data), Report # 2013‐01 (HCUP Methods Series).
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Table B ‐ 6. Hospital admissions for respiratory conditions in Bexar County (2012). Major Diagnostic Category (MDC): 4 ‐
Diseases & Disorders of the Respiratory System.
Hospital Admissions for Respiratory Conditions
Bexar County, TX (2012)
Population
Baseline
(Bexar
County)
Incidence
Age
Total number of Rate of discharges per
group
discharges
100,000 population
State Total
All Ages
251,773
972.2
Bexar County
All Ages
13,510
768.4
<1
852
2,886.00
1‐17
1,984
426.7
18‐44
1,597
232.9
45‐64
3,631
916.3
65+
5,437
2,989.40
166,779
0.032600
Missing
*
†
* Statistic is not reported because the reporting cell draws from fewer than two hospitals, contains fewer
than 11 discharges, has a relative standard error (standard error / weighted estimate) greater than 0.30 or
equal to 0, or because the county is missing 2% or more of total discharges in the HCUP State Inpatient
Database (SID) when compared to the Medicare Hospital Service Area File. For more information, see
"Calculating Community‐Level Statistics for HCUPnet: Methods" PDF (65 KB)
† Sta s cs for age, sex, and expected payer type cannot be calculated because population estimates are not
available for missing categories of age or sex and because population insurance coverage information is not
available at the county‐ or region‐level. For more information, See Appendix B, Population Denominator Data
for use with the HCUP Databases (Updated with 2012 Population data), Report # 2013‐01 (HCUP Methods
Series).
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Table B ‐ 7. Hospital admissions for cardiovascular conditions ‐ Bexar County, TX (2012). Major Diagnostic Category (MDC): 5 ‐ 5
Diseases & Disorders of the Circulatory System.
Total number of
Rate of discharges per Population (Bexar
Baseline
Age group
discharges
100,000 population
County)
Incidence
State Total
All Ages
318,562
1,230.10
Bexar County
All Ages
18,516
1,053.10
<1
105
355.7
1‐17
195
41.9
18‐44
1,613
235
45‐64
6,550
1,653
65+
10,049
5,525
166,779
0.06025
Missing *
†
* Statistic is not reported because the reporting cell draws from fewer than two hospitals, contains fewer than 11 discharges, has
a relative standard error (standard error / weighted estimate) greater than 0.30 or equal to 0, or because the county is missing
2% or more of total discharges in the HCUP State Inpatient Database (SID) when compared to the Medicare Hospital Service Area
File. For more information, see "Calculating Community‐Level Statistics for HCUPnet: Methods" PDF (65 KB)
† Sta s cs for age, sex, and expected payer type cannot be calculated because population estimates are not available for missing
categories of age or sex and because population insurance coverage information is not available at the county‐ or region‐level.
For more information, See Appendix B, Population Denominator Data for use with the HCUP Databases (Updated with 2012
Population data), Report # 2013‐01 (HCUP Methods Series).
SOURCE: Agency for Healthcare Research and Quality (AHRQ), Healthcare Cost and Utilization Project (HCUP), State Inpatient
Databases (SID), based on data collected by individual States and provided to AHRQ by State Partners.
Accessed on‐line on 4/5/17 at: https://hcupnet‐archive.ahrq.gov/HCUPnet.jsp
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Table B ‐ 8.

Texas (selected cities) data: pediatric asthma emergency visits in selected Texas cities** by age group (2002‐2013)

Age Group
Number of Visits
Percent of Visits Total visits
Baseline Incidence
All pediatric (1‐18 years)
30,388
100.00
1‐4 years
13,401
44.1
5‐9 years
10,605
34.9
10‐14 years
5,136
16.9
15‐18 years
1,246
4.1
16,987
0.02849
** BACKER/TEDAS program data from five participating hospitals and their affiliated organizations in Houston,
Galveston, and Dallas.

Table B ‐ 9.

Population data for cities in Table B‐8..
Population
2010
47,743
2,109,372
1,197,792

Galveston
Houston
Dallas
Total Population
https://www.census.gov/quickfacts/

Under 18 years
of age (%)
19.3
25.9
26.5

Population
(<18)
9,214
546,327
317,415

Under 5
(%)
5.9
8.1
8.6

Table B ‐ 10. Missed school days.
Attendance Rates for Texas and San Antonio (2013‐2015)
Absenteeism
Rate
School Year
State
San Antonio Area (Region 20)
2014‐2015
95.70%
95.3%
4.70%
2013‐2014
95.90%
95.6%
4.40%
Source: TEXAS EDUCATION AGENCY, Education Service Center Texas Academic Performance Report
Available at: https://rptsvr1.tea.texas.gov/perfreport/tapr/2016/static/region/region20.pdf
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Population
(<5)
2,817
170,859
103,010

Population
5‐18 yrs old
6,398
375,468
214,405
596,271
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APPENDIX C
C.1

SUPPLEMENT TO SECTION 3: RESULTS OF BENMAP MODELING

Summary of Results

The BenMAP results for all health outcomes are summarized in Section 3 and are reproduced
here as Tables C‐1 and C‐2. The only health outcome for which estimated health effects were
statistically different from zero was long‐term respiratory mortality (shown in bold, black type).
The BenMAP results for long‐term respiratory mortality are discussed in Section 3. In Appendix
C, we show the modeling results for outcomes where there is low confidence that the results
are statistically different from zero. Results for these outcomes are shown in gray in Table C1
and Table C‐2.
Table C‐1. Impacts in higher ozone scenario, where Bexar County ozone increases from
baseline to 2012 levels, which exceeded the 70 ppb National Ambient Air Quality Standard
(NAAQS) for ozone.
Increase in
Annual Cases

% of Baseline

Non‐Accidental Mortality, Short‐term

3

0.03%

$

26,000,000

Respiratory Mortality, Long‐term

19

2.2%

$

170,000,000

Hospital Admissions, Chronic
Obstructive Pulmonary Disease

<1

0.002%

$

700

Hospital Admissions, Respiratory

3

0.06%

$

100,000

Hospital Admissions, Cardiovascular

15

0.13%

$

600,000

Emergency Room Visits, Asthma

5

0.05%

$

2,000

32,335

1.2%

$

3,000,000

Health Outcome*

School Days Lost

Valuation (2014 $)

* Health outcome results shown in gray are highly uncertain and there is low confidence that they are statistically different
from zero. For results in black, there is higher confidence that results are statistically different from zero.

Table C‐2. Impacts in lower ozone scenario, where Bexar County ozone decreases from
baseline to projected 2023 levels with all San Antonio regulatory ozone monitors attaining
the 70 ppb NAAQS.
Decrease in
Annual Cases

% of
Baseline

Valuation
(2014 $)

Non‐Accidental Mortality, Short‐term

‐4

0.04%

‐$35,000,000

Respiratory Mortality, Long‐term

‐24

2.8%

‐$200,000,000

Hospital Admissions, Chronic Obstructive
Pulmonary Disease

<1

0.004%

‐$1,000

Hospital Admissions, Respiratory

‐3

0.04%

‐$80,000

Hospital Admissions, Cardiovascular

‐12

0.11%

‐$450,000

Emergency Room Visits, Asthma

‐6

0.06%

‐$2,000

‐38,131

1.4%

‐$4,000,000

Health Outcome*

School Days Lost

*Health outcome results shown in gray are highly uncertain and there is low confidence that they are statistically different from
zero. For results in black, there is higher confidence that results are statistically different from zero.
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C.2

Detailed Results for Short‐Term Morbidity and Mortality

Figure C ‐ 1 shows the annual results for non‐accidental mortality from short‐term ozone
exposures (all ages). We performed this analysis with two different health functions. One
health function was based on a national‐level epidemiology study and the second epidemiology
study used data specific to San Antonio. The health function based on national data indicates an
increase in mortality with increasing ozone, while the health function based only on San
Antonio data indicates a decrease in mortality with increasing ozone.
On average, we found fewer than 5 annual deaths associated with a change in ozone from
baseline 2010‐2014 levels corresponding to less than 0.05% of all deaths. However, the
uncertainty (indicated by the vertical bar showing the 95% confidence interval) associated with
these estimates is much larger than the modeled health effects and includes zero. The results
are therefore highly uncertain and there is low confidence that the results are statistically
different from zero. Similar results were obtained for analyses of subgroup populations
including the elderly, children, those below the poverty level, and by race (not shown).

Figure C ‐ 1. BenMAP modeling results for annual ozone‐related short‐term, non‐accidental
mortality (all ages). Vertical bars show 95% confidence interval.
Figure C ‐ 2 presents the annual results for hospital admissions from chronic obstructive
pulmonary disease (COPD). On average, estimated hospital admissions for COPD associated
with an incremental change in ozone from baseline 2010‐2014 levels are very small, accounting
for less than 0.005% of baseline values in Bexar County. However, the uncertainty (indicated by
the vertical bar showing the 95% confidence interval) associated with these estimates is much
larger than the modeled health effects and includes zero. The results are therefore highly
uncertain and there is low confidence that the results are statistically different from zero.
Similar results were obtained for analyses of subgroup populations including the elderly below
the poverty level (not shown).
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Figure C ‐ 2. BenMAP modeling results for annual ozone‐related hospital admissions for COPD
(ages >65). Vertical bars show 95% confidence interval.
Figure C ‐ 3 presents the results for hospital admission for all respiratory diseases. On average,
there were less than 4 annual hospital admissions for respiratory diseases associated with an
incremental change in ozone from baseline 2010‐2014 levels. However, the uncertainty
(indicated by the vertical bar showing the 95% confidence interval) associated with these
estimates is much larger than the modeled health effects and includes zero. The results are
therefore highly uncertain and there is low confidence that the results are statistically different
from zero. Similar results were obtained for analyses of subgroup populations including the
elderly below the poverty level (not shown).

Figure C ‐ 3. BenMAP modeling results for all annual respiratory hospital admissions (ages
>65). Vertical bars show 95% confidence interval.
Figure C ‐ 4 presents the results for hospital admission for all cardiovascular (CV) diseases On
average, annual hospital admissions for CV disease associated with an incremental change in
ozone from baseline 2010‐2014 levels represented about 0.1% of CV hospital admissions in
Bexar County. However, the uncertainty (indicated by the vertical bar showing the 95%
confidence interval) associated with these estimates is much larger than the modeled health
effects and includes zero. The results are therefore highly uncertain and there is low confidence
that the results are statistically different from zero. Similar results were obtained for analyses
of subgroup populations including elderly below the poverty level (not shown).
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Figure C ‐ 4. BenMAP modeling results for annual ozone‐related hospital admissions, all
cardiovascular (ages >65). Vertical bars show 95% confidence interval.
Figure C ‐ 6 presents the results for emergency room visits for asthma. On average, the
emergency room visits for asthma associated with an incremental change in ozone from
baseline 2010‐2014 levels were less than 10 and approximately 0.05% of annual emergency
room visits in Bexar County. However, the uncertainty (indicated by the vertical bar showing
the 95% confidence interval) associated with these estimates is much larger than the modeled
health effects and includes zero. The results are therefore highly uncertain and there is low
confidence that the results are statistically different from zero. Sufficient data were not
available to include a subgroup analyses for this outcome.

Figure C ‐ 5. BenMAP modeling results for annual ozone‐related emergency room visits for
asthma (ages 5‐18). Vertical bars show 95% confidence interval.
Lastly, Figure C ‐ 6 presents the results for school days lost. On average, the number of annual
school loss days associated with an incremental increase in ozone from baseline 2010‐2014
levels is approximately 1% of all estimated school loss days. However, the uncertainty
(indicated by the vertical bar showing the 95% confidence interval) associated with these
estimates is much larger than the modeled health effects and includes zero. The results are
therefore highly uncertain and there is low confidence that the results are statistically different
from zero. Sufficient data were not available to include a subgroup analyses for this outcome.
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Figure C ‐ 6. BenMAP modeling results for annual ozone‐related school loss days (ages 5‐17).
Vertical bars show 95% confidence interval.
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APPENDIX D
D.1

SUPPLEMENT TO SECTION 2.5: AIR QUALITY SCENARIOS

Development of Ozone Inputs for BenMAP

We used both ozone monitor data and air quality computer model18 simulation data to develop
air quality inputs for the BenMAP health impact assessment. Ozone monitoring data has the
advantage of representing the true state of the atmosphere, but even in relatively well‐
monitored areas such as Bexar County, the monitoring network is sparse. Unlike monitoring
data, air quality model output data provides complete coverage over the modeling domain and
covers all of Bexar County, but models often contain biases that can affect the accuracy of the
health impact assessment. Therefore, we used monitoring and model data together to take
advantage of the complete spatial coverage of model data, while anchoring the analysis to the
observed data. This is consistent with the EPA’s approach to design value scaling for its
regulatory ozone modeling (EPA, 2014)
Air quality modeling data from the EPA’s 2015 Ozone NAAQS Preliminary Interstate Transport
Assessment (EPA, 2016) was used in this analysis. The air quality modeling data was the EPA’s
most recent available update to its 2011 air quality modeling platform19 at the time of the HIA.
The 2011 modeling platform was originally developed to support the development of the EPA’s
Cross‐State Air Pollutant Update Rule addressing ozone transport under the 2008 ozone
NAAQS.
The EPA ran the Comprehensive Air Quality Model with Extensions (CAMx; Ramboll Environ,
2017) for a continental‐scale modeling domain using a modeling grid with horizontal resolution
of 12 km x 12 km. The air quality modeling platform was based on the EPA’s 2011 National
Emissions Inventory (NEI), and includes the emission inventories and CAMx air quality model
output as well as the meteorological, initial condition, and boundary condition files needed to
run the air quality model. The EPA also developed an air quality projection for a 2023 future
year as part of this analysis. 2023 was selected for EPA analysis because it is the year by which
moderate nonattainment areas were to be required to attain the 2015 NAAQS when the 2015
NAAQS were promulgated. The 2023 base case emissions scenario represents the EPA’s best
estimate of 2023 ozone precursor emissions and incorporates existing “on the books” controls
and regulations as well as some programs, such as the Clean Power Plan, which may not be
implemented.
For the HIA Baseline Scenario ozone data, we used 2010‐2014 average monitored ozone levels
for the monitors within Bexar County together with CAMx model ozone data from the year
2011. We interpolated the monitoring data to the 12 km CAMx grid using the Voronoi Neighbor
Averaging (VNA) algorithm and performed spatial scaling of the monitor data using the EPA’s
18

Air quality models are similar in many respects to the computer models used to forecast the weather. Air quality
models simulate the emissions of ozone precursors and the formation of ozone and its subsequent transport and
eventual removal from the atmosphere.
19
https://www.epa.gov/airemissions‐modeling/2011‐version‐63‐platform

D‐1

September 2017

2011 CAMx modeling data. This allowed additional spatial detail from the modeling to be
incorporated in development of the air quality surface supplied to BenMAP.
The 2011 wildfire season was the most intense in Texas’ history (Texas A&M Forest Service,
2011) with numerous fires occurring in East Texas. Wildfires can emit large quantities of trace
gases and aerosols into the atmosphere. These emissions undergo chemical and physical
changes as they are transported away from the active fire region. Primary emitted species are
depleted as they are deposited and/or chemically processed and secondary species such as
ozone and secondary organic aerosols form within the fire plume. Both primary and secondary
species can influence air quality at local and regional scales (e.g., Junquera et al., 2005; Jaffe et
al., 2008, Hu et al., 2008, Jaffe and Wigder, 2012). Ozone and particulates formed in wildfire
plumes can be transported to populated regions and can influence measured concentrations at
ground level monitors.
Days with a strong influence from fire emissions represent exposures unrelated to typical
human activities. Therefore, we reviewed the 2011 ozone season prior to using the CAMx
model data and removed from the analysis the days when Bexar County monitors were likely
influenced by fire emissions. We identified wildfires that may have influenced Bexar County
using satellite fire and smoke plume detections from the National Ocean and Atmospheric
Administration’s Hazard Mapping System and online tools at airnowtech.org. An example of a
day when the San Antonio area was determined to have been potentially influenced by fire
emissions is shown in Figure D ‐ 1. During early September, the Bastrop Fire Complex burned
more than 32,000 acres (Texas A&M Forest Service, 2011) and affected air quality in East Texas.
In Figure D ‐ 1, the Bastrop Fire Complex is indicated by a cluster of red triangles northeast of
San Antonio with smoke plumes extending away from the fires toward the southwest. Because
ozone concentrations in the San Antonio area may have been affected by fire emissions,
September 6, 2011 was not used to develop BenMAP modeling inputs.
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Figure D ‐ 1. Map of September 6, 2011 fires and smoke developed using online tools at
airnowtech.org.
For the Deteriorated Scenario, we used ozone monitoring data from Bexar County monitors for
the year 2012 together with the spatially interpolated gradients from the EPA’s 2011 CAMx
modeling. We chose 2012 because this year had the highest recent monitored values of the
daily maximum 8‐hour average ozone (Figure 1‐4) at the Bexar County regulatory monitors.
2012 design values at the three regulatory monitors were also high, reaching values of 70 ppb
or greater at all of the three regulatory monitors in Bexar County (Figure 2‐2). The Deteriorated
Scenario represents a year when Bexar County ozone exceeded the NAAQS and had degraded
ozone air quality relative to the 2010‐2014 Baseline Scenario as well as to more recent 2014‐
2016 ozone levels. 2012 design values at the regulatory monitors exceeded the 2010‐2014
Baseline by 1.0‐1.8 ppb.
For the Improved Scenario, we used 2023 and 2011 CAMx data together with the monitoring
data to perform spatial and temporal averaging with using the VNA algorithm. In this
procedure, which is based on EPA modeling guidance (EPA, 2014), the baseline monitoring data
was scaled by the ratio of the 2023/2011 CAMx model results, thereby projecting the baseline
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monitoring data to the future year. This allows the future year emissions changes to be
reflected in the Improved Scenario, while minimizing the effects of any CAMx model bias. The
EPA’s design value projection for 2023 shows all Bexar County monitors to be in attainment of
the 70 ppb NAAQS in 2023 (EPA, 2016). Therefore, the 2023 future year represents an
Improved Air Quality Scenario in which San Antonio has achieved its SA Sustainability Plan goal
of attaining the NAAQS (City of San Antonio, 2016).

D.2

Ozone Increments used in BenMAP

In selecting the air quality scenarios for the HIA, we used the Bexar County regulatory ozone
monitor design values as the basis for selecting years for the Deteriorated and Improved
Scenarios. In the Deteriorated Scenario, Bexar County design values do not attain the 2015
NAAQS, while the Improved Scenario all Bexar County design values attain the NAAQS. Using
the design value to select the air quality scenario allowed us to compare the health impacts and
costs of attainment versus nonattainment of the NAAQS.
Although Bexar County monitored ozone design values were used to select the air quality
scenarios, the ozone increments which are input to BenMAP for calculation of health impacts
are determined by the air quality metric used in the health function (Table A‐1). Changes in
these metrics between the Baseline Scenario and the other two scenarios were smaller than
changes in the ozone design values.
Figure D‐2 shows an example of the changes in the daily maximum 8‐hour average ozone (used
in the metric for long‐term respiratory mortality) between the 2011 and 2023 modeled years
for a grid cell in central San Antonio. In Figure D‐2, the modeled daily maximum 8‐hour average
ozone values for each day of the year for this grid cell are ordered from least to greatest so that
the lowest value for each year appears on the left side of the figure and the highest value for
each year is on the right side. Figure D‐2 indicates that the largest decreases in ozone from
2011 to 2023 occurred for the highest concentrations; the four highest values of the daily
maximum 8‐hour average ozone are used to form the ozone design value, which is the three‐
year average of the 4th highest daily maximum 8‐hour average ozone. The large reductions in
daily maximum 8‐hour average ozone for the highest values (8 ppb) are consistent with the
large (~10 ppb) reductions in design values between the baseline and the Improved Scenario.
However, Figure D‐2 shows that for lower values of the daily maximum 8‐hour average ozone,
there is little change or an increase in ozone. At the lowest values of ozone, 2023 daily
maximum 8‐hour average ozone values are 3 ppb higher than 2011 values. This is likely due to
reductions in NOx in the 2023 scenario relative to 2011; reducing NOx emissions can increase
ozone in areas where ozone formation was previously suppressed by high concentrations of
NOx. This phenomenon is common in urban areas with large NOx emissions.
For health effect functions such as long‐term respiratory mortality that use ozone metrics
averaged over entire year, there are relatively small changes in ozone metrics in health
functions between the baseline and the Improved Scenario, despite large decreases in the
design values.
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Figure D ‐ 2. CAMx modeled daily maximum 8‐hour average ozone (abbreviated D8HourMax
in the figure title) for 2011 (blue) and 2023 (red) for a grid cell located in central San Antonio.
Values of the daily maximum 8‐hour average ozone for each day of each year are ranked and
ordered from least to greatest.
This analysis shows that there is a disconnect between the formulation of the NAAQS and the
health functions used in the HIA BenMAP modeling. The EPA sets the level of the NAAQS based
on health impacts of ozone and uses the highest annual values of ozone as its metric. However,
the health functions used in epidemiological studies to determine ozone exposure often use
ozone exposure integrated over an entire year to assess health effects. The difference in these
approaches to assessing the health impacts of human exposure to ozone reflects the lack of
scientific consensus on the mechanism by which ozone causes health impacts, and whether it is
peak exposures or integrated exposures that drive the health impacts. Typically, acute effects
are associated with short exposures to high concentrations, while chronic effects are due to the
integrated effects of longer exposures to lower concentrations. For ozone, the key is whether
the body’s defense capabilities are exceeded – if so, then there is an effect which may or may
not be serious depending on the individual’s health status (a small change in lung function will
not be felt in a healthy adult, but may be significant in an asthmatic).
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APPENDIX E

BENMAP AUDIT TRAIL REPORTS

E.1 Audit Trail Reports
For each health outcome and scenario, we ran BenMAP using its audit trail feature. The audit
trail is a compilation of all BenMAP model settings and input data used. The audit trail files for
all outcomes and scenarios are available as an electronic Appendix to this report and may be
accessed at: web address to be added.
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