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ABSTRACT

Using the Community Multiscale Air Quality (CMAQ) model and the Benefits Mapping and
Analysis Program — Community Edition (BenMAP-CE) tool, we estimate the benefits of
anthropogenic emissions reductions between 2002 and 2011 in the Eastern United States (US)
with respect to surface ozone concentrations and ozone-related health and economic impacts,
during a month of extreme heat, July 2011. Based on CMAQ simulations using emissions
appropriate for 2002 and 2011, we estimate that emissions reductions since 2002 likely
prevented 10 - 15 ozone exceedance days (using the 2011 maximum eight hour average ozone
standard of 75 ppbv) throughout the Ohio River Valley and 5 - 10 ozone exceedance days
throughout the Washington, DC — Baltimore, MD metropolitan area during this extremely hot
month. CMAQ results were fed into the BenMAP-CE tool to determine the health and health-
related economic benefits of anthropogenic emissions reductions between 2002 and 2011. We
estimate that the concomitant health benefits from the ozone reductions were significant for this
anomalous month: 160-800 mortalities (95% confidence interval (CI): 70-1,010) were avoided in
July 2011 in the Eastern U.S, saving an estimated $1.3 — $6.6 billion (CI: $174 million — $15.5
billion). Additionally, we estimate that emissions reductions resulted in 950 (CI: 90-2,350) less
hospital admissions from respiratory symptoms, 370 (CI: 180-580) less hospital admissions for
pneumonia, 570 (CI: 0-1650) less Emergency Room (ER) visits from asthma symptoms, 922,020
(CI: 469,960-1,370,050) less minor restricted activity days (MRADs), and 430,240 (CI: -
280,350-963,190) less symptoms of asthma exacerbation during July 2011.
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IMPLICATIONS

We estimate the benefits of air pollution emissions reductions on surface ozone concentrations
and ozone-related impacts on human health and the economy between 2002 and 2011 during an
extremely hot month, July 2011, in the eastern United States (US) using the CMAQ and
BenMAP-CE models. Results suggest that, during July 2011, emissions reductions prevented 10-
15 ozone exceedance days in the Ohio River Valley and 5-10 ozone exceedance days in the Mid
Atlantic; saved 160-800 lives in the Eastern US, saving $1.3 - $6.5 billion; and resulted in 950
less hospital admissions for respiratory symptoms, 370 less hospital admissions for pneumonia,
570 less Emergency Room visits for asthma symptoms, 922,020 less minor restricted activity

days, and 430,240 less symptoms of asthma exacerbation.



INTRODUCTION

Exposure to ozone has been linked to premature mortality (Bell et al., 2004; Bell et al.,
2005), exacerbation of respiratory symptoms, such as asthma (Anenberg et al. 2018), and
increases in hospital admissions and emergency room visits (Burnett et al., 1997; Medina-Ramon
et al., 2006). Consequently, anthropogenic emissions of nitrogen oxides (NOx=NO + NO>) have
been controlled over the last few decades in the eastern United States (US) with a goal to lower
concentrations of surface ozone (US EPA, 2018). A primary driver of these decreases was the
NOx State Implementation Plan (SIP) Call Rule, finalized in 1998 and fully implemented by May
31, 2004, which required 22 states and the District of Columbia (D.C.) to regulate NOx emissions
under the US Environmental Protection Agency (EPA) NOx Budget Trading Program. Nearly
100% compliance for major sources was achieved by 2008 (US EPA, 2009). Since then, the EPA
Clean Air Interstate Rule (CAIR), as well as additional court-orders and state regulations, have
gone into effect to continue to reduce NOy and improve surface air quality. As reported by the
EPA’s National Emissions Inventory (NEI), NOx emissions decreased by 46% between 2002 and
2011 over the US east of the Mississippi River (available at
https://www.epa.gov/sites/production/files/2018-04/national tierl caps.xIsx).

Estimates of the decreases in surface nitrogen dioxide (NO>) from both satellite and in
situ observations are 20-55% over US cities from 2005 to 2015 (Lamsal et al., 2013, 2015; Tong
et al., 2015; Duncan et al., 2016), coinciding with a ~15% decrease in ozone as estimated from
surface data from EPA’s Air Quality System (AQS). Over the Eastern US, satellite observations
of NO> tropospheric columns from the Ozone Monitoring Instrument (OMI), which serve as a
proxy for surface concentrations in polluted areas (Leue et al., 2001; Velders et al., 2001), show
widespread reductions between 2005 and 2011 (Figure 1), including decreases up to 30-50%
over parts of the Ohio River Valley and major cities throughout the Mid-Atlantic and Northeast
regions (Duncan et al., 2016; Krotkov et al., 2017). One of the largest NO» reductions between
2005 and 2012 occurred over Washington, D.C., with a reduction of 47% and 48% as inferred
from data from OMI and AQS, respectively (Tong et al., 2015). The majority of the decreases in
OMI tropospheric NO> column over the Eastern US occurred from 2005-2008, with little or no
decreases after 2009 (Russell et al., 2012; Lamsal et al., 2013, 2015; Krotkov et al., 2016;
Duncan et al., 2016; Tong et al., 2015; Jiang et al., 2018). These decreases are also reflected in



the AQS observations (Duncan et al., 2013; Tong et al., 2015; Krotkov et al., 2016). However
the AQS data show additional decreases after 2009 (Silvern et al., 2019), consistent with the
NEIL

Hot temperatures and stagnant air, which are expected to become more common in the
future in the US (e.g. Mickley et al., 2004), are conducive to the formation of high levels of
surface ozone and, thus, have the potential to confound the effectiveness of NOx reduction
efforts. A correlation of high temperature and events with high ozone concentrations has been
confirmed with air quality model simulations (Weaver et al., 2009; Jacob and Winner, 2009) and
observations (Bloomer et al., 2009, 2010).

In this analysis, we show that the benefits from historical anthropogenic air pollution
emissions (i.e., NOx, volatile organic compounds (VOCs), and particulate matter (PM))
reductions between 2002 and 2011 are substantial for surface ozone and human health for July
2011. This month was chosen because of its extreme heat. July 2011 was the fourth hottest
month on record in the Eastern US and the hottest month on record for the Baltimore-
Washington metropolitan area. Therefore, the extreme heat experienced during this month
represents the maximum benefit of emission reductions that may be expected. We chose the
lower bound, 2002, of our study period to investigate the impact of emissions changes due to
regulations discussed above, which occurred after 2002, and because of the availability of the US
EPA’s 2002 National Emissions Inventory (NEI). In addition, we were able to leverage modeling
results from the NASA DISCOVER-AQ (Deriving Information on Surface Conditions from
Column and Vertically Resolved Observations Relevant to Air Quality) field campaign, which
took place in July 2011, for this study (Loughner et al., 2014).

In the next section, we describe our sensitivity simulation experiment which isolates the
benefit of historical anthropogenic emissions changes by removing uncertainty in the role of
meteorological variability on ozone. We also describe the tool used to calculate the health and
economic benefits of these emissions reductions, the US EPA Environmental Benefits Mapping
and Analysis Program — Community Edition v1.1 (BenMAP-CE; Sacks et al. 2018). After the
Methods Section, a discussion of the results of our sensitivity simulation experiment and health

and economic benefit analysis is presented. Concluding remarks follow the Results Section.

METHODS



Observations of temperature and ozone

We analyze observed temperature and ozone data to understand their relationships to
anthropogenic NOx emissions as reported by EPA and how their relationships have changed over
our study period. We use historical temperature data observed at the Baltimore Washington
International Thurgood Marshall Airport (BWI) and surface ozone reported to AQS for
Maryland monitoring stations (Figure S1).

CMAQ model simulations

We performed two sensitivity simulations using the Community Multi-scale Air Quality
(CMAQ; Byun and Schere, 2006) model to remove the impact of meteorological variability on
ozone, such that a comparison between two model simulations reveals only the benefit of the
historical anthropogenic emissions changes on ozone. (Therefore, we refer to this sensitivity
analysis as “ozone avoided” sensitivity analysis hereafter). For the first simulation (hereafter
referred to as CMAQ11), we simulated July 2011 using anthropogenic emissions (NOx, VOCs,
and PM) appropriate for 2011. For the second (hereafter referred to as CMAQO02), we used
emissions appropriate for 2002 to reflect the conditions that would have been experienced in the
absence of emission reductions. Both simulations used the same meteorology generated by a
simulation of the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) and
biogenic and lightning emissions for July 2011. WRF and CMAQ are standalone models with
WRF meteorological model output fed into the CMAQ model, so feedback from the chemistry to
the meteorology is ignored. Biogenic emissions were calculated with the Biogenic Emissions
Inventory System (BEIS; Vukovich and Pierce, 2002) and lightning emissions were calculated
within CMAQ from lightning flash count data from the National Lightning Detection Network
and convective precipitation output from WRF (Allen et al., 2012). Results presented here are
from a 12 km domain covering the Northeast and parts of the South and Midwest US that is
nested inside a 36 km domain covering the Continental US (Figure 2). Details on the
implementation, model inputs, evaluation, and uncertainties of the CMAQ simulation using

anthropogenic emissions appropriate for 2011 are found in Loughner et al. (2014), Goldberg et



al. (2014), He et al. (2014), Flynn et al. (2014), and Anderson et al. (2014). We used the best
available emissions for 2002 and 2011 at the time of performing the CMAQ model simulations.
CMAQ anthropogenic emissions inputs appropriate for 2002 were created by processing the
EPA 2002 NEI with the Sparse Matrix Operator Kernel Emissions (SMOKE) modeling system
(Houyoux and Vukovich, 1999).

Our analysis may underestimate the total benefits from air pollution reductions on ozone
as our simulation methodology does not account for an increase in electricity demand during
unusually hot weather, which plays a major role in increasing power plant emissions and air
pollution levels (He et al., 2013; Farkas et al., 2015; Abel et al., 2017). He et al. (2013) found
that one third of an increase in ozone concentrations during unusually hot summertime weather is
due to an increase in power plant emissions from an increase in energy demand. Farkas et al.
(2015) found that temporally misallocating emissions from the electricity sector can

underestimate emissions.
BenMAP-CE

We used our CMAQ model output as input into the BenMAP-CE software to estimate the
health and economic benefits of the historical air pollution emissions reductions during July
2011. To calculate the health impact (e.g., change in the incidence of a particular health
outcome) BenMAP-CE uses population data, air quality data or model output (CMAQ simulated
ozone for this study), and Health Impact Functions (HIF) based on epidemiological studies,
which relate an increased risk of a negative health outcome to a unit change in exposure to a
particular air pollutant. Using these inputs, BenMAP-CE calculates a delta that represents the
change in the air pollutant concentration of interest. Health impacts are estimated using HIFs that
relate a change in the concentration of a particular air pollutant to a change in the incidence, or
occurrence, of a given health outcome, such as mortality or hospital admissions due to

pneumonia. The HIF used in this study has the following functional form:

AY = Yy(1 — e F2AQ) « Population (1)



where AY is the change in incidence, Yy is the baseline incidence, AAQ is the change in the air
quality concentration of interest, and population is the exposed population (Sacks et al., 2018).
For this analysis, population data for 2011 were used. The B coefficient represents a percent
change in incidence per unit change in air pollution and is derived from epidemiological studies.
Economic valuations for particular health impacts are calculated based on an estimated value of a
statistical life (VSL), or using willingness-to-pay (WTP) or cost-of-illness (COI) estimates. For
detailed information about the BenMAP-CE software, see Sacks et al. (2018).

RESULTS

Observed relationship between ozone, temperature, and precursor emissions

The decreasing trend in the number of ozone exceedance days per year in Maryland since
1980 correlates well with decreases in anthropogenic NOx and VOC emissions with a correlation
coefficient of 0.86 for NOy and 0.81 for VOC emissions (Figure 3). However, this decrease is
not reflected in the number of days per year when temperature observed 2 m above ground level
(2 m temperature) exceeded 90°F at BWI (Figure 3). Note that while July 2011 was the hottest
month on record at BWI airport, the summer of 2011 was not the hottest summer on record;
therefore, 2011 does not show the highest number of days above 90°F. During the 1980s and
1990s, there were typically more than twice the number of ozone exceedance days than days >
90°F. This trend diminished in the 2000s as air pollution regulations on NOx and VOC emissions
were implemented. In 2002, there were 48 days with temperatures > 90°F and 67 exceedance
days, while in 2011, there were 59 days with temperatures > 90°F and 43 exceedance days. The
first year there were consistently more days with temperatures > 90°F than ozone exceedance
days was 2009.

The relationship between high temperatures and surface ozone concentrations changed
over time because of the reductions in NOx concentrations (Bloomer et al., 2009) (Figure 4).
Temporal differences begin to emerge in the relationship between temperature versus ozone
concentrations at about >70°F and maximize above 90°F. For example, for a daily maximum
temperature of 90°F, the average daily 1 hour ozone maximum was 115 ppbv between 1983 and

1987 and 75 ppbv between 2013 and 2017, a difference of 40 ppbv.



“Ozone avoided” CMAQ sensitivity analysis

Our “ozone avoided” sensitivity analysis (CMAQO02 — CMAQ11) indicates that, in the
absence of emissions reductions, the Eastern US would have experienced substantially higher
maximum daily 8 hour average ozone > 75 ppbv (hereafter, referred to as “MDAS ozone”)
throughout the modeling domain (Figure 5). At the 95" percentile (i.e., high ozone day; Figure 5,
top row), the CMAQO2 simulation shows MDAS8 ozone exceeding 90 ppbv in the Ohio River
Valley, the Washington, DC — Boston, MA urban corridor, and urban areas in the South, 15-20
ppbv higher than seen in CMAQI11. At the 50" percentile (i.e., median ozone concentrations for
the month of July, middle row), CMAQO02 shows simulated MDAS8 ozone of 70-80 ppbv in the
Ohio River Valley and Mid-Atlantic, an increase up to 15 ppbv over CMAQ11 in the Ohio River
Valley and up to 10 ppbv in the Mid-Atlantic. The sensitivity analysis also shows improvements
in ozone concentrations on relatively clean days (5" percentile, bottom row), by about 5 ppbv in
the Ohio River Valley.

The CMAQO2 simulation has higher MDAS ozone and more ozone exceedance days than
the CMAQ11 simulation (Figure 6). In fact, in parts of the Ohio River Valley and Mid-Atlantic,
more ozone exceedance days than clean days occur in the CMAQO2 simulation. The results of
our sensitivity experiment indicate that emission reductions prevented ~10-15 ozone exceedance
days in the Ohio River Valley and ~5-10 ozone exceedance days in the Washington, DC —
Baltimore, MD metropolitan area.

The observed OMI tropospheric NO> column decreases (i.e., 20-55% over parts of the
Ohio River Valley and major cities throughout the Mid-Atlantic and Northeast) between 2005
and 2011 (Figure 1) are similar to the simulated differences between the two model runs (Figure
7). The simulated decreases in the tropospheric NO; column are 50% less in the Ohio River
Valley, where many power plants are located, and 20-40% less in the Washington, DC to
Boston, MA urban corridor.

Ozone concentrations are biased high in the CMAQI11 simulation, which may lead to an
overestimation of the health and economic benefits described in the next section. An in-depth
evaluation of the CMAQ11 simulation is examined in Loughner et al. (2014), Goldberg et al.
(2014), He et al. (2014), Flynn et al. (2014), and Anderson et al. (2014). The mean bias,



normalized mean bias, root mean square error, and normalized mean error as defined by Eder
and Yu (2006) for the CMAQ11 simulation as compared with maximum 8 hour average ozone
concentrations at AQS monitoring locations is 5.9 ppbv, 11.6%, 14.5 ppbv, and 22.0%,
respectively. Uncertainties in chemistry and emissions partially explain the bias. As described in
Goldberg et al. (2014) and Loughner et al. (2014), a high bias in NOy is present in the CMAQ11
simulation due to uncertainties in the conversion rates of NO, to NO; within the CB05 chemical
mechanism used in CMAQ. These uncertainties in the conversion rates also may have caused the
sensitivity simulation with 2002 emissions (CMAQO02) to simulate too many ozone exceedance
days. In addition, NOx concentrations were biased high due to a high bias in the mobile
emissions inventory (Anderson et al., 2014). These biases result in CMAQ simulating more
ozone exceedance days with respect to high temperatures as observed. The ratio of the number of
simulated and observed ozone exceedance days in Maryland to days when the temperature

reached 90°F at BWI are 0.986 and 0.71, respectively.

Quantification of health and economic benefits of ozone concentration reductions from

anthropogenic emissions reductions

MDAS ozone for July 2011 from the CMAQO02 and CMAQ11 model simulations were
used as inputs to the BenMAP-CE software to estimate the health and economic impacts of
reductions in ozone between 2002 and 2011. The average MDAS delta for the 12 km resolution
domain for July 2011 was 5.68 ppb (min: 2.14, max: 9.41) (Figure 5). Table 1 lists all mortality
related health outcomes and associated epidemiological studies used in this analysis. Table 2
lists the same information for all other health outcomes. The health impact functions used in this
analysis were chosen based on their use in the 2008 EPA Ozone NAAQS Regulatory Impact
Analysis (US EPA 2008). Incidences for each HIF were calculated using the Monte Carlo
method within BenMAP-CE and pooled where appropriate. For this option, BenMAP-CE
generates percentiles of the incidence distribution that reflect the variability in the analysis
inputs.

We estimate that between 160 and 800 deaths (95% Confidence Interval (CI): 70-1,010)
were avoided because of the lower ozone values that resulted from the reduction of

anthropogenic emissions (Table 3). These numbers represent a total over all 22 states and



Washington, D.C. that lie completely within the simulation domain. Figure 8 shows the spatial
distribution of these results for the mortality estimates using the HIF from Bell et al. (2004).
Pennsylvania and Ohio show the greatest benefits at 60 (CI: 30-90) and 60 (CI: 30-90),
respectively. The distribution of incidence will not necessarily reflect the distribution of the
change in air quality (Figure 6) because it is also a function of population density and baseline
incidence (i.e., the presence of a health endpoint that is typically found in the population) (Fann
et al., 2011). Breakdowns of the estimates for individual states are presented in Tables S1 and
S2. Estimated avoided mortalities associated specifically with cardiopulmonary disease were 230
(CI: 110-350). These avoided deaths equated to a savings of an estimated $1.3 — $6.5 billion (CI:
$173 million — $15.5 billion). Mortality valuations are based on the VSL and represent the
amount of money that the population is willing to pay to avoid one death (US EPA, 2018). All
valuation methods chosen for this analysis are methods used by the US EPA for regulatory
impact analyses and are listed in Table S3.

Our results are higher than previous reported estimates from Fann and Risley (2013), who
calculated nationwide avoided mortality estimates from changes in ozone and PMz 5 using
interpolated air quality monitoring data from 2000-2007. Using two different epidemiological
studies, they reported maximum year-to-year estimates of 560 (Bell et al., 2004, CI: 430-680)
and 2,600 (Levy et al., 2005, CI: 2,300-2,800) over the five-month ozone season of May 1 to
September 30. If we crudely assume an equal number of nationwide avoided mortalities per
month, these equal ~112 and ~520, respectively, which are lower than our estimates of 160 and
800 for our simulation domain (Figure 2). We expect our estimates to be higher however, as they
reflect extremes with respect to both temperature and ozone levels.

With respect to non-mortality health endpoints (Table 4), we estimated that emissions
reductions resulted in 950 less hospital admissions for respiratory symptoms (370 for pneumonia
specifically), 570 less Emergency Room (ER) visits for asthma symptoms, 922,020 less minor
restricted activity days (MRADs), and 430,240 less symptoms of asthma exacerbation. Minor
restricted activity days are days during which individuals reduce or limit their activities, but do
not miss work or school (Hubbell et al., 2005). Similar to Figure 8, Figure 9 shows the spatial
distribution of estimated avoided incidences of exacerbation of asthma symptoms. Ohio shows
the maximum estimate, at 43,420. Reductions in incidence of these health endpoints were

valued from $0.25 million (ER visits) to ~$60 million (MRADs) (Table 4). Valuation methods



for non-mortality health endpoints vary, but are typically calculated using willingness-to-pay
(WTP) or cost-of-illness (COI) estimates. WTP represents the amount of money that the
population is willing to pay to reduce risk, whereas COI reflects actual medical costs or loss of
earnings (US EPA, 2018). Specific valuations methods used in this analysis are listed in Table
S3.

These results are not meant to reflect an actual estimation of the number of avoided
health outcomes, such as those based on observations of pollutants. They are meant to illustrate
the benefit of emissions reductions using our ‘ozone avoided’ sensitivity analysis for an extreme
month (July 2011). Changes in incidence are highly sensitive to air quality inputs, and should be

taken as a hypothetical estimate.

CONCLUSIONS

In this study, we estimate the air quality, health, and economic benefits of historic
anthropogenic pollution emission reductions from 2002 to 2011 over the Eastern US, showing
that they are substantial during a historically hot month, July 2011. Despite these substantial
reductions, AQS observations show that Maryland exceeded the 2011 ozone standard on 14 days
in July 2011. Using CMAQ-generated sensitivity simulations, we estimate that the impact of
anthropogenic emissions reductions on surface ozone was extensive over the Eastern US with
10-15 fewer ozone exceedance days (MDAS ozone) during July 2011 throughout the Ohio River
Valley and 5-10 fewer ozone exceedance days in the Washington, DC — Baltimore, MD
metropolitan area. In Maryland, an analysis of surface ozone and temperature data indicates that
the decreasing trend in surface ozone from 1980 to 2017 is not significantly associated with
changes in surface temperature as the number of days with high (= 90°F) temperatures has not
significantly changed over our study period, though there are significant variations from year to
year.

Using the EPA BenMAP-CE tool for July 2011, we estimate that the reduction in ozone
attributed to the anthropogenic emissions reductions resulted in 160-800 avoided mortalities
(95% CI: 70-1010 lives) in 22 states and the District of Columbia during July 2011. These
avoided mortalities were valued at a savings of $1.3 — $6.5 billion (CI: $173 million — $15.5

billion). Further, we estimate that the implementation of emissions reductions avoided 950



hospital admissions for respiratory symptoms (370 for pneumonia specifically), 570 ER visits for
asthma symptoms, 922,020 MRADs, and 430,240 symptoms of asthma exacerbation. These
non-mortality health endpoints were valued to be a savings of $0.25 million (ER visits) to ~$60
million (MRADs). As stated above, these estimates are meant to represent a hypothetical “ozone
avoided” sensitivity analysis, and do not represent a calculation of health and economic benefits

due to an observed change in air quality.
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Figure 1. OMI tropospheric NO» vertical column density averaged for the ozone season of May
through September for the Eastern US in 2005 (left) and 2011 (middle). The percent change from
2005-2011 1s shown on the right.
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Figure 2. Diagram showing the 36 and 12 km modeling domains. Model results presented in this

study are from the 12 km modeling domain.
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Figure 3. Number of days daily maximum temperature reached 90°F or above at BWI airport
(red), number of days MDAS ozone exceeded the current EPA ozone standard ( MDAS >

75ppbv) from all monitored data collected in Maryland (orange), and annual NOy (light blue)
and VOC (dark blue) emissions in the US as reported by the EPA.
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Figure 4. The relationship between daily 1 hour maximum ozone observed in Maryland and
daily maximum temperature at BWI airport during the months of May through September. Data
placed in 2 degree bins and each bin averaged in 5 year increments.
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Figure 5. The 95" (top), 50™ (middle), and 5™ (bottom) percentile of maximum 8 hour average
ozone concentrations for the month of July 2011 for CMAQO2 (left), CMAQI11 (middle), and
CMAQO02-CMAQI1 (right). Results are from the 12 km CMAQ domain. Corresponding EPA
AQS O3 observations are shown on the CMAQI1 plots.
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Figure 6. Number of ozone exceedance days (MDAS ozone > 75 ppbv) for July 2011 from
CMAQO2 (upper left), CMAQI11 with EPA AQS O3 observations overlayed (upper right), and
the CMAQO02-CMAQI11 difference in number of ozone exceedance days (bottom). Results are
from the CMAQ 12 km domain.
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Figure 7. Percent change in July 2011 CMAQ simulated surface to 250 mb NO: column from
CMAQO02 to CMAQI1.
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Figue 8. The number of estimated avoided mortalities during July 2011 due to anthropogenic
emissions reductions between 2002 and 2011. The estimate shown here was generated using the
C-R function from Bell et al. (2004).
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Figure 9. The number of estimated avoided asthma exacerbation incidents during July 2011 due
to anthropogenic emissions reductions between 2002 and 2011.



Hec]zétohrfglfigoim - C-R Function  Age range (SﬁftEar,, )
Mortality — All Cause Levy et al. 2005 0-99 (888(1)1'173)
Bell et al. 2004 0-99 (8:888;?3)

Mortality — Non-Accidental Bell et al. 2004 0-99 (8888323)
Ito et al. 2005 0-99 (8885é;3)

Schwartz et al. 2005 0-99 (8888128)

Cardli\gglrltl?llli(t)}l;a-try Huang et al. 2005 0-99 (888823)

Table 1. Mortality health studies used in this analysis and their associated references.



Health Endpoint C-R Function rﬁfge (Sﬁleg;’r)
Pooled estimate
ER Visits — Asthma Peel et al. 2005 0-99 (888238)
Wilson et al. 2005 0-99 ((? '(())(())21888)
Pooled estimate
0.001777*
Hospital lé\eif;iristﬁl;s HA= Schwartzetal. 1995 65-99 (8:88232?
(0.001770)
Moolgavkar et al. 1997 65 -99 (00(0)(0)523)
HA — Pneumonia Schwartz et al. 1994a 65 -99 (8883§82)
Schwartz et al. 1994b 65 -99 ((0)88%5345‘)
Minor Restricted Activity Pooled estimate
Days Ostro and Rothschild 1989 18 - 64 (8883222)
Pooled estimate
Schildcrout et al. (2006) 6-18 ((0)88332)
Asthma Exacerbation 0.000966
O’Connor et al. (2008) 6-18 (0.002991)
Mortimer et al. (2002) 6-18 (888§§§§)

Table 2. Health studies and associated references used in this analysis.

using the random/fixed effects model (US EPA, 2018).

All pooling was done



Mortality -
Mortality All Cause Mortality Non-Accidental Cardiopulmonar
y
Reference | Belletal. Levyetal. | Bell etal. Ito et al. Schwartz Huang et al.
Incidence 569 801 159 712 242 232
(319-817)  (590-1,011) | (69-248) (473-949)  (101-381) (110-353)
. 4678 6,595.9 1,308.1 5,858.3 1,987.94 1,909.11
Valuation
(in millions) (665.56- (989.70- (173.94- (869.39- (259.81- (260.23-
11,461.7) 15,497.2) 3,306.21) 13,896.3) 5,054.94) 4,782.17)

Table 3. Total estimated incidence and valuation results for July 2011 for mortality health

endpoints for all 22 states included in the simulation domain and Washington D.C. 95%
Confidence intervals shown in parentheses.

HA - HA - Emergency Minor Asthma
All Respiratory |  Pneumonia Room Visits Re.sz.‘rlcted Exacerbation
Asthma Activity Days
950 372 573 922,018 430,244
Incidence 469,963- -280,350-
(91-2,346) (180-579) (0-1,645) 1(’370,054) (963,186)
Valuation 31.06 10.43 0.25 60.83 24.27
(in millions) (2.97-76.69) (5.05-16.22) (-0.00-0.66) | (28.01-102.27) | (-15.81-65.22)

Table 4. Same as Table 3 for non-mortality health endpoints.
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