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Abstract of Dissertation 
 

 

Long-term Trends in Ozone Exposure and Attributable Burden in Urban-Rural Areas 
Worldwide and in the United States from 2000 to 2019 

 
 
Background: Tropospheric ozone is a harmful air pollutant that is associated with both 

short- and long-term respiratory and cardiovascular diseases. Ozone exposure is increasing 

globally, and is expected to continue to worsen, especially in low- and middle-income 

nations, driven by both emission increases and climate change. While some regions have 

successfully implemented ozone management policies and consequently seen reductions in 

ozone and ozone precursor emissions, harmful levels of ozone persist and are expected to 

worsen in most regions. While estimates of ozone concentrations and attributable health 

impacts are available at national and regional levels, spatiotemporal and demographic 

patterns at the subnational levels, especially for urban-rural areas remain limited, 

particularly for low and middle-income countries.  

Purpose: To improve understanding of the range in ozone concentrations and associated 

disease burden within countries, including at the urban-rural and county scales, and how 

ozone exposure varies by demographic groups. Results of this dissertation may inform 

national and city governments, international organizations, and global sustainability 

networks for the purposes of planning, standard and policy setting, and public education. 

Methods: This dissertation leveraged the recent availability of an ozone surface 

concentration dataset with sufficient global coverage and at relatively fine spatial 

resolution (0.1°) to conduct three analyses, in which ozone-attributable mortality for 

urban-rural areas worldwide and at the county-level in the United States were estimated 

and spatiotemporal and demographic trends in ozone exposure and attributable burden 
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were evaluated. Each analysis used an epidemiologically-derived health impact function 

and concentration-response functions and risk information from the Global Burden of 

Disease Study (GBD) 2019, which conducted a meta-regression of five cohorts from 

Canada, the United Kingdom, and the United States. In the first analysis, fine resolution 

ozone concentration estimates, along with fine resolution population estimates, national 

and subnational baseline disease rate estimates from the GBD 2019 Study, and 

epidemiologically-derived risk information were used to calculate ozone-attributable 

mortality in 2019 for urban areas worldwide (including 12,946 cities and densely-

populated towns), and their surrounding peri-urban, peri-rural, and rural areas (URCAs or 

urban-rural catchment areas). Spatial boundaries for cities and urban-rural catchment areas 

were derived from existing datasets and modified for the analysis. The second analysis 

similarly estimated ozone exposure and attributable mortality across URCAs worldwide 

and by region over a 20-year period of 2000 to 2019 and evaluated long-term trends using 

regression methods. The third analysis evaluate county-level ozone exposure and 

attributable mortality in the United States, including long-term trends from 2000 to 2019, 

demographic differences in exposure by race, ethnicity, educational attainment, health 

insurance status, and income, and examined long-term ozone health risks for areas both in 

and out of attainment status with EPA’s 2015 short-term ozone standard. This analysis 

used county-averaged ozone concentrations, baseline disease rates from U.S. vital 

statistics data, estimates of population from the U.S. Census Bureau, and other 

demographic data from National Center for Health Statistics.  

Results: The first analysis estimated 423,100 estimated global ozone-attributable deaths, 

of which 37% (147,100) occurred in urban areas, where 40% of the world’s population 

resides, and 56% (254,000) occurred in peri-urban areas (<1 hour from an urban area), 
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where 47% of the world’s population resides. In 2019, three quarters of the ozone-

attributable deaths worldwide (77%; 112,700) were found in cities of South and East Asia. 

City-level ozone-attributable mortality rates varied by a factor of 10 across world regions. 

The second analysis estimated that ozone-attributable mortality worldwide increased by 

46% (n=132,900) from 2000 [290,400 deaths (95%: 151,800, 457,600)] to 2019 [423,100 

deaths (95% CI: 223,200, 659,400)]. The fraction of global ozone-attributable mortality 

occurring in peri-urban areas remained unchanged from 2000 to 2019 (56%), whereas 

urban areas gained in their share of global ozone-attributable burden (from 35% to 37%; 

54,000 more deaths). Cities with concentrations above the World Health Organization 

peak season ozone standard (60 µg/m3) increased from 89% (n=11,568) in 2000 to 96% 

(n=12,433) in 2019. The third analysis found that despite decreasing ozone concentrations 

nationwide from 2000 to 2019, in 2019 the entire U.S. population resided in counties with 

county-average ozone levels above the World Health Organization peak season ozone standard 

of 60 µg/m3 (~30 ppb) and are associated with an estimated 14,100 (95% CI: 12,300, 16,100)] 

deaths nationwide. Compared with other racial and ethnic groups in 2019, Asian and 

Native Hawaiian/Other Pacific Islander populations had the greatest proportion of 

population (49%) residing in counties with the highest quintile of U.S. ozone 

concentrations (56 ppb to 67 ppb), followed by Americans with two or more races and 

Hispanic populations (45%). Large urban, followed by suburban areas of large urban, 

areas had the highest ozone concentrations (46 and 43 ppb, respectively) and proportions 

of ozone-attributable mortality nationwide (30% and 24%). Lastly, ozone concentrations 

declined more in counties considered to be in attainment with EPA’s 8-Hour Ozone 

(2015) NAAQS than in nonattainment areas, however ozone-attributable mortality rates 

were the same magnitude in both areas in 2019 (7 deaths/100,000 population) because of 
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the influence of higher chronic respiratory disease (CRD) rates in attainment areas (140 

vs. 100 deaths/100,000 population). 

Conclusions: These analyses provide much needed and consistent characterization 

of spatiotemporal trends in ozone concentrations and attributable mortality at subnational 

scales, including for nearly 13,000 cities worldwide and U.S. demographic groups, over a 

20-year period, and the findings provide several valuable public health insights. Results 

from the first two analyses indicate that ozone exposure is increasing worldwide, 

contributing to disproportionate ozone mortality in peri-urban areas and increasing 

attributable mortality in urban areas. Ozone levels and attributable mortality were greatest 

in regions and cities of Asia and African cities; however, higher-income regions, like 

high-income Asia Pacific and North America, continue to experience high ozone 

concentrations and attributable mortality rates. This result was further examined in 

analysis 3, which found that despite decreasing ozone concentrations across the U.S. from 

2000 to 2019, ozone exposure continues to contribute to substantial public health burden. 

Ozone exposure also differed substantially by racial and ethnic groups by U.S. region. All 

three analyses highlight a need for lowering seasonal average ozone concentrations globally 

to reduce the global ozone-attributable public health burden. Additionally, prioritizing 

consideration of demographic factors, including race, ethnicity, and baseline disease in 

ozone mitigation strategies is important to ensure their equitable public health benefit. 

Furthermore, strategies aiming to reduce ozone precursor emissions worldwide in areas 

affecting urban and peri-urban exposure can yield substantial public health benefits. Future 

work should use more highly resolved estimates of exposure and baseline disease risk to 

further explore spatiotemporal patterns by population subgroups. Additional studies are also 

needed to examine both short- and long-term ozone exposure and health impacts.  
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Chapter 1: Introduction 
 
 
1.1 Problem Statement 

 
Over half (55%) of the world’s population currently resides in urban areas, where 

concurrent increases in population, vehicular traffic, industrial activity, energy use, 

inadequate infrastructure, and the absence of environmental regulation have given rise to 

dangerous levels of ambient air pollution [1-3]. According to the World Health 

Organization (WHO), more than 80% of urban inhabitants are exposed to air quality 

levels above WHO limits [4]. Projections of the global population show that the 

proportion of the world population in urban areas is expected to increase to 68% by 

2050, and that urban areas will absorb virtually all of the future growth of the world’s 

population [5]. While this unprecedented urban growth poses challenges to the 

implementation of ambitious sustainable development goals for improving urban air 

quality and achieving sustainable cities and communities [6], it is also an important 

opportunity.  

Cities are well-positioned to take action to mitigate air pollution and climate 

impacts. Cities are responsible for roughly three quarters of global energy use and 

energy-related greenhouse gas emissions [4]. Actions taken by cities to address urban 

emissions and transition to low-carbon economies could be potentially transformative for 

climate action and public health. Information on the health consequences of ambient air 

pollution would be beneficial for national and city governments, international 

organizations, and global sustainability networks for the purposes of planning, standard 

and policy setting, and public education. However, while information on air pollution-

related health impacts is available at national and regional levels, city-level estimates 
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remain limited; and especially for those within low and middle-income countries.  

Additionally, while short-term ozone concentrations have been declining in the 

United States over the past decade [7-9], exposure to ozone and its attributable burden 

continue to pose a significant public health challenge in the U.S. [8-11]. In 2015, the 

U.S. Environmental Protection Agency (EPA) revised its National Ambient Air Quality 

Standards for short-term ozone to 70 parts per billion (ppb), in the form of a 3-year 

average of the annual fourth-highest daily maximum 8-hour average ozone 

concentrations [12]. To date, EPA has not adopted a national standard for long-term 

ambient ozone, despite epidemiological evidence of an association between long-term 

ozone exposure and cardiopulmonary mortality and illness [13-15]. Understanding how 

progress in reducing short-term concentrations in the U.S. has impacted long-term ozone 

exposure and health risks is needed and would benefit public health and air quality 

management strategies. Specifically, information is needed regarding trends in long-term 

ozone exposure and health risks in areas both in attainment and nonattainment with 

EPA’s 2015 standard for short-term ozone, and whether reductions in ozone 

concentrations nationwide have been experienced equitably across U.S. populations, by 

race, ethnicity, and socioeconomic factors.   

1.2 Ambient Air Pollution and Health 
 

Ambient air pollution is the single largest environmental health risk factor 

worldwide [16, 17]. In 2019, ambient air pollution moved from the 5th to the 4th leading 

risk factor for premature mortality worldwide, followed by elevated blood pressure, 

tobacco use, and poor diet [18]. According to the Health Effect Institute’s State of the 

Global Air 2020 report, in 2019, over 90% of the world’s population resided in areas 

where the annual average fine particulate matter (PM2.5) concentrations exceeded the 
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WHO Air Quality Guideline of 10 μg/m3. Long-term exposure to PM2.5 consequently 

contributes to 4.14 million deaths and 118 million DALYs. This PM2.5-attributable 

mortality accounts for 62% of all air pollution–attributable deaths and 55% of DALYs, 

respectively. Annual average PM2.5 concentrations vary geographically, with the highest 

annual average exposures occurring in Asia, Africa, and the Middle East. Additionally, 

over time, as many high-income countries have implemented strategies to improve air 

quality over the past several decades, levels of air pollution have remained high or 

increased in many low- and middle-income countries [18]. 

1.3 Global Surface Concentrations of Ambient Air Pollutants 
 

National and international regulatory agencies have established air quality 

standards for pollutants commonly found in ambient air [19-21]. For example, the US 

Environmental Protection Agency (EPA) has established National Ambient Air Quality 

Standards (NAAQS) for inhalable and fine inhalable particulate matter (PM10 and PM2.5, 

respectively), ground level or tropospheric ozone (O3), oxides of nitrogen (NOx), oxides 

of sulfur (SOx), carbon monoxide (CO), and lead. To evaluate regional and local air 

pollution concerns and monitor for compliance with national standards, many nations, 

international bodies, and non-governmental organizations have implemented 

sophisticated ground monitoring networks near areas with air pollution levels of concern 

for public health. However, despite the existence of extensive global air pollution 

monitoring networks, gaps in the spatial coverage exist. This is particularly true among 

low and middle-income countries [16, 22, 23]. Such gaps leave many countries without 

information needed to inform decision making and action to reduce air pollution and its 

health impacts. 

To address measurement data gaps and expand the coverage of estimated surface 
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concentrations of certain air pollutants, researchers have utilized remote sensing, global 

atmospheric chemistry models, and land use regression methods [22, 24-28].  These 

efforts have yielded datasets at appropriate spatial scale and resolution to enable for 

utilization in health impact assessment activities. For example, the Global Burden of 

Disease (GBD) 2019 study currently estimates the burden attributable to ambient air 

pollution exposure for two pollutants: ambient PM2.5 and ambient ozone. In the GBD 

2019 study, population-weighted annual average exposure to ambient PM2.5 is estimated 

using information from chemical transport models and remote sensing estimates that are 

subsequently calibrated using ground-level measurements [25-29]. For ozone exposure, 

GBD 2019 uses a global surface ozone distribution that is derived from the fusion of 

output from multiple chemical transport models and ground monitoring data to estimate 

the maximum seasonal (6-month) mean of daily 8 h maximum concentrations for each 

grid cell [22]. Recently, Larkin et al. (2017) developed a surface NO2 dataset using land-

use regression modelling, an empirical method that combines ground-based air pollution 

measurements (from 5220 air monitors in 58 countries) with satellite-derived pollutant 

estimates and other geospatial variables to predict surface concentrations [24]. This 

dataset was subsequently utilized by Achakulwisut et al. 2019 to estimate global 

pediatric asthma incidence attributable to NO2. Study results suggested that nearly 15% 

of global pediatric asthma incidence was attributable to NO2 [30]. 

1.4 Health Impact Assessment of Ambient Air Pollution 
 

The conceptual diagram provided in Figure 1-1 illustrates the components of the 

methodology commonly employed by epidemiological studies to estimate attributable 

disease burden. Assessment of the burden of disease attributable to ambient air pollution 

typically involves the application of a health impact function (Equation 1) [31, 32]. 
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Equation 1. ∆𝑀 ൌ ൫1 െ 𝑒ିఉሺ௑ି ௑೎ሻ൯ ൈ 𝑃𝑜𝑝 ൈ 𝑦଴ 

Where ∆𝑀 is the disease burden (pollutant-attributable deaths or years of life lost), 

 𝛽 is the model-parameterized slope of the log-linear relationship between concentration 

and health endpoint from an epidemiological study, 𝑋 represents the spatially and 

temporally resolved exposure estimates for the air pollutant and 𝑋௖ is the counterfactual 

pollutant concentration or theoretical minimum risk exposure level (TMREL), 𝑃𝑜𝑝 is the 

population exposed, and 𝑦଴ is the baseline mortality or disease rate within the population 

of interest. Together, these data allow for the calculation of the population attributable 

fraction (PAF), which is defined as the proportion of the outcome, for a given population 

and year, that would be eliminated if the risk factor were reduced to the TMREL [29]. 

Analyses can be further subset by incorporating the fraction of the population by age 

group and gender.  

Currently, comprehensive estimates of the global burden of disease of ambient air 

pollution have only been completed at the national scale (and sub-national for some 

countries) [16, 33]. The availability of datasets for PM2.5, O3, and NO2 that are globally 

consistent and highly spatially resolved [22, 24-28], allows for analyses to be carried out 

at a city-level. For example, Anenberg et al. (2019) estimated particulate matter-

attributable mortality in 250 urban areas worldwide using 0.1° × 0.1° grid resolution 

PM2.5 concentrations from Shaddick et al. [25]. Results of this analysis showed city-level 

PM2.5-attributable mortality rates across cities ranged from 13 to 125 deaths per 100,000 

people [34]. Additionally, Achakulwisut et al. (2019) estimated pediatric asthma 

incidence attributable to NO2 at global, national, and urban scales, utilizing a surface 

NO2 dataset from Larkin et al. (2017) that was at a resolution of 100 x 100 meters. 

Achakulwisut et al. (2019) estimated that 64% of pediatric asthma incidence attributable 
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to NO2 occurred in the 250 urban centers evaluated [30]. However, to date no 

comprehensive analysis of the ozone-attributable burden of disease in cities worldwide 

has been conducted, nor have these estimates been compared in a consistent manner with 

those for PM2.5 and NO2. 

1.5 Purpose of Study 
 

The recent availability of air pollution datasets at sufficient global coverage and at 

a finer resolution [22, 24-28] has created an opportunity to produce air pollution-

attributable burden of disease estimates at the city-level. By using methods that are 

consistent across cities, this dissertation compares how air pollution mortality trends 

differ for cities that have experienced different patterns of growth and regulation. This 

dissertation exploits the availability of highly resolved and globally consistent ozone 

concentrations utilized in the recent GBD 2019 study to estimate the burden of disease 

attributable to ozone in thirteen thousand cities worldwide. Additionally, analyses 

examine variation in the distribution of these air pollutants across urban, suburban, and 

rural areas, and characterize trends over a 20-year period from 2000 to 2019. Lastly, this 

dissertation examines the distribution of ozone attributable deaths in the US and 

characterize the proportion of those deaths within and outside of areas designated as not 

in attainment to EPA’s regulatory standard for ozone. 

Results provide an improved understanding of the range in air pollution 

concentrations and their associated disease burden in cities worldwide, which can be 

used to inform air pollution and climate change mitigation actions by individual cities 

and across cities that are members of urban sustainability networks. Finally, this 

approach is compatible with the Global Burden of Disease (GBD) 2019 study, enabling 

consistent methodology for assessing burden of disease and comparison of results at 
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varying administrative levels (i.e., regional, national, urban).  

1.6 Research Aims 
 

This work intends to: 

1. Estimate ozone concentrations and mortality in 2019 for urban areas worldwide 

(including 12,946 cities and densely-populated towns), and their surrounding peri-

urban, peri-rural, and rural areas (URCAs or urban-rural catchment areas). 

2. Evaluate long-term trends in ozone exposure and attributable mortality across 

URCAs worldwide and by region over a period of 2000 to 2019. 

3. Evaluate long-term trends in ozone exposure and attributable mortality at the 

county-level in the U.S., characterize demographic factors in terms of ozone 

exposure, and examine long-term ozone health risk in areas designated by EPA to 

have nonattainment with EPA’s short-term ozone standard.  

Therefore, this research integrates atmospheric, demographic, and epidemiological 

data to advancing understanding of the ozone-attributable burden of disease at varying 

scales (i.e., regional, national, county, URCA, and city) and to equip national, state, 

local, and city governments and stakeholders with needed information for addressing air 

pollution challenges. 



 

 

Figure 1-1 Conceptual framework for ozone health impact assessment. 
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Chapter 2: Estimates of Ozone Concentrations and Attributable Mortality in 
Urban, Peri-Urban and Rural Areas Worldwide in 2019. 
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2.1 Abstract 
 

City-level estimates of ambient ozone concentrations and associated disease 

burdens are sparsely available, especially for low and middle-income countries. 

Recently available high-resolution gridded global ozone concentration estimates allow 

for estimating ozone concentrations and mortality at urban scales and for urban-rural 

catchment areas worldwide. We applied existing fine resolution global surface ozone 

estimates, developed by integrating observations (8,834 sites globally) with nine 

atmospheric chemistry models, in an epidemiologically-derived health impact function 

to estimate chronic respiratory disease mortality worldwide in 2019. We compared 

ozone season daily maximum 8 hour mixing ratio concentrations and ozone-

attributable mortality for urban areas worldwide (including cities and densely-

populated towns), and their surrounding peri-urban, peri-rural, and rural areas. In 

2019, population-weighted mean ozone among all urban-rural catchment areas was 

greatest in peri-urban areas (52 ppb), followed by urban areas (cities and towns; 49 

ppb). Of 423,100 estimated global ozone-attributable deaths, 37% (147,100) occurred 

in urban areas, where 40% of the world’s population resides, and 56% (254,000) 

occurred in peri-urban areas (<1 hour from an urban area), where 47% of the world’s 

population resides. Across 12,946 cities (excluding towns), average population-

weighted mean ozone was 51 ppb [sd=13 ppb, range=10–78 ppb]. Three quarters of 

the ozone-attributable deaths worldwide (77%; 112,700) occurred in cities of South 

and East Asia. City-level ozone-attributable mortality rates varied by a factor of 10 

across world regions. Ozone levels and attributable mortality were greatest in Asian 

and African cities; however, cities of higher-income regions, like high-income Asia 

Pacific and North America, continue to experience high ozone concentrations and 
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attributable mortality rates, despite successful national air quality measures for 

reducing ozone precursor emissions. The disproportionate magnitude of ozone 

mortality compared with population size in peri-urban areas indicates that reducing 

ozone precursor emissions in places that influence peri-urban concentrations can yield 

substantial health benefits in these areas. 

2.2 Introduction 
 

Tropospheric ozone is a harmful air pollutant that is associated with both short- 

and long-term respiratory and cardiovascular diseases [1-5]. In 2019, exposure to ozone 

worldwide was estimated to contribute to approximately 365,000 [95% Uncertainty 

Interval (UI): 175,000, 564,000] deaths and 6.2 (95% UI: 2.99, 9.63) million disability-

adjusted life years [3]. Recent assessments have demonstrated that ozone exposure is 

increasing globally, driven in part by highly populated and polluted regions of Asia and 

Africa [6]. Furthermore, ozone air pollution is likely to continue to worsen, especially in 

low- and middle-income nations, driven by both emission increases and climate change 

[7-9]. While some regions have seen reductions in ozone and ozone precursor emissions, 

likely due to successful ozone management policies, harmful levels of ozone persist in 

some regions and are anticipated to be exacerbated by climate change [6]. While 

information on air pollution-related health impacts is available at national and regional 

levels, city-level estimates remain limited, particularly for ozone exposure and within 

low and middle-income countries.  

Here, we leverage the recent availability of an ozone surface concentration dataset 

with sufficient global coverage and at relatively fine spatial resolution [6, 10] and apply 

a globally-consistent approach to estimate ozone-attributable mortality in cities 

worldwide. By using methods that are consistent across cities, we can compare how 
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ozone-attributable mortality differs for cities that have experienced different patterns of 

growth and regulation. Additionally, we compare ozone levels and attributable mortality 

burdens across urban, suburban, and rural areas. Our approach is also compatible with 

the Global Burden of Disease (GBD) 2019 study, enabling consistent methods for 

assessing disease burdens and comparing results at varying administrative levels (i.e., 

regional, national, urban). Our results provide an improved understanding of the range in 

ozone concentrations and associated disease burden in cities worldwide, which can be 

used to inform air pollution and climate change mitigation actions by individual cities 

and across cities that are members of urban sustainability networks. 

2.3 Methods 
 
2.3.1 Health impact function 
 

We use a commonly applied epidemiologically-derived health impact function, 

[32, 35-37]  to estimate ozone-attributable chronic respiratory disease (CRD) mortality 

in 2019 for urban areas worldwide (including 12,946 cities and densely-populated 

towns), and their surrounding peri-urban, peri-rural, and rural areas.  First, we calculate 

population attributable fraction (PAF) at the grid-cell level (Equation 1), which 

represents the proportion of disease burden that would be eliminated if the risk factor 

were reduced to the counterfactual pollutant concentration or theoretical minimum risk 

exposure level (TMREL) [37]: 

Equation 1. 𝑃𝐴𝐹 ൌ ൫1 െ 𝑒ିఉሺ௑ି ௑೎ሻ൯ 

where 𝛽 is the model-parameterized slope of the log-linear relationship between 

concentration and health endpoint from epidemiological studies, 𝑋 represents the 

spatially and temporally resolved grid-cell level exposure estimates for ozone and 𝑋௖ 

represents the TMREL. 
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We then calculate ozone-attributable mortality within each 1 km grid cell using 

the following equation: 

Equation 2. ∆𝑀 ൌ 𝑃𝐴𝐹 ൈ 𝑃𝑜𝑝 ൈ 𝑦଴ 

where ∆𝑀 is the disease burden (ozone-attributable deaths), 𝑃𝑜𝑝 is the population 

exposed, and 𝑦଴ is the baseline mortality or disease rate within the population of 

interest. Subsequently, ozone-attributable deaths in each grid cell are summed according 

to geographical extents.  

 
2.3.2 Population-weighted ozone concentrations  

We calculated population-weighted ozone concentrations to incorporate spatial 

distributions of population in our estimation of ozone exposure (Equation 3): 

Equation 3. ∑ሺ𝑃𝑜𝑝௞,௚ ൈ 𝐶𝑜𝑛𝑐௞,௚ሻ ൊ  ∑𝑃𝑜𝑝௞,௚ 

where 𝑃𝑜𝑝 and 𝐶𝑜𝑛𝑐 are the population and concentration of ozone, respectively, at the 

grid cell (g) within a geographical extent (k), such as the spatial boundary of a city. 

 
2.3.3 Data sources 

 
We use surface ozone estimates for 2019 which were used in the GBD 2019 

study, based on DeLang et al. [38]. They applied M3Fusion [22] and Bayesian 

Maximum Entropy Data Fusion [38-40] in sequence to fuse ozone ground measurement 

data from the Tropospheric Ozone Assessment Report [41, 42] and the Chinese National 

Environmental Monitoring Center Network, representing 8,834 monitoring sites 

globally, with nine chemical transport model estimates [38]. Output was subsequently 

downscaled to create fine (0.1 degree) resolution estimates of global surface ozone 

concentrations (Figure S1) by scaling relative to fine-resolution global model output, 

producing fine resolution estimates of ozone concentration (ppb) and variance (ppb2) 
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(Figure S2). Estimates are available for 1990 to 2017 for the ozone season daily 

maximum 8 h mixing ratio (OSDMA8) to allow for the quantification of health 

outcomes from long-term ozone exposure. OSDMA8 is calculated as the annual 

maximum of the six-month running mean of the monthly average daily maximum 8 

hour mixing ratio, including through March of the following year to contain the 

Southern Hemisphere summer. For the GBD 2019 study, the Institute for Health Metrics 

and Evaluation (IHME) extrapolated the available estimates to 2019 using log-linear 

trends based on 2008−2017 estimates. For our analyses, we regridded ozone data for 

2019 from 11 km (about 0.1 degree) to 1 km (about 0.0083 degree) resolution.  

We applied a relative risk (RR) for CRD mortality of 1.06 per 10 ppb ozone (95% 

CI: 1.03, 1.10) derived by GBD 2019 from a meta-regression of five cohorts from 

Canada, the United Kingdom, and the United States [15, 36, 43, 44]. GBD 2019 applied 

these RR estimates for chronic obstructive pulmonary diseases (COPD) only. However, 

studies have shown that additional respiratory outcomes are associated with ozone 

exposure beyond COPD [45], and the American Cancer Society Cancer Prevention 

Study II (ACS CPS II), one of the largest ozone epidemiology studies used to generate 

the GBD RR estimates, reported RR for total respiratory disease [15]. Therefore, we 

apply these RR estimates with baseline disease rates for CRD mortality. For the 

counterfactual concentration, below which health impacts are not calculated for ozone, 

we used the median (32.4 ppb of ozone) of the theoretical minimum risk exposure 

distribution (TMRED) used by the GBD 2019 study of 29.1-35.7 ppb of ozone, based on 

a uniform distribution around the minimum and fifth percentile values (29.1 and 35.7 

ppb, respectively) observed by Turner et al. [15]. We used national and subnational 

baseline disease rates for CRD mortality for all ages from the GBD 2019 study [36]. 
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Global population estimates for 2019 at 1 km (0.0083 degree) resolution were from 

WorldPop [46]. We evaluate the sensitivity of ozone-attributable CRD mortality 

estimates to the selection of key input parameters using the minimum and maximum of 

the TMRED, the lower and upper bound of the 95% confidence interval of the RR (1.03 

and 1.10, respectively), and the 95% UI of the baseline CRD mortality rates from the 

GBD 2019 study. In each of these analyses, we evaluate the sensitivity of an individual 

input parameter, while using the central tendency estimates of the other two parameters. 

To derive estimates for urban, peri-urban, and rural areas worldwide we use a 

modified dataset of urban-rural catchment areas (URCA) developed by Cattaneo et al. 

[47] (Supplementary Information). Using spatial datasets from the Global Human 

Settlement (GHS) Layer [48, 49] and applying a least-cost-path algorithm from Weiss et 

al. [50], Cattaneo et al. [47] matched the center of urban areas to their surrounding rural 

populations based on the time needed to reach urban center. Each 1-km pixel is 

classified according to travel times (by roads, railroads, navigable rivers, and surfaces 

traversed by foot) to differing-sized urban areas, as either being less than 1 hour (peri-

urban), 1 to 3 hours (peri-rural), or over 3 hours (dispersed towns and rural hinterland).  

Urban areas in the URCA dataset are comprised of boundaries for more than 

13,189 cities from the GHS Grid Settlement Model (GHS-SMOD) [48] and densely 

populated towns from the GHS population grid model [49]. Cities are defined as having 

a minimum population of 0.05 million and at least 1500 inhabitants km−2 or a built-up 

area of at least 50%, and towns as having populations between 0.02 to 0.05 million. 

Cities are further classified into 6 categories according to population size, as either a 

large city (1 to 5 or > 5 million), intermediate city (0.25 to 0.5 or 0.5 to 1 million), or 

small city (.05 to 0.1 or 0.1 to 0.25 million). Peri-urban, peri-rural and hinterland areas 
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in the URCA dataset define the land between urban areas. Dispersed towns are defined 

as isolated towns within hinterland areas of at least 5,000 inhabitants. We summarize 

ozone-attributable CRD mortality estimates according to urban, peri-urban, peri-rural, 

and rural areas worldwide and by region (see Supplementary data), and further stratify 

estimates for urban areas by cities and towns. For 243 cities, data on ozone, population, 

or baseline CRD mortality were not available. Consequently, our analysis includes the 

remaining 12,946 cities for which these data were available.  

2.4 Results 
 

We first evaluated population-weighted ozone and ozone-attributable mortality 

according to URCAs worldwide in 2019 (Table 2-1). Population-weighted mean ozone 

was greatest in peri-urban areas (mean=52 ppb), followed by urban areas (mean=49 

ppb). We estimated 423,100 deaths (95% CI of the central risk estimate: 223,200, 

659,400) were attributable to ambient ozone exposure worldwide in 2019, and 157,000 

(37%) of those deaths occurred in urban areas where 40% of the world’s population 

resides. An estimated 238,000 (56%) ozone-attributable deaths happened in peri-urban 

areas that are within one hour of an urban center, where 47% of the world’s population 

resides. Peri-urban areas around intermediate (0.5 to 1 million) and large cities (1 to 5 

million) had the greatest number of ozone-attributable deaths (49,400 and 69,200, 

respectively) and the highest average population-weighted mean ozone concentrations 

(54 and 55 ppb, respectively) compared with any other URCA category (Table S1). 

Large cities (> 5 million) had the fourth highest ozone-attributable mortality (41,500 

deaths) and fifth highest population-weighted mean ozone concentration (50 ppb) 

compared with all other areas.  Urban areas, followed by peri-urban areas, have the 

highest average CRD rates (53 and 47 deaths per 100,000, respectively), as compared 
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with other URCAs. 

In nearly half of the regions worldwide, population-weighted mean ozone was 

greatest in peri-urban areas, compared with other URCAs (Figure 2-1). This included 

regions with the largest share of global ozone-attributable deaths, South and East Asia. 

Regions with greater population-weighted mean ozone in urban centers included Central 

Latin America and High-income Asia Pacific. Andean Latin America, Central Sub-

Saharan Africa, and Southeast Asia had greater population-weighted mean ozone 

concentrations in peri-rural areas. All areas of Australasia and Oceania had population-

weighted mean ozone concentrations below the TMREL.  

Regionally, ozone-related deaths (Figure S8) and ozone mortality rates (Figure 2-

2) were greatest in peri-urban and urban areas, followed by peri-rural areas, and 

hinterlands. Regional ozone-attributable mortality rates stratified by URCAs varied by 

an order of magnitude (range=0.2–13.8). South and East Asia, Eastern and Western Sub-

Saharan Africa, as well as most high-income regions, had greater peri-urban mortality 

rates compared with those of other URCAs. Regions with greater urban mortality rates 

included Central Latin America and Southern Sub-Saharan Africa. Southern Latin 

America was the only region to have its highest ozone mortality rate in hinterland areas. 

The remaining regions had higher ozone mortality rates in peri-rural areas or equivalent 

rates across either urban or peri-urban areas and peri-rural areas.  

Patterns in ozone mortality rates (Figure 2-2) within URCAs are driven largely by 

variation in ozone concentrations (Figure 2-1). For example, URCAs of South and East 

Asia showed a similar pattern of greater ozone mortality rates and population-weighted 

mean ozone levels in peri-urban areas compared with other URCAs of those regions. 

However, inconsistencies between regions emerge, possibly reflecting the influence of 
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other factors, such as population and baseline disease, on ozone-attributable mortality 

for these regions. Comparing population-weighted (Figure 2-1) and grid-cell ozone 

(Figure S9) concentrations, we observe influences of population distributions on ozone 

exposure by URCA. Additionally, patterns in ozone mortality for Central Asia and 

North Africa and Middle East appeared to more closely follow patterns of baseline 

disease rates within URCAs of these regions (Figure S10). Across regions, patterns in 

baseline CRD rates within URCAs varied substantially. We observed higher baseline 

disease rates in URCAs of regions of Asia, including East Asia, as well as URCAs of 

some high-income regions, including North America. However, patterns of baseline 

disease rates in most regions did not closely match patterns of ozone mortality by 

URCA.  

Across regions, ozone-attributable mortality rates, alongside grid-cell and 

population-weighted mean ozone, and baseline disease rates, differed for URCAs of 

varying-sized cities (Figures S11-S31). For example, ozone-attributable mortality rates 

for URCAs of East Asia (Figure S18) and High-income Pacific (Figure S21) were 

greatest for towns, small cities, and intermediate cities with inhabitants ranging from 

0.02 to 0.5 million inhabitants; however, cities in these regions with populations greater 

than 0.5 million had higher mortality rates in peri-urban areas. These patterns in ozone-

attributable mortality within URCAs, as well as the variation observed in relation to 

varying-sized cities, were similarly driven largely by variation in population-weighted 

ozone concentrations. We note that some regions may have only single values for 

baseline disease rates across URCAs for a particular city size because that region may 

only have cities of a particular size in a single country or in several with closely similar 

values. 
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To understand how ozone concentrations and attributable-mortality vary between 

urban areas, we evaluated estimates at the city-level (excluding towns) for 12,946 cities. 

In 2019, the average population-weighted mean ozone concentration across cities was 

51 ppb [standard deviation (sd) = 13 ppb, range 10–78 ppb; n = 12,946]. We observed 

intra-region heterogeneity in population-weighted mean ozone that tended to be larger 

than regional average differences (Figure 2-3; Table S2). Regional average population-

weighted mean ozone was highest in cities of South Asia (mean=66 ppb; n=3,939), 

North Africa and the Middle East (mean=54 ppb; n=1,002), and West Sub-Saharan 

Africa (mean=50 ppb; n=909). The lowest regional average city-level population-

weighted mean ozone concentrations were observed in Australasia (mean=30 ppb; 

n=31) and Oceania (16 ppb; n=46). The remaining regions had average city-level 

population-weighted mean ozone concentrations between 34 ppb and 49 ppb. Of note, 

following cities of low and middle-income regions of Asia and Africa, those in high-

income regions had the next highest population-weighted mean ozone levels. For 

example, cities of High-Income Asia Pacific (n=147) and North America (n=373), had 

population-weighted mean ozone concentrations of 48 ppb and 43 ppb, respectively.  

We estimated that 146,400 (95% CI of the central risk estimate: 77,100, 228,700) 

deaths, roughly 35% of global ozone-attributable deaths, occurred in cities (n = 12,946) 

in 2019. For 665 (5%) cities, including all cities of Oceania, ozone concentrations were 

below the TMREL and ozone-attributable mortality was assumed to be zero. More than 

three quarters (77%; 112,700 deaths) of the ozone-attributable deaths in cities 

worldwide in 2019 occurred in cities of South and East Asia (47% and 29%, 

respectively; Table S3), where 42% of the world’s city-dwelling population resides. 

Cities located in high-income regions, including North America, Asia Pacific, and 
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Western Europe, and North Africa and the Middle East, where 19% of the world’s city-

dwelling population resides, had the next highest estimated ozone-attributable mortality, 

with an estimated 16,700 ozone-attributable deaths (11% of the global total). Cities of 

India and China represented 67% of the total ozone-attributable deaths across cities 

[56,500 deaths (39%) and 42,000 deaths (29%), respectively; Table S4]. Combined, 

these countries have 37% of the world’s population and 35% of the city-dwelling 

population. The countries with the next highest fraction of ozone-attributable deaths out 

of the total across cities were the United States, Bangladesh, and Pakistan [6,800 deaths 

(5%), 6,000 deaths (4%), 4,300 deaths (3%), respectively]. 

The regional city-level average ozone-attributable mortality rate (deaths per 

100,000 population) ranged by an order of magnitude (Figure 2-4a). The highest mean 

mortality rates were observed in cities of South Asia (mean=14; 69,500 deaths), 

followed by East Asia (mean=7; 43,200 deaths). Cities in high-income regions, 

including North America, Asia Pacific, and Western Europe had the next highest 

estimated ozone-attributable mortality rates. Cities in Andean Latin America, 

Australasia, Southern Latin America, and Oceania had the lowest mean ozone-

attributable mortality rates. Across cities worldwide by region, the fraction of CRD 

mortality attributable to ozone (%) closely resembled the distribution observed for 

population-weighted mean ozone concentrations by region (Figure 2-4b). Mean PAF, 

the percent of CRD mortality, was highest in cities of South Asia (mean=17.7%; 

n=3,939), North Africa and the Middle East (mean=11.9%; n=1,002), and West Sub-

Saharan Africa (mean=9.8%; n=909). The lowest regional average population-weighted 

mean PAFs were observed in Oceania (mean=0%; n=46), where regional ozone 

concentrations were below the TMREL, and Australasia (mean=0.4%; n=31). The 
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remaining regions had mean PAFs between 1.4% and 9.3%. 

Among the top 250 cities with the greatest ozone-attributable mortality, where 

half (51%; n=74,800) of the total ozone-attributable deaths in cities happened in 2019, 

deaths ranged from 75 to 3,400 and population-weighted mean ozone ranged from 37 

ppb to 78 ppb (Figure 2-5). More than three quarters (77%) of the top 250 cities were in 

South Asia and in East Asia. Cities of India and China comprised 41% and 30% of the 

top 250 cities, respectively, including the top 5 cities with the greatest ozone-attributable 

deaths [New Delhi, India (3,400 deaths; 64 ppb); Beijing, China (2,900 deaths; 66 ppb); 

Kolkata, India (2,700 deaths; 69 ppb); Mumbai, India (2,600 deaths; 65 ppb); 

Guangzhou, China (2,100 deaths; 43 ppb)].  

Finally, we evaluated the sensitivity of ozone-attributable CRD mortality 

estimates to the selection of health impact function input parameters, including the 

TMREL, RR, baseline disease rate, and population estimates (Figure S32 and 

Supplementary Information). We found that the selection of the RR estimate had the 

largest influence on estimated ozone-attributable mortality (47% decrease and 56% 

increase in ozone-attributable mortality, for low and high RR respectively). Compared 

with our analyses using ~1 km gridded population from WorldPop, we found that 

ozone-attributable mortality differed from our estimates by less than 3% percent when 

using ~11 km gridded global population estimates from Gridded Population of the 

World version 4.10, which were used in the GBD 2019 study. 

 
2.5 Discussion 
 

Our global ozone mortality estimates are similar to those reported in previous 

studies [36, 51]. Using similar methodology as the GBD 2019 study, we estimate 

roughly 15% more ozone-attributable deaths because we include all CRD (see 
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Supplementary Discussion). At national and regional scales, patterns of ozone 

concentrations in our study are also largely consistent with those observed by other 

studies for ozone and fine particulate matter (PM2.5), and similar to those for nitrogen 

dioxide (NO2) with the exception of regional average exposures [18, 35, 36, 51, 52]. For 

example, the GBD 2019 study similarly found that annual average PM2.5 concentrations 

were highest in Asia, Africa, and the Middle East. Several studies including the GBD 

2019 study observed greater air pollution concentrations and mortality occurring in India 

and China [34, 36, 51]. Consistent with our observation of high ozone burdens in high-

income regions, other studies have found high NO2-attributable pediatric asthma 

incidence burdens in high-income North America and high-income Asia Pacific [52-54]. 

While some high-income countries have experienced modest declines in ozone over the 

past several decades as a result of air quality improvements, air pollution burdens 

continue to remain high in these regions [18, 36].  

Cities of Asia, Africa, and the Middle East had the highest regional average 

population-weighted mean ozone concentrations, compared with cities of other regions. 

Cities within countries of South Asia, including Nepal and India, Bangladesh, and 

Pakistan, had the highest or among the highest observed regional average population-

weighted mean ozone concentrations. These findings are largely consistent with DeLang 

et al. [38], who found that increasing trends in global population-weighted ozone over 

1990-2017 were driven by highly populated and polluted regions of Asia and Africa. 

While ozone levels and mortality burdens were greatest in cities of low and middle-

income regions of Asia and Africa, cities of higher income regions, like high-income 

Asia Pacific and North America, continue to experience high ozone concentrations and 

attributable mortality rates, despite the success of extensive air quality control for 
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reducing ozone precursor emissions in many of these countries. Similar regional patterns 

for cities have been reported for concentrations of NO2 [52, 54]. Urban populations are 

expected to increase worldwide, ensuring that cities, as well as the peri-urban areas that 

rely on them for services, will continue to be important spaces for addressing ozone 

exposure [5].  

  The fraction of ozone mortality occurring in peri-urban areas worldwide 

exceeded the fraction of population in those areas, which was not the case for urban and 

peri-rural areas. This pattern of outsized peri-urban mortality was also observed when 

comparing URCAs by region. Population-weighted mean ozone was greatest in peri-

urban areas, followed by urban areas. Variation in ozone concentrations within regions 

by URCAs as well as across regions may reflect differing sensitivity regimes for ozone 

to nitrogen oxides (NOx) and volatile organic compounds (VOC). Our results may in 

part be explained by the formation of ozone as pollution plumes move downwind of city 

centers, high emissions in some peri-urban areas, as well as the destruction of ozone by 

NOx via NOx titration in urban centers. In cities with more polluted urban centers, higher 

NOx concentrations tend to reduce ozone concentrations in urban centers resulting in 

comparatively higher peri-urban ozone concentrations. Conversely, lower emissions of 

NOx in some cities likely contribute to higher ozone concentrations. This finding is 

consistent with those of other studies [8, 55]. Additionally, Yang et al. [56] examined 

ozone, NOx, and volatile organic compound VOC sensitivity regimes in major cities in 

China and found that large NOx emissions from industry and transportation have 

contributed to suppressed ozone concentrations in urban areas due to the NOx-titration 

effect. However, in suburban areas of some cities, the study found that the generation of 

ozone is less affected by anthropogenic emissions and more by the down-wind 
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migration of pollutants [56]. Further evaluation of these NOx-O3-VOC regimes across 

URCAs is needed. Additionally, while we do not expect to the see the same effect 

between urban and peri-urban areas for PM2.5 and NOx, because they are in part primary 

air pollutants and therefore likely have different spatial patterns, understanding of their 

individual contributions to air pollution risk across the urban and rural interface is also 

needed. 

Our study and approaches have several important limitations and uncertainties. 

First, our analyses are limited to ozone-attributable CRD mortality based on evidence of 

the influence of long-term ozone exposure on mortality [15]. Consequently, our analyses 

do not capture acute and other short-term health effects associated with ozone exposure, 

such as reduced lung function, hospital admissions and emergency department visits for 

asthma and respiratory infections, and possible increases in asthma development [45, 

57]. For example, Anenberg et al. [35] estimated that 9–23 million annual asthma 

emergency room visits globally in 2015 were attributable to ozone exposure and 

corresponded to 8–20% of the annual number of global visits. Additionally, ozone has 

been associated with non-respiratory health impacts such as cardiovascular disease, and 

specifically with increased rates of strokes as well as cardiac arrhythmia in persons with 

preexisting heart disease [14, 45, 58]. We report estimates with 95% confidence 

intervals on the relative risk estimate, which we identified to be the most sensitive input 

parameter with the widest confidence band. The relative risk estimates used in our 

analysis were derived from cohort studies of long-term ozone exposure in Canada, the 

United States, and the United Kingdom, which we apply globally for lack of 

alternatives, but for which there is greater uncertainty outside of these regions. 

Second, there are several limitations associated with our ozone exposure data. A 
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principal source of uncertainty in the dataset is associated with the lack of monitoring 

stations in large densely populated regions [38]. Specifically, spatial coverage of ozone 

monitoring networks is high in North America, Europe, South Korea, Japan, and China, 

but much lower across the rest of the world with very low data availability across 

Africa, the Middle East, Russia, Southeast Asia, and India. Ozone estimates in regions 

with fewer monitors (e.g., South Asia) are based mainly on bias-corrected model 

estimates and have greater uncertainty (See Supplementary Discussion) [22, 38].  

Additionally, the ozone dataset resolves fine-scale differences in urban and peri-urban 

areas where there are dense monitoring networks but is less likely to resolve differences 

elsewhere. Third, population and baseline CRD rate estimates are uncertain, particularly 

for low and middle-income countries where the availability of these data is often 

limited. For CRD rate estimates, we relied on national and subnational CRD rates from 

IHME. However, subnational rates are not available for all countries, and variations at 

higher resolution than the subnational level likely exist. This may particularly be true 

when comparing urban, peri-urban, and rural populations. Lastly, as we identified in our 

sensitivity analyses, in addition to the selection of baseline disease rate estimates, the 

selection of the TMREL and RR estimates also contributes to uncertainty in our 

analysis.  

2.6 Conclusions 
 

Urban areas, including cities and densely populated towns, accounted for 40% of 

the global population and 37% of global ozone-attributable mortality in 2019. In 

contrast, peri-urban areas, where 47% of the world’s population resides, accounted for 

56% of global ozone-attributable mortality in 2019. Mean ozone-attributable mortality 

rates for cities varied by a factor of 10 across regions worldwide and appeared to be 
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largely driven by differences in ozone exposure. We observed large inter- and intra-

regional variation in city-level ozone mortality rates. While ozone concentrations and 

burdens were greatest in Asian and African cities, cities of higher income regions, like 

high-income Asia Pacific and North America, continue to experience high ozone 

concentrations and attributable mortality rates, despite successful air quality measures 

for reducing ozone precursor emissions in many of these countries. The urban and peri-

urban interface has long been recognized as an important consideration for air pollution 

control strategies, and our findings highlight the importance of peri-urban regions for 

ozone-related health impacts. Our results can be used by policy makers to inform air 

pollution and climate change mitigation actions by individual cities and across cities that 

are members of urban sustainability networks.  
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Table 2-1. Summary statistics for simple and population-weighted mean ozone season daily maximum 8 h mixing ratio 
concentration (ppb), ozone-attributable mortality, and all-age population in 2019 according to urban-rural catchment area. 

Area Type a 

Average  
Ozone 

Concentration 
(ppb) 

Population-
Weighted 

Mean Ozone 
Concentration 

(ppb) 

Average 
Baseline 
Chronic 

Respiratory 
Disease Rate 
(Deaths per 

100,000) 

Ozone-attributable 
Chronic 

Respiratory 
Mortality in 

Thousands (% of 
Global Ozone 

Deaths) 

Population in 
Millions (% of 
Total Global 
Population) 

Hinterland (>3 hoursb) 37 42 37 3 (0.8) 151 (2) 
Peri-rural (2-3 hours b) 41 44 38 3 (0.8) 123 (1.6) 
Peri-rural (1-2 hours b) 42 45 41 22 (5.1) 657 (8.7) 
Peri-urban (0-1 hours b) 45 52 47 238 (56.3) 3,586 (47.4) 
Urban  48 49 53 157 (37.1) 3,055 (40.3) 

Towns (20k–50kd) 48 48 51 11 (2.5) 214 (2.8) 
Citiesc (> 50kd) 48 49 53 146.4 (34.6) 2,842 (37.5) 

Worldwide 39.8 – 39 423.1 (100) 7,572 (100) 
a Statistics stratified by area type subclassifications are available in Supplementary Table 4.  
b Travel time to an urban center. 
c Cities represent 12,946 GHS-SMOD cities from Pesaresi et al. (2019). 
d Population in thousands. 
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Figure 2-1. Population-weighted mean ozone season daily maximum 8 h mixing ratio 
(ppb) for each urban-rural catchment area by world region in 2019. 
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Figure 2-2. Ozone-attributable mortality rate for each urban-rural catchment area by 
world region in 2019. 

 
 

 

 

 

 

 



 

 
Figure 2-3. Population-weighted mean ozone season daily maximum 8 h mixing ratio (ppb) in 12,946 cities worldwide by region 
in 2019. Boxes represent the first quartile (q0.25) to the third quartile (q0.25) of the region-specific ozone distribution, with a 
bisecting line representing the median. Observations above q0.75 + 1.5 × 1QR or below q0.25 – 1.5 × 1QR were considered as 
potential outliers, with IQR representing the range between the q0.25 and q0.75.  
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Figure (2-4a.) Ozone-attributable mortality rate (Deaths per 100,000 population) in 12,946 cities worldwide by region in 2019. (2-4b.) 
Population attributable fraction (%) of Chronic Respiratory Disease mortality in 12,946 cities worldwide by region in 2019. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

31 

 a.  b. 



 

 
Figure 2-5. Number of ozone-attributable deaths for top 250 cities with the greatest ozone-attributable mortality in 2019. 
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Chapter 3: Trends in Ozone Concentration and Attributable Mortality for Urban, 
Peri-Urban and Rural Areas Worldwide between 2000 and 2019: Estimates from 
Global Datasets. 
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3.1 Abstract 

Background: Long-term trends of ozone exposure and attributable mortality 

across urban-rural catchment areas worldwide have limited availability, especially for 

low and middle-income countries.  

Methods: We use fine-resolution global estimates of ozone concentrations, 

population, epidemiologically-derived concentration-response functions, and country-

level baseline chronic respiratory disease (CRD) rates to estimate ozone-attributable 

CRD mortality for urban areas worldwide (including 12,946 cities and densely-

populated towns), and their surrounding peri-urban, peri-rural, and rural areas, from 

2000 to 2019. 

Finding: Ozone-attributable mortality worldwide increased by 46% (n=132,900) 

from 2000 [290,400 deaths (95%: 151,800, 457,600)] to 2019 [423,100 deaths (95% CI: 

223,200, 659,400)]. The fraction of global ozone-attributable mortality occurring in 

peri-urban areas remained unchanged from 2000 to 2019 (56%), whereas urban areas 

gained in their share of global ozone-attributable burden (from 35% to 37%; 54,000 

more deaths). Across 12,946 cities globally, average population-weighted mean ozone 

concentration increased by 11% (46 ppb to 51 ppb). Cities with concentrations above the 

World Health Organization peak season ozone standard (60 µg/m3) increased from 89% 

(n=11,568) in 2000 to 96% (n=12,433) in 2019. Regionally, percent change in city-level 

(n=11,032) ozone-attributable mortality ranged from -62% (Eastern Europe) to 350% 

(Tropical Latin America). The contribution of ozone concentrations, population size, 

and baseline CRD rates to the change in ozone-attributable mortality differed regionally. 

Interpretation: Ozone exposure is increasing worldwide, contributing to 

disproportionate ozone mortality in peri-urban areas and increasing ozone exposure and 
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attributable mortality in urban areas worldwide. Reducing ozone precursor emissions in 

areas affecting urban and peri-urban exposure can yield substantial public health 

benefits. 

3.2 Introduction 

Decades of scientific literature have demonstrated an association between 

exposure to tropospheric ozone, a harmful air pollutant, and short- and long-term 

respiratory and cardiovascular diseases [15, 16, 36, 43, 45]. The recent availability of 

fine resolution ozone surface estimates [22, 38] has enabled the estimation of ozone 

concentrations and ozone-attributable mortality burdens at global, regional and national 

scales, along with their temporal trends [36, 38]. DeLang et al. (2021) created fine (0.1 

degree) resolution estimates of global ozone season daily maximum 8 h mixing ratio 

(OSDMA8) concentrations for 1990 to 2017, by applying M3Fusion [22] and Bayesian 

Maximum Entropy Data Fusion (BME) [38-40] in sequence to fuse ozone ground 

measurement data from the Tropospheric Ozone Assessment Report [41, 42] and the 

Chinese National Environmental Monitoring Center Network, representing 8,834 

monitoring sites globally, with nine chemical transport model estimates [38]. Authors 

subsequently examined temporal and spatial trends globally and found that ozone 

exposure is increasing worldwide. A positive trend in global population-weighted 

OSDMA8 concentration over the period of 1990 to 2017 was attributed, in part, to 

strong positive trends in highly populated and polluted regions of Asia and Africa.  

Estimates of OSDMA8 concentrations from DeLang et al. (2021) were included 

in the Global Burden of Disease (GBD) 2019 study and were used to estimate ozone-

attributable chronic obstructive pulmonary disease (COPD) burdens worldwide 

(365,000 deaths), as well at regional, national, and for selected countries, at subnational 
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scales. To advance the understanding of how ozone exposure and attributable disease 

burdens vary within countries, we previously used OSDMA8 estimates from the GBD 

2019 study to estimate ozone concentrations and ozone-attributable chronic respiratory 

disease mortality for urban, peri-urban, and rural areas worldwide in 2019 [59]. We 

estimated that ozone was responsible for 423,100 (95% CI of the central risk estimate: 

223,200, 659,400) chronic respiratory disease (CRD) deaths worldwide in 2019. We 

found disproportionate ozone burdens in peri-urban areas worldwide (56%; n=238,000 

deaths), where nearly half (47%) of the global population lives. In urban areas, where 

40% of the global inhabitants reside, we estimated 157, 000 (37%) deaths were 

attributed to ozone exposure. 

Availability of information on spatial and temporal trends in ozone exposure and 

attributable mortality burden remain limited, and can inform national and city 

governments, international organizations, and global sustainability networks for the 

purposes of planning, standard and policy setting, and public education. Here we 

investigate long-term trends of OSDMA8 exposure and ozone-attributable mortality 

across urban, peri-urban, and rural areas worldwide from 2000 to 2019, as well as trends 

for 12,946 cities and densely populated towns worldwide.  

3.3 Methods 

3.1.1 Overview 

Following Malashock et al. [59], we use a health impact function [32, 35-37] to 

estimate ozone concentrations and ozone-attributable CRD mortality for urban areas 

worldwide, and their surrounding peri-urban, peri-rural, and rural areas.   

3.1.2 Population-weighted ozone concentrations 
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We use estimates of OSDMA8 for 2000 to 2019 from the GBD 2019 study, based 

on DeLang et al. [38]. OSDMA8 is calculated as the annual maximum of the six-month 

running mean of the monthly average daily maximum 8 hour mixing ratio, including 

through March of the following year to contain the Southern Hemisphere summer. By 

scaling relative to fine-resolution global model output, DeLang et al. [38] downscaled 

M3Fusion-BME model output to create fine (0.1°) resolution estimates of OSDMA8. 

For the GBD 2019 study, the Institute for Health Metrics and Evaluation (IHME) 

extrapolated the available estimates to 2019 using log-linear trends based on 2008−2017 

estimates. Yearly global population estimates at 1 km (about 0.0083 degree) resolution 

were from WorldPop [46]. We regridded OSDMA8 data to match the resolution of the 

WorldPop dataset. Despite the availability of prior year OSDMA8 concentrations from 

DeLang et al. [38], WorldPop estimates begin with the year 2000, and thus our analysis 

was constrained to 2000-2019. 

We calculate population-weighted ozone concentrations to incorporate spatial 

distributions of population in our estimation of ozone exposure (Equation 1): 

Equation 1. 𝑃𝑊𝐶௞,௚ ൌ  ∑ሺ𝑃𝑜𝑝௞,௚ ൈ 𝐶𝑜𝑛𝑐௞,௚ሻ ൊ  ∑𝑃𝑜𝑝௞,௚ 

where 𝑃𝑜𝑝 and 𝐶𝑜𝑛𝑐 are the population and concentration of ozone, respectively, at the 

grid cell (g) within a geographical extent (k), such as the spatial boundary of a city.  

3.1.3 Ozone-attributable risk estimation 

We calculate attributable fraction (AF) at the grid-cell level (g) (Equation 2), 

which represents the proportion of disease burden that would be eliminated if the risk 

factor were reduced to the counterfactual pollutant concentration or theoretical 

minimum risk exposure level (TMREL) [37]: 
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Equation 2. 𝐴𝐹௚ ൌ ൫1 െ 𝑒ିఉሺ௑೒ି ௑೎ሻ൯ 

where 𝛽 is the model-parameterized slope of the log-linear relationship between 

concentration and health endpoint from epidemiological studies, 𝑋 represents the 

spatially and temporally resolved grid-cell level (g) exposure estimates for ozone and 𝑋௖ 

represents the TMREL. 

We then calculate ozone-attributable mortality (equation 3) within each 1 km grid 

cell (g): 

Equation 3. ∆𝑀௚ ൌ 𝐴𝐹௚ ൈ 𝑃𝑜𝑝௚ ൈ 𝑦଴௖ 

where ∆𝑀 is the disease burden (ozone-attributable deaths), 𝑃𝑜𝑝 is the population 

exposed at grid-cell g, and 𝑦଴ is the baseline mortality or disease rate within country c. 

Subsequently, ozone-attributable deaths in each grid cell (g) are summed according to 

geographical extents.  

We use a three-year mean of the ozone concentration centered on the year of 

interest to smooth out year-to-year variability, as in Murray et al. [36]. For the 

counterfactual concentration, below which health impacts are not calculated for ozone, 

we use the median (32ꞏ4 ppb) of the theoretical minimum risk exposure distribution of 

ozone used by the GBD 2019 study (29ꞏ1 to 35ꞏ7 ppb), based on a uniform distribution 

around the minimum and fifth percentile values (29ꞏ1 and 35ꞏ7 ppb, respectively) 

observed by Turner et al. [15]. We use national and subnational baseline disease rates 

for CRD mortality for all ages from the GBD 2019 study [36].  

We apply a relative risk (RR) for CRD mortality of 1ꞏ06 per 10 ppb ozone (95% 

CI: 1ꞏ03, 1ꞏ10) derived by GBD 2019 from a meta-regression of five cohorts from 

Canada, the United Kingdom, and the United States [15, 36, 43, 44]. GBD 2019 applied 

these RR estimates for COPD only. However, studies have shown that additional 
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respiratory outcomes are associated with ozone exposure beyond COPD [45], and the 

American Cancer Society Cancer Prevention Study II (ACS CPS II), one of the largest 

ozone epidemiology studies used to generate the GBD RR estimates, reported RR for 

total respiratory disease [15]. Therefore, we apply these RR estimates with baseline 

disease rates for CRD mortality.  

To derive estimates for urban, peri-urban, and rural areas worldwide we use a 

dataset of urban-rural catchment areas (URCA) at 1 km from Malashock et al. [59], who  

modified an  URCA dataset originally developed by Cattaneo et al. [47] (see 

Supplementary Material). Urban areas in the URCA dataset are comprised of boundaries 

for more than 13,189 cities from the 2015 GHS Grid Settlement Model (GHS-SMOD) 

[48] and densely populated towns from the GHS population grid model [49]. Cities are 

defined as having a minimum population of 0ꞏ05 million and at least 1500 inhabitants 

km−2 or a built-up area of at least 50%, and towns as having populations between 0ꞏ02 to 

0ꞏ05 million. We summarize ozone-attributable CRD mortality estimates according to 

urban, peri-urban, peri-rural, and rural areas worldwide and by region, and further 

stratify estimates for urban areas by cities and towns. For 243 cities, data on ozone, 

population, or baseline CRD mortality were not available. Consequently, our analysis 

includes the remaining 12,946 cities for which these data were available.  

3.1.4 Trend analyses and drivers of change   

We conduct linear regressions of annual ozone concentrations and ozone-

attributable mortality against time in years to evaluate long-term trends. We evaluate the 

influence of each health impact function input parameter, including population, baseline 

CRD rates, and ozone concentrations, to temporal changes in ozone-attributable disease 

burden estimates for cities worldwide by region, following Southerland et al. [53]. 
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Using parameters held fixed at 2019 values as a control, we conducted three simulations, 

in which we reverted each parameter to 2000 estimates. The proportional impact of each 

parameter was quantified as the log-transform of the ratio of ozone-attributable CRD 

mortality obtained from each of these simulations to the net estimated change in ozone-

attributable CRD mortality between years 2000 and 2019. 

3.4 Results 

We first compared population-weighted ozone and ozone-attributable mortality in 

URCAs worldwide between 2000 and 2019. We observed clear increasing trends in 

population-weighted ozone concentration in all URCAs worldwide (Figure 3-1a; Table 

S1). Compared with all other URCAs, peri-urban areas had the greatest annual increase 

in population-weighted ozone concentration, which increased at an annual rate of 0.25 

ppb [standard error (se) = 0.03 ppb] from 47 ppb to 52 ppb, and the greatest percent 

change (11%) in population-weighted ozone from 2000 to 2019 (Table 3-1; Table S2). 

In terms of simple average ozone concentration (Figure S1), only hinterland areas 

experienced a decrease over the 20-year period. Urban areas and hinterland areas had 

the greatest percent change (5% and -5%, respectively) in simple average ozone 

concentration compared with all other URCAs from 2000 to 2019. 

In 2019, there were 46% [n=423,100 deaths (95% CI of the central risk estimate: 

223,200, 659,400)] more ozone-attributable deaths worldwide than in 2000 [290,400 

deaths (95% CI: 151,800, 457,600)] (Table S2). As in 2000, the greatest burden of 

ozone-attributable deaths continued to be found in peri-urban areas in 2019, where 

nearly half of the world’s population resides (Table 3-1). The share of the total global 

burden of ozone-attributable mortality by URCA remained roughly consistent from 

2000 to 2019, except for urban areas which increased from 35% to 37% and in peri-rural 
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areas (1-2 hours from an urban area) which decreased from 7% to 5%. Ozone-

attributable mortality rates increased in peri-urban and urban areas [0ꞏ04 (se = 0ꞏ01) and 

0ꞏ01 (se = 0ꞏ01) deaths per 100,000 per year, respectively] and decreased in other 

URCAs worldwide (range: -0ꞏ03 to -0ꞏ05 deaths per 100,000 population per year) 

between 2000 and 2019 (Figure 3-1b and Table S1). Peri-urban and hinterland areas had 

the greatest percent increase (18%) and decrease (-25%), respectively, in ozone-

attributable mortality rate from 2000 to 2019.  

Regionally, percent change in population-weighted ozone concentrations by 

URCA from 2000 to 2019 varied considerably (Figure S4). Roughly half of world 

regions had decreasing ozone trends across the majority of URCAs within their region, 

including Central Asia, Central Europe, and High-income North America. Several high-

income regions showed decreasing population-weighted ozone across all URCAs except 

for urban areas. In High-income Asia Pacific and Western Europe, urban ozone 

concentrations increased by 8% and 1%, respectively, while hinterlands concentrations 

dropped by 77% and 21%. South and East Asia, the regions with the greatest share of 

the global population and ozone-attributable mortality in 2019, showed opposing ozone 

trends; population-weighted ozone concentration increased across all URCAs in South 

Asia and decreased across all URCAs in East Asia. In South Asia, the greatest increases 

from 2000 occurred in urban and peri-urban areas (both 20%). In East Asia, peri-rural 

and hinterland areas had the greatest percent decreases in population-weighted ozone 

(range: -6% to -9 %). Population-weighted ozone concentration increased across all 

URCAs of regions of Sub-Saharan Africa. 

For most world regions, percent change in ozone-attributable mortality rates from 

2000 to 2019 across URCAs (Figures S5 and S6) followed a similar pattern to that of 
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population-weighted ozone concentration (Figure S4). For example, both population-

weighted ozone concentrations and ozone mortality rate increased across URCAs of 

South Asia and were greatest in urban and peri-urban areas. Additionally, similar 

increases in both population-weighted ozone concentrations and ozone mortality rate 

were observed for all regions of Sub-Saharan Africa. Patterns in percent change in 

population (Figure S7) and baseline CRD rates (Figure S8) by URCAs also varied 

substantially by region but did not appear to have similar trends as observed for ozone-

attributable mortality rates.  

To understand how ozone concentrations and attributable-mortality vary between 

urban areas, we evaluated estimates at the city-level (excluding towns) for 12,946 cities. 

Population-weighted mean ozone concentration, averaged across all 12,946 cities 

worldwide, increased between 2000 and 2019 by 11%, from 46 ppb to 51 ppb (Table 

S3). The percentage of cities worldwide with OSDMA8 concentrations above the 2021 

World Health Organization (WHO) ozone peak season standard of 60 µg/m3 (~30 ppb) 

increased from 89% (n=11,568) in 2000 to 96% (n=12,433) in 2019. Trends in annual 

average population-weighted mean ozone concentration for cities worldwide over this 

time varied substantially by region (Figure 3-2a and Figures S9-S15; Table S4). Annual 

average population-weighted mean ozone concentrations increased most in South Asia 

[annual rate of 0ꞏ61 ppb (se= < 0ꞏ001) from 55 ppb to 66 ppb] and Sub-Saharan Africa 

[0ꞏ6 ppb (se=0ꞏ01) from 35 ppb to 46 ppb] (Tables S4 and S7). Urban ozone in regions 

of Central Europe, Eastern Europe, High-income North America, Western Europe, 

Caribbean, Central Latin America, and East Asia had decreasing trends. A decreasing 

trend in population-weighted mean ozone for high-income regions was largely driven by 

decreases in high-income North America, which had an annual decrease of -0ꞏ33 ppb 
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(se=0ꞏ01) from 49 to 43 ppb.  

Urban ozone-attributable deaths increased by 53% from 95,600 deaths (95%: 

49,900, 150,900) in 2000 to 146,400 deaths (95% CI: 77,100, 228,700) in 2019 (Table 

S3). Ozone-attributable mortality in cities accounted for 33% of total global ozone- 

attributable mortality and cities had 35% of the world population in 2000. These 

increased to 35% and 38%, respectively, in 2019. Cities within East Asia and South 

Asia had the greatest share of city-level ozone-attributable mortality worldwide in 2000 

and 2019. Cities of East Asia led in the greatest number of ozone-attributable deaths in 

2000 (n= 46,400 deaths in 2000 and n=43,200 in 2019) but fell to second place in 2019 

as ozone-attributable deaths in cities of that region decreased from 2008 to 2014; 

meanwhile ozone-attributable mortality dramatically increased in cities of South Asia 

(n=28,900 deaths in 2000 and n=69,500 in 2019).   

Percent change in ozone-attributable mortality averaged across cities (n=11,032) 

within each region from 2000 to 2019 (Table S5) ranged from -62% (Eastern Europe) to 

350% (Tropical Latin America). Percent changes in ozone-attributable mortality 

appeared to correspond to similar changes in population-weighted mean ozone 

concentrations. A total of 1,666 cities worldwide experienced ozone-attributable 

mortality increases from zero over the period of 2000 to 2019, whereas 248 cities 

worldwide experienced ozone-attributable mortality decreases to zero (Table S6). Cities 

with increases in ozone-attributable mortality from zero in 2000 were predominately 

found in South Asia (n=484), Sub-Saharan Africa (n=422), and Southeast Asia (n=311). 

Roughly half of the cities experiencing decreases in ozone-attributable mortality to zero 

occurred in Central Europe, Eastern Europe, and Central Asia (n=134), primarily driven 

by decreases in Central European cities (n=98). 
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Trends in annual average ozone-attributable mortality rates (deaths per 100,000) 

by region closely resembled annual trends for ozone concentrations (Figures 3-2b and 

S16-S22), with increasing trends for most super regions except for Central Europe, 

Eastern Europe, and Central Asia and High-income regions (Table S4). Southeast Asia, 

East Asia, and Oceania had increasing population-weighted ozone and decreasing 

ozone-attributable mortality rate trends. For South and East Asia, patterns of population-

weighted mean ozone and ozone-attributable mortality were closely matched. Cities of 

Southeast Asia had the greatest percent increase (249%) in ozone-attributable mortality 

rate over 2000 to 2019 compared with all other regions (Table S5); cities within the 

Eastern Europe, Caribbean, East Asia had the greatest decreasing percent change (-63%, 

-40%, and -27%, respectively). 

Among the 250 most populous cities worldwide (Table S9), population-weighted 

mean ozone increased by 10% from 2000 to 2019, ranging across cities from -36% to 

92% (Figure 3-3a; Table S10). Attributable mortality among the top 250 cities 

comprised 37% of the total global ozone-attributable mortality in the year 2000 (36,300 

deaths) and 43% of the total global ozone-attributable mortality in 2019 (63,400 deaths). 

Out of the 250 cities, 61% (n=152) experienced an increase in ozone-attributable 

mortality rate. Cities in Central Europe, Eastern Europe, and the Caribbean had the 

largest percent decrease in population-weighted mean ozone (-14%, -15%, and -12%, 

respectively). Cities within Latin America, Sub-Saharan Africa, and South and 

Southeast Asia experienced the greatest increases in population-weighted mean ozone, 

followed by increases in several high-income regions, including Western Europe and 

High-income Asia Pacific.  

Lastly, we find that drivers of observed trends in estimated ozone-attributable 
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mortality, changing concentrations in ozone, population, and baseline chronic 

respiratory disease rates, vary widely by region in terms of the magnitude of their 

contribution (Figure 3-4). We found that in most regions, changes in ozone, followed by 

population, had the most profound impact on estimated mortality. In a few regions, 

including High-income Asia Pacific and East Asia, changes in baseline disease rates 

were key drivers of change in attributable mortality. We also see that despite decreases 

in ozone concentrations in certain regions, such as in High-income North America and 

Central Latin America, increases in population and baseline disease are continuing to 

drive increases in ozone-attributable mortality. 

3.5 Discussion 

We estimated that 46% (n=132,900 deaths) more ozone-attributable deaths 

occurred worldwide in 2019 [423,100 (95% CI: 223,200, 659,400)] than in 2000 

[290,400 deaths (95%: 151,800, 457,600)]. We found that ozone exposure is increasing 

worldwide, with the largest increases in population-weighted ozone concentration and 

ozone-attributable mortality rate occurring in peri-urban areas, where ozone exposure is 

currently disproportionately impacting health.  The fraction of the global burden of 

ozone-attributable mortality occurring in peri-urban areas remained unchanged from 

2000 to 2019 (56%), and the fraction of global population residing in peri-urban areas 

decreased from 49% to 47%. Urban areas have gained in their share of both global 

ozone-attributable burden (from 35% to 37%; 54,000 more deaths) and population (from 

38% to 40%; 819 million more inhabitants). Projections of the global population show 

that the proportion of the world population in urban areas is expected to increase to 68% 

by 2050, and that cities will absorb virtually all of the future growth of the world’s 

population [5]. These projections, coupled with our findings of increasing urban ozone-
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attributable burden, suggest that reducing emissions in areas that affect urban ozone 

exposure will become increasingly important. 

Our study provides a comprehensive and globally consistent evaluation of long-

term ozone and ozone-attributable mortality trends for cities worldwide. We find that 

across 12,946 cities globally, average population-weighted mean ozone concentration 

increased between 2000 and 2019 by 11%, from 46 ppb to 51 ppb. The percentage of 

cities worldwide with concentrations above the WHO peak season ozone standard of 60 

µg/m3 (~30 ppb) [60] increased from 89% (n=11,568) in 2000 to 96% (n=12,433) in 

2019. We observed increasing population-weighted mean ozone trends for cities of most 

world regions, though urban ozone in regions of Central Europe, Eastern Europe, High-

income North America, Western Europe, Caribbean, Central Latin America, and East 

Asia had decreasing trends. Across regions worldwide, trends in annual average ozone-

attributable mortality rates for cities closely followed trends for annual ozone 

concentrations but appeared to be amplified when average percent changes in 

population-weighted ozone concentrations and baseline CRD rates were of similar 

magnitude.  

Our findings are consistent with previous studies, which have observed 

decreasing ozone trends across URCAs of the United States [7, 8], and increasing ozone 

trends in cities of Europe [61] [62] [7], China [56, 63-67], Brazil [68] and Iran [69]. We 

saw declines in ozone and ozone-attributable mortality across all URCAs of High-

Income North America. Additionally, population-weighted ozone decreased across the 

majority of the most populated U.S. cities and increased in some western U.S. cities. 

Simon et al. (2015) similarly observed decreasing trends during summer and winter, 

across urban, suburban, and rural locations and across all regions of the country, 
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demonstrating the large-scale success of U.S. control strategies targeted at decreasing 

peak ozone concentrations [8]. Sicard et al. (2021) examined trends among cities within 

European Union member countries, observing increasing trends in both ozone 

concentrations and ozone-related deaths over 2000 to 2017. While we similarly 

observed increasing urban ozone trends in urban areas of Western Europe, we 

dissimilarly found decreasing trends in population-weighted ozone concentrations across 

urban areas of Central and Eastern Europe.  

As we identified in our prior analyses of ozone and ozone-attributable mortality in 

2019 [59], our study and methodology have several important limitations and 

uncertainties (see Supplemental Discussion). In addition to being unable to account for 

all the uncertainties inherent in the health impact assessment inputs and assumptions, the 

availability of ozone monitoring data, as well as information on population and baseline 

CRD, remain limited in some regions, and particularly for low and middle-income 

countries. Despite these limitations and uncertainties, our results advance beyond prior 

studies by extending the global coverage to thousands of cities, as opposed to hundreds 

of cities, and provides a longer temporal record from 2000-2019. Additionally, our 

findings provide a consistent characterization and analysis of ozone exposure and 

attributable burden by URCA worldwide, demonstrating the importance of peri-urban 

areas for ozone-related health impacts. Lastly, our results highlight the influence of 

demographic factors, including population and baseline disease, in shaping ozone 

burden worldwide, and the need for these factors to be considered by air pollution 

mitigation strategies. Our results can be used by policy makers to inform air pollution 

and climate change mitigation actions by individual cities and across cities that are 

members of urban sustainability networks. 
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Table 3-1. Percent change (%) in simple average and population-weighted mean ozone season daily maximum 8 h mixing ratio, all-age 
population, average baseline chronic respiratory disease rate, and ozone-attributable chronic respiratory disease mortality from 2000 to 2019 
by urban-rural catchment area. 

Area Type 

 Percent Change (%) 

Average  
Ozone 

Concentration  

Population-Weighted 
Mean Ozone 

Concentration  
Population  

Average Baseline 
Chronic Respiratory 

Disease Rate  

Ozone-attributable 
Chronic 

Respiratory 
Mortality Rate 

Hinterland (>3 hoursa) -5 8 44 -3 -25 

Peri-Rural (2-3 hoursa) 2 8 30 -5 -24 

Peri-Rural (1-2 hoursa) 2 7 21 -2 -11 

Peri-Urban (0-1 hoursa) 4 11 25 0 18 

Urbana 5 8 37 -2 11 

Towns (20k–50kc) 5 7 48 -4 11 

Citiesb (> 50kc) 5 8 36 -2 13 

Worldwide -3 11 30 -5 12 
a Travel time to an urban center. 
b Cities represent 12,946 GHS-SMOD cities from Pesaresi et al. (2019). 
c Population in thousands. 
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Figure (3-1a.) Population-weighted mean ozone season daily maximum 8 h mixing ratio (ppb) and (3-1b.) ozone-attributable chronic 
respiratory disease mortality by urban rural catchment area between 2000 and 2019. 
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a. b. 



 

 
 

Figure (3-2a.) Annual average population-weighted mean ozone concentrations (ppb) and (3-2b.) annual ozone-attributable mortality rate 
(deaths per 100,000 population) for 12,946 urban areas by GBD super region between 2000 to 2019. 
 
 

a. b. 
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Figure (3-3a.) Percent change in population-weighted mean ozone season daily maximum 8 h 
mixing ratio (ppb) and (3-3b.) ozone-attributable mortality rate (deaths per 100,000 
population) from 2000 to 2019 for the 250 most populous cities worldwide. Note: Bucharest, 
Romania was the only city to experience a decrease to 0 in ozone-attributable mortality rate. 

 



 

 
Figure 3-4. Contribution of changes in baseline chronic respiratory disease (CRD) rates, ozone season daily maximum 8 h mixing 
ratio (ppb), and population to changes in estimated urban ozone-attributable CRD mortality between the year 2000 and 2019 for 
each world region. Note: Andea Latin America is not included in this Figure, as ozone-attributable mortality for this region 
increased from 0 in 2000, which corresponded in 2019 with an infinite percent change. 
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Chapter 4. Evaluating Trends in Ozone Concentrations and Attributable Mortality for 
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4.1 Abstract 
 

Background: Short-term ozone concentrations, which are associated with multiple 

negative health outcomes, have declined in the U.S. over past decades. However, seasonal 

average ozone is also associated with premature respiratory mortality, and spatiotemporal 

and demographic patterns are not well known. 

Methods: We estimate ozone-attributable CRD mortality for counties nationwide 

from 2000 to 2019 using a health impact function. Inputs include existing fine-resolution 

(0.1°) ozone season daily maximum 8-hour mixing ratio (OSDMA8) concentration 

estimates, developed by integrating observations (8834 sites globally) with nine 

atmospheric chemistry models, estimates of population and county-level baseline chronic 

respiratory disease (CRD) rates, and epidemiologically-derived concentration-response 

functions. 

Results: Despite decreasing nationwide from 2000 to 2019, OSDMA8 

concentrations remain above the World Health Organization peak season ozone guideline 

of 60 µg/m3 (~30 ppb) and are associated with an estimated 14,100 (95% CI: 12,300, 

16,100) premature deaths annually. Compared with other racial and ethnic groups in 2019, 

Asian and Native Hawaiian/Other Pacific Islander populations had the greatest proportion 

of population (49%) residing in counties with the highest quintile of U.S. ozone 

concentrations (56 ppb to 67 ppb), followed by Americans with two or more races and 

Hispanic populations (45%). Large urban, followed by suburban areas of large urban, 

areas had the highest ozone concentrations (46 and 43 ppb, respectively) and proportions 

of ozone-attributable mortality nationwide (30% and 24%). Ozone concentrations declined 
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more in counties considered to be in attainment with EPA’s 8-Hour Ozone (2015) 

NAAQS, compared with nonattainment areas, however ozone-attributable mortality rates 

were the same magnitude in attainment and nonattainment areas in 2019 (7 deaths/100,000 

population) because attainment areas had higher CRD rates (140 vs. 100 deaths/100,000 

population). 

Conclusion:  Lowering seasonal average ozone concentrations in the U.S. is 

important for lessening the ozone-attributable public health burden. Future work should 

use more highly resolved ozone estimates to explore spatiotemporal patterns by population 

subgroups.  

4.2 Introduction 
 

Short-term and long-term exposure to tropospheric ozone is associated with 

respiratory and cardiovascular health impacts, along with damage to sensitive vegetation 

and ecosystems [13-15, 43, 45]. In recognition of epidemiological evidence of an 

association between long-term ozone exposure and increased risk of mortality [13], the 

World Health Organization (WHO) established a new air quality guideline in 2021 for 

peak season ozone of 60 µg/m3 (~30 ppb) [70]. Conversely, the U.S. Environmental 

Protection Agency (EPA) has not adopted a standard for long-term ozone. In 2015, EPA 

updated its short-term ozone National Ambient Air Quality Standard (NAAQS) to 70 parts 

per billion (ppb) in the form of a 3-year average of the annual fourth-highest daily 

maximum 8-hour average ozone concentrations.  

In a 2020 rulemaking, EPA decided to retain, without revision, its existing primary 

and secondary ozone NAAQS. In its 2020 decision, EPA concluded that the evidence was 
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not yet robust to establish a long-term ozone standard [12, 45]. However, EPA recently 

signaled that it intends to reconsider its 2020 decision, citing legal challenges to its 2020 

decision as well as the completion of the review without beneficial input from an ozone-

specific panel supporting the Clean Air Scientific Advisory Committee. EPA intends to 

revisit the body of evidence of short- and long-term ozone exposure and associated health 

impacts, with the goal of completing a review by the end of 2023 [71]. 

Large cohort studies carried out in the United States, including one conducted by 

Jerrett et al. [43] using data from the large (n = 448,850) American Cancer Society Cancer 

Prevention Study II (ACPS-II), have reported a mortality effect with long-term exposure 

[14, 15, 43]. Additionally, Lim et al. [14], which published findings after EPA’s ozone 

NAAQS rulemaking, evaluated long-term ozone exposure with all-cause and cause-

specific mortality in a large prospective cohort (n=548,780) of U.S. adults from 1995 to 

2011 and similarly found that long-term exposure to ozone is associated with increased 

risk for multiple causes of mortality, including respiratory disease. Information from 

epidemiological studies have subsequently been used to estimate the annual health burden 

of long-term ozone exposure in the U. S. [9, 11]. 

Short-term ozone concentrations have been declining nationwide over the past 

decades [7-9]. However, long-term ozone exposure is considered to pose a significant 

public health burden globally [8-11]. Consequently, further assessment is needed to 

understand how progress towards achieving short-term ozone standards in the U.S. has 

impacted long-term ozone health risks, particularly in areas designated as in nonattainment 

with EPA’s 2015 ozone standard, where U.S. ozone management activities are focused. 
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Additionally, more information is needed to understand whether this progress has been 

shared equitably across the U.S.   

Here we evaluate 20-year trends in ozone season daily maximum 8 h mixing ratio 

(OSDMA8) and ozone-attributable mortality across U.S. counties and examine how long-

term ozone risks have changed over time in areas designated by EPA to be in either 

attainment or nonattainment with EPA’s short-term ozone standard. Additionally, to 

determine whether reductions in ozone exposure are occurring equitably across the U.S., 

we compare ozone exposure levels for different population subgroups, including by race 

and ethnicity, and examine how population proportions residing in counties with 

corresponding ozone exposure levels has changed over time. Finally, we simulate the 

potential public health benefits of reductions in ozone exposure nationwide using 

incremental rollback scenarios.  

4.3 Methods 
 

4.3.1 Overview 
 

Following methods described by Malashock et al., we apply estimates of ozone 

concentrations, population, and baseline chronic respiratory disease (CRD) mortality in a 

health impact function [32, 35-37] to estimate ozone concentrations and ozone-attributable 

CRD mortality for U.S. regions, states, and counties nationwide from 2000 to 2019. We 

examine the proportion of U.S. population by sociodemographic categories residing in 

counties with corresponding mean ozone concentrations and conduct linear regressions of 

annual ozone concentrations and ozone-attributable mortality against time in years to 

evaluate long-term trends. 
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4.3.2 Population-weighted ozone concentrations 
 

 We use estimates of OSDMA8 concentrations for 2000 to 2019 from the Global 

Burden of Disease (GBD) 2019 study, based on DeLang et al. [38] (see supplemental text 

for more information). OSDMA8 is calculated as the annual maximum of the six-month 

running mean of the monthly average daily maximum 8 hour mixing ratio, including 

through March of the following year to contain the Southern Hemisphere summer. We 

average OSDMA8 concentrations to county-levels. Estimates were not calculated for U.S. 

counties in American Samoa, Guam, Northern Mariana Islands, Puerto Rico, and Virgin 

Islands. Additionally, estimates in five counties of Hawaii were not available and 

subsequently excluded. Out of 3,142 U.S. counties, estimates were calculated for 3,137. 

Yearly county-level population estimates were obtained from the U.S. Census Bureau for 

2000 to 2010 [72] and 2010 to 2019 [73], in 5-year age groups and stratified by gender, 

race and ethnicity. 

We evaluate ozone trends at the U.S. national, regional and divisional, and state 

levels by calculating population-weighted ozone concentrations that incorporate the spatial 

distributions of population (Equation 1): 

Equation 1. 𝑃𝑊𝐶௞,௚ ൌ  ∑ሺ𝑃𝑜𝑝௞,௚ ൈ 𝐶𝑜𝑛𝑐௞,௚ሻ ൊ  ∑𝑃𝑜𝑝௞,௚ 

where 𝑃𝑜𝑝 and 𝐶𝑜𝑛𝑐 are the population and ozone concentration, respectively, for county 

(g) within geographical extent (k), such as the spatial boundary of a state.  

4.3.3 Ozone-attributable risk estimation 
 

We calculate attributable fraction (AF) at the county level (g) (Equation 2), which 

represents the proportion of disease burden that would be eliminated if the risk factor were 
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reduced to the counterfactual pollutant concentration or theoretical minimum risk 

exposure level (TMREL) [37]: 

Equation 2. 𝐴𝐹௚ ൌ ൫1 െ 𝑒ିఉሺ௑೒ି ௑೎ሻ൯ 

where 𝛽 is the model-parameterized slope of the log-linear relationship between 

concentration and health endpoint from epidemiological studies, 𝑋 represents the spatially 

and temporally resolved county level (g) average OSDMA8 concentration and 𝑋௖ 

represents the TMREL. 

We then calculate ozone-attributable mortality (Equation 3) within each county (g): 

Equation 3. ∆𝑀௚ ൌ 𝐴𝐹௚ ൈ 𝑃𝑜𝑝௚ ൈ 𝑦଴௖ 

where ∆𝑀 is the disease burden (ozone-attributable deaths), 𝑃𝑜𝑝 is the population in 

county g, and 𝑦଴ is the baseline mortality or disease rate within county c. Subsequently, 

ozone-attributable deaths in each county (g) are summed according to geographical extents 

(e.g., states and U.S. Census regions).  

We use a three-year mean of the OSDMA8 concentration centered on the year of 

interest to smooth out year-to-year variability, following Murray et al. [36]. For the 

counterfactual concentration, below which health impacts are not calculated for ozone, we 

use the median (32.4 ppb) of the theoretical minimum risk exposure distribution of ozone 

used by the GBD 2019 study (29.1 to 35.7 ppb), based on a uniform distribution around 

the minimum and fifth percentile values (29.1 and 35.7 ppb, respectively) observed by 

Turner et al. [15].  

We estimate county-level respiratory disease mortality rates using the Center for 

Diseases Control and Prevention, National Center for Health Statistics Wonder Online 
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Database [74]. To overcome data unavailability or loss due to suppression, where any 

counts fewer than 10 are suppressed for confidentiality reasons, resulting in left-censored 

data, we substitute with state-level mortality rates. Disease codes were collected for 

chronic respiratory diseases (ICD 10: J00–J98) following the cause list used by Turner et 

al. [15] in their analysis of ozone exposure and respiratory mortality in ACPS-II and most 

recently in Lim et al. [14].  

We apply a relative risk (RR) for CRD mortality of 1.06 per 10 ppb ozone (95% CI: 

1.03, 1.10) derived by GBD 2019 from a meta-regression of five cohorts from Canada, the 

United Kingdom, and the United States [15, 36, 43, 44] with baseline disease rates for 

CRD mortality.   

4.3.4 Analysis of Ozone Exposure by Sociodemographic Factors and Urbanicity 
 

 In addition to collecting population estimates by race and ethnicity as mentioned 

above, we collected information from the U.S. Census Bureau on educational attainment 

[75], income and poverty status [76], and health insurance status [77]. To summarize 

results and trends according to urbanicity of U.S. counties, we use the Urban-Rural 

Classification Scheme from the National Center for Health Statistics (see Supplemental 

Discussion for more information) [78].   

4.3.5 Rollback Scenarios and Evaluation of EPA Non-Attainment Areas  
 

 We examine reductions in ozone-attributable mortality according to rollback 

scenarios in which ozone concentrations are reduced in 10% increments up to 40%. Using 

gridded OSDMA8 concentration estimates for 2019 as the baseline, ozone concentrations 
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for rollback scenarios were estimated by multiplying the baseline grid-cell ozone 

concentrations by the inverse of the desired percent reduction (0.9, 0.8, 0.7, and 0.6 for a 

10%, 20%, 30%, and 40% reduction, respectively). Finally, we compare estimates of 

ozone exposure and attributable burden by areas designated as in attainment or not in 

attainment (nonattainment) with EPA’s 8-Hour Ozone (2015) NAAQS [79]. 

Nonattainment areas often do not match county administrative boundaries. As such, we 

identified counties (n=198) that either completely or partly overlap EPA 8-hour Ozone 

non-attainment areas, which subsequently were used for analysis. 

 
4.4 Results 

 

4.4.1 National, Regional, and County Ozone Concentration Trends 
 

 We observed decreasing trends in population-weighted OSDMA8 ozone 

concentrations across U.S. regions and divisions from 2000 to 2019 (Figures 4-1a and S1). 

Compared with all other regions, counties in the U.S. South had the greatest annual 

decrease in average ozone concentration (-0.59 ppb [standard error (se) = 0.04 ppb] yr−1; 

Tables S1–S2), and the greatest percent change (-23%, from 52 ppb to 40 ppb) in average 

ozone concentration from 2000 to 2019 (Table S3). Counties in the U.S. West had the 

smallest decrease in ozone concentrations of -0.13 ppb [se = 0.03] yr−1, and the smallest 

percent change (-4%) in average ozone concentration from 2000 to 2019. State-level 

ozone concentrations primarily decreased, however in some states, including Connecticut 

and California, concentrations have begun to plateau in recent years, whereas Oregon and 

Washington had increasing trends (Figures S3–S5). Oregon had the most dramatic 
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increase in state-wide ozone concentration of 7% from 41 ppb in 2000 to 44 ppb in 2019 

(Tables S4–S5). Out of 3136 counties nationwide, a total of 94 counties (3%) had 

increasing percent change in simple average ozone concentrations from 2000 to 2019, 

ranging from 1% to 50% (Figures 4-2a and S6–S7; see Supplemental text for additional 

discussion). A total of 22 counties experienced no change in ozone concentrations, and the 

remaining 3020 counties had decreasing simple average ozone concentrations ranging 

from -1% to -35%.  

 
4.4.2 Ozone Exposure Trends by Urban-Rural Areas  

 
In 2019, population-weighted mean ozone concentrations nationwide were greatest 

in large central metro areas (46 ppb), where 31% of the U.S. population resides, and 

lowest in rural areas (41 ppb) (Figure 4-3b; Table S10–S11). Population-weighted ozone 

concentrations decreased nationwide by urban-rural area from 2000 to 2019 (Figure 4-3a). 

Compared with other urban-rural areas, rural (non-core) areas experienced the largest 

decrease (-20%) in population-weighted ozone concentrations from 2000 to 2019, and 

urban areas had the smallest decrease (-7%). The distribution of population-weighted 

ozone concentrations by urban-rural areas differed by region in 2019 (Figure S8). For 

example, in the U.S. South, suburban areas (large central fringe) of large cities (central 

metro) had the greatest population-weighted ozone concentrations. Additionally, changes 

in population-weighted ozone concentrations from 2000 to 2019 at the regional level by 

urban-rural areas were not consistent with those at the national level (Figure S9). For 

example, in the U.S. West, suburban areas of large cities had a 2% increase in population-

weighted ozone concentrations, while concentrations in other urban-rural areas decreased 
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across the region.  

4.4.3 Ozone Exposure Trends by Population Demographics 

We next examined the percent of the U.S. population (all-ages) within racial and 

ethnic groups according to quintiles of county-average ozone concentrations (Figure 4-4 

and Tables S6–S7). From 2000 to 2019, the highest quintile of ozone exposure decreased 

from 56 ppb to 67 ppb to 45 ppb to 58 ppb. In 2000, 23% of the U.S. population resided in 

counties with ozone concentrations in the lowest quintile (24 ppb to 46 ppb). Despite 

ozone decreases nationally, in 2019, the entire U.S. population resided in counties with 

county simple average ozone levels above the WHO peak season ozone guideline of 60 

µg/m3 (~30 ppb), and a third of the U.S. population (33%) resided in counties with the 

highest quintile of county-average ozone concentrations between 45 ppb and 58 ppb.  

In 2019, most racial groups nationwide, except for the Black population, had larger 

proportions of population within those racial groups residing in counties with the highest 

quintile of ozone concentrations. Compared with other racial groups, the Black population 

had a larger proportion of population residing in counties with the lowest quintile of ozone 

concentrations (24%; 30 ppb to 39 ppb) and a smaller proportion in counties with the 

highest quintile (25%;45 ppb to 58 ppb). The Asian and Native Hawaiian and Other 

Pacific Islander populations had the greatest proportion of population (49% each) residing 

in counties with the highest quintile of ozone concentrations. Compared with non-

Hispanic populations, a larger proportion of people with Hispanic ethnicity (45%) were 

exposed to the highest quintile of ozone levels in 2019.  

Population-weighted ozone exposure by race and ethnicity groups varied 
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substantially by region in 2019. For example, despite the Black population 

disproportionately residing in the U.S. South (58%), where ozone concentrations were the 

lowest in the country, in each other region this population was overburdened with the 

highest levels of ozone exposure (Tables S8–S9). Similarly, 38% of the Hispanic 

population resided in counties in the U.S. South with the lowest population-weighted 

ozone concentrations in that region (39 ppb), however in each other region they resided in 

counties with the highest population-weighted ozone concentrations. Population-weighted 

ozone exposure also differed substantially for racial and ethnic groups regionally by 

urban-rural classification (see Supplemental Discussion; Tables S10-S11).  For example, 

in the U.S. Midwest and South, population-weighted ozone concentration by racial and 

ethnic group decreased from 2000 to 2019 with decreasing urbanicity. Conversely, in the 

U.S. West, there were substantial increases in population-weighted ozone concentrations 

for multiple racial and ethnic groups of both large cities and their surrounding suburban 

areas, and small metro areas. 

Median household income in 2019 increased with quintile of ozone concentration 

(Table S14). Populations experiencing poverty had similar concentration profiles to those 

not experiencing poverty; however, of those experiencing poverty, population proportions 

within counties with the lowest and highest categories of ozone concentration were 

slightly larger compared with those not in poverty. There did not appear to be a 

relationship between health insurance status among populations 65 or less and population 

proportions residing in areas with ozone levels above 48 ppb. However, larger proportions 

of those who are uninsured reside in areas with lower ozone levels, compared with those 
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who are insured. Populations with no educational attainment or less than a high school 

education had higher proportions of population exposed to the highest levels of ozone in 

2019 (13% and 10%, respectively: Figure S11). Populations who attained a high school 

education or greater had similar proportions of ozone concentration.   

4.4.4 Ozone-Attributable Mortality 
 

 Cumulatively over a 20 year period from 2000 to 2019, we estimated that ozone 

concentrations contributed to 388,800 premature deaths (95% CI of the central risk 

estimate: 336.5, 447.4) nationwide (Table S13). Ozone-attributable mortality and mortality 

rates decreased nationwide from 2000 to 2019. In 2019, there were 9,900 fewer ozone-

attributable deaths [14,100 (95%: 12,300, 16,100)] nationwide than there were in 2000 

[24,000 (95% CI: 20,700, 27,800)], despite a 24% increase in population. Declines in 

ozone-attributable mortality nationwide appeared to follow a pattern of declining 

population-weighted mean ozone concentration. Across urban-rural areas, ozone-

attributable mortality followed population proportions (Table S14). Ozone-attributable 

mortality was greatest in large central metro areas, where 30% of the nation’s ozone 

mortality occurred and 31% of the U.S. population resided in 2019. Suburban areas of 

large central metro areas had the second largest proportion of ozone-attributable mortality, 

accounting for 24% of the nation’s ozone mortality and 25% of the nation’s population. 

The proportion of ozone-attributable mortality in these areas increased from 2000 to 2019, 

compared with other urban-rural areas. 

Temporal trends in ozone-attributable mortality rates by U.S. region and division 

similarly followed those of population-weighted ozone concentrations (Figures 4-1b and 
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S13: Tables S1–S2) but did not closely match other drivers of ozone-attributable mortality, 

such as population and baseline CRD mortality (See supplemental discussion). Across 

U.S. regions, decreases in ozone-attributable mortality and mortality rates were greatest in 

the U.S. South, which had 5,670 fewer ozone-attributable deaths (-63%) in 2019 than in 

2000, and decreased by -0.54 (se = 0.03) deaths per 100,000 yr−1. Within the U.S. South, 

percent decreases from 2000 to 2019 in ozone-attributable mortality rates were greatest in 

the South Atlantic Division (-67%), followed by the East South Central Division (-65%) 

(Table S3). At a state-level, ozone-attributable mortality rates decreased from 2000 to 

2019 for all states (range: -10% to -83%), except for Oregon, where ozone-attributable 

mortality rates increased by 2% (Figures S19–S23: Table S4–S5). At a county-level, 97% 

of U.S. counties experienced decreasing or no percent changes in ozone-attributable 

mortality rate (range: 0% to 97%; and 12 counties that experienced a percent decrease to 

0) from 2000 to 2019 (Figure 4-2b and S24-S25; see Supplemental text for additional 

discussion).  

4.4.5 Ozone Non-Attainment Areas 
 

 In 2019, counties considered to be in nonattainment with the EPA 8-Hour Ozone 

(2015) NAAQS (n=198) accounted for 41% of the U.S. population of adults 25 years and 

older (Table S15). In these counties, population-weighted ozone concentrations decreased 

by 8% (from 51 ppb to 47 ppb) from 2000 to 2019, with an annual rate of -0.34 (se = 0.01) 

ppb yr−1 from 2000 to 2019. In counties considered to be in attainment, concentrations 

decreased more steeply, by 18% (from 50 ppb to 41 ppb), with a rate of -0.46 (se = 0) ppb 

yr−1 (Figure 4-4a; Table S16).   
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Ozone-attributable mortality in nonattainment counties in 2019 accounted for an 

estimated 6,440 (95% CI: 3,350, 10,220) premature deaths or 46% of estimated 

nationwide ozone-attributable mortality in 2019. Counties that were in attainment in 2019, 

accounted for 59% of the nation’s population of adults 25 years and older reside, but only 

54% of the total estimated ozone mortality nationwide (7,690, 95% CI: 3,960, 12,330 

deaths). From 2000 to 2019, estimated ozone-attributable mortality rates decreased at 

similar rates for counties in attainment [-0.37 (se=0) deaths per 100,000] and 

nonattainment in 2019 [-0.36 (se=0.01) deaths per 100,000] (Figure 4-4b; Table S16). 

However, over a period of 2004 to 2015, ozone-mortality rates in attainment areas were 

greater than in non-attainment areas. Compared with the same areas in 2000, only 

attainment areas had increases in both population and baseline CRD rates. Ozone-

attributable mortality rates declined in both attainment and nonattainment areas by 

approximately the same amounts since 2000 and are now more aligned, driven by greater 

increases in CRD rates counteracting larger ozone concentration decreases in attainment 

areas. 

4.4.6 Ozone Rollback Scenarios 
 

 Finally, we examined reductions in ozone-attributable mortality according to 

rollback scenarios where ozone concentrations were reduced in 10% increments to 40% 

(Table 4-1). Compared with the baseline ozone mortality in 2019, a 10% reduction in 

nationwide concentrations would lead to a nationwide decrease in ozone mortality of 38% 

(5,400 fewer deaths). Compared with other scenarios, the 20% rollback scenario had the 

largest percent increases in the proportion of population residing in counties with ozone 
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levels below the WHO guideline, but only 11% of the population would subsequently 

reside in counties with these low concentrations (Tables S18). A 30% rollback reduced the 

nationwide population-weighted mean ozone concentration to meet the WHO peak season 

ozone guideline (~30 ppb) and resulted in 40% of the population in counties with ozone 

concentrations below the WHO guideline. A reduction of 40% would bring nationwide 

ozone exposure to levels largely below those associated with observed health risks (below 

the TMREL). We find a significant benefit across race and ethnicity categories (Table 

S19) however benefits are not distributed equally. For example, with a 30% ozone 

reduction, nearly 50% of the Black population would subsequently reside in counties 

below the WHO guideline, compared with only 30% for the Asian population. 

4.5 Discussion 
 

 Despite decreasing ozone concentrations nationwide from 2000 to 2019, in 2019 

the entire U.S. population resided in counties with county-average ozone concentrations 

above the WHO peak season ozone guideline. Ozone exposure differed by population 

demographics, including race, ethnicity, education, and income. In 2019, greater 

proportions of Native Hawaiians, other Pacific Islanders, Americans with two or more 

races, American Indians, and Alaska Natives resided in counties with the highest quintile 

of ozone concentrations nationwide (48 ppb to 58 ppb). Population-weighed ozone 

concentrations also differed regionally for racial and ethnic groups by urban-rural 

classification. Decreases in ozone concentrations were least pronounced in urban areas, 

where concentrations were highest on average in the country, and most pronounced in 

smaller urban, suburban, and rural areas. However, Hispanic, and Asian populations, as 
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well as those with two or more races, experienced increases in population-weighted ozone 

exposure in large cities of the U.S. Midwest, Northeast, and West. Additionally, suburban 

areas of the U.S. West had the greatest increases in population-weighted ozone 

concentrations of any region and urban-rural area.  

Reductions in ozone corresponded with 9,900 fewer estimated ozone-attributable 

deaths nationwide in 2019 [14,100 (95% CI: 12,300, 16,100)] than in 2000 [24,000 (95% 

CI: 20,700, 27,800)], despite a 24% increase in population. Seasonal average ozone 

attributable mortality continues to burden populations residing in counties that are in both 

attainment and nonattainment with the short-term ozone NAAQS standard. We find that 

despite ozone concentrations declining more in counties considered to be in attainment 

with EPA’s 8-Hour Ozone (2015) NAAQS than in nonattainment areas, rates of mortality 

attributable to seasonal average ozone were of similar magnitude in 2019 in both 

attainment and non-attainment areas (7 deaths per 100,000 population, respectively) 

because of the influence of greater increases in CRD rates in attainment areas (140 deaths 

per 100,000 vs. 100 deaths per 100,000). We also find that larger metro areas and their 

surrounding suburban areas had the greatest proportions of ozone-attributable mortality. 

Compared with all other regions, counties in the U.S. South had the greatest annual 

decrease in average ozone concentration (-24%) and ozone-attributable mortality (-51%; 

3,000 fewer ozone-attributable deaths) from 2000 to 2019. While population-weighted 

ozone and ozone-attributable mortality rates are decreasing at the regional and division 

level nationwide, at a state-level, both Oregon and Washington had increasing trends in 

ozone concentrations. Ozone-attributable mortality rates only increased at the state-level 
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for Oregon. This may be explained by the increase in frequency of wildfire smoke events 

in these states, and the role of wildfire smoke in ozone production [80].  

Our findings are consistent with those of prior studies that found reductions in 

ozone concentrations across the U.S [7-9]. Zhang et al. [9] observed significant decreases 

in summertime 1 h daily maximum ozone concentrations over a period of 1990 to 2010. 

Similarly, Simon et al. [8] observed summer and winter decreases in ozone concentrations 

nationwide. Both studies attributed decreases in ozone concentrations to the successful 

U.S. control strategies targeted at reducing peak ozone concentrations. Seltzer et al. [81] 

examined population-weighted April–September average of the daily 1 h maximum 

concentration and population-weighted annual average of the maximum daily 8 h average 

(MDA8) concentration between 2000 and 2015, finding only the former to have shown 

consistent decrease and little change in the MDA8 ozone over that time period. 

Differences between our findings for long-term ozone trends and those by Seltzer et al. 

[81] can potentially be attributed to the differences in ozone metrics used between the 

studies (annual average MDA8 vs OSDMA8, which is calculated as the annual maximum 

of the six-month running mean of the monthly average daily maximum 8 hour mixing 

ratio), the longer time-horizon of our analysis, as well as the resolution at which the 

analyses were carried out. Seltzer et al. [81] carried out analyses using ozone surface 

estimates at (0.5°, approximately 50 km) resolution, whereas the resolution of our analysis 

is at a finer (0.1°, approximately 10 km) resolution.  

Additionally, our findings are consistent with prior studies evaluating the mortality 

burden associated with ozone from CRD. For example, following similar approaches, 
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Seltzer et al.  estimated that ozone contributed to 17 (95% CI: 9–26) thousand deaths in 

the United States in 2015. This result was comparable to ours for 2015, which yielded 16.5 

(95% CI: 14.4, 18.9) thousand deaths. Additionally, Zhang et al. [9] found that ozone-

attributable mortality increased by 13% from 10,900 deaths yr-1 (95% CI: 3,700-17,500) in 

1990 to 12,300 deaths yr-1 (95% CI: 4,100-19,800) in 2010. This increase was attributed 

by the authors to increases in the baseline mortality rates and population, despite decreases 

in ozone concentration.  

Consistent with our prior analyses of ozone and ozone-attributable mortality [10, 

59], this study and our approaches have limitations and uncertainties. First, we are not able 

to account for all the uncertainties inherent in key inputs and assumptions to or the 

overarching methodology supporting the health impact assessment. Second, while the 

spatial coverage of ozone monitoring networks is substantially greater across the U.S. 

compared with other world regions, sparse availability of ozone monitoring stations in 

some areas of the country contributes a principal source of uncertainty in our ozone 

dataset [8]. Third, we use data on population, disease rates, and assumptions (e.g., 

TMREL and RR) from several different sources, which are all subject to error and 

uncertainty. We collected CRD rates at the highest geographic (i.e., state and county, 

compared with Census tract) and demographic units to avoid data suppression issues. 

Nonetheless, CRD rates in some counties were suppressed to protect identity or were 

otherwise unavailable. We applied a simple approach for estimating baseline CRD rates by 

collecting annual mortality rates by state and county and substituting state-level rates 

where county information has been suppressed or is unavailable. Consequently, where 
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state information has been substituted, for lack of an alternative, we are limited in our 

ability to capture county-level baseline disease variability. Finally, we do not capture acute 

and other short-term health effects associated with ozone exposure [1, 38-40].  

4.6 Conclusions 
 

 Although ozone concentrations have decreased nationwide from 2000 to 2019, the 

entire U.S. population continues to reside in counties with ozone concentrations above the 

WHO peak season ozone guideline. Long-term ozone exposure continues to have a large 

burden on respiratory mortality, despite decreasing concentrations and attributable 

mortality rates over time. From 2000 to 2019, population-weighted ozone season average 

daily 8-hour maximum ozone dropped by 18% in counties that are in attainment with 

EPA’s 2015 NAAQS for daily 8-hour max ozone compared with 8% in those that were in 

non-attainment, indicating that the short-term standard may not be sufficient for reducing 

long-term ozone concentrations and associated disease burdens. We also find that larger 

and medium urban and suburban areas of the U.S. tend to have higher ozone 

concentrations and proportions of ozone-attributable mortality. Lowering seasonal average 

ozone concentrations in the U.S. is important for lessening the ozone-attributable public 

health burden. Reducing ozone precursor emissions in places that influence seasonal 

average concentrations in large and medium metro areas and their surrounding suburban 

areas can yield substantial health benefits in these areas. Future work should use more 

highly resolved ozone estimates to explore spatiotemporal patterns by population 

subgroups.  
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Table 4-1. Reductions in population-weighted mean ozone season daily maximum 8 h mixing ratio concentration (ppb) and ozone-
attributable mortality according to rollback scenarios of reductions in nationwide ozone concentrations in 10% increments to 40%, 
with 2019 as the baseline year. 

Rollback Scenario 
(Percent Decrease 
in Ozone Levels 

Nationwide) 

Population-
Weighted Mean 

Ozone 
Concentration 

(ppb) 

Ozone-Attributable 
Mortality in 
Thousands 

Avoided Ozone-
Attributable 
Mortality in 
Thousands 

Percent 
Decrease in 
2019 Ozone 
Mortality 

(%) 

Ozone-
Attributable 

Mortality Rate 

Control (2019) 44 14.1 (12.3, 16.1)   6 (7, 5) 
10 39 8.7 (7.7, 9.9) 5.4 (6.4, 4.2) 38 4 (4, 3) 
20 35 3.9 (3.5, 4.3) 10.2 (10.6, 9.8) 72 2 (2, 2) 
30 31 1 (0.9, 1) 13.1 (13.2, 13.1) 93 0 (0, 0) 
40 26 0.1 (0.1, 0.1) 14 (14, 14) 99 0 (0, 0) 

       
a Cumulative total 
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Figure (4-1a.) Annual population-weighted mean ozone season daily maximum 8 h mixing 
ratio concentrations (ppb) (4-1b.) Annual ozone-attributable chronic respiratory mortality 

rate (deaths/100,000 population) by U.S. Census region from 2000 to 2019.  
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Figure (4-2a.) Percent change in simple average ozone season daily maximum 8 hour mixing 
ratio concentration (ppb) and (4-2b.) Percent change in ozone-attributable chronic respiratory 

disease mortality rate (deaths/100,000 population) by U.S. County from 2000 to 2019.  



 

 
Figure (4-3a). Percent change (%) in population-weighted mean ozone season daily maximum 8 h mixing ratio concentration (ppb) 
Nationwide from 2000 to 2019 by National Center for Health Statistics 2013 Urban-Rural Classification Scheme for Counties, and (4-3b) 
by U.S. all-ages population by race and ethnicity categories and Urban-Rural Classification Scheme.   
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Figure 4-4. Percent of all-ages U.S. population within categories of race and ethnicity residing in counties with corresponding mean 
ozone season daily maximum 8 h mixing ratio concentration (ppb) in 2019. 
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Figure (4-5a.) Annual population-weighted mean ozone season daily maximum 8 h 

mixing ratio concentration (ppb) and (4-5b.) annual ozone-attributable chronic 
respiratory mortality rate (deaths/100,000 population) between 2000 and 2019 by 2019 

nonattainment area status for the Environmental Protection Agency (EPA) 8-Hour Ozone 
(2015) National Ambient Air Quality Standards (NAAQS).   
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Chapter 5. Conclusions and Future Directions 
 

5.1 Summary of Findings 

The analyses conducted in support of this dissertation provide new information on 

the public health burden attributable to tropospheric ozone exposure. These analyses 

integrated atmospheric, demographic, and epidemiological data to estimate ozone-

attributable chronic respiratory disease (CRD) mortality at varying spatial resolutions 

[e.g., regional, national, county, urban-rural catchment areas (URCAs), and city] and 

over a period of 20 years from 2000 to 2019. The goals were three-fold: 1) estimate 

ozone concentrations and attributable CRD mortality in 2019 for urban areas worldwide 

(including 12,946 cities and densely-populated towns), and their surrounding peri-urban, 

peri-rural, and rural areas (URCAs); 2) evaluate long-term trends in ozone exposure and 

attributable CRD mortality across URCAs worldwide and by region over a period of 

2000 to 2019; and finally 3) evaluate long-term trends in ozone exposure and 

attributable CRD mortality at the county-level in the U.S., characterize demographic 

factors in terms of ozone exposure, and examine long-term ozone health risk in areas 

designated by U.S. Environmental Protection Agency (EPA) to be in attainment or 

nonattainment with EPA’s short-term ozone standard. The findings from these analyses 

may inform efforts of national, state, local, and city governments and other relevant 

stakeholders, and provide them with needed information for addressing air pollution 

challenges.  

In Analysis 1, the goal was to compare population-weighted ozone season daily 

maximum 8 h mixing ratio (OSDMA8) concentrations and ozone-attributable mortality 

for urban areas worldwide (including 12,946 cities and densely-populated towns), and 

their surrounding peri-urban, peri-rural, and rural areas. Urban areas accounted for 40% 
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of the global population and 37% of global ozone-attributable mortality in 2019. 

Conversely, peri-urban areas, where 47% of the world’s population reside, accounted for 

56% of global ozone-attributable mortality in 2019. At a city-level, mean ozone-

attributable mortality rates varied by a factor of 10 across regions worldwide and 

appeared to be largely driven by differences in ozone exposure. Large inter- and intra-

regional variation in city-level ozone mortality rates. While ozone concentrations and 

burdens were greatest in Asian and African cities, cities of higher income regions, like 

high-income Asia Pacific and North America, continue to experience high ozone 

concentrations and attributable mortality rates, despite successful air quality measures 

for reducing ozone precursor emissions in many of these countries. 

Analysis 2 sought to understand how exposure to ozone and its attributable 

burden varied over a 20 year period from 2000 to 2019 across urban-rural catchment 

areas worldwide. This analysis found that there were an estimated 46% (n=132,900 

deaths) more ozone-attributable deaths occurred worldwide in 2019 [423,100 (95% CI: 

223,200, 659,400)] than in 2000 [290,400 deaths (95%: 151,800, 457,600)]. Ozone 

exposure increased worldwide over the 20-year period, with the largest increases in 

population-weighted ozone concentration and ozone-attributable mortality rate occurring 

in peri-urban areas, where ozone exposure disproportionately impacted health in 2019. 

Population-weighted mean ozone and ozone-attributable mortality rates increased for 

cities of most world regions, except for cities of Central Europe, Eastern Europe, High-

income North America, Western Europe, Caribbean, Central Latin America, and East 

Asia, which had decreasing trends. Across 12,946 cities globally, the percentage of 

cities worldwide with concentrations above the World Health Organization (WHO) peak 

season ozone standard of 60 µg/m3 (~30 ppb) [54] also increased from 89% (n=11,568) 
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in 2000 to 96% (n=12,433) in 2019. 

Finally, Analysis 3 evaluated long-term trends in ozone exposure and ozone-

attributable burden at the county-level in the U.S and examined spatiotemporal 

relationships and demographic factors. This analysis found that ozone concentrations 

decreased nationwide from 2000 to 2019, however ozone concentrations across the 

entire U.S. continue to be above the WHO peak season ozone standard and significantly 

burden public health. Ozone exposure in 2019 corresponded with an estimated 14,100 

ozone-attributable deaths (95% CI: 12,300, 16,100)]. Additionally, this analysis 

identified differences in ozone exposure by race, ethnicity, educational attainment, and 

the urbanicity of a county. Compared with other racial and ethnic groups in 2019, Asian 

and Native Hawaiian/Other Pacific Islander populations had the greatest proportion of 

population (49%) residing in counties with the highest quintile of U.S. ozone 

concentrations (56 ppb to 67 ppb), followed by Americans with two or more races and 

Hispanic populations (45%). Additionally, populations with no educational attainment 

or less than a high school education had higher proportions of population exposed to the 

highest ozone levels in 2019 (13% and 10%, respectively). Large urban, followed by 

suburban areas of large urban, areas had the highest ozone concentrations (46 and 43 

ppb, respectively) and proportions of ozone-attributable mortality nationwide (30% and 

24%). 

Finally, this analysis compared trends in ozone exposure and its attributable 

burden in counties in attainment and nonattainment with EPA’s 8-Hour Ozone (2015) 

NAAQS in 2019. Ozone concentrations declined more in counties considered to be in 

attainment with EPA’s 8-Hour Ozone (2015) NAAQS than in nonattainment areas, 

however ozone-attributable mortality rates were the same magnitude in both areas in 
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2019 (7 deaths/100,000 population) because of the influence of higher CRD rates in 

attainment areas (140 vs. 100 deaths/100,000 population).   

5.2 Public Health Implications 

The findings of this dissertation have several meaningful public health 

implications. First, findings highlight the significant burden posed by increasing global 

ozone concentrations, as well as the importance of urban and peri-urban ozone exposure 

in driving global ozone burdens. The disproportionate magnitude of ozone mortality 

compared with population size in peri-urban areas indicates that reducing ozone 

precursor emissions in places that influence peri-urban concentrations can yield 

substantial health benefits in these areas. Additionally, urban areas are gaining in their 

share of both global ozone-attributable burden (from 35% to 37%; 54,000 more deaths) 

and population (from 38% to 40%; 819 million more inhabitants). Projections of the 

global population show that the proportion of the world population in urban areas is 

expected to increase to 68% by 2050, and that cities will absorb virtually all the future 

growth of the world’s population [5]. These projections, coupled with findings of 

increasing urban ozone-attributable burden, suggest that reducing emissions in areas that 

affect urban ozone exposure will become increasingly important. 

Second, while some regions and nations have experienced declining ozone 

concentrations, exposure to ozone in many of these areas remains at levels above which 

are safe according to the WHO. For example, ozone concentrations declined in the U.S. 

during 2000 to 2019, but in 2019, nearly all U.S. inhabitants resided in counties with 

average ozone concentrations above the WHO level. These long-term ozone exposures 

corresponded with an estimated 14,100 (95% CI: 12,300, 16,100)] deaths nationwide in 

2019. These findings provide timely information regarding the burden posed by long-
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term ozone exposure, at a time when the U.S. EPA intends to revisit the body of 

evidence of ozone’s impact on both short- and long-term health impacts [71].  

Third, findings highlight the influence of demographic factors, including 

population and baseline disease, in shaping ozone burden worldwide, and the need for 

these factors to be considered by air pollution mitigation strategies. For example, in 

most regions, changes in ozone, followed by population, had the most profound impact 

on estimated mortality. However, in a few regions, including High-income Asia Pacific 

and East Asia, changes in baseline disease rates were key drivers of change in 

attributable mortality. We also see that despite decreases in ozone concentrations in 

certain regions, such as in High-income North America and Central Latin America, 

increases in population and baseline disease are continuing to drive increases in ozone-

attributable mortality. This is apparent in the U.S., where greater CRD rates in counties 

in attainment with EPA’s ozone standard in 2019, contributed to estimated ozone-

mortality rates that are roughly equivalent to those in nonattainment areas.  

Finally, a noteworthy finding of this dissertation is that in the U.S., decreases in 

ozone exposure nationwide from 2000 to 2019 were not experienced equitably across 

U.S. populations, and in fact differed by race, ethnicity, and socioeconomic 

determinants. For example, in 2019, greater proportions of Native Hawaiians, other 

Pacific Islanders, Americans with two or more races, American Indians, Alaska Natives, 

and Hispanic Americans resided in counties with the highest ozone concentrations 

nationwide (48–59 ppb). Additionally, populations with no educational attainment or 

less than a high school education had higher proportions of population exposed to the 

highest ozone levels in 2019 (13% and 10%, respectively). These findings may inform 

ozone management efforts at national, state, local, and tribal levels, and motivate 
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strategies to safeguard populations that are at increased exposure risk, compared with 

the general population.  

5.3 Strengths and Limitations 

Each of the dissertation analyses has important limitations and uncertainties. In 

addition to being unable to account for all the uncertainties inherent in the health impact 

assessment inputs and assumptions, the availability of ozone monitoring data, as well as 

information on population and baseline CRD, remain limited in some regions, and 

particularly for low and middle-income countries. A principal source of uncertainty in 

each of the three analyses stems from the ozone dataset used in each, and specifically 

the lack of monitoring stations in large densely populated regions [38]. Ozone estimates 

in regions with fewer monitors (e.g., South Asia) are based mainly on bias-corrected 

model estimates and have greater uncertainty [22, 38]. This source of uncertainty is 

particularly important in the examination of ozone exposure and mortality by URCA 

and at the city-level in Analysis 1 and 2, because the ozone dataset resolves fine-scale 

differences in urban and peri-urban areas where there are dense monitoring networks but 

is less likely to resolve differences elsewhere. While the spatial coverage of ozone 

monitoring networks is substantially greater across the U.S., compared with other world 

regions, sparse availability of ozone monitoring stations in some areas of the country 

also contributes uncertainty in the county-level analysis (Analysis 3) [8].  

Furthermore, in each of the analyses, data on population, disease rates, and 

assumptions [e.g., theoretical minimum risk exposure level (TMREL) and relative risk 

(RR)] from several different sources, which are all subject to error and uncertainty. 

Information on population and baseline risk are particularly uncertain for low and 

middle-income countries where the availability of these data is often limited. For 
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Analyses 1 and 2, which focused on global URCA and city-level ozone exposures and 

burdens, national and subnational CRD rates from the Institute of Health Metrics and 

Evaluation were used. However, subnational rates are not available for all countries, and 

variations at higher resolution than the subnational level likely exist. For Analysis 3, 

CRD rates were collected from a highly de-identified U.S. Centers for Diseases Control 

and Prevention database. Although CRD rates were collected at the highest geographic 

and demographic units to avoid data suppression issues, information for some counties 

were likely suppressed to protect identity or were otherwise unavailable. Additionally, 

Analysis 3 used a simple approach for estimation of baseline CRD rates by collecting 

annual mortality rates by state and county and substituting state-level rates where county 

information is suppressed or unavailable. Consequently, where state information is 

substituted, for lack of an alternative, the dataset is limited in its ability to capture 

county-level baseline disease variability. Estimates of ozone-attributable mortality are 

reported throughout this dissertation with 95% confidence intervals on the RR estimate, 

which were identified in Analysis 1 to be the most sensitive input parameter with the 

widest confidence band. The relative risk estimates used in each of the three analyses 

were derived from cohort studies of long-term ozone exposure in Canada, the United 

States, and the United Kingdom, which we apply globally for lack of alternatives, but 

for which there is greater uncertainty outside of these regions. Finally, each of the 

dissertation analyses do not capture acute or short-term health effects associated with 

ozone exposure [1, 38-40].  

Despite these limitations and uncertainties, the analyses in support of this 

dissertation have several key strengths and collectively contribute a wealth of new 

information regarding the public health burden of ozone exposure. First, results from 
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Analyses 1 and 2 advance beyond prior studies by extending the global coverage of 

ozone exposure and attributable burden estimates to urban areas, including thousands of 

cities, as opposed to hundreds of cities, as well as for peri-urban and rural areas 

worldwide, and provides a longer temporal record from 2000-2019. Furthermore, 

findings from Analyses 1 and 2 provide a consistent characterization and analysis of 

ozone exposure and attributable burden by URCA worldwide, demonstrating the 

importance of peri-urban areas for ozone-related health impacts.  

Analysis 3 provides nationally-consistent estimates of ozone exposure and 

attributable mortality at the county-level over a 20-year period, using fine-resolution 

estimates of ozone concentrations at 0.1 degree resolution derived from fusion of 

measurements and modeled data. This advances beyond existing contemporary studies 

of ozone concentration and attributable mortality, which have characterized single-year 

estimates of or long-term trends in ozone exposure and attributable burden in the U.S. 

using coarser resolution (0.25, 0.5, and 1 degree) ozone concentration datasets derived 

from either measurement data or air quality simulations [9, 11, 81]. Additionally, 

Analysis 3 highlights the influence of demographic factors, including population, race 

and ethnicity, and baseline disease, in shaping ozone burden in the U.S., and the need 

for these factors to be considered by air pollution mitigation strategies.  

5.4 Future Directions 

This dissertation was unable to answer certain questions due to limitations in the 

current state of science. For example, the lack of availability of fine resolution baseline 

disease information, including at sub-national scales, hindered our ability to characterize 

variability in baseline disease at these scales. Furthermore, baseline disease information 

stratified by sociodemographic variables (e.g., race, ethnicity, gender, and income) are 
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increasingly limited at finer resolutions and for many low- and middle-income countries. 

Improving the state of the science concerning baseline disease rate estimation at fine 

scales is needed and would allow future studies to characterize how this variability may 

influence ozone-attributable burden estimates. Additionally, the RR estimates used in 

each of the three analyses were derived from cohort studies of long-term ozone exposure 

in Canada, the United States, and the United Kingdom, which we apply globally for lack 

of alternatives, but for which there is greater uncertainty outside of these regions. Cohort 

studies of long-term ozone exposure outside of these regions, and broadly across world 

regions would enable better understanding of how ozone exposure may influence health 

risks and contribute to the generation of RR estimates that are generalizable to global 

populations.  

Findings of this dissertation also provide areas of consideration for potential 

future research. Studies to investigate our finding of disproportionate ozone exposure 

and attributable mortality occurring in peri-urban areas worldwide would provide 

beneficial information for air quality management strategies. For example, information 

about drivers of these disproportion exposures, including emission sources, air quality 

transport, and complex atmospheric chemistry interactions, could allow for more 

targeted interventions. Additionally, we found substantial heterogeneity in ozone 

exposure and attributable burden trends across cities worldwide, however we did not 

examine drivers of trends for individual cities. Future studies should explore the factors 

(i.e., growth, policy) potentially contributing to observed trends.  

Lastly, several questions were not included in the scope of this dissertation and 

are important areas of potential future research. First, each of the dissertation analyses 

do not capture acute or short-term health effects associated with ozone exposure [1, 38-
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40]. Assessing these health outcomes would allow for a more comprehensive 

understanding of the burden of short- and long-term ozone exposure. We did not 

examine the ozone, health, and equity benefits associated with greenhouse gas 

management and broader air quality policies globally or in the U.S. Understanding how 

broader regulatory and voluntary efforts for reducing greenhouse gas emissions and 

other air pollutants influence ozone formation, particularly in the context of long-term 

ozone concentration trends, would be beneficial for national and city governments, 

international organizations, and global sustainability networks for the purposes of 

planning, standard and policy setting, and public education. 

Finally, this dissertation did not evaluate the role of other air pollutants, including 

PM2.5 and NO2, or complex air pollution mixtures on shaping health burdens. Evidence 

on the effects of PM2.5 and NO2 on human health has been established over many 

decades [16, 60]. While disease burdens are often attributed to ozone, PM2.5, and NO2 

individually, it is important to recognize that ambient air pollution exists as a complex 

mixture. Consequently, the health effects attributed to individual air pollutants may be 

influenced by the underlying toxicity of the full mixture of air pollutants [20, 82]. 

Additionally, ozone, PM2.5, and NO2 are linked and further transformed by complex 

atmospheric chemistry. Primary sources of PM2.5 include combustion sources (i.e., wood 

burning stoves, forest and agricultural fires), energy generation, industry emissions, 

vehicles, and dust. However, secondary particle formation in the atmosphere contributes 

to ambient levels of PM2.5, including from nitrogen oxides (NOx) and NO2. 

Tropospheric ozone is a secondary pollutant produced by chemical reactions between of 

NOx and volatile organic compounds in the presence of sunlight. Traffic and industrial 

emissions contribute to ambient NO2, and consequently urban areas often experience 
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higher levels of NO2 than in rural areas. [83] Cities may benefit from the systematic 

evaluation of these three pollutants, to understand how progress made in reducing 

specific air pollutant emissions may impact trends in others. For example, a recent study 

examined NOx and ozone trends in the US from 1994 and 2010 and observed seasonal 

ozone penalties as a result of NOX reductions, and overall reductions in peak 

ozone concentrations (99.9th percentile) as a result of NOx reductions. Evaluating 

annual trends in surface concentrations of the three pollutants together may allow for 

identifying spatial patterns that would otherwise not be apparent if each were to be 

analyzed individually. 
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