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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 (8834 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 h 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 h 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 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.

1. Introduction

Tropospheric ozone is a harmful air pollutant that is
associated with both short- and long-term respirat-
ory and cardiovascular diseases [1–5]. In 2019, expos-
ure 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 pop-
ulated and polluted regions of Asia and Africa [6].
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Furthermore, ozone air pollution is likely to continue
to worsen, especially in low- and middle-income
nations, driven by both emission increases and cli-
mate 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 world-
wide. By using methods that are consistent across cit-
ies, we can compare how ozone-attributable mortal-
ity differs for cities that have experienced different
patterns of growth and regulation. Additionally, we
compare ozone levels and attributable mortality bur-
dens across urban, suburban, and rural areas. Our
approach is also compatible with the Global Bur-
den 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 cli-
mate change mitigation actions by individual cities
and across cities that are members of urban sustain-
ability networks.

2. Methods

2.1. Health impact function
We use a commonly applied epidemiologically-
derived health impact function [3, 11–13], to estimate
ozone-attributable chronic respiratory disease (CRD)
mortality in 2019 for urban areas worldwide (includ-
ing 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 concentra-
tion or theoretical minimum risk exposure level
(TMREL) [13]:

PAF=
(
1− e−β(X−Xc)

)
(1)

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 Xc represents the
TMREL.

We then calculate ozone-attributable mortality
within each 1 km grid cell using the following
equation:

∆M= PAF×Pop× y0 (2)

where∆M is the disease burden (ozone-attributable
deaths), Pop is the population exposed, and y0 is
the baseline mortality or disease rate within the pop-
ulation of interest. Subsequently, ozone-attributable
deaths in each grid cell are summed according to geo-
graphical extents.

2.2. Population-weighted ozone concentrations
We calculated population-weighted ozone concentra-
tions to incorporate spatial distributions of popula-
tion in our estimation of ozone exposure (equation
(3)): ∑(

Popk,g ×Conck,g
)
÷
∑

Popk,g (3)

where Pop and Conc are the population and con-
centration of ozone, respectively, at the grid cell (g)
within a geographical extent (k), such as the spatial
boundary of a city.

2.3. Data sources
We use surface ozone estimates for 2019 which
were used in the GBD 2019 study, based on
DeLang et al [6]. They applied M3Fusion [10] and
Bayesian Maximum Entropy Data Fusion [6, 14,
15] in sequence to fuse ozone ground measure-
ment data from the Tropospheric Ozone Assess-
ment Report [16, 17] and the Chinese National
Environmental Monitoring Center Network, rep-
resenting 8834 monitoring sites globally, with
nine chemical transport model estimates [6].
Output was subsequently downscaled to create
fine (0.1◦) resolution estimates of global surface
ozone concentrations (figure S1 available online
at stacks.iop.org/ERL/17/054023/mmedia) by scal-
ing relative to fine-resolution global model out-
put, producing fine resolution estimates of ozone
concentration (ppb) and variance (ppb2) (figure S2).
Estimates are available for 1990–2017 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 calcu-
lated as the annual maximum of the six-month run-
ning mean of the monthly average daily maximum
8 h 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◦) to 1 km (about 0.0083◦) resolution.
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We applied a relative risk (RR) for CRD mortal-
ity 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 [2–4, 18]. 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 [1], and the American
Cancer Society Cancer Prevention Study II, one of the
largest ozone epidemiology studies used to generate
the GBD RR estimates, reported RR for total respirat-
ory disease [4]. Therefore, we apply these RR estim-
ates 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 min-
imum and fifth percentile values (29.1 and 35.7 pbb,
respectively) observed by Turner et al [4]. We used
national and subnational baseline disease rates for
CRD mortality for all ages from the GBD 2019 study
[3]. Global population estimates for 2019 at 1 km
(0.0083◦) resolution were from WorldPop [19]. We
evaluate the sensitivity of ozone-attributable CRD
mortality estimates to the selection of key input para-
meters using the minimum and maximum of the
TMRED, the lower and upper bound of the 95% con-
fidence interval of the RR (1.03 and 1.10, respect-
ively), and the 95% UI of the baseline CRDmortality
rates from the GBD 2019 study. In each of these ana-
lyses, 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 [20] (supplementary information).
Using spatial datasets from the Global Human Set-
tlement (GHS) Layer [21, 22] and applying a least-
cost-path algorithm from Weiss et al [23], Cattaneo
et al [20] 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 clas-
sified 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 h (peri-urban), 1–3 h (peri-rural), or over 3 h (dis-
persed 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) [21]
and densely populated towns from the GHS pop-
ulation grid model [22]. Cities are defined as hav-
ing 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 and 0.05 million. Cities are further classified
into six categories according to population size, as
either a large city (1–5 or >5 million), intermediate
city (0.25–0.5 or 0.5–1 million), or small city (0.05–
0.1 or 0.1–0.25 million). Peri-urban, peri-rural and
hinterland areas in the URCA dataset define the land
between urban areas. Dispersed towns are defined as
isolated towns within hinterland areas of at least 5000
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 estim-
ates for urban areas by cities and towns. For 243 cit-
ies, data on ozone, population, or baseline CRDmor-
tality were not available. Consequently, our analysis
includes the remaining 12 946 cities for which these
data were available.

3. Results

We first evaluated population-weighted ozone
and ozone-attributable mortality according to
URCAs worldwide in 2019 (table 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 popula-
tion 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 (0.5–1 million) and large
cities (1–5million) 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-attributablemortality (41 500 deaths) and fifth
highest population-weighted mean ozone concentra-
tion (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 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 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 andHigh-income Asia Pacific. Andean Latin
America, Central Sub-Saharan Africa, and South-
east Asia had greater population-weighted mean
ozone concentrations in peri-rural areas. All areas
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Table 1. Summary statistics for simple and population-weighted mean ozone season daily maximum 8 h mixing ratio concentration
(ppb), average baseline chronic respiratory disease rate, ozone-attributable chronic respiratory mortality, and all-age population in 2019
according to urban-rural catchment area.

Area typea

Average
ozone

concentration
(ppb)

Population-
weighted
mean ozone

concentration (ppb)

Average
baseline chronic
respiratory
disease rate
(deaths per
100000)

Ozone-attributable
chronic respiratory
mortality in

thousands (% of
global ozone deaths)

Population in
millions (%
of total global
population)

Hinterland (>3 hb) 37 42 37 3 (0.8) 151 (2)
Peri-rural (2–3 hb) 41 44 38 3 (0.8) 123 (1.6)
Peri-rural (1–2 hb) 42 45 41 22 (5.1) 657 (8.7)
Peri-urban (0–1 hb) 45 52 47 238 (56.3) 3586 (47.4)
Urban 48 49 53 157 (37.1) 3055 (40.3)
Towns (20k–50kd) 48 48 51 11 (2.5) 214 (2.8)
Citiesc (>50kd) 48 49 53 146.4 (34.6) 2842 (37.5)

Worldwide 40 — 39 423.1 (100) 7572 (100)
a Statistics stratified by area type subclassifications are available in supplementary table 1.
b Travel time to an urban center.
c Cities represent 12 946 GHS-SMOD cities from Pesaresi et al [21].
d Population in thousands.

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) were greatest in peri-
urban and urban areas, followed by peri-rural areas,
and hinterlands. Regional ozone-attributable mortal-
ity 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 hinter-
land 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 ozonemortality rates (figure 2) within
URCAs are driven largely by variation in ozone con-
centrations (figure 1). For example, URCAs of South
and East Asia showed a similar pattern of greater
ozonemortality rates and population-weightedmean
ozone levels in peri-urban areas compared with other
URCAs of those regions. However, inconsistencies
between regions emerge, possibly reflecting the influ-
ence of other factors, such as population and baseline
disease, on ozone-attributable mortality for these
regions. Comparing population-weighted (figure 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 substan-
tially. 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 ran-
ging 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.

To understand how ozone concentrations and
attributable-mortality vary between urban areas,
we evaluated estimates at the city-level (exclud-
ing 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 3; table S2). Regional
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Figure 1. Population-weighted mean ozone season daily maximum 8 h mixing ratio (ppb) for each urban-rural catchment area by
world region in 2019.

average population-weighted mean ozone was
highest in cities of South Asia (mean = 66 ppb;
n = 3939), North Africa and the Middle East
(mean = 54 ppb; n = 1002), and West Sub-Saharan
Africa (mean = 50 ppb; n = 909). The lowest
regional average city-level population-weightedmean
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 concentra-
tions 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
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Figure 2. Ozone-attributable mortality rate for each urban-rural catchment area by world region in 2019.

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, includ-
ing North America, Asia Pacific, andWestern 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 mor-
tality, 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 (6800
deaths [5%], 6000 deaths [4%], 4300 deaths [3%],
respectively).

The regional city-level average ozone-attributable
mortality rate (deaths per 100 000 population) ranged
by an order of magnitude (figure 4(a)). 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-attributablemortality 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 attribut-
able to ozone (%) closely resembled the distribution
observed for population-weighted mean ozone con-
centrations by region (figure 4(b)). Mean PAF, the
percent of CRD mortality, was highest in cities of
South Asia (mean = 17.7%; n = 3939), North Africa

6
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Figure 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.

and the Middle East (mean= 11.9%; n= 1002), 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 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 3400
and population-weighted mean ozone ranged from
37 ppb to 78 ppb (figure 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 [3400 deaths;
64 ppb]; Beijing, China [2900 deaths; 66 ppb]; Kolk-
ata, India [2700 deaths; 69 ppb]; Mumbai, India
[2600 deaths; 65 ppb]; Guangzhou, China [2100
deaths; 43 ppb]).

Finally, we evaluated the sensitivity of ozone-
attributable CRD mortality estimates to the selec-
tion of health impact function input parameters,
including the TMREL, RR, baseline disease rate, and
population estimates (figure S32 and supplement-
ary 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 fromWorldPop, we
found that ozone-attributablemortality differed from
our estimates by less than 3% 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.

4. Discussion

Our global ozone mortality estimates are similar to
those reported in previous studies [3, 24]. Using sim-
ilar methodology as the GBD 2019 study, we estimate
roughly 15%more ozone-attributable deaths because
we include all CRD (see supplementary discussion).
At national and regional scales, patterns of ozone
concentrations in our study are also largely consist-
ent 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 [3, 11, 24–26]. For
example, the GBD 2019 study similarly found that
annual average PM2.5 concentrations were highest
in Asia, Africa, and the Middle East. Several stud-
ies including the GBD 2019 study observed greater
air pollution concentrations and mortality occur-
ring in India and China [3, 24, 27]. Consistent with
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Figure 5. Number of ozone-attributable deaths for top 250 cities with the greatest ozone-attributable mortality in 2019.

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 [26, 28, 29]. While some high-income coun-
tries 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 [3, 25].

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, includ-
ing Nepal and India, Bangladesh, and Pakistan, had
the highest or among the highest observed regional
average population-weighted mean ozone concen-
trations. These findings are largely consistent with
DeLang et al [6], 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 mor-
tality 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 mortal-
ity rates, despite the success of extensive air qual-
ity control for reducing ozone precursor emissions
in many of these countries. Similar regional patterns
for cities have been reported for concentrations of
NO2 [26, 29]. 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 [30].

The fraction of ozonemortality occurring in peri-
urban areas worldwide exceeded the fraction of pop-
ulation 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 com-
paring URCAs by region. Population-weighted mean
ozone was greatest in peri-urban areas, followed by
urban areas. Variation in ozone concentrationswithin
regions by URCAs as well as across regions may
reflect differing sensitivity regimes for ozone to nitro-
gen oxides (NOx) and volatile organic compounds
(VOC). Our results may in part be explained by the
formation of ozone as pollution plumes move down-
wind 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 con-
centrations tend to reduce ozone concentrations in
urban centers resulting in comparatively higher peri-
urban ozone concentrations. Conversely, lower emis-
sions of NOx in some cities likely contribute to higher
ozone concentrations. This finding is consistent with
those of other studies [31, 32]. Additionally, Yang
et al [33] examined ozone, NOx, and VOC sensitiv-
ity regimes in major cities in China and found that
large NOx emissions from industry and transporta-
tion have contributed to suppressed ozone concentra-
tions 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 migration of pollutants [33]. Further evalu-
ation 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 have
directly emitted components and are less affected by
non-linear chemistry governing ozone formation and
destruction, understanding of their individual con-
tributions to air pollution risk across the urban and
rural interface is also needed.
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Our study and approaches have several import-
ant limitations and uncertainties. First, our ana-
lyses are limited to ozone-attributable CRD mortal-
ity based on evidence of the influence of long-term
ozone exposure on mortality [4]. 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 respirat-
ory infections, and possible increases in asthma devel-
opment [1, 34]. For example, Anenberg et al [11]
estimated that 9–23 million annual asthma emer-
gency room visits globally in 2015 were attributable
to ozone exposure and corresponded to 8%–20%
of the annual number of global visits. Addition-
ally, 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 [1, 35, 36].We report estimates with 95% con-
fidence intervals on the relative risk estimate, which
we identified to be the most sensitive input para-
meter with the widest confidence band. The relat-
ive 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 principal source
of uncertainty in the dataset is associated with the
lack of monitoring stations in large densely pop-
ulated regions [6]. Specifically, spatial coverage of
ozone monitoring networks is high in North Amer-
ica, Europe, SouthKorea, Japan, andChina, butmuch
lower across the rest of the world with very low
data availability across Africa, the Middle East, Rus-
sia, 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 discus-
sion) [6, 10]. 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, popula-
tion 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, sub-
national 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 estim-
ates, the selection of the TMREL and RR estimates
also contributes to uncertainty in our analysis.

5. Conclusion

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 largely driven by differences in ozone expos-
ure. We observed large inter- and intra-regional vari-
ation 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 con-
trol strategies, and our findings highlight the import-
ance 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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