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ABSTRACT: Ambient air pollution is associated with
numerous adverse health impacts. Previous assessments of
global attributable disease burden have been limited to urban
areas or by coarse spatial resolution of concentration estimates.
Recent developments in remote sensing, global chemical-
transport models, and improvements in coverage of surface
measurements facilitate virtually complete spatially resolved
global air pollutant concentration estimates. We combined
these data to generate global estimates of long-term average
ambient concentrations of fine particles (PM2.5) and ozone at
0.1° × 0.1° spatial resolution for 1990 and 2005. In 2005, 89%
of the world’s population lived in areas where the World
Health Organization Air Quality Guideline of 10 μg/m3 PM2.5 (annual average) was exceeded. Globally, 32% of the population
lived in areas exceeding the WHO Level 1 Interim Target of 35 μg/m3, driven by high proportions in East (76%) and South
(26%) Asia. The highest seasonal ozone levels were found in North and Latin America, Europe, South and East Asia, and parts of
Africa. Between 1990 and 2005 a 6% increase in global population-weighted PM2.5 and a 1% decrease in global population-
weighted ozone concentrations was apparent, highlighted by increased concentrations in East, South, and Southeast Asia and
decreases in North America and Europe. Combined with spatially resolved population distributions, these estimates expand the
evaluation of the global health burden associated with outdoor air pollution.

■ INTRODUCTION
Ambient air pollution is associated with a considerable burden
of global disease. The World Health Organization1 estimated
that exposure to fine particulate air pollution caused 800,000
deaths and 6.4 million lost years of healthy life in the world’s
cities in 2000. The developing countries of Southeast Asia
accounted for two-thirds of this burden. Because ground-level
measurements of air pollution, especially particulate matter (PM)

with an aerodynamic diameter smaller than 2.5 μm (PM2.5),
are unavailable for much of the world, the assessment of the
attributable burden of disease, and subsequent assessments
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conducted by WHO and others, have relied largely on estimates
of ambient pollution levels from either econometric or chemical
transport models.1,2

The year 2000 assessment of the global burden of disease
attributable to outdoor air pollution used the annual average
concentration of PM2.5 as the indicator of air pollution.
The pollution estimates were based on modeled annual average
PM2.5 concentrations for national capital cities and urban areas
with populations >100,000; only ∼10% of these locations had
reliable estimates of annual average concentrations from
ground-level monitoring. The restriction to urban areas was
necessitated by the use of an econometric model to estimate
ambient concentrations of particulate matter. This urban-only
model was the only feasible approach to develop global
estimates at the time but therefore excluded more than half the
world’s population from inclusion in the PM2.5 burden analysis.
Recent developments in satellite-based remote sensing,3,4

global chemical transport models (e.g.,5), and incremental
improvements in the quality and coverage of ground-level
measurements,6 however, now provide virtually complete global
coverage with a high degree of spatial resolution, allowing
estimation of exposure for both urban and rural populations.
Applying these methods, updated estimates of the global burden
of disease attributable to outdoor air pollution for the years
1990 and 2005 are being made as part of the Global Diseases,
Injuries, and Risk Factors (GBD) 2010 Study.7 Here we present
the approaches used and provide estimates of exposure to PM2.5
and ozone for the entire world’s population in 1990 and 2005.

■ EXPERIMENTAL SECTION
Choice of Air Pollution Indicators. The air pollution to

which individuals are exposed is multifaceted; there are no
standardized approaches to characterize specific pollutant
mixtures, which typically include hundreds of individual gaseous
compounds and particles of complex physicochemical compo-
sition. Accordingly, indicator pollutants are often used to assess
exposures for risk assessment and epidemiologic analysis. For
such mixtures, the relative importance of different pollutants is a
function of location-specific economic, developmental, social,
and technological factors combined with meteorology, topog-
raphy, geography, and atmospheric transformations. Liter-
ature and measurement databases exist for a limited number
of selected gaseous pollutants (ozone [O3], nitrogen oxides
[NOx ≈ NO+NO2], sulfur dioxide [SO2], carbon monoxide
[CO]) and one or more measures of PM such as Total
Suspended Particles (TSP), or the mass concentration of
particles with aerodynamic diameter smaller than 10 (PM10) or
2.5 (PM2.5) micrometers.
An extensive epidemiological literature relates PM2.5 to adverse

health impacts.8−10 In epidemiologic cohort studies of long-term
exposure (which form the basis of the exposure-response func-
tions used in health impact assessment) PM2.5 is the most robust
indicator of adverse (mortality) impacts.11 The epidemiologic
observations of adverse health impacts associated with elevated
ambient PM2.5 concentrations is supported by toxicological
experiments, epidemiologic analyses of acute exposures, and
controlled exposure studies. In populated regions, a large fraction
of PM2.5 originates from combustion processes and includes both
primary PM (direct emissions) and secondary PM (resulting
from atmospheric transformations).
Ozone represents a pollutant mixture that is somewhat

different from that associated with PM. This gaseous pollutant
is derived from a series of atmospheric photochemical reactions

of primary air pollutants, including nitrogen oxides and volatile
organic compounds (VOCs). The seasonal, spatial, and temporal
patterns of surface ozone concentrations are often distinct
from those of PM, as are the relative importance of emissions
source categories of ozone precursors. Epidemiologic associa-
tions have been observed between elevated ozone concentrations
and premature mortality that are independent of associations
between PM and mortality.12−15 There is also an extensive
literature on adverse respiratory impacts resulting from ozone
exposure in randomized controlled exposure studies.16 As such,
estimates of the global burden of disease attributable to outdoor
air pollution are further enhanced by the inclusion of ozone in
addition to PM2.5. By including both metrics, the GBD analysis is
also compatible with recent national and regional analyses of air
pollution health and economic impacts (e.g., ref 17).

Data Sources. In evaluating various approaches to
developing global estimates of air pollution concentrations for
assessment of health burden we considered the following: i)
global applicability, ii) spatial resolution and coverage relative to
population, iii) accuracy and precision, iv) applicability to both
PM2.5 and ozone, v) ability to estimate exposure in 2005 and
1990, and vi) sensitivity to assumptions.
While direct measurements of urban background ambient

pollutant concentrations are usually the basis for exposure
metrics used in epidemiologic analyses, these could not satisfy all
of the above criteria. Most importantly, surface measurement
data (for PM and even more so for ozone) are still far too sparse
in most of the high concentration regions for direct use in
exposure assessment throughout the world.6 Even in areas with
increasingly extensive measurement coverage, recent measure-
ments would not be applicable to estimates for 1990. However,
as described below, our approach does incorporate available PM
measurement data along with other information sources. Here, as
in most epidemiologic analyses, ambient concentrations are used
as proxies for personal exposure to air pollution of outdoor
origins. The relationship between ambient monitoring measure-
ments and exposure and the representativeness of ambient
monitoring data as exposure proxies (for example, the impor-
tance of within-city variability in concentrations that is not
reflected by ambient by monitoring data) has been discussed in
more detail elsewhere18,19 and are not considered further in these
analyses. However, given that our objective was to develop
estimates of ambient concentrations for linkage to population
information to estimate exposure, concentration estimates at
a spatial resolution similar to that of population data would
presumably lead to a reduction in exposure misclassification.
Four candidate approaches were considered, in addition to

the use of available measurement data:

• The TM5 global atmospheric model that has been
previously used in a number of evaluations of air pollution
control strategy scenarios5,20−23 and model intercompar-
isons.5,21,24 While other global atmospheric models are
available with similar capability to provide ozone and/or
PM2.5 concentration estimates (e.g. GEOS-Chem,25

MOZART26) the general approach is similar to that of
TM5 and alternative global models were not considered.

• A method (SAT) based upon satellite observations of
aerosol optical depth that are related to ground-level
concentrations of PM2.5 through spatially referenced
factors derived from the global chemical transport model
GEOS-Chem27
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• The GMAPS econometric model that was used in the
previous global disease burden estimates1

• Airport observations of visual range as a surrogate for
concentrations of atmospheric aerosols28

Significant practical limitations were identified for both
GMAPS and the visual range approach for this application and
were not considered further. Specifically, the GMAPS model is
not applicable to rural areas or for ozone. Although the visual
range data provide a widely available and potentially useful index
of outdoor PM2.5 exposure, raw visibility data need to be filtered
to eliminate and correct for weather influences (fog, precipitation,
and humidity) and visual range thresholds. Further, these data
would require extensive new analysis to link with available
measures of PM2.5 and are only applicable to PM2.5, not ozone.
Therefore, we used a combination of TM5 and SAT estimates

with a PM measurement database developed for this study. Only
the TM5 model was used to estimate ozone concentrations, and
no alternative methods for ozone were evaluated. All of these
approaches estimate ambient concentrations and not concen-
trations indoors resulting from infiltration of polluted outdoor air.
TM5. TM5 is a nested 3-dimensional global atmospheric

chemistry transport model, which simulates ozone and aerosol
components at 1° × 1° resolution. To better evaluate urban
PM2.5, a subgrid parametrization is applied to redistribute the
computed concentrations. The current model version has been
included in a large number of assessments and intercompar-
isons.20−22,29−35 Further details, along with a description of the
urban subgrid parametrization, and emission inputs are given in
the Supporting Information.
Satellite-Derived PM2.5 (SAT). In the SAT approach,27

satellite observations of Aerosol Optical Depth (AOD), a
measure of light extinction by aerosols in the total atmospheric
column, are used to calculate ground-level concentrations of fine
particulate matter (PM2.5). The AOD data, provided by NASA
from two instruments (MODIS,36 and MISR37), indicate how
aerosols modify the radiation exiting the top of the atmosphere
after being scattered by the Earth’s atmosphere and surface. The
AOD retrievals from both instruments were combined and
applied to calculate ground-level concentrations of PM2.5

‐ = η·Satellite derived PM AOD2.5

where the relationship between AOD and PM2.5, η, accounts for
local variation in vertical structure, meteorology, and aerosol
type. The η parameter is calculated as the coincident ratio of
PM2.5/AOD at 2° × 2.5° simulated with a global chemical
transport model (GEOS-Chem, v8-01-04)25 and brought to
0.1° × 0.1° resolution using bilinear interpolation prior to
multiplication with satellite AOD retrievals to estimate PM2.5
discussed further in the Supporting Information).
PM Measurement Database. Even in the case of PM for

which there is a growing global database of available measure-
ments, directly using such data incorporates complications that
may be problematic for global estimates of air quality and/or
its impact on health. Specifically, i) the geographic distribution
of measurements is heavily biased toward North America and
Europe, ii) measurement protocols and techniques are not
standardized globally, with different quality control programs
and different numbers of samples to arrive at annual averages,
and iii) even for measurements made by (similar) filter-based
approaches, filters are equilibrated at different relative humidity
conditions prior to weighing (e.g., 35%, 40%, and 50% RH in in

the U.S., Canada, and the EU, respectively) and therefore not
completely equivalent.
Despite these limitations, surface monitoring is used in most

epidemiologic studies to estimate exposure. We used existing
data to assemble a georeferenced global PM2.5 measurement
database of 2005 annual average concentrations from available
national/regional/local air quality monitoring reports and from
published literature (Supporting Information). The database is
largely based on measured PM2.5 from North America (U.S.
and Canada), Europe (EU), Australia, and New Zealand, plus
limited additional measurements and PM2.5 estimated from
measured PM10 and PM2.5:PM10 ratios for other locations.

Combining Multiple Methods and Data Sources. Both
TM5 and satellite-based PM2.5 estimates showed similar agree-
ment with the available measurement data, possessed unique
strengths and limitations, and have been used previously in
impact assessments.23,27,38 As such, we used a simple data
fusion approach to develop the final PM2.5 estimates from the
combined information sources, as described in more detail in
the Supporting Information. Briefly, satellite-derived and TM5
estimates were averaged at a 0.1° × 0.1° grid cell resolution
(equivalent to approximately 11 km × 11 km at the equator).
For grid cells where data from surface monitors with con-
centrations >10 μg/m3 were available (either directly measured
PM2.5 or PM2.5 estimates from measured PM10) the average of
the SAT and TM5 estimates (AVG) were entered into a
regression model (forced through 10 μg/m3) with the surface
monitoring value as the dependent variable. From this model
a prediction equation, PM2.5 = 1.32*AVG0.922, was derived and
ultimately applied to the AVG values to produce the final
concentration estimate for each grid cell. In this way, the AVG
values were calibrated to the available measurements.
Surface ozone estimates were calculated with the TM5 model.

The effect of urban titration by NOx was not included in the
estimates as this involves small-scale chemical processes that
cannot be resolved by the model. However, the model does
exhibit titration in locations with high regional NOx emissions.
Epidemiologic studies of chronic exposure to ozone15 typically
use a seasonal (summer) average, and we therefore aligned our
estimate accordingly. Since the ozone (summer) season varies
throughout the globe, we calculated a running 3-month average
(of daily 1 h max values) for each grid cell over a full year and
selected the maximum of these values. Given the scarcity of
surface ozone measurements throughout the world and the
complexity of accessing hourly data from available monitoring
sites to develop the desired metric, we did not attempt to utilize
surface ozone measurements in developing the global estimates.
To estimate disease burden, the concentration estimates are

compared with a ‘theoretical minimum risk exposure distribu-
tion,’ which may be a single counterfactual value or a distribu-
tion (Supporting Information).

■ RESULTS
PM2.5. Figure 1 displays available 2005 annual average PM2.5

surface monitoring (including PM2.5 estimates from PM10
concentrations) for each of 21 regions of the world. The
regions are based on a combination of geography and disease
burden and used in the GBD (Supporting Information). The
vast majority of measured concentrations were from Europe
and North America, whereas other regions either had estimated
concentrations or none whatsoever. Within this database of PM
measurements, the highest directly measured annual (2005)
average concentration of PM2.5 was 58 μg/m

3 (Beijing, China),
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with the highest estimated (from PM10 measurements) con-
centration of 121 μg/m3 (Datong, China − a coal mining center
in Shanxi Province). The lowest measured concentration was
4 μg/m3 (Morella, Spain). Observed PM2.5:PM10 ratios ranged
from 0.13 (Puerto Rico) to 0.94 (North Carolina, USA).
Our PM2.5 concentration estimates for 2005 are shown in

Figure 2. Similar to other global assessments 2,27 and the available

measurements, high concentrations are evident in South and
East Asia. High concentrations (annual averages >50 μg/m3)
are also apparent in North Africa, Central Asia, and Saudi
Arabia, which result primarily from airborne mineral dust,
rather than combustion emissions.39

By linking our concentration estimates with urbanization
measures from the GPW3 population estimates (Supporting
Information), we stratified each of the 21 regions by urban and
rural grid areas. Figure 3 shows examples of stratified
distributions of estimated PM2.5 annual average concentrations.
Both urban and rural concentrations were higher in Asia than in
North America or Europe. Urban concentrations tend to be
more normally distributed and greater than the highly right-
skewed rural concentrations in these regions.
Table 1 (and Figure S8, Supporting Information) describes

regional population-weighted mean concentration estimates for
1990 and 2005. Differences in regional estimates for these
periods are derived from changes in estimates of emissions and
may not accurately reflect localized trends in ambient con-
centrations. However, comparison of differences and ratios
between the periods (Figure 4) indicates a general global

decrease in PM2.5 concentrations but an increase in the global
population-weighted mean concentration (Table 1). Decreases
in concentrations in North America and Europe are clearly
evident, while increases are apparent in rapidly developing
economies in East, South, and Southeast Asia, which also have
experienced large population growth. In some regions (e.g.,
Australasia and rural areas of North America) with relatively
low concentrations in 1990, the apparent increases likely reflect
uncertainty in the estimation rather than true increases.
An important observation (Table 1) is that the regional

population-weighted concentration estimates derived from
the SAT and TM5 approaches are remarkably similar, despite
very different methodologies and different input parameters.
The mean (absolute value) difference in 2005 across all regions
was 2.7 μg/m3, with a maximum concentration difference of
8 μg/m3 (25%) in South Asia. In 2005, TM5 estimates were
greater than the SAT estimates in 16 of the 21 regions. In 1990,
the differences between the two approaches were slightly larger
with a mean difference across all regions of 3.6 μg/m3 and a
maximum difference of 13 μg/m3 (41%) in South Asia. As in
2005, TM5 estimated somewhat higher concentrations than did
SAT in most (18 of 21) regions. Global maps of absolute and
proportional differences between TM5 and SAT (Supporting
Information) indicate that the largest differences are observed
in desert areas, likely due to uncertainty in simulated emissions
of windblown mineral dust and the impact of bright surfaces on
satellite AOD retrievals. The similarity in the estimates derived
from two fundamentally different approaches strengthens
confidence in their use for the GBD. In a general sense, the
range of concentrations derived from the two approaches
provides an indication of the uncertainty related to the choice
of method. Formal uncertainty analysis in the GBD
incorporates this uncertainty as well as error derived from the
prediction model (Supporting Information).

Ozone. As expected for this secondary pollutant, ozone
concentration spatial variability is less pronounced than that of
PM2.5 (Figure 5, Table 1) and levels are not as systematically
higher in rapidly developing countries of Asia. The highest levels
are evident in North and Latin America, Europe, and South
and East Asia as well as parts of Africa. Ozone ratios between
1990 and 2005 (Figure 6) indicate small decreases throughout
most of the world, especially in Europe and North America.
Increased concentrations are evident for much of South and
East Asia.

■ DISCUSSION
As part of the global estimation of the disease burden attribut-
able to outdoor air pollution, we estimated outdoor PM2.5
and O3 exposures for the Earth’s entire human population,
thereby allowing the inclusion of populations in smaller cities
and rural areas in air pollution disease burden estimates and
more than doubling the number of persons to be considered
in the Global Burden of Disease Project’s outdoor air
pollution evaluation. This was accomplished by combining
two fundamentally different approaches with a database of
available PM measurements to estimate PM2.5 concentrations
throughout the world at a resolution of 0.1° × 0.1°. For
ozone, a single model (TM5) was used due to the absence of
substantially different alternative estimation approaches and
the general lack of measurement data outside of North
America and the European Union for the period of interest.
Future assessments of ozone, which may become increasingly
relevant given projected increases, could fuse multiple chemical

Figure 1. Available measured (and estimated from PM10 measure-
ments) annual (2005) average PM2.5 concentrations (μg/m

3).

Figure 2. Estimated 2005 annual average PM2.5 concentrations (μg/
m3). The PM2.5 estimates are generated from the grid cell average of
SAT and TM5 and calibrated with a prediction model incorporating
surface measurements.
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transport models and utilize the growing number of measure-
ments available globally (e.g., ref 5).
Our estimations of global PM2.5 concentrations and the

spatial patterns are very similar to those reported by van
Donkelaar and colleagues,27 which is not surprising because our
approach includes their methodology. Globally, in 2005, 89% of
the world’s population lived in areas where the WHO Air
Quality Guideline of 10 μg/m3 (annual average) was exceeded.
In South and East Asia, this proportion was 99%, with lower
proportions in Western Europe (92%) and North America
(76%). Population-weighted mean concentrations exceeded the
WHO Guideline in all regions of the world except Australasia,
Oceania, parts of Latin America (Andean, Southern, Tropical),
and southern Sub-Saharan Africa. Globally, 32% of the
population lived in areas exceeding the WHO Level 1 Interim
Target of 35 μg/m3, mainly due to high proportions in East
(76% in areas exceeding the interim target) and South (26%)
Asia. The ozone metric reported here was selected to conform
to that used in epidemiologic analyses of chronic exposure
impacts on mortality15 and therefore differs from the WHO Air
Quality Guideline (100 μg/m3 daily maximum 8-h mean) so
direct comparisons were not made. However, in comparison to
exposure levels in the Jerrett et al.15 epidemiologic analysis,
27% of the world’s population would be in the upper exposure
quartile (>62.4 ppb), with 45% and 61% in the upper two
(>57.4 ppb) and three (>53.1 ppb) quartiles, respectively.
Although we do not rigorously evaluate the change in

estimated concentrations over the 1990 to 2005 period, our
estimates are generally consistent with other reports. Specifi-
cally, we observed large reductions in ambient concentrations
of PM2.5 in Europe40 and, to a lesser degree, in North41 and

Central America, while increased concentrations in South, East,
and Southeast Asia are consistent with emissions estimates.42,43

Measured concentrations of PM10 from cities in these parts
of Asia do, however, suggest decreases in some large cities.
One possible explanation is that PM10 concentrations may be
decreasing, while PM2.5 levels are increasing. In addition,
evidence suggests that emissions, while increasing in general,
have shifted from large/capital cities to smaller cities and rural
areas in this region.42 For ozone the observed patterns follow
the success of air quality management programs in North
America and Europe, the increases in emissions of ozone
precursors in Asia,42 and increases in global background ozone
concentrations in some rural regions.44 These estimates also
agree with more detailed trend evaluations based on surface
monitoring, including the increase in global background ozone
concentrations, which is apparent in some high latitude rural
regions, and from measurements at background stations on the
coasts of North America and Europe.5 Decreases in South
America and Central Africa are thought to result from declining
biomass burning in these regions. As with other global models,
our estimates of ozone do not incorporate within-city titration
of ozone by NOx and may therefore overestimate exposures
for urban populations. This limitation is common to most
epidemiologic studies as they typically average concentrations
across multiple urban background monitors within an urban area.
Previous global health impact assessments have generally

relied on chemical transport models and used emissions
inventories to evaluate source-sector impacts. For example,
Anenberg et al.2 used MOZART-2 to estimate anthropogenic
contributions to ozone and PM2.5 compared with preindustrial
emissions. Concentration estimates at a spatial resolution of

Figure 3. Histograms of selected regional (2005) annual average PM2.5 concentrations for urban and rural grid cells. The regions are described in the
Supporting Information and the urban and rural characterization based on the GPW3 population database (Supporting Information). Frequency
denotes the number of grid cells with concentrations in a given range. Note the difference in scales between regions.
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2.8° × 2.8° were combined with regional baseline disease
incidence and demographic data to estimate the global
attributable mortality Liu et al.45 used MOZART-2 to estimate
the health impacts of the intercontinental transport of PM2.5 on
mortality. Corbett and colleagues46 used GEOS-Chem and
ECHAM5/MESSy1-MADE along with ship emissions invento-
ries to estimate the global contribution to PM2.5 concentrations
from shipping at a resolution of ∼2.5° × ∼3°. Annual average
shipping contributions of as much as 2 μg/m3 were estimated. The
estimated concentration increases were interpolated to 1° × 1°
resolution and combined with population data at the same
spatial resolution to estimate the proportion of the population
exposed to air pollution from shipping and associated mortality
impacts. Barrett et al.47 used GEOS-Chem and emissions

inventories to estimate a global contribution of aircraft emis-
sions of <0.2 ug/m3. Van Aardenne et al.23 used the TM5
model to estimate air quality and health impacts related to a
number of air quality and climate change policy scenarios.
While both TM5 and GEOS-Chem (used in the SAT

estimates) also have the capability of estimating concentrations
of PM arising only from anthropogenic source contributions, as in
the above examples, we developed estimates based upon
combined natural and anthropogenic source contributions. This
was based on evidence of population health effects resulting from
windblown mineral dust exposure,48,49 and evidence that
increasing dust concentrations can be related to anthropogenic
activity.50 Further, the proportion of dust in all locations from
which epidemiologic concentration response estimates were

Table 1. Population-Weighted Regional Annual Average PM2.5 Concentrations (μg/m
3) for 1990 and 2005 Estimated from

TM5, the Satellite-Based (SAT) Method, the Average of the Two Methods, and the Calibrated Values (Combined) Approacha

Region
N grid cells
(× 104)

1990 POP
(× 106)

TM5
1990

SAT
1990

AVG
1990

PM2.5
1990

OZONE
1990

2005 POP
(× 10 6)

TM5
2005

SAT
2005

AVG
2005

PM2.5
2005

OZONE
2005

Asia Pacific, High Income 0.5 160 31 23 27 27 53 170 27 20 23 24 52
Asia Central 6.7 68 23 19 21 22 60 79 20 16 18 19 53
Asia East 9.7 1200 45 42 43 43 52 1300 56 58 57 55 55
Asia South 4.5 1100 19 32 26 26 58 1400 23 31 27 28 62
Asia Southeast 3.8 430 15 14 14 15 40 550 14 15 15 16 41
Australasia 7.3 19 8 3 5 6 32 22 8 4 6 7 32
Caribbean 0.6 28 12 8 10 11 46 33 12 8 10 11 46
Europe Central 1.4 120 28 25 26 27 61 120 16 15 16 17 53
Europe Eastern 26.8 220 18 15 16 17 53 210 11 10 10 11 46
Europe Western 65 370 20 23 21 22 59 380 14 15 14 16 53
Latin America Andean 2.2 37 7 9 8 9 35 49 7 10 8 9 34
Latin America Central 3.8 160 13 12 13 14 49 220 12 11 11 12 47
Latin America Southern 3.8 47 7 7 7 8 35 57 6 6 6 7 34
Latin America Tropical 7.4 150 7 4 6 7 40 180 7 4 6 7 39
North Africa Middle East 10.8 290 27 25 26 27 65 400 26 24 25 26 62
North America, High Income 24.9 270 19 13 16 17 67 320 13 11 12 13 57
Oceania 4.4 4.9 7 4 5 6 29 6.8 7 4 5 6 29
Subsaharan Africa Central 4.0 53 14 12 13 14 75 85 13 12 12 13 65
Subsaharan Africa East 7.1 200 11 10 11 12 53 300 12 10 11 12 48
Subsaharan Africa Southern 2.7 51 8 6 7 8 50 64 9 6 7 8 49
Subsaharan Africa West 6.5 190 26 21 23 24 66 280 24 22 23 24 58
Global 141.3 5124 25 25 25 25 55 6283 26 27 27 27 54
aPopulation-weighted regional seasonal (3-month) hourly maximum ozone concentrations (ppb) for 1990 and 2005 from TM5. N: number of
0.1° × 0.1° grid cells per region used to estimate population-weighted concentrations. POP: regional population from summation of all grid cells
within each region. The population-weighting is described in more detail in the Supporting Information.

Figure 4. Ratio of 2005:1990 annual average PM2.5 concentrations. Concentrations are estimated to have increased in areas denoted by orange and
red, while concentrations decreased in areas of yellow and green color.
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derived is not known so these response functions likely incorpo-
rate some impact of dust exposure.
While our estimation approach is conceptually similar to those

described above, it included a number of significant enhance-
ments. For PM2.5 we used a chemical transport model combined
with surface monitoring data and PM concentration estimates
derived from satellite retrievals. The use of two separate
approaches in combination with a prediction model to calibrate
to measurements provides an indirect assessment of uncertainty
in the estimates, which also incorporates the inherent uncertainty
in both the satellite-derived method and TM5 (Supporting
Information). In populated areas, as indicated by the population-
weighted regional averages (Table 1) and the distribution of
absolute and proportional differences (Supporting Information),
the differences between SAT and TM5 are remarkably small as
was the calibration factor introduced by including measurements.
For ozone, while only a single approach was used to generate
estimates, previous comparisons with surface measurements38

indicate that monthly mean concentrations are well-characterized
by TM5, except for northern India and Central-West and
Southern Africa. This may reflect uncertainties in emissions or
poor representation of regional ozone concentrations by the
limited monitoring data available in these regions. To reduce
uncertainty in future assessments, more complex data assim-
ilation approaches could be employed. In addition, uncertainty
will likely be reduced as more surface monitoring data becomes

available and with improved resolution obtained from the next
generation of satellite instruments.
In addition to the use of multiple data sources in our

estimates, we took advantage of high resolution population data
and the ability to develop concentration estimates at 0.1° × 0.1°
to improve the spatial alignment of estimated concentrations
with population data. From the perspective of estimating health
impacts, the high spatial resolution allows us to estimate full
distributions of population exposure within each region of the
world. Although this improved spatial resolution is an important
component of our approach, we still are likely unable to reliably
estimate concentrations in smaller high concentration cities
located in regions with low average concentrations due to
averaging within each pixel. Together, these features were
designed to reduce exposure misclassification, to provide robust
estimates of global exposure, and to allow for explicit estimation
of uncertainty in both concentration and burden of disease
estimates. The application of these estimates to both urban and
rural regions of the world is a major enhancement compared to
the previous estimates1 that were restricted to large urban areas.
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Figure 5. Estimated (2005) seasonal (3-month) hourly maximum ozone concentrations (ppb).

Figure 6. Ratio of 2005:1990 seasonal (3-month) hourly maximum ozone concentrations. Concentrations are estimated to have increased in areas
denoted by orange and red, while concentrations decreased in areas of yellow and green color.

Environmental Science & Technology Article

dx.doi.org/10.1021/es2025752 | Environ. Sci. Technol. 2012, 46, 652−660658

http://pubs.acs.org


■ AUTHOR INFORMATION

Corresponding Author
*Phone: 604 822 9585. E-mail: michael.brauer@ubc.ca.
Corresponding author address: School of Population and
Public Health, The University of British Columbia, 3rd Floor-
2206 East Mall, Vancouver, BC V6T1Z3, Canada.

■ ACKNOWLEDGMENTS

This study was conducted in the context of the Global Burden
of Disease (GBD) 2010 Project.7 This is the first major effort
since the original 1990 global burden of disease study1 to carry
out a complete systematic assessment of the data on all diseases
and injuries and produce comprehensive and comparable
estimates of the burden of diseases, injuries and risk factors for
multiple time periods. This manuscript was prepared on behalf
of the Outdoor Air Pollution Expert Working Group of the
Global Burden of Disease Project. Members of the Expert
Working Group are as follows: H. Ross Anderson (co-
Chair), Markus Amann, Richard Atkinson, Michelle Bell,
Michael Brauer, Bert Brunekreef, Richard Burnett, Aaron
Cohen (co-Chair), Frank Dentener, Bryan Hubbell, Kan
Haidong, Michal Krzyzanowski, Stephanie London, Randall
Martin, Sumi Mehta, Bart Ostro, Kiran Dev Pandey, C.
Arden Pope III, Beate Ritz, Isabelle Romieu, Amir Sapkota,
Kirk Smith, George Thurston, Rita Van Dingenen, and
Aaron van Donkelaar.

■ REFERENCES
(1) Cohen, A. J.; Anderson, H. R.; Ostro, B.; Pandey, K. D.;
Krzyzanowski, M.; Kuenzli, N.; Gutschmidt, K.; Pope, C. I.; Romieu,
I.; Samet, J. M.; Smith, K. R. Urban Air Pollution. In Comparative
Quantification of Health Risks: Global and Regional Burden of Disease
Attributable to Selected Major Risk Factors, 1st ed.; Ezzati, M., Rodgers,
A. D., Lopez, A. D., Murray, C. J. L., Eds.; World Health Organization:
Geneva, 2004; Vol. 2, pp 1353−1453.
(2) Anenberg, S. C.; Horowitz, L. W.; Tong, D. Q.; West, J. J. An
Estimate of the Global Burden of Anthropogenic Ozone and Fine
Particulate Matter on Premature Human Mortality Using Atmospheric
Modeling. Environ. Health Perspect. 2010, 118, 1189−1195.
(3) Hoff, R. M.; Christopher, S. A. Remote Sensing of Particulate
Pollution from Space: Have We Reached the Promised Land? J. Air
Waste Manage. Assoc. 2009, 59, 645−675.
(4) Martin, R. V. Satellite remote sensing of surface air quality. Atmos.
Environ. 2008, 42, 7823−7843.
(5) Dentener, F. J.; Keating, T.; Akimoto, H. Hemispheric Transport
of Air Pollution 2010. 2010, ECE/EB.AIR/100, 1-1-278.
(6) World Health Organization. Air quality guidelines. Global update
2005. Particulate Matter, Ozone, Nitrogen Dioxide and Sulfur Dioxide;
World Health Organization: 2006.
(7) Global Burden of Disease Project. Global Burden of Diseases,
Injuries, and Risk Factors 2010 Study. 2010, 2011.
(8) Pope, C. A. III; Dockery, D. W. Health effects of fine particulate
air pollution: lines that connect. J. Air Waste Manage. Assoc. 2006, 56,
709−742.
(9) Dockery, D. W. Health effects of particulate air pollution. Ann.
Epidemiol. 2009, 19, 257−263.
(10) Brook, R. D.; Rajagopalan, S.; Pope, C. A. III; Brook, J. R.;
Bhatnagar, A.; Diez-Roux, A. V.; Holguin, F.; Hong, Y.; Luepker, R. V.;
Mittleman, M. A.; Peters, A.; Siscovick, D.; Smith, S. C. Jr.; Whitsel, L.;
Kaufman, J. D. American Heart Association Council on Epidemiology
and Prevention, Council on the Kidney in Cardiovascular Disease, and
Council on Nutrition, Physical Activity and Metabolism Particulate
matter air pollution and cardiovascular disease: An update to the
scientific statement from the American Heart Association. Circulation
2010, 121, 2331−2378.

(11) Chen, H.; Goldberg, M. S.; Villeneuve, P. J. A systematic review
of the relation between long-term exposure to ambient air pollution
and chronic diseases. Rev. Environ. Health 2008, 23, 243−297.
(12) Thurston, G. D.; Ito, K. Epidemiological studies of acute ozone
exposures and mortality. J. Exposure Anal. Environ. Epidemiol. 2001, 11,
286−294.
(13) Bell, M. L.; Kim, J. Y.; Dominici, F. Potential confounding of
particulate matter on the short-term association between ozone and
mortality in multisite time-series studies. Environ. Health Perspect.
2007, 115, 1591−1595.
(14) Bell, M. L.; McDermott, A.; Zeger, S. L.; Samet, J. M.; Dominici,
F. Ozone and short-term mortality in 95 US urban communities,
1987−2000. JAMA, J. Am. Med. Assoc. 2004, 292, 2372−2378.
(15) Jerrett, M.; Burnett, R. T.; Pope, C. A. 3rd; Ito, K.; Thurston,
G.; Krewski, D.; Shi, Y.; Calle, E.; Thun, M. Long-term ozone
exposure and mortality. N. Engl. J. Med. 2009, 360, 1085−1095.
(16) Lippmann, M.; Schlesinger, R. B. Toxicological bases for the
setting of health-related air pollution standards. Annu. Rev. Public
Health 2000, 21, 309−333.
(17) United States Environmental Protection Agency. The Benefits
and Costs of the Clean Air Act from 1990 to 2020. Final Report - Rev.
A, 1-1-1-1-8-24, 2011.
(18) Jerrett, M.; Arain, A.; Kanaroglou, P.; Beckerman, B.; Potoglou,
D.; Sahsuvaroglu, T.; Morrison, J.; Giovis, C. A review and evaluation
of intraurban air pollution exposure models. J. Exposure Anal. Environ.
Epidemiol. 2005, 15, 185−204.
(19) Brauer, M. How much, how long, what, and where: air pollution
exposure assessment for epidemiologic studies of respiratory disease.
Proc. Am. Thorac. Soc. 2010, 7, 111−115.
(20) Dentener, F.; Drevet, J.; Lamarque, J. F.; Bey, I.; Eickhout, B.;
Fiore, A. M.; Hauglustaine, D.; Horowitz, L. W.; Krol, M.; Kulshrestha,
U. C.; Lawrence, M.; Galy-Lacaux, C.; Rast, S.; Shindell, D.;
Stevenson, D.; Van Noije, T.; Atherton, C.; Bell, N.; Bergman, D.;
Butler, T.; Cofala, J.; Collins, B.; Doherty, R.; Ellingsen, K.; Galloway,
J.; Gauss, M.; Montanaro, V.; Muller, J. F.; Pitari, G.; Rodriguez, J.;
Sanderson, M.; Solmon, F.; Strahan, S.; Schultz, M.; Sudo, K.; Szopa,
S.; Wild, O. Nitrogen and sulfur deposition on regional and global
scales: A multimodel evaluation. Global Biogeochem. Cycles 2006, 20,
GB4003-1-21.
(21) Fiore, A. M.; Dentener, F. J.; Wild, O.; Cuvelier, C.; Schultz,
M. G.; Hess, P.; Textor, C.; Schulz, M.; Doherty, R. M.; Horowitz, L. W.;
MacKenzie, I. A.; Sanderson, M. G.; Shindell, D. T.; Stevenson, D. S.;
Szopa, S.; Van Dingenen, R.; Zeng, G.; Atherton, C.; Bergmann, D.;
Bey, I.; Carmichael, G.; Collins, W. J.; Duncan, B. N.; Faluvegi, G.;
Folberth, G.; Gauss, M.; Gong, S.; Hauglustaine, D.; Holloway, T.;
Isaksen, I. S. A.; Jacob, D. J.; Jonson, J. E.; Kaminski, J. W.; Keating, T. J.;
Lupu, A.; Marmer, E.; Montanaro, V.; Park, R. J.; Pitari, G.; Pringle,
K. J.; Pyle, J. A.; Schroeder, S.; Vivanco, M. G.; Wind, P.; Wojcik, G.;
Wu, S.; Zuber, A. Multimodel estimates of intercontinental source-
receptor relationships for ozone pollution. J. Geophys. Res., [Atmos.]
2009, 114, 1−21.
(22) Stevenson, D. S.; Dentener, F. J.; Schultz, M. G.; Ellingsen, K.;
van Noije, T. P. C.; Wild, O.; Zeng, G.; Amann, M.; Atherton, C. S.;
Bell, N.; Bergmann, D. J.; Bey, I.; Butler, T.; Cofala, J.; Collins, W. J.;
Derwent, R. G.; Doherty, R. M.; Drevet, J.; Eskes, H. J.; Fiore, A. M.;
Gauss, M.; Hauglustaine, D. A.; Horowitz, L. W.; Isaksen, I. S. A.; Krol,
M. C.; Lamarque, J. F.; Lawrence, M. G.; Montanaro, V.; Muller, J. F.;
Pitari, G.; Prather, M. J.; Pyle, J. A.; Rast, S.; Rodriguez, J. M.;
Sanderson, M. G.; Savage, N. H.; Shindell, D. T.; Strahan, S. E.; Sudo,
K.; Szopa, S. Multimodel ensemble simulations of present-day and
near-future tropospheric ozone. J. Geophys. Res., [Atmos.] 2006, 111,
1−23.
(23) Van Aardenne, J.; Dentener, F.; Van Dingenen, R.; Maenhout,
G.; Marmer, E.; Vignati, E.; Russ, P.; Szabo, L.; Raes, F. Climate and
air quality impacts of combined climate change and air pollution policy
applications. EUR 24572 EN - 2010, 4-4-71, 2010.
(24) Schulz, M.; Textor, C.; Kinne, S.; Balkanski, Y.; Bauer, S.;
Berntsen, T.; Berglen, T.; Boucher, O.; Dentener, F.; Guibert, S.;
Isaksen, I. S. A.; Iversen, T.; Koch, D.; Kirkevag, A.; Liu, X.;

Environmental Science & Technology Article

dx.doi.org/10.1021/es2025752 | Environ. Sci. Technol. 2012, 46, 652−660659

mailto:michael.brauer@ubc.ca


Montanaro, V.; Myhre, G.; Penner, J. E.; Pitari, G.; Reddy, S.; Seland,
O.; Stier, P.; Takemura, T. Radiative forcing by aerosols as derived
from the AeroCom present-day and pre-industrial simulations. Atmos.
Chem. Phys. 2006, 6, 5225−5246.
(25) Bey, I.; Jacob, D. J.; Yantosca, R. M.; Logan, J. A.; Field, B. D.;
Fiore, A. M.; Li, Q. B.; Liu, H. G. Y.; Mickley, L. J.; Schultz, M. G.
Global modeling of tropospheric chemistry with assimilated
meteorology: Model description and evaluation. J. Geophys. Res.,
[Atmos.] 2001, 106, 23073−23095.
(26) Emmons, L. K.; Walters, S.; Hess, P. G.; Lamarque, J. F.; Pfister,
G. G.; Fillmore, D.; Granier, C.; Guenther, A.; Kinnison, D.; Laepple,
T.; Orlando, J.; Tie, X.; Tyndall, G.; Wiedinmyer, C.; Baughcum, S. L.;
Kloster, S. Description and evaluation of the Model for Ozone and
Related chemical Tracers, version 4 (MOZART-4). Geoscientific Model
Dev. 2010, 3, 43−67.
(27) van Donkelaar, A.; Martin, R. V.; Brauer, M.; Kahn, R.; Levy, R.;
Verduzco, C.; Villeneuve, P. J. Global estimates of ambient fine
particulate matter concentrations from satellite-based aerosol optical
depth: development and application. Environ. Health Perspect. 2010,
118, 847−855.
(28) Husar, R. B.; Husar, J. D.; Martin, L. Distribution of continental
surface aerosol extinction based on visual range data. Atmos. Environ.
2000, 34, 5067−5078.
(29) Dentener, F.; Stevenson, D.; Ellingsen, K.; van Noije, T.;
Schultz, M.; Amann, M.; Atherton, C.; Bell, N.; Bergmann, D.; Bey, I.;
Bouwman, L.; Butler, T.; Cofala, J.; Collins, B.; Drevet, J.; Doherty, R.;
Eickhout, B.; Eskes, H.; Fiore, A.; Gauss, M.; Hauglustaine, D.;
Horowitz, L.; Isaksen, I. S. A.; Josse, B.; Lawrence, M.; Krol, M.;
Lamarque, J. F.; Montanaro, V.; Muller, J. F.; Peuch, V. H.; Pitari, G.;
Pyle, J.; Rast, S.; Rodriguez, J.; Sanderson, M.; Savage, N. H.; Shindell,
D.; Strahan, S.; Szopa, S.; Sudo, K.; Van Dingenen, R.; Wild, O.; Zeng,
G. The global atmospheric environment for the next generation.
Environ. Sci. Technol. 2006, 40, 3586−3594.
(30) Eyring, V.; Waugh, D. W.; Bodeker, G. E.; Cordero, E.;
Akiyoshi, H.; Austin, J.; Beagley, S. R.; Boville, B. A.; Braesicke, P.;
Bruhl, C.; Butchart, N.; Chipperfield, M. P.; Dameris, M.; Deckert, R.;
Deushi, M.; Frith, S. M.; Garcia, R. R.; Gettelman, A.; Giorgetta, M. A.;
Kinnison, D. E.; Mancini, E.; Manzini, E.; Marsh, D. R.; Matthes, S.;
Nagashima, T.; Newman, P. A.; Nielsen, J. E.; Pawson, S.; Pitari, G.;
Plummer, D. A.; Rozanov, E.; Schraner, M.; Scinocca, J. F.; Semeniuk,
K.; Shepherd, T. G.; Shibata, K.; Steil, B.; Stolarski, R. S.; Tian, W.;
Yoshiki, M. Multimodel projections of stratospheric ozone in the 21st
century. J. Geophys. Res., [Atmos.] 2007, 112, D16303−1-24.
(31) Shindell, D. T.; Faluvegi, G.; Stevenson, D. S.; Krol, M. C.;
Emmons, L. K.; Lamarque, J. F.; Petron, G.; Dentener, F. J.; Ellingsen,
K.; Schultz, M. G.; Wild, O.; Amann, M.; Atherton, C. S.; Bergmann,
D. J.; Bey, I.; Butler, T.; Cofala, J.; Collins, W. J.; Derwent, R. G.;
Doherty, R. M.; Drevet, J.; Eskes, H. J.; Fiore, A. M.; Gauss, M.;
Hauglustaine, D. A.; Horowitz, L. W.; Isaksen, I. S. A.; Lawrence,
M. G.; Montanaro, V.; Muller, J. F.; Pitari, G.; Prather, M. J.; Pyle,
J. A.; Rast, S.; Rodriguez, J. M.; Sanderson, M. G.; Savage, N. H.;
Strahan, S. E.; Sudo, K.; Szopa, S.; Unger, N.; van Noije, T. P. C.;
Zeng, G. Multimodel simulations of carbon monoxide: Comparison
with observations and projected near-future changes. J. Geophys. Res.,
[Atmos.] 2006, 111, 1−24.
(32) van Noije, T. P. C.; Eskes, H. J.; Dentener, F. J.; Stevenson,
D. S.; Ellingsen, K.; Schultz, M. G.; Wild, O.; Amann, M.; Atherton,
C. S.; Bergmann, D. J.; Bey, I.; Boersma, K. F.; Butler, T.; Cofala, J.;
Drevet, J.; Fiore, A. M.; Gauss, M.; Hauglustaine, D. A.; Horowitz,
L. W.; Isaksen, I. S. A.; Krol, M. C.; Lamarque, J. F.; Lawrence, M. G.;
Martin, R. V.; Montanaro, V.; Muller, J. F.; Pitari, G.; Prather, M. J.;
Pyle, J. A.; Richter, A.; Rodriguez, J. M.; Savage, N. H.; Strahan, S. E.;
Sudo, K.; Szopa, S.; van Roozendael, M. Multi-model ensemble
simulations of tropospheric NO2 compared with GOME retrievals for
the year 2000. Atmos. Chem. Phys. 2006, 6, 2943−2979.
(33) van Loon, M.; Vautard, R.; Schaap, M.; Bergstrom, R.;
Bessagnet, B.; Brandt, J.; Builtjes, P. J. H.; Christensen, J. H.;
Cuvelier, C.; Graff, A.; Jonson, J. E.; Krol, M.; Langner, J.; Roberts, P.;
Rouil, L.; Stern, R.; Tarrason, L.; Thunis, P.; Vignati, E.; White, L.;

Wind, P. Evaluation of long-term ozone simulations from seven
regional air quality models and their ensemble. Atmos. Environ. 2007,
41, 2083−2097.
(34) Textor, C.; Schulz, M.; Guibert, S.; Kinne, S.; Balkanski, Y.;
Bauer, S.; Berntsen, T.; Berglen, T.; Boucher, O.; Chin, M.; Dentener,
F.; Diehl, T.; Easter, R.; Feichter, H.; Fillmore, D.; Ghan, S.; Ginoux,
P.; Gong, S.; Kristjansson, J. E.; Krol, M.; Lauer, A.; Lamarque, J. F.;
Liu, X.; Montanaro, V.; Myhre, G.; Penner, J.; Pitari, G.; Reddy, S.;
Seland, O.; Stier, P.; Takemura, T.; Tie, X. Analysis and quantification
of the diversities of aerosol life cycles within AeroCom. Atmos. Chem.
Phys. 2006, 6, 1777−1813.
(35) Kinne, S.; Schulz, M.; Textor, C.; Guibert, S.; Balkanski, Y.;
Bauer, S. E.; Berntsen, T.; Berglen, T. F.; Boucher, O.; Chin, M.;
Collins, W.; Dentener, F.; Diehl, T.; Easter, R.; Feichter, J.; Fillmore,
D.; Ghan, S.; Ginoux, P.; Gong, S.; Grini, A.; Hendricks, J. E.; Herzog,
M.; Horowitz, L.; Isaksen, L.; Iversen, T.; Kirkavag, A.; Kloster, S.;
Koch, D.; Kristjansson, J. E.; Krol, M.; Lauer, A.; Lamarque, J. F.;
Lesins, G.; Liu, X.; Lohmann, U.; Montanaro, V.; Myhre, G.; Penner,
J. E.; Pitari, G.; Reddy, S.; Seland, O.; Stier, P.; Takemura, T.; Tie, X. An
AeroCom initial assessment - optical properties in aerosol component
modules of global models. Atmos. Chem. Phys. 2006, 6, 1815−1834.
(36) Levy, R. C.; Remer, L. A.; Mattoo, S.; Vermote, E. F.; Kaufman, Y. J.
Second-generation operational algorithm: Retrieval of aerosol properties
over land from inversion of Moderate Resolution Imaging Spectroradi-
ometer spectral reflectance. J. Geophys. Res., [Atmos.] 2007, 112, 1−21.
(37) Kahn, R. A.; Gaitley, B. J.; Garay, M. J.; Diner, D. J.; Eck, T. F.;
Smirnov, A.; Holben, B. N. Multiangle Imaging SpectroRadiometer
global aerosol product assessment by comparison with the Aerosol
Robotic Network. J. Geophys. Res., [Atmos.] 2010, 115, 1−28.
(38) Van Dingenen, R.; Dentener, F. J.; Raes, F.; Krol, M. C.;
Emberson, L.; Cofala, J. The global impact of ozone on agricultural
crop yields under current and future air quality legislation. Atmos.
Environ. 2009, 43, 604−618.
(39) Selin, N. E.; Paltsev, S.; Wang, C.; van Donkelaar, A.; Martin,
R. V. Global Aerosol Health Impacts: Quantifying Uncertainty. MIT
Global Change Program 2011, 203, 1−1-20.
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