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Abstract

The burning of fossil fuels — especially coal, pgtand diesel — is a major source of airborne
fine particulate matter (PM), and a key contributor to the global burden ofrtady and
disease. Previous risk assessments have examiaeue#ith response to total Py not just

PM, s from fossil fuel combustion, and have used a cotmagon-response function with limited
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support from the literature and data at both higld séow concentrations. This assessment
examines mortality associated with Pdfrom only fossil fuel combustion, making use of a
recent meta-analysis of newer studies with a widgrge of exposure. We also estimated
mortality due to lower respiratory infections (LRdnong children under the age of five in the
Americas and Europe, regions for which we havealbéi data on the relative risk of this health
outcome from PMsexposure. We used the chemical transport model &Efem to estimate
global exposure levels to fossil-fuel related 2Mn 2012. Relative risks of mortality were
modeled using functions that link long-term expestw PM s and mortality, incorporating
nonlinearity in the concentration response. Werest a global total of 10.2 (95% CI: -47.1 to
17.0) million premature deaths annually attribugatal the fossil-fuel component of BM The
greatest mortality impact is estimated over regiamt substantial fossil fuel related BN
notably China (3.9 million), India (2.5 million) drparts of eastern US, Europe and Southeast
Asia. The estimate for China predates substangelirte in fossil fuel emissions and decreases
to 2.4 million premature deaths due to 43.7% radndn fossil fuel PM from 2012 to 2018
bringing the global total to 8.7 (95% CI: -1.8 td.Q) million premature deaths. We also
estimated excess annual deaths due to LRI in eml{d>-4 years old) of 876 in North America,
747 in South America, and 605 in Europe. This stalgynonstrates that the fossil fuel
component of PMs contributes a large mortality burden. The steepmrcentration-response
function slope at lower concentrations leads tgdaestimates than previously found in Europe
and North America, and the slower drop-off in sl@tehigher concentrations results in larger
estimates in Asia. Fossil fuel combustion can beemeadily controlled than other sources and
precursors of Pl such as dust or wildfire smoke, so this is a cleassage to policymakers

and stakeholders to further incentivize a shiftlean sources of energy.
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I ntroduction

The burning of fossil fuels — especially coal, pktand diesel — is a major source of
airborne particulate matter (PM) and ground-levadre, which have both been implicated as
key contributors to the global burden of mortabiyd disease (Apte et al., 2015; Dedoussi and
Barrett, 2014; Lim et al., 2013). A series of saglihave reported an association between
exposure to air pollution and adverse health oues(Brook et al., 2010), even at low exposure
levels (< 10pg m®, the current World Health Organization, WHO, gliite) (Di et al., 2017).
The Global Burden of Diseases, Injuries, and Rig&térs Study 2015 (GBD 2015) identified
ambient air pollution as a leading cause of théglalisease burden, especially in low-income
and middle-income countries (Forouzanfar et all620 Recent estimates of the global burden
of disease suggest that exposure te Pldarticulate matter with an aerodynamic diamet@r
um) causes 4.2 million deaths and 103.1 million diggkadjusted life-years (DALYS) in 2015,
representing 7.6% of total global deaths and 4.2%labal DALYs, with 59% of these in east
and south Asia (Cohen et al., 2017).

A series of newer studies conducted at lower canagons and at higher concentrations
have reported higher slopes than incorporated tiéo GBD using the integrated exposure—
response (IER) curve (Burnett et al., 2014). Tistgdies examined mortality due to exposure to
PM, s at concentrations below 1@ nmi® in North America (Di et al., 2017; Pinault et &016)
and above 4Qig m® in Asia (Katanoda et al., 2011; Tseng et al., 201&da et al., 2012; Wong
et al., 2015; 2016; Yin et al., 2017). Here we hased a concentration-response curve from a
recently published meta-analysis of long-term ;BMnortality association among adult

populations which incorporates those new findingshigh and low PMs concentrations
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(Vodonos et al., 2018). We also focus our studyttos health impacts of fossil-fuel derived
PM,s In contrast, GBD reports only the health impaaftsotal PMys and does not distinguish
mortality from fossil-fuel derived Ppt and that from other kinds of Bl including dust,
wildfire smoke, and biogenically-sourced particldg focus only on Pk since recent studies
have provided mixed results on the link betweemezand mortality (Atkinson et al., 2016) and
there does not exist a global coherent concentrageponse function (CRF) for ozone.

The developing fetus and children younger thandss/ef age are more biologically and
neurologically susceptible to the many adverse cedfeof air pollutants from fossil-fuel
combustion than adults. This differential susceliybto air pollution is due to their rapid
growth, developing brain, and immature respirgtoryetoxification, immune, and
thermoregulatory systems (Bateson and Schwartz8;208rera, 2018). Children also breathe
more air per kilogram of body weight than adulisi @re therefore more exposed to pollutants
in air (WHO, 2006; Xu et al., 2012)The WHO estimated that in 2012, 169,000 globatigea
among children under the age of 5 were attributablambient air pollution (WHO, 2016).
Further estimation of the burden of mortality dweRM, 5 (particularly from anthropogenic
sources) among the young population would highlitite need for intervention aimed at
reducing children's exposure.

Using the chemical transport model GEOS-Chem, veatjied the number of premature
deaths attributable to ambient air pollution fromsdil fuel combustion. Improved knowledge of
this very immediate and direct consequence of lfssi use provides evidence of the benefits to
current efforts to cut greenhouse gas emissionsregt in alternative sources of energy. It also
helps quantify the magnitude of the health impadta category of PWs that can be more

readily controlled than other kinds of B¥such as dust or wildfire smoke.
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Materials and methods

Calculation of surface Pl concentrations

Previous studies examining the global burden ofatie from outdoor air pollution have
combined satellite and surface observations witletsoto obtain improved estimates of global
annual mean concentrations of PMShaddick et al., 2018). However, the goal of ssitidies
was to quantify the health response to,BNMom all sources, both natural and anthropogenic
(Brauer et al., 2016; Cohen et al., 2017). Heredbas of our study is on surface ambient,2M
generated by fossil fuel combustion, and for thatraly solely on the chemical transport model
GEOS-Chem since current satellite and surface meammts cannot readily distinguish
between the sources of BM Results from GEOS-Chem have been extensivelgatad against
surface, aircraft, and space-based observationmdrie world, including simulation of surface
pollution over the United States (Drury et al., @0Ford and Heald, 2013; Heald et al., 2012;
Leibensperger et al., 2012; Marais et al., 201@&nghet al., 2012), Asia (Koplitz et al., 2016;
Lin et al., 2014), Europe (Protonotariou et a0]12; Veefkind et al., 2011), and Africa (Lacey et
al., 2017; Marais et al., 2014a; 2014b; 2016; 20TBE model has also been applied to previous
studies quantifying the global burden of diseasenfparticulate matter from all sources (Brauer

et al., 2016; Cohen et al., 2017).

In this analysis we used GEOS-Chem with fossil femlissions from multiple sectors
(power generation, industry, ships, aircraft, gearansportation, backup generators, kerosene,
oil/lgas extraction), detailed oxidant-aerosol ctetrgj and reanalysis meteorology from the

NASA Global Modeling and Assimilation Office. Folssuel emissions are from regional
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inventories where these are available for the USpje, Asia, and Africa, and from global
inventories everywhere else (such as Mexico, Aligir&outh America and Canada). More
details of the specific fossil fuel inventories dse GEOS-Chem are in Table S1. Global-scale
simulations in GEOS-Chem were carried out on asmapatial grid (2% 2.5°, about 200 krw
250 km). Four regional simulations were also penkxl at fine spatial scale (0.890.67°, about
50 kmx 60 km) for North America, Europe, Asia, and Afriagaing boundary conditions from
the global model. The regional simulations allow &better match with the spatial distribution
of population, thus enhancing the accuracy of stemates of health impacts. All simulations
were set up to replicate 2012 pollution conditioAs.described in the Supplemental Material,
we find that globally, GEOS-Chem captures obse@aual mean Py} concentrations with a
spatial correlation of 0.70 and mean absolute esfd3.4 ug m* values which compare well
with those from other models (Shindell et al., 204#g et al., 2015). We performed two sets of
simulations: one set with fossil fuel emissionsnadr on and the other with such emissions
turned off. We then assumed that the differendevdzen the two sets of simulations represents
the contribution of fossil fuel combustion to swéaPM s. More information on our choice of
GEOS-Chem, the model setup, details of relevarirapbgenic emissions, and model validation

is described in the Supplemental material.
Population and Health data

We used population data from the Center for Intéonal Earth Science Information
Network (CIESIN) (CIESIN, 2018). The Gridded Pogida of the World, Version 4 Revision
11 (GPWv4.11) is gridded with an output resolutair30 arc-seconds (approximately 1 km at

the equator). Since the population data are provaigy at five-year intervals, we applied 2015
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population statistics to the results of our 20120&EChem simulation. CIESIN population data
was then aggregated to the spatial scale of theehiodthe exposure estimates. Country/region
level data on baseline mortality rates were fronDGfata for 2015 (based on the 2017 iteration)
(IHME, 2017). USA state-specific mortality rates reebtained from the CDC Wide-ranging
Online Data for Epidemiologic Research (WONDER) poessed mortality files (WONDER).
Canada death estimates by province were obtaimed 8tatistics Canada, CANSIM (Canada,
2018).

PM; smortality concentration —response model

The risk of air pollution to health in a populatieg usually estimated by applying a
concentration—response function (CRF), which isicglty based on Relative Risk (RR)
estimates derived from epidemiological studies. €R&fe necessary elements for the
guantification of health impacts due to air pothatiand require regular evaluation and update to

incorporate new developments in the literature.

Global assessments of air pollution risk oftere uke Integrated Exposure-
Response model (IER) (Burnett et al., 2014), whiombined information on Pp—mortality
associations from non-outdoor RMsources, including secondhand smoke, household air
pollution from use of solid fuels, and active smmgki The IER used data from active smoking
and passive smoking to address the limited numbeutoor PM s epidemiologic studies at
PM,s > 40 ug m* available at the time. The IER formed the basishefestimates of disease
burden attributable to PM (e.g., 4 million deaths in 2015 in GBD 2015). Thiaction was then
updated in 2018 using the Global Exposure Mortdliydel (GEMM). In GEMM, data from 41
epidemiological cohort studies were applied (Burmettal., 2018). Independently conducted

analyses were conducted on 15 of these cohortbdmcterize the shapes of PMmortality
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associations in each cohort, using a specifiedtiomal form of the CRF. For the remaining 26
cohorts, the concentration-response was examindd &ilinear concentration hazard ratio
model. A recent meta-analysis of the associatiotwéxen long-term PWs and mortality
(Vodonos et al., 2018) applied techniques involvithexible penalized spline CRF in a
multivariate random effects and meta-regressionahddis approach allows the data to specify
the shape of the CRF. The meta-regression poolédet8mates from 53 studies examining
long-term PM sand mortality of cohorts aged 15 years and oldee dstimate of the confidence
intervals about the CRF includes a random variasazaponent. This meta-analysis provided
evidence of a nonlinear association between Pdtposure and mortality which the exposure-
mortality slopes decreases at higher concentrafibigure S5 in Supplemental Material). We
have chosen to use the dose-response function tiiermeta-analysis rather than the GEMM
function as the meta-regression approach is mesebfe and does not constrain the CRF to a
specific functional form, it incorporates a randomariance component in estimating the
uncertainty around that curve, it is derived witbrenstudies than previous approaches, and its
estimates at high and low exposures are closdret@s$timates in cohorts restricted to only very
high and very low exposures. To ensure consistemtly the concentration-response curve,
premature mortality rates for the portion of thepplation >14 years of age were determined
using the population and baseline mortality ratasdifferent age groups from GBD data for

2015.

Health impact calculations

We estimated the number of premature deaths atbbrito fossil fuel Pis using: (1)

GEOS-Chem PMs estimated with all emission sources and GEOS-Ché sRestimated
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without fossil fuel emissions, as a comparison rgjaihe first simulation, (2) total population
above the age of 14 gridded to the GEOS-Chem ggdlution, (3) baseline all-cause mortality
rates for population above the age of 14 (per egunt per state in the US and province in
Canada), and (4) the meta-analysis CRF (Vodonoal.et2018). All health impacts were
calculated on a per-grid basis at the spatial utieol of the model. We applied the following
health impact function to estimate premature mityta¢lated to exposure to fossil fuel RMin

each GEOS-Chem grid cell:

LAy =y, *p*AF 1)
. exp(E*AX)—l

AF = W (2)

= _ rPM; 5 all emissions

B(PMZ-S)_-[PMZ_S no fossil fuel B(PMZ-S) (3)

whereAy is the change in the number of premature deathgalegposure to fossil fuel PM

Vo, IS the country/state/province specific baselink-c@use) mortality ratep is to the total
population above the age of 14, AF is the attriblgtdraction of deaths (the fraction of total
deaths attributable to P exposure),8 is the mean estimate for long-term PMnortality
concentration-response over a range of concentsafiom the penalized spline model in the
recent meta-analysis, ard is the change in Py concentration, calculated as the difference
between GEOS-Chem BM with all emissions and GEOS-Chem PdMwithout fossil fuel

emissions.
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For each country, we summed the change in premdgaaths 4y) in each grid cell over all grid
cells in that country. To estimate the change iatlie between the two scenarios (with and
without fossil fuel combustion), we computed tharmge in deaths in each grid cell, based on its
population, baseline rate, and exposure underntbestenarios (Equation (1)). The attributable
fraction (AF), or proportion of deaths estimatedias to long-term exposure to PMossil fuel

air pollution, was calculated using the concertratiesponse estimate, following the form
shown in Equation (2JFigure S5 in Supplemental material). Because thestemates of
mortality concentration responsg) (are a nonlinear function of concentration, wedutiege
penalized spline model predictions from this metakgsis to integrate the concentration-specific
B in each grid cell from the low PM scenario (without fossil fuel emissions) to thgthPM 5
scenario (with all emissions, including fossil fuéh this way, we could calculate a mean value
of B for each grid cell. There exist insufficient epidelogical data to calculate a robust health
response function specific to fossil-fuel PMGEOS-Chem is a deterministic model. Therefore,
our 95% confidence intervals (ClI) for our estimateftect only the 95% CI for the concentration

response function.
Secondary analysis among children <5 yearsold

Lower respiratory infections (LRI), including pneama and bronchiolitis of bacterial and viral
origin, are the largest single cause of mortalioag young children worldwide and thus
account for a significant global burden of diseaseldwide (Nair et al., 2010). As mentioned
previously, young children are more susceptibldhéadverse effects of particulate air pollution
than adults. Mehta et al. (2013) estimated thealvienpact of PM sconcentration with Relative
Risk (RR) of 1.12 for LRI mortality per 40y m* increase in annual average PM

concentration, as compared to RR of 1.04 for rasmiy mortality among adults (Vodonos et al.,

10
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2018). We estimated the number of premature desttisutable to Pi¥lsamong children under
the age of 5 years duedaange of LRI classifications (ICD-10, Internatlassification of
Diseases codes: A48.1, A70, J09-J15.8, J16-J1809J21.9, P23.0-P23.4). Baseline numbers of
deaths due to LRI were obtained from the GBD fa@d®2(JHME, 2017). We used the Relative
Risk (RR) of 1.12 (1.03-1.30) for LRI occurrence i@ ug m* increase in annual average PM
concentration (Mehta et al., 2013). Studies of &rtgrm exposure of PMand LRI in that
meta-analysis were conducted in only a few devel@oeintries with relatively low levels of
annual mean PMs(< 25pg m°), specifically the Netherlands, Czech Republicir@ny,

Canada and USA. Whereforecalculated theaumber of premature LRI deaths attributable to

PM,sonly inNorth America, South America, and Europe.

Results
Impact of fossil fuel use on BM

Figure 1 shows the difference between global GEG@8RCPM 5 with and without fossil
fuel emissions, plotted as the annual mean for 2(H&sults show large contributions of 50-100
ug mi®in PMs over China and India, with smaller increments @50 pg m* over large swaths
of the United States and Europe, industrializedntaes in Africa (South Africa and Nigeria),

and along the North African coastline due to Euswppollution.
Global assessment of mortality attributable to M

Based on the annual BMsimulation with and without global fossil fuel emsisns, we

estimated the excess deaths and attributabledra¢fiF %) for the population above 14 years

11
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old. Figure 2 shows the simulated annual globainatere mortality due to exposure to ambient
PM, s from fossil fuel emissions. Greatest mortality iswglated over regions with substantial
influenceof fossil-fuel related PWs, notably parts of Eastern North America, westernogar
and South-Eagisia.

We estimated a total global annual burden prematncetality due to fossil fuel
combustion in 2012 of 10.2 million (95% CI: -47d.17.0 million). Table 1 reports the baseline
number of deaths for people >14 years old, the @nlb s simulation with and without global
fossil fuel emissions, the estimated excess deatitsthe attributable fraction for the populated
continents. As shown in Table 1, we calculated @@&3,premature deaths in North America
(95% CI: 284,000-670,000), 187,000 deaths in Scutierica (95% CIl: 107,000-263,000),
1,447,000 deaths in Europe (95% CI: 896,000-1,9%8,07,916,000 deaths in Asia (95% CI: -
48,106,000 to 13,622,000), and 194,000 deaths iitaA{95% CI: -237,000 to 457,000). The
wide confidence intervals in Asia and Africa areedo the lack of data for areas where the
exposure remains outside the range of the condiemtreesponse curve (P> 50 pg m=;
Figure S5). The population-weighted pollution carications presented in Table 1 are higher
than the average PMconcentrations for each country, since fossil-fok s is mainly emitted
in populous areas. The two countries with the rsgipeemature mortality are China with 3.91
million and India with 2.46 million. Supplementaafile S2 provides extended data of the health
impact calculations for each country. For comparjsbable 1 also reports the number of
premature deaths attributable to fossil fuel.BM/hen the GEMM function is applied to the
GEOS-Chem output. For most regions, the numbererhpture deaths calculated with GEMM
is significantly lower than that calculated withetinew function from Vodonos et al. (2018).

Globally, the GEMM function yields 6.7 million déwtin 2012 due to fossil fuel combustion.

12
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Assessment of children (under the age of 5) LRtatyrattributable to PMs

We estimated the number of premature deaths atableito PM samong children under
the age of 5 due taRI only for those countries or regions with leval§ annual PMs
concentrations below 2fg mi°. These include North America, South America, anmope.
Based on the annual BMisimulation with and without fossil fuel emissionge calculated 876
excess deaths due to LRI in North and Central Acaervy47 in South America, and 605 in
Europe (Table 2). Using the GBD estimate of totahttls due to LRI (Institute for Health
Metrics and Evaluation), we estimate that /2ZMrom fossil fuel combustion accounted on
average for 7.2% of LRI mortality among childrerdanthe age of 5 in these regions, with the

largest proportion of 13.6% in Europe (95% CI| @£25.3%) .

Discussion

We used the chemical transport model GEOS-Chemutmtdy the global mortality
attributed to PM5 air pollution from fossil fuel combustion. Usinget updated concentration
response relationship between relative mortalitg @wrborne PMs we estimated global
premature mortality in 2012 of 10.2 million per ydeom fossil fuel combustion alone. China
has the highest burden of 3.91 million per yealtp¥eed by India with 2.46 million per year.
These estimates carry large uncertainty (e.g., @3%f -47.1 to 17.0 million for the global
estimate) from the concentration-response curvet iasan improved function that provides a

more realistic picture of the health consequent&Mp s compared to previous studies.
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Our estimate is for the year when fossil fuel emiss in China peaked and so predates
large and dramatic reductions in fossil fuel enaissidue to strict mitigation measures. These
reductions led to a 30-50% decline in annual meda Facross the country from 2013 to 2018
(Zhai et al., 2019). If we apply a 43.7% reductiorfGEOS-Chem Pl concentrations from the
simulation with all emission sources, prematuretaiity in China decreases from 3.91 million
to 2.36 million. India has recently imposed corgroh pollution sources, but there is not yet
evidence of air quality improvements in denselyaged cities like Delhi (Vohra et al., 2020).
Consideration of the 2012-2018 decrease in, Pbkposure in China reduces the total global
premature mortality due to fossil fuel RMrom 10.2 million premature deaths each year 70 8.

(95% CI: -1.8 to 14.0) million.

In 2012, the population-weighted BWis 72.8ug m* for China and 52.Q,g m*for India
from all sources and 99y m? for China and 9.Qug m* for India without fossil fuel emissions.
The low value of non-fossil fuel PM is reasonable for southern India (Dey et al., 204
may be an underestimate in the Indo-Gangetic Ridiere crop residue burning contributes to
high levels of PMs (100-200pg m®) during the post-monsoon season (Ojha et al., 2020
increase in the concentration of non-fossil-fuel.BMould decrease our estimate of the number
of premature deaths due to fossil fuel 2Nh India and China, as this would decrease theais

premature mortality with a unit change in PMFigure S5).

Comparison with previous estimates of global mdstaittributable to outdoor Pis

Previous estimates of the GBD for 2015 suggestakpbsure to total PM causes 4.2

million deaths (Cohen et al., 2017), whereas hezeegtimate more than double (10.2 million)

14
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the number of premature deaths from fossil fuel lmastion alone in 2012. Differences between
the current study and the 2015 GBD lower estimategelated mainly to the choice of the shape
of the concentration-response function and thetivelarisk estimate. First, to provide
information about exposure response at higher curatens, the 2015 GBD study used the
integrated exposure—response (IER) model in whitiveaand second-hand smoking exposures
were converted to estimated annual RMexposure equivalents using inhaled doses of particl
mass (Burnett et al., 2014). Recent cohort stuflimm Asia indicate that this substantially
underestimates the CRF at high concentrationsoiirast, in the current study we applied a
CRF that was directly estimated from Pi&tudies alone, as described in a recent metasisaly
that included estimates from studies in countries China with higher Pls concentrations
than our included in previous derivations of CR¥sdonos et al., 2018). The CRF from this
recent meta-analysis flattens out at higher comagonhs, as does the IER curve. However, this
flattening is not as great as in the IER, as Agiahort studies at high P concentrations
report larger effects than would be expected frova IEER. Hence estimates of the global
attributable fraction of deaths due to air pollatiosing the function from the recent meta-
analysis are higher than the estimates using tie flihction. In addition, at much lower
concentrations (< 1)g m®), we applied higher slopes than assumed in thefiBtion. Recent
studies at very low concentrations similarly shdwttthe IER underestimated effects in this
range (Pinault et al., 2016). Since GEOS-Chem estichquite low concentrations in developed
countries in Europe and North America, the numidepremature deaths from RBMin these

countries is greater than previous estimates.

Following an approach similar to the recent metahmis (Vodonos et al., 2018), Burnett

et al. (2018) modeled the shape of the associdtgween PMsand non-accidental mortality
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using data from 41 cohorts from 16 countries witEMM. In that study, the uncertainty in a
subset (15 cohorts) was characterized in the shipiee concentration-response parameter by
calculating the Shape-Constrained Health Impacttom a prespecified functional form. These
estimated shapes varied across the cohorts incindéeé function. GEMM predicted 8.9 million
(95% CI: 7.5-10.3) deaths in 2015 attributableotogtterm exposure to PMfrom all sources;
120% higher excess deaths than previous estinaiestill lower than our estimate of mortality
from exposure to fossil-fuel derived B¥for 2012. Lelieveld et al. (2019) estimated thebgll
and regional mortality burden of fossil fuel attriable PM s by applying the GEMM CRF to a
global chemistry-climate model that is overall cmar(~1.9° latitude and longitude) than the
model used in this work. The authors reported J1illion deaths per year attributable to
pollution from fossil fuel combustion and 5.55 nalt deaths per year due to pollution from all
anthropogenic sources. The estimated deaths fossil ffuel combustion are much lower than
those in the current study for several reasonst,Rite meta-analysis function used in our work
includes 135 coefficients of all-cause mortality &mlults aged 14-64 years old, together with
cause-specific mortality and all-cause mortality oagn adults aged 65 and older, thus
incorporating many more studies in a meta-regraséiamework than the 41 cohorts and
coefficients in the GEMM function. Second, the aygmh used to estimate the CRF in Vodonos
et al. (2018) allows for additional flexibility ithe shape of the function because of its use of
penalized splines. In contrast, the GEMM pooled-GRegrates a set of 26 log-linear functions
and 15 functions characterized by three paramei@rerning the shape of the function. Third,
while Cohen et al. (2017), Lelieveld et al. (20E9)d Burnett et al. (2018) accounted for
mortality from five specific causes (ischemic healisease, stroke, chronic obstructive

pulmonary disease, lung cancer and acute respiratéections), in the current analysis we
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estimated changes in deaths from all causes. Fosothe of the difference in the mortality
estimates may come from differences in the age ecai@ur approach considers a wider
population age range of over 14 years old (Vodaiaa., 2018) compared to the other studies,
which considered a population age range of oveyeys (Burnett et al., 2018; Cohen et al.,
2017; Lelieveld et al., 2019). Our approach hasewiadge range since the age range for the
studies in the meta-analysis (Vodonos et al., 20d@uded people younger than 25 years old
(Hart et al., 2011; Pinault et al., 2016) . Finallye finer spatial resolution that GEOS-Chem
utilizes over much of the globe improves co-locatmf PM hotspots and population centers,

yielding higher estimates of excess mortality coragdo Lelieveld et al. (2019).

Limitations

There are a number of limitations that must be askedged. First, vulnerability to
PM, s exposure may vary by population characteristich g ethnicity, socio-economic status
(SES), risk behaviors such as smoking and underlgomorbidities (Krewski et al., 2000; Pope
et al., 2004; Wang et al., 2017) and by differeqgasure characteristics. We were limited in our
ability to undertake a comprehensive analysis ofoig influencing the association between
PM;sand mortality since the global mortality data waoe available by detailed age, ethnicity,
SES, lifestyle, and underlying disease strataduiiteon, the 95% CI of our estimates reflect the
lower and upper bound of the CRF, which flattens atuhigher concentrations. Regions with
very high concentrations (>3 mi°) are beyond the data range in the meta-analysis; the
lower limit of the CI for those regions (China, Wesid North Africa; Table 1) are much less

than zero. Second, for LRI in children, we havgtrieted our analysis to developed countries
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with annual PMs < 25 pg nt, in accordance with the geographical locationghef studies
included in the meta-analysis by Mehta et al. (30L&veloping countries have much higher
LRI mortality rates, and this restriction doubtlessults in an underestimate. Finally, GEOS-
Chem estimates of PM concentrations almost certainly contains errorsegtimates of
emissions of pollution precursors, meteorologid¢tdats on air quality, and representation of the
complex physical and chemical formation pathwaysthe absence of systematic bias, such
model error may not produce large aggregate emotBe mortality burden of Pp4, but bias

may be present as well. In any event, it is chgllegto estimate the true size of this error.

Conclusions

The effects of C@driven climate change on human health and weléaescomplex, ranging
from greater incidence of extreme weather eventxenfrequent storm-surge flooding, and
increased risk of crop failure (Duffy et al., 2019ne consequence of increasing reliance on
fossil fuel as an energy source that has thusdegived comparatively little attention is the
potential health impact of the pollutants co-enditteith the greenhouse gas €O Such
pollutants include Plk and the gas-phase precursors of,BMhis study demonstrates that the
fossil fuel component of Py4 contributes a large global mortality burden. By mpifging this
sometimes overlooked health consequence of fassildombustion, a clear message is sent to

policymakers and stakeholders of the co-benefistofinsition to alternative energy sources.
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Figure 1. Contribution of fossil fuel combustion to surface PM,s, as calculated by the
chemical transport model GEOS-Chem. The plot shows the difference in surface ZM

concentrations from GEOS-Chem with and withoutifdasl emissions.
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Figure 2. Estimated annual excess deaths due to exposure to ambient PM 5 generated by

fossil fuel combustion.
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Table 1. Number of deaths attributable to exposureto fine particulate matter (PM,5s) generated by fossil fuel combustion for

the population >14 yearsold

Total Population-weighted annual mean PM 5 M ean Deaths attributable to GEMM function
deaths concentration, pg m attributable ) deaths attributable
GEOS-Chem >l4years [ pM.,-f Estimated PM fraction of fossil-fuel related to fossil-fuel related
i i rom . stimat i }
spatial _grlg Region® old, in 251TC PM,5 without ! 25 deaths, % (95% PM,s, in thouEands PM.., in thousands
resolution all emission fossil fuel from fossil fudl, g (95% ClI) X o
thousands sources % Cl) (95% ClI)
Central America
North & the Caribbean 1,148 10.06 3.03 7.03 (69.9) 8.2 (4.5-11.6) 94 (52-133) 80 (62-98)
Fine America USA 2,705 11.81 2.15 9.66 (81.8) 13.1(7.8-18.1) 5 @8.2-490) 305 (233-375)
Canada 250 12.01 1.76 10.25 (85.4 13.6 (8.0-18|7) 34 (20-47) 28 (22-35)
Coarse South America 2,389 8.66 3.02 5.65 (65.2) 7.8 UB) 187 (107-263) 159 (121-195)
Fine Europe 8,626 19.22 4.68 14.54 (75.7 16.8 (10.8)22. 1,447 (896-1,952) 1,033 (798-1,254
Fine Eastern Asia 25,468 51.72 8.68 43.05 (83.2 3@8941-52.9)| 7,821 (-48,150-13,478 4,945 (3,9426)8
Asia Western Asia &
Coarse the Middle East 1,456 26.95 20.73 6.22 (23.1) 6.5 (3.0-9.9) 95144) 54 (43-65)
Fine Africa 5,274 32.98 28.98 4.00 (12.1) 3.7 (-4.5-8.7 1287-457) 102 (81-121)
Coarse Australia & Oceania 189 4.17 2.19 1.98 (47.4) 3.34.8) 6.0 (2.9-9.0) 6.4 (4.8-7.9)
Global 47,506 38.01 11.14 26.87 (70.7) 21.5 (-B0F) | 10,235 (-47,054-16,972 6,713 (5,308-7,97

% Fine spatial scale is 0.%°0.67°, or about 50 km 60 km. Coarse spatial scale isx22.5°, or about 200 km 250 km

P ist of countries for each region and subregioprisvided in supplemental Table S2

¢ Annual number of deaths attributable to long-texpasure to PMsderived from fossil fuel combustion. Cl is the ddehce

interval.

9 Mean proportion of all deaths which can be attéblto long-term exposure to BMyenerated by fossil fuel combustion, averaged
over the country or region. CI; confidence interval.

° Attributable deaths calculated with the Global &pre Mortality Model (GEMM) concentration-respoffisection. **
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Table 2. Number of deathsdue to lower respiratory infection (LRI) attributable to exposureto fine particulate matter (PM5s)

from fossil fuel combustion for the population <5 yearsold

Total deathsfor

LRI deaths
attributableto

M ean attributable

[ [ < . [ 9
Region Cr(l)lllc;j:jinetg KeRalrs fosggg/l:egla)l\g ) fractl(ogns(%‘ o(l:el?tps, Yo
North America 13,230 876 (-26-1,657) 6.6 (-0.2-12.5)

Central America & the Caribbean 12,507 802 (-23-1,516) 6.4 (-0.2-12.1)

USA 672 69 (-2-131) 10.2 (-0.3-19.5)

Canada 50 5 (0-10) 10.8 (-0.3-20.5)
South America 13,231 747 (-21-1,443) 5.7(-0.2-10.9)
Europe 4,446 605 (-18-1,126) 13.6 (-0.4-25.3)

& Annual number of deaths attributed to long-termospe to PMsderived from fossil fuel combustion.

® Mean proportion of deaths due to long-term exposufeM, sgenerated by fossil fuel combustion. Cl is the ierice interval.
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Highlights

Fossil fuel combustion emits particulate matter (PM25) harmful to public health

We use are-evaluated concentration-response function (CRF)

We estimate 10.2 million globa excess deathsin 2012 due to PM, 5 from this source
62% of deaths arein China (3.9 million) and India (2.5 million)

Our estimate is more than double the GBD reports, due to the updated CRF we use
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