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ABSTRACT: Air quality in the United States has dramatically
improved, yet exposure to air pollution is still associated with
100000−200000 deaths annually. Reducing the number of deaths
effectively, efficiently, and equitably relies on attributing them to
specific emission sources, but so far, this has been done for only
highly aggregated groups of sources, or a select few sources of
interest. Here, we estimate mortality in the United States
attributable to all domestic, human-caused emissions of primary
PM2.5 and secondary PM2.5 precursors. We present detailed source-
specific attributions in four alternate groupings relevant for
identifying promising ways to reduce mortality. We find that
nearly half of the deaths can be attributed to just five activities, all
in different sectors. Around half of the deaths can be attributed to
fossil fuel combustion, with the remainder attributable to combustion of nonfossil fuels, agricultural processes, and other
noncombustion processes. Both primary and secondary PM2.5 are important, including PM2.5 from currently unregulated precursor
pollutants such as ammonia. We suggest improvements in air quality can be realized by continued reductions of emissions from
traditionally important sources and by novel strategies for reducing emissions from sources of emerging relative importance and
research focus. Such changes can contribute to improved health outcomes and other environmental goals.

■ INTRODUCTION

After decades of effective environmental policy, air quality in
the United States has dramatically improved, whether
compared to historical levels or to the air breathed by the
vast majority of people in the world. However, exposure to air
pollution remains the greatest environmental health risk factor
in the United States, associated with 100000−200000 excess
deaths annually,1,2 substantially more deaths than from
murders and car crashes combined.3

Although regulatory efforts have focused on attaining air
quality standards, reducing the health impacts of air pollution
has, to date, been achieved largely by targeting emission
sources.4 Indeed, targeting specific emission sources based on a
knowledge of the health impact of every emission source is the
key to effective, efficient, and equitable regulation of air
pollution. However, traditional methods for attributing health
impacts to emission sources are computationally demanding
and resource intensive and thus have been used for only highly
aggregated groups of sources,5 or a select few sources of
interest.6

Here we consider the deaths attributable to all human-
caused, domestic emissions of pollutants that contribute to
increased atmospheric levels of fine particulate matter (PM2.5)

in the contiguous United States. We use newly developed
models, which have been used in fine-scale pollution damage
mapping and the assessment of environmental justice,1,7 that
greatly reduce the time and computational resources needed to
trace the causal chain from emission sources to exposures, and
to health impacts.8 Our focus is on PM2.5, which is most
strongly associated with excess mortality risk from outdoor air
pollution in the United States and globally.9 We exclude
emissions from biogenic sources and wildfires, and emissions
from Mexico and Canada that affect PM2.5 concentrations in
the United States but are typically outside the scope of U.S. air
quality policy. Furthermore, as we model outdoor PM2.5
concentrations, we do not consider indoor or microenvir-
onmental exposures such as from incense and tobacco.
We attribute the deaths in four alternate waysby sector,

activity, process, and pollutantas follows. We first group all
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human-caused emissions in the United States into five broad
sectors (transportation, electricity, food and agriculture,
residential, and industrial and commercial) and estimate
annual deaths attributable to each sector. Then, we attribute
the deaths to 25 activities within the sectors, and also to 10
processes by which pollutants are released. Finally, we attribute
the annual deaths to the pollutants primary PM2.5 and the four
precursors of secondary PM2.5: nitrogen oxides (NOx), sulfur
oxides (SOx), ammonia (NH3), and non-methane volatile
organic compounds (NMVOC). Details of the methods,
comparisons between models, and code to reproduce results
are provided below and in the Supporting Information.

■ MATERIALS AND METHODS

Emissions of the five pollutant groups are taken from the U.S.
Environmental Protection Agency National Emissions In-
ventory (NEI) 2014 version 1, as grouped by 5434 Source
Classification Codes (SCCs). Emissions are prepared as
described by Tessum et al.,1 including quality control,
emissions processing, and scaling to year 2015 using sector-
specific scale factors. Here, instead of mapping SCCs to
emission sources aggregated by industry for economic analysis,
we map SCCs to emission sources aggregated by sector,
activity, and process. Definitions clarifying the groups are
provided in the Supporting Information.

PM2.5 concentrations across the contiguous United States
arising from the emission sources are modeled using the
Intervention Model for Air Pollution (InMAP), an open-
source, reduced-complexity air quality model, which is run
using a variable resolution grid (1−12 km) and outputs from a
more detailed model simulation to parametrize its chemistry.10

InMAP modeling assumptions and performance evaluation are
described elsewhere,1,7,8,10 including performance evaluations
against other models8,10 and ground measurements for
different PM2.5-related species.7,10 Source−receptor (S−R)
matrices built from InMAP7 were used to estimate changes in
annual average concentrations of speciated PM2.5 forms
[primary PM2.5, secondary organic aerosol (SOA), particulate
nitrate, particulate ammonium, and particulate sulfate] arising
from emissions from each source.
Deaths associated with changes in annual average concen-

trations of PM2.5 species were estimated following Tessum et
al.1 in population counts, baseline mortality rates, and the
PM2.5 concentration−response relationship described by
Nasari et al.11 and Burnett et al.,2 parametrized as in Tessum
et al.1 As the concentration−response relationship is nonlinear,
the marginal effect of PM2.5 concentrations on mortality varies
depending on the total PM2.5 concentration. To account for
this dependence, total deaths in each grid cell are derived from
InMAP-predicted total PM2.5 concentrations from all emissions

Figure 1. Deaths per year attributed to all human-caused emissions in the United States grouped by sector (leftmost column), activity (left middle
column), process (right middle column), and pollutant emitted (rightmost column). The numbers of deaths are given in parentheses after each
grouping. Flows are colored by the sector to which the deaths from each flow are attributed: industrial and commercial (orange), transportation
(blue), food and agriculture (green), residential (red), and electricity (yellow). Within each column, flows are ordered from most (top) to fewest
(bottom) deaths per year. “Other transport” includes railroad use (1800 deaths), marine vessel use (1400 deaths), light commercial vehicle use
(1300 deaths), municipal vehicle use (1000 deaths), and aircraft use (700 deaths). “Other fuel combustion” includes fuel oil (1700 deaths). Deaths
from wildfire, biogenic, and foreign emission sources are not shown.
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(including anthropogenic, biogenic and wildfire, and interna-
tional emissions) used by Tessum et al.1 The mortality in each
grid cell is attributed to emissions from each source in
proportion to the contribution those emissions make to the
total PM2.5 concentration.
The PM2.5 concentration−response relationship used here is

based on pooled estimates from available cohort studies that
use proportional hazard regression survival models to evaluate
associations between mortality risk and long-term PM2.5
exposures.1,11 The studies statistically control for various
individual risk factors (e.g., age, sex, race, smoking, diet,
obesity, and education) or neighborhood-level socioeconomic
and other contextual variables. It is possible that observed
associations are not causal but are the result of residual
confounding or lack of adequate control by some unknown or
unmeasured risk factor that is also associated with air pollution.
However, consistent and coherent PM2.5−mortality associa-
tions, especially with cardiorespiratory and lung cancer
mortality,12 have now been observed in diverse cohorts over
decades of research and from various locations around the
world.13 Furthermore, these results are consistent with broader
epidemiological evidence that includes a wide variety of
alternative study designs, including applications of multiple
causal analysis methods,14,15 and a growing literature exploring
biological mechanisms linking air pollution exposure to
cardiovascular and respiratory morbidity and mortality.
In each grid cell, deaths associated with primary PM2.5

concentrations were attributed to primary PM2.5 emissions
from each SCC. Although precursor pollutant emissions can

influence the mass of PM2.5 species other than the PM2.5 mass
they directly form (e.g., NH3 emissions controls may reduce
the level of particulate sulfate formation), here we attribute
deaths from secondary PM2.5 concentrations only to emissions
of precursor pollutants that directly form the PM2.5 species
concentrations, by mass of PM2.5 species formed. Therefore,
for each SCC, in each grid cell, deaths attributed to changes in
concentrations of SOA, particulate nitrate, particulate
ammonium, and particulate sulfate were each attributed to
emissions of NMVOC, NOx, NH3, and SOx, respectively, from
that SCC, from anywhere in the contiguous United States.
Equal concentrations by mass of each PM2.5 species were
assumed to have equivalent toxicity. Each of the 5434 SCCs
was allocated to exactly one sector, activity, and process; the
full mapping between SCCs and the groups used here is
provided in Data set S1. Figure 1 was visualized using the
RAWGraphs platform16 and InMAP-derived results.
To evaluate robustness, the same tests were performed with

two other reduced-complexity air quality models, whose
underlying mechanisms use assumptions different from each
other and from InMAP: AP2 (Air Pollution Emission
Experiments and Policy analysis model version 2) and EASIUR
(Estimating Air pollution Social Impacts Using Regression).
Their underlying mechanisms differ: AP2 estimates pollutant
concentrations using a Gaussian dispersion model, whereas
EASIUR uses statistical relationships between changes in
emissions and simulation outputs from a chemical transport
model. Comparisons among the three models, including their

Figure 2. Deaths per year attributed to all human-caused emissions in the United States grouped as in Figure 1. Flows are colored by sector, as in
Figure 1, for the five activities with the most attributed excess deaths. Flows colored gray are for excess deaths attributed to activities other than
those five.
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underlying assumptions, grid resolutions, and results, are
discussed more fully by Gilmore et al.8

For EASIUR,17 S−R matrices have also been built,18 and
matrices corresponding to annual average changes in PM2.5

concentrations arising from changes in emissions were used
here, using the same emissions, population data, and
concentration−response relationship that were used for
InMAP. EASIUR estimates PM2.5 concentrations from the
same pollutants as InMAP but does not include SOA from
NMVOC emissions.8 Rather than leave SOA as missing in the
EASIUR results underlying Tables S1 and S2, and to facilitate
comparisons among model results, the deaths attributed to
SOA, as predicted by InMAP and AP2, were averaged and
added to EASIUR totals. The proportion of deaths attributable
to SOA is 11% for InMAP, which estimates SOA formation
using equilibrium partitioning coefficients,10 and 19% for AP2,
which uses fractional aerosol yield coefficients.8 Air quality
models tend to underpredict SOA,19 suggesting its importance,
though highlighted here, may nevertheless be underestimated.
For AP2, raw county-level emissions from NEI 2014 version

1 were multiplied by the marginal damages by county20 (Data
set S1). The concentration−response relationship underlying
the marginal damages is that described by Krewski et al.,21

which was fitted to the same cohort as the concentration−
response relationship underlying InMAP and EASIUR results
but has a different functional form. Further discussion about
how the choice between these two concentration−response

relationships affects results derived from InMAP is given in ref
7.
Results for all three models are listed in Table S1, and code

is provided in Data set S1 to reproduce all results. Conclusions,
including insights 1−4 below, are supported across all of the
models. In particular, the five activities to which the most
deaths are attributed are consistent across the choice of
models. Table S2 provides the root-mean-square errors and
correlation coefficients between the InMAP results and the
results from AP2 and EASIUR (with SOA averaged from
InMAP and AP2 and added to the EASIUR results), across
sectors, activities, processes, and pollutants.

■ RESULTS AND DISCUSSION

We find 100000 deaths each year (model range of 88000−
107000) are attributable to human-caused emissions in the
United States. For comparison, in previous work that used the
same methods and data sources, 29000 deaths each year are
attributable to U.S. emissions from wildfire and biogenic
sources and 3000 deaths to emissions from Canada and
Mexico.1 Our estimates are consistent with the range of total
deaths using a similar health impact estimation.2 Four key
insights into the current state of air pollution-related deaths in
the United States emerge from our analysis.
(1) All sectors are major contributors to excess mortality

risk, not just those dominated by tailpipes and smokestacks
(Figure 1). Thousands more deaths each year are attributable

Figure 3. Deaths per year attributed to all human-caused emissions in the United States, grouped as in Figure 1. Flows are colored by sector, as in
Figure 1, for fossil fuel combustion. Flows colored gray represent deaths attributed to processes other than fossil fuel combustion. Major fossil fuels
are diesel, gasoline, coal, and natural gas, each of which is represented by a separate process. “Other fuel combustion” (3700 deaths) includes deaths
attributable to combustion of minor fossil fuels, such as fuel oil, liquefied petroleum gas, jet fuel, and petroleum coke.
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to the food and agriculture sector than to the electricity sector.
Residential emissions are also of major importance.
(2) However, half of air pollution-related deaths are

attributable to just five activities (Figure 2). These are
electricity generation, passenger vehicle use, industrial boiler
and combustion engine use, residential cooking and heating,
and livestock rearing. These activities are all in different
sectors, demonstrating the need for economy-wide strategies.
(3) Approximately half of the deaths are attributable to fossil

fuel combustion, but other processes also matter (Figure 3).
The other half of the deaths are roughly evenly split three ways
among non-fossil fuel combustion (e.g., wood), agricultural
noncombustion emissions (e.g., NH3 from fertilizer and
livestock), and other noncombustion emissions (e.g., road
dust).
(4) Both primary PM2.5 and secondary PM2.5 precursors are

important pollutants, including secondary PM2.5 precursors
that have not been heavily regulated (Figure 4). Around a fifth
of the deaths are attributable to NH3, which has been largely
unregulated, despite analyses showing that emission controls
are cost-effective.22 NMVOC emissions regulation has been
limited, generally only concerned with the hazards of direct
NMVOC inhalation, or their potential to increase the level of
ozone formation, but NMVOC emissions are major contrib-
utors to excess mortality risk through secondary PM2.5

formation, including PM2.5 formed from low-volatility
NMVOC emissions that are generally not addressed by
existing ozone regulations.23

Overall, we find that coal-powered electricity generation and
passenger vehicle use remain among the most important
targets for reducing deaths, even after decades of regulation
have drastically reduced their emissions. Replacing coal
combustion with low-emission electricity sources, such as
solar and wind power, should therefore be pursued with
continued urgency.24 Large-scale electrification of the
passenger vehicle fleet, with electricity provided from low-
emission processes, coupled with incentives to reduce vehicle
miles traveled, such as through investment in walkable
neighborhoods, cycling infrastructure, and mass public transit,
has the potential to further save many lives.6

Our analysis also suggests the potential for novel and
emerging policies to reduce deaths from air pollution. These
include but are not limited to (a) reducing deaths from
livestock rearing, such as from manure management techniques
that reduce NH3 emissions,25 or by substituting the production
of animal-sourced foods with plant-sourced foods; (b)
tightening emissions standards for nonroad diesel and gasoline
combustion sources, including equipment use for construction,
agriculture, industry, and residential lawn care and gardening,
or switching to electric engines powered by electricity from
low-emission processes; (c) reducing NMVOC emissions by
improving formulations for residential and industrial solvents,
such as cleaning supplies, paints, printing inks, and personal
care products; and (d) encouraging more efficient technology,
control devices, and fuel switching to reduce pollution from
wood combustion, including switching to residential heaters
powered by electricity from low-emission processes.

Figure 4. Deaths per year attributed to all human-caused emissions in the United States, grouped as in Figure 1. Flows are colored by sector, as in
Figure 1, for primary PM2.5 emissions. Flows colored gray represent deaths attributed to emissions of secondary PM2.5 precursors NOx, NH3,
NMVOC, and SOx.
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The analysis here, which links emission sources to deaths
rather than simply to mass of pollutants emitted or ambient
concentrations formed, is an important step toward identifying
promising strategies for improving public health by reducing
air pollution. The effectiveness and viability of the strategies
can be further investigated using information about the
uncertainty in emissions inventories, abatement costs, the
regional impacts of different emission sources, the logistical or
political feasibility of different interventions, and other social
costs and benefits. For example, many strategies for improving
public health by reducing air pollution also reduce greenhouse
gas emissions.6,24−26 Detailed and extensive attribution of air
pollution-related deaths to emission sources, such as in the
analysis here, may be used to support climate policies and
other environmental goals, alongside reductions in mortality
from outdoor air pollution.
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