1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Lancet. 2009 December 19; 374(9707): 2091-2103. doi:10.1016/S0140-6736(09)61716-5.

Public health benefits of strategies to reduce greenhouse-gas
emissions: health implications of short-lived greenhouse
pollutants

Prof. Kirk R. Smith, PhD, Michael Jerrett, PhD, Prof. H Ross Anderson, MD, Richard T.
Burnett, PhD, Prof. Vicki Stone, PhD, Prof. Richard Derwent, PhD, Richard W. Atkinson,
PhD, Aaron Cohen, ScD, Seth B. Shonkoff, MPH, Prof. Daniel Krewski, PhD, Prof. C. Arden
Pope lll, PhD, Michael J. Thun, MD, and Prof. George Thurston, ScD

School of Public Health (Prof K R Smith PhD, M Jerrett PhD, S B Shonkoff MPH) and Department
of Environmental Science, Policy, and Management S B Shonkoff), University of alifornia,
Berkeley, CA, USA; Division of Community Health Sciences, MRC-HPA Centre for Environment
and Health, St George’s, University of London, London, UK (Prof H R Anderson MD, R W
Atkinson PhD); Environmental Research Group, MRC-HPA Centre for Environment and Health,
King's College, London, UK (Prof H R Anderson); Health Canada, Ottawa, ON, Canada (R T
Burnett PhD); Edinburgh Napier University, Edinburgh, UK (Prof V Stone PhD); Imperial College
London, Ascot, Berkshire, UK (Prof R Derwent PhD); Health Effects Institute, Boston, MA, USA
(A Cohen ScD); University of Ottawa, Ottawa, ON, Canada (Prof D Krewski PhD); Brigham
Young University, Provo, UT, USA (Prof C A Pope Il PhD); American Cancer Society, Atlanta,
GA, USA (M J Thun MD); and New York University School of Medicine, New York, NY, USA (Prof
G Thurston ScD)

Abstract

In this report we review the health effects of three short-lived greenhouse pollutants—black
carbon, ozone, and sulphates. We undertook new meta-analyses of existing time-series studies and
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an analysis of a cohort of 352 000 people in 66 US cities during 18 years of follow-up. This cohort
study provides estimates of mortality effects from long-term exposure to elemental carbon, an
indicator of black carbon mass, and evidence that ozone exerts an independent risk of mortality.
Associations among these pollutants make drawing conclusions about their individual health
effects difficult at present, but sulphate seems to have the most robust effects in multiple-pollutant
models. Generally, the toxicology of the pure compounds and their epidemiology diverge because
atmospheric black carbon, ozone, and sulphate are associated and could interact with related toxic
species. Although sulphate is a cooling agent, black carbon and ozone could together exert nearly
half as much global warming as carbon dioxide. The complexity of these health and climate
effects needs to be recognised in mitigation policies.

Introduction

Short-lived greenhouse pollutants emitted largely from fuel combustion account directly or
indirectly for a large proportion of present global warming. They also account for most of
the direct damage to human health from energy use worldwide. These pollutants include two
important health-damaging agents—sulphates and organic-carbon aerosols—which
generally have global-cooling characteristics. Another aerosol, black carbon, is also health
damaging, but is a warming agent. Other short-lived greenhouse pollutants include warming
agents in the form of health-damaging gases such as 0zone, a secondary pollutant formed
after complex photochemical reactions, and other gases that contribute to ozone formation
such as carbon monoxide, non-methane volatile organic compounds, methane, and nitrogen
oxides. Most of these precursors to ozone also exert direct effects on human health.

Conversely, carbon dioxide, the most important greenhouse gas, and nitrous oxide and
halocarbons, the other long-lived greenhouse gases, have little direct effect on health.
Nitrous oxide and halocarbons arise mainly from sources outside the energy supply system.

All short-lived greenhouse pollutants, whether warming or cooling, have effects on health
when people are exposed to them or, in the case of methane, their atmospheric byproduct,
ozone. Patterns of emissions and exposures vary greatly, and because the pollutants are
short-lived, their health effects depend on the location of sources in relation to local and
regional factors such as weather patterns, geography, and population distribution. Localised
concentrations of ozone and black carbon have been identified as agents increasing the
urban heat island effect by trapping heat and interacting with urban carbon dioxide
concentrations.! In turn, these short-lived greenhouse pollutants might increase health
burdens from heat waves in urban cores.!

Several of the short-lived greenhouse pollutants have substantial effects on the human-
managed and natural biosphere through acid precipitation (sulphate and nitrate),2
eutrophication (nitrate), direct damage to organisms (ozone), and in the case of black carbon
deposition, accelerated melting of ice and snow. Increased forest growth through
eutrophication could lead to interactions with the global carbon cycle through, for example,
enhanced growth and carbon dioxide uptake, suggesting a cooling effect on climate,® which
might in turn be partly offset by ozone’s negative effect on carbon uptake in ecosystems.?
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Many important sources emit more than one short-lived greenhouse pollutant, and in some
cases, control of one and not another is difficult—eg, black carbon and organic carbon from
combustion of biomass, coal, and diesel fuel. Additionally, ozone and sulphate are not
emitted directly, but are secondary products from transformations of precursor emissions in
the atmosphere. The net effect of control measures on climate warming can thus be difficult
to estimate because of simultaneous changes in both warming and cooling agents. This
challenge is amplified by the scientific and policy complexities related to the widely
different temporal patterns that characterise the burden of such pollutants compared with
carbon dioxide control, which is usually the major consideration in climate negotiations and
discussions.

Aggressive policies directed towards carbon dioxide reduction, although necessary for the
long term, are by themselves insufficient to reduce the rate of warming in the next few
decades because of the long atmospheric lifetime of this gas.® Thus, governments will need
to reduce warming from short-lived greenhouse gas pollutants when considering climate
change mitigation policies.6.” Choice of policies with positive health and ecosystem effects
provides the opportunity for substantial co-benefits (eg, reductions in 0zone concentrations
will diminish warming while also providing substantial health benefits to human populations
and ecosystems) and climate protection. Alternatively, poor choices could result in major net
additional risks to human health and ecosystems.

The short-lived greenhouse pollutants climate primer (panel) summarises the issues related
to these pollutants. We examine the present state of health evidence for three important
short-lived greenhouse pollutants: black carbon, sulphate, and ozone. The figure shows the
relative importance of different sectors that are thought to cause most anthropogenic
emissions for black carbon and the precursor of sulphate, sulphur dioxide. The relative
emissions differ greatly by sector, which has important policy implications for control
measures. We focus on the health effects of ambient pollution and not on exposures from
indoor sources, such as household fuels, which also substantially affect health worldwide.12

We discuss the present state of knowledge of health effects on the basis of toxicological
evidence in controlled settings and from observational epidemiological studies. This review
includes new meta-analyses of time-series studies and new evidence for relative mortality
effects of long-term exposures to sulphates, elemental carbon, and ozone from a national US
cohort study. We conclude by discussing cross-cutting issues such as the benefits of
removing remaining uncertainties and the need for analyses that incorporate both climate
and health implications of control policies.

Review of health effects

Sulphates

Respirable ambient particles have been associated with increased mortality and a wide range
of morbidity effects.13 Most evidence relates to undifferentiated particulate matter with
aerodynamic diameter 10 um or less (PM1g) and 2-5 um or less (PM,.5), and these metrics of
particle size are the basis of most health-based standards and impact assessments for
particles. Although many scientists believe that particle toxicity is also affected by particle
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number and chemical composition and not just particle size, these differences are difficult to
quantify.14

Sulphur emissions from human activities are dominated by fossil-fuel combustion (figure).
Although emitted as sulphur dioxide, much is converted to sulphate, depending on local
conditions.1®16 Human emissions are falling in most parts of the world because of air
pollution regulations.1% The potential role of sulphate in driving the hazard of air pollution
has been addressed in several long-term and short-term animal exposure experiments,
especially in relation to effects on the pulmonary system. In 1992, the UK Advisory Group
on the Medical Aspects of Air Pollution Episodes concluded that even fairly high
concentrations of inhaled sulphur dioxide, sulphate, and aerosols of sulphuric acid are well
tolerated by many animal species.}” The results of subsequent studies collectively lend
support to this original conclusion.® The concentrations used in these studies are much
higher than the typical concentrations measured in the environment, even during pollution
episodes. Thus, at the concentrations recorded in most countries, sulphate and related
sulphur compounds are unlikely to have substantial pulmonary toxicity.

Panel: Climate primer for energy-related short-lived greenhouse pollutants

In this panel we present a short summary of the climate issues surrounding each short-
lived greenhouse pollutant, and carbon dioxide for comparison. Although only the health
effects of sulphates, black carbon, and ozone are discussed in the main text, all the other
short-lived greenhouse pollutants also have direct or indirect health effects, or both. The
figure in the webappendix p 1, which is taken directly from the most recent authoritative
international scientific assessment,® shows the estimated pattern across these agents of
global warming in 2005 due to all human emissions since 1750. The greenhouse
pollutants are compared by radiative forcing (RF), which is a metric used for the
guantitative comparisons of the strength of different human and natural agents in causing
climate change.

To distinguish between direct and indirect RF is important. Direct RF results when the
emitted substance is a greenhouse pollutant itself, such as carbon dioxide. Indirect RF
results when the emitted pollutant is not a greenhouse pollutant but takes part in chemical
reactions within the atmosphere to form a greenhouse pollutant or to change the global
distribution of a greenhouse pollutant. Sulphur dioxide is an example because it is
transformed in the atmosphere to form aerosol sulphates that act to produce a negative
RF. Nitrogen oxide emissions act to increase the oxidising capacity of the troposphere,
reducing methane (negative RF), but adding to tropospheric ozone (positive RF), whereas
methane, carbon monoxide, and non-methane volatile organic carbons contribute to
tropospheric ozone. As a result, although not emitted directly, ozone in total is ranked as
the third most important human-influenced greenhouse gas in the atmosphere (after
carbon dioxide and methane).

Aerosol particles affect RF directly through the reflection and absorption of solar and
infrared radiation. Some aerosols, such as black carbon, cause a positive RF (climate
warming) whereas others, such as sulphates, cause a negative RF (climate cooling). The
direct RF summed over all aerosol types is negative. Aerosols also cause a negative RF
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indirectly through the changes that they cause in cloud properties, which are not shown in
webappendix p 1. The observed global temperature records for the 20th century cannot
be explained with global climate models without a substantial cooling term after World
War 2 from the burning of sulphur-containing fossil fuels that offset partially the global
warming from the greenhouse gases. As nitrogen and sulphur oxides are reduced globally
owing to health and acid-precipitation concerns, their cooling effect will reduce, thus
unmasking the climate warming due to other greenhouse pollutants that is now
counteracted.

Additionally, because control of black carbon emissions is difficult without
simultaneously doing so for the associated organic carbon particle emissions from the
same combustion sources, the worldwide climate benefits of carbon-particle control
measures, including improved combustion efficiency, depend on the ratio of black carbon
to organic carbon of each source. Due to recent observations and modelling,® however,
the estimated warming of black carbon might increase above that in the most recent
Intergovernmental Panel on Climate Change (IPCC), which is shown in the figure. This
increase would have policy implications because a much broader range of combustion
sources would then have net climate benefits from combined control of black and organic
carbon.

Since methane and carbon dioxide are well mixed globally, emissions in all places and
seasons can be treated as essentially equal, which led to the deployment of so-called
global warming potentials by the IPCC, which are used to weight the relative importance
of emissions of different greenhouse gases in treaties, inventories, and international
carbon-offset programmes. The complexity, short life, and local dependence of the short-
lived greenhouse pollutants, however, make it difficult if not impossible to establish
official global warming potentials for use in policy making. Thus, at present, short-lived
greenhouse pollutants other than methane are not included in many international climate
policy deliberations, although they have been the subject of much research and media
attention and are featured prominently in scientific assessments.

Long-lived greenhouse pollutants (hundreds of years)

Carbon dioxide poses a low direct health hazard and is the weakest greenhouse pollutant
by mass; however, because of the magnitude of emissions it is the most important
overall. It also has a much longer lifetime in the atmosphere than do any of the other
energy-related pollutants—most is gone in 100 years or so but a proportion of emissions
is thought to remain in the atmosphere for thousands of years.

Medium-lived greenhouse pollutants (tens of years and thus globally mixed)

Methane is the second most important greenhouse pollutant. It is produced from a range
of energy-related sources, including leakage from oil and gas facilities and coal mines,
and from incomplete combustion of biomass and fossil fuels. Its main sources, however,
are agriculture and poor waste management. Although not directly damaging to health,
methane is a precursor to the global rise in tropospheric ozone concentrations, which is a
concern in parts of Asia and is generally separate from urban sources. Although having a
shorter overall lifetime than carbon dioxide, because of its large direct and indirect
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effects on warming, a tonne of methane will have a much bigger warming effect than
would a tonne of carbon dioxide for the first few decades after emission.

Short-lived greenhouse pollutants (days to weeks and thus effects depend on local
conditions)

Carbon monoxide is mainly a product of incomplete combustion, and although not
having a direct climate effect, acts to sweep up hydroxyl radicals in the atmosphere, thus
effectively increasing the lifetime of methane and adding to tropospheric ozone. The
effects of carbon monoxide on methane and tropospheric ozone are both potentially
climate warming.

Non-methane volatile organic compounds come from several human-generated sources,
including incomplete combustion and evaporation from fuels. Emissions of these
pollutants contribute to ozone formation and act to reduce the oxidising capacity of the
atmosphere, which extends the lifetime of methane. Both of these effects increase global
warming. These compounds can also have direct human health effects.

Nitrogen oxides derive from fuel combustion and have a complex relation to and indirect
effect on both climate warming and cooling by affecting ozone, methane, and particle
concentrations. Emissions from nitrogen oxides act to decrease the oxidising capacity of
the troposphere increasing the methane lifetime, but also are a major precursor to
tropospheric ozone. Nitrate particles, as with those of sulphate, are lighter in colour and
thus generally cooling. There also seems to be a small increase in carbon capture in
natural ecosystems due to eutrophication from deposited nitrate.

Sulphur dioxide, which derives mainly from combustion of fuels, partly converts to
sulphate aerosols in the atmosphere. Although these aerosols are potentially damaging to
health, they are generally thought to exert a net cooling effect on the climate. As with
organic carbon, sulphates can sometimes be coated with black carbon to create brown
carbon, which has warming potential.

Black carbon, which is fine particulate matter of dark colour containing a large fraction
of elemental carbon, is derived exclusively from incomplete combustion. It is strongly
warming in the atmosphere, and increases heat absorption if deposited on ice and snow—
eg, on Himalayan glaciers or in the Arctic.

Organic carbon aerosol, a less dark carboneous particulate matter, is produced mainly
from incomplete combustion, but also from secondary processes involving biogenic
volatile organic compounds. Although not well characterised and sometimes physically
combined with black carbon, it is thought generally to produce a net cooling effect
globally, although with much local variation. Organic carbon is a major form of health-
damaging small particles worldwide.

Very short-lived greenhouse pollutants (hours to days)

Tropospheric ozone is a health-damaging secondary pollutant formed through complex
photochemical reactions involving nitrogen oxides and volatile organic compounds,
including methane in the presence of sunlight. Stratospheric ozone generally has different
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sources and, although also warming, protects earth’s surface from health-damaging and
ecosystem-damaging UV radiation.

Little toxicological evidence suggests that sulphate itself is toxic to the cardiovascular
system. A few experimental studies have investigated the effect of sulphate-containing
compounds or mixtures on the cardiovascular system. Such studies have included
concentrated air particles,19 metal sulphates,20 soluble particulate matter extracts,?! and
residual oil fly ash.22 Although several cardiovascular variables have been measured across
these studies, none has associated the sulphate component itself with cardiovascular effects.

The 1992 Advisory Group on the Medical Aspects of Air Pollution Episodes report,
however, identified that “exposure of animals to sulphur dioxide in combination with
particulates may be more damaging than the effects of the gas or sulphuric acid alone”.1’
Such studies also used high particulate concentrations in animal experiments and focused on
pulmonary toxicity, making results difficult to interpret in terms of human health effects
from ambient sulphate in the troposphere.

In a new systematic review and meta-analysis of ten (eight from the USA and Canada and
two from Europe) single-city time-series studies of sulphate and daily all-cause mortality, a
pooled random-effects estimate of a 0-21% (95% CI 0-11-0-30) increase in mortality per 1
Hg/m3 increase in sulphate was obtained (table 1 and webappendix pp 26-27). Positive
associations were also detected in the fewer studies of cause-specific mortality. The sulphate
estimates tended to be independent of other particle metrics and pollutant gases such as
ozone. Findings from a meta-analysis of panel studies showed positive associations between
sulphate exposure and daily measures of lung function, symptoms, and asthma drug use.16

The only long-term exposure studies of sulphate and mortality are from the USA. The most
extensive is based on the American Cancer Society (ACS) Cancer Prevention Study Il (CPS
11).23 Investigators of this study, which included more than 500 000 participants, reported
increased mortality from all natural causes, cardiopulmonary and cardiovascular disease,
and lung cancer associated with long-term exposure.23 The Harvard Six-Cities study
reported similar results.2” These findings have been corroborated and extended in our case
study.

Black carbon

The term black carbon is used rather loosely with varied meanings in different disciplines.28
Whereas the colour (albedo) is the key factor for climate scientists, health scientists have
shown growing interest in the chemical composition of this greenhouse pollutant. Both
groups are concerned with size distributions and atmospheric lifetimes. Elemental carbon is
interchangeable with black carbon insofar as it represents the largest proportion of heat-
absorbing components in undifferentiated particulate matter.2? Unlike the major greenhouse
pollutants, no official inventories of black carbon emissions have been produced by the UN
Framework Convention on Climate Change (UNFCCC), so estimates vary. With data drawn
from a widely-cited inventory,! the figure shows that most black carbon emissions come
from incomplete combustion of biomass or fossil fuel. As regulations for air pollution
tighten, global black carbon emissions from fossil-fuel combustion will probably continue to
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fall. The largest anthropogenic category is household combustion of biomass and coal in
developing countries, followed by incomplete combustion of coal in industry and diesel
transport.

Studies in volunteers suggest that short-term exposure to diluted diesel exhaust impairs
vascular function and induces ischaemic and thrombotic mechanisms.3%-32 The role of
elemental carbon is unclear, however, because whole-diesel emissions contain much organic
carbon and other aerosol components in both the particle and gaseous phases. Studies in
animals33:34 and in vitro343% with black carbon particles show similar effects, but these
particles have very large surface areas compared with atmospheric black carbon. Animal
studies have also shown that black carbon can accelerate atherosclerotic plaque formation,3®
suggesting a long-term effect on cardiovascular health.

In-vivo38 and in-vitro37-38 modelling studies focusing on pulmonary responses have shown
that ultrafine or nano-sized (less than 100 nm) particles are more likely to be toxic per unit
mass, in terms of inducing inflammation and oxidative stress, than are larger particles of the
same composition,3° presumably because they penetrate more deeply into the respiratory
system. However, the relation between increasing toxic effects and decreasing particle size
is not limited to carbon, but also applies for other low-solubility, low-toxicity materials such
as titanium dioxide and polystyrene beads.*® Thus, it is not possible to isolate the size
fraction mode from the chemical composition of carbon particles as the source of toxicity.4!

Epidemiological evidence linking measured black carbon and elemental carbon to health
outcomes is scarce, partly because routine government monitoring is not done in a sufficient
number of locations and no common measurement method is agreed upon. Most evidence
relates to the black smoke index—a standard method that relies on the light-absorbing
characteristics of particles less than 4 pm in diameter. The webappendix pp 3-8 provides
details of this method. Black carbon and black smoke are highly correlated, suggesting that
black smoke is a good marker for black carbon.#243 However, epidemiological evidence
relating to particulate matter containing black carbon measured as PMqy or PM>.5 cannot
realistically be used as a quantitative surrogate for black carbon, because the ratio of black
carbon to total particulate matter varies greatly according to the mixture of sources (ie,
industrial, diesel exhaust, wood smoke, refuse burning), which in turn varies by season, site,
and time. For example, Li and colleagues** investigated carbonaceous aerosol emissions
from combustion of household fuels (wheat and woody fuels) in biomass stoves and noted
that percentages of black carbon in PM,.5 were generally greater for emissions from woody
fuel than for emissions from crop waste (3-6% to 71-2% vs 1.7% to 33-5%).44

Our systematic review and meta-analysis of short-term exposure time-series studies of black
smoke and daily mortality detected significant, positive associations with all-cause,
cardiovascular, and respiratory mortality (table 1 and webappendix pp 9-25). Although the
results of the time-series meta-analysis suggest larger effects of sulphate than of black
smoke, this distinction is not so clear in the few studies that have measured both.16 There is
strong evidence that these health effects are not confined to mortality, but also include
effects on morbidity outcomes such as hospital admissions for cardiopulmonary disorders.13
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Two European cohort studies have shown positive associations between black smoke and
mortality (table 1),2425 and these results are supported by a small area analysis in the UK.45
Studies of occupational exposure to black carbon provide little evidence of increased risk of
lung cancer,*® although abnormal chest radiographs have been reported.4” Occupational
exposure to diesel exhaust is associated with increased risk of mortality from lung cancer
and chronic obstructive pulmonary disease (COPD),*8:49 but the role of elemental carbon
specifically is unclear since diesel exhaust is itself, as mentioned, a complex mixture of
particles and gases that contains many other species including organic carbon.

Ozone is a secondary pollutant that is formed through complex photochemical reactions
involving nitrogen oxides and volatile organic compounds in the presence of ultraviolet
sunlight. Background tropospheric concentrations of ozone have doubled worldwide since
pre-industrial times. Remote areas now display concentrations in the range of 30 parts per
billion compared with earlier preindustrial estimates of 10-15 parts per billion. Although
plants and other natural sources such as forest fires contribute precursors, the major reason
for the doubling is anthropogenic release of methane and the emission of nitrogen oxides
from fossil-fuel burning (webappendix p 1).8:50

Exposure of the airways to ozone can cause effects through two primary mechanisms: direct
oxidative stress or by damaging the pulmonary system and draining energy from normal cell
functions towards defence mechanisms.®! Such mechanisms can induce inflammation within
cells that can contribute to formation of or exacerbate existing pulmonary disease.52:53
Human chamber-exposure studies and animal studies suggest that ozone could elicit
biological responses at or near environmental concentrations,>2-54

Time-series studies of daily mortality have consistently noted associations with ozone in
Europe, the USA, and Canada (table 1).55-57 Ozone has also been associated with morbidity,
including asthma exacerbation®® and hospital admissions for respiratory causes.® Little
evidence exists for associations between long-term exposure to ozone and mortality. A
cohort study undertaken in the midwest and eastern USA reported an inverse association
between ozone and mortality.2” Reanalysis of this study replicated these findings, but also
suggested a positive association with warm-season ozone exposure.®0 A study of about 6000
non-smoking Seventh-Day Adventists living in southern California recorded increased risks
for men after long-term ozone exposure,®? but this finding was based on a small number of
deaths.

An extension of the ACS CPS Il with improved exposure data identified a significant
association between long-term ozone exposure and cardiovascular, cardiopulmonary, and
respiratory mortality (table 1). Effects were most pronounced for respiratory mortality and
were insensitive to adjustment for several confounding variables and the co-pollutant
PM,.5.28 Other findings of chronic effect lend support to the idea that 0zone might target
respiratory systems, including evidence of lung function deficits in children,52 increased
asthma incidence,3 and impaired pulmonary function.54.65
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Case study: effects of sulphate, elemental carbon, and ozone on mortality
in the USA

Methods and data

Results

We present a new analysis examining the relative strength of association between major
mortality outcomes and short-lived greenhouse pollutants in a national US study. We used
data from the ACS CPS 11 cohort.56 The analytical cohort for this research included 352 242
participants in 66 metropolitan statistical areas of the USA, with follow-up from 1982 to
2000 (webappendix pp 26-27).23 We included ozone measurements from the second and
third quarters (warm season), PMa.s, sulphate, and elemental carbon using government
monitors in each of the metropolitan areas. More detail about the exposure estimates for
PM,.5, sulphate, and ozone is available elsewhere.23:87 For elemental carbon, we
downloaded data from tabulations prepared by the Health Effects Institute for 2003-05, with
maximum coverage across metropolitan statistical areas that had ACS participants with
other available pollution data. Although these years are after the end of follow-up, the
overall spatial patterns in particulate matter are fairly stable over time.%8 Exposures were
assigned to individuals on the basis of their metropolitan statistical area of residence at
enrolment. We estimated mortality effects with models for independent pollutants and
various combinations of co-pollutants. We tested two-way linear interactions between all
pollutants.

We used multilevel random-effects Cox proportional hazards models to assess the risk of
mortality in relation to pollution exposures, stratifying for age (single-year groupings), sex,
and race in the baseline hazard.23 Some 20 variables with 44 terms were included to control
for individual characteristics that might confound the association between air pollution and
mortality. The spatial unit of analysis was the metropolitan statistical area for random-
effects estimation (webappendix pp 26-27 provides more details).

Tables 2 and 3 show the results of single-pollutant and multiple-pollutant models for the
four pollutant estimates for all-cause and cardiopulmonary mortality. Relative risks (RRS)
presented in the first row for each cause of death show the effects in single-pollutant models,
whereas subsequent rows under each cause of death indicate pollutants simultaneously
included in the survival model. We have included PM,.5 for comparison with the other
pollutants and with previously published studies.?3 PM,.5 is not included in any of the co-
pollutant models because the other particle metrics are constituents of it. Additionally,
multiple-pollutant results for PMs.5 and ozone have been investigated elsewhere.26 To
provide a basis for comparison, all RRs are assessed over a 1 jug/m3 change in each pollutant
measured as the percentage excess RR, specifically, as (RR-1)x100. Because the
distributions of pollutants vary greatly, table 3 shows the percentage increase in the RR
assessed against the IQR of the pollutant distribution used to generate the risk estimates.
This analysis provides a basis for comparison of relative effects of the pollutants that more
accurately indicates the real-world difference over their distributions in the USA than does
the 1 pg/m?3 change.
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Sulphate, PM, .5, and elemental carbon have positive, significant associations with all-cause
mortality. On the basis of the 1 pg/m3 contrast, the percentage increase in all-cause mortality
for PM5 5 was 0-58 (95% ClI 0-22-0-95). Sulphate effects were about twice those of PM.s,
and effects of elemental carbon about ten times greater, although this estimate has poor
precision (table 2). We noted a small increased risk for ozone with all-cause mortality (table
2). For all causes of death, when assessed against the IQR in the pollutants, effect sizes were
largest for sulphate, followed by PM, 5, elemental carbon, and ozone.

For cardiopulmonary mortality, effect sizes of PM,.5 and sulphate were similar over the 1
pg/m3 exposure contrast, with sulphate having slightly larger effects than those of PM,.5
(table 2). Elemental carbon effects were roughly seven or eight times greater than were those
of sulphate and PM.5, respectively (table 2). We also noted significantly increased risks of
cardiopulmonary death from ozone exposure (table 2). Assessed against the IQR
distributions, both PM>.5 and sulphate had significantly increased risks of 5-6%, whereas
the increased risks were about 3% for ozone and elemental carbon (table 3). For the all-
cause multiple-pollutant models, only sulphate remained significantly increased. In
cardiopulmonary models, ozone and sulphates were both raised and significant in two-
pollutant models, whereas ozone was confounded in a model containing elemental carbon
alone (table 2). Sulphate and elemental carbon remained significantly raised in two-pollutant
models. In the three-pollutant model, only ozone and sulphate were significantly increased
(table 2).

Discussion of new evidence

Sulphate has the most robust association with all-cause and cardiopulmonary mortality.
Ozone was significantly associated with cardiopulmonary mortality only, although this
association was confounded by inclusion of elemental carbon. Elemental carbon has the
largest effects on all-cause and cardiopulmonary mortality per ug/m3, followed by sulphate,
PMa.5, and ozone. These rankings change when the actual US distributions employed to
generate the risk estimates are used, with sulphate having the largest effects, followed by
PM,.5, elemental carbon, and ozone. In all instances, the confidence intervals overlap, and
we were unable to establish conclusively whether any of the pollutant effects differed
significantly from each other. Moreover, definitive conclusions about the relative
importance of each pollutant were difficult to make because of high amounts of correlation
between pollutant estimates. Sulphate seems to have the most robust effects on mortality
when account is taken of confounding in the multiple-pollutant models.

We fitted a model estimating a multiplicative interaction between ozone and sulphate (data
not shown). The results suggested that cardiopulmonary mortality associated with ozone was
greatest at low concentrations of sulphate, and vice versa. This finding might indicate
differences in the spatial patterns of both pollutants across the USA: sulphate concentrations
are high in the midwest and northeast USA, whereas o0zone concentrations are high in
southwest regions, particularly in California. The single-pollutant models suggest that both
pollutants are associated with increased mortality. Thus, if valid, we would infer that, if one
pollutant is less prominent, the effects of the other become more pronounced. Further
investigation of multiple-pollutant interactions seems to be warranted.
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Conclusions

The findings from toxicology and epidemiology with respect to sulphates differ
substantially. In most toxicology studies, which use a pure form of sulphate, the effects are
negligible, whereas epidemiological studies that use measured particle sulphates,
representing a mixture of sulphates and other species from combustion sources such as
metals, find significant associations. Some characteristic of this mixture, associated or
interacting with sulphates, probably explains the differences between these two sets of
findings.1 Therefore, the epidemiological associations should be regarded as quantifying
the health effects of particle species and other co-pollutants associated with sulphate.
Furthermore, since control measures might not affect all components equally, we cannot
assume that control of sulphur emissions will result in a directly corresponding fall in health
effects. The assessment of policies to reduce emissions of sulphur provides, however, good
evidence that these interventions do have major health benefits.59.70 Additionally, sulphur is
initially emitted from fuel combustion in the form of sulphur dioxide—a gas that does not
actively affect climate itself, but does probably exert an independent effect on health.13

Unlike sulphate, pure black carbon does seem to exert effects in toxicological studies.
Nevertheless, as with sulphate, it should be regarded as an indicator of a mixture of
pollutants from combustion, especially when interpreting associations between proxies, such
as black smoke, and health effects.

Plausible biological mechanisms link ozone exposure to direct oxidative stress and
secondary damage through associated inflammatory processes. Evidence from human and
animal toxicology studies lends support to these mechanisms. Epidemiological evidence
suggests a wide range of health effects. The ACS case study indicates ozone effects on the
cardiopulmonary system, although these effects are not easily separated from those of
elemental carbon. As with black carbon and sulphates, however, the toxicology of pure
ozone probably does not replicate the actual effects in ambient settings in which ozone is
closely associated with other oxidative pollutants.

Evidence associating ozone with morbidity strengthens the case for causality and
intervention justification. Such evidence might also identify effects on special subgroups
(eg, children with asthma). However, in most cost—benefit analyses of air pollution that are
used to justify public health interventions, mortality dominates estimates of benefit. Until
recently, the mortality effects of long-term ozone exposure were not clear,13 but new
studies®” and the analysis in this report provide evidence that the mortality effects from
long-term exposures are real, and probably independent from those of sulphate. In view of
the large risks noted in these long-term studies, the co-benefits of reductions in ozone might
be greater than those previously estimated. Further replication in other cohorts and settings
is needed to ensure estimates of benefits are accurate and reliable for policy decisions.’?

Elemental carbon seems to exert the strongest effects per unit mass in the presence of other
major co-pollutants for chronic exposures in the ACS case study, but sulphate seems to have
larger effects per unit mass in the time-series studies (tables 2 and 3). Although the results of
the time-series meta-analysis suggest larger effects of sulphate than of black smoke per
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Hg/m3, this distinction is less clear in the few studies that have measured both (table 1).
Additionally, most studies of black smoke were done in Europe and most sulphate studies in
North America, so comparisons are difficult. Furthermore, comparison of the two metrics on
a mass basis is variable because the black smoke measurement is based on an optical, not
gravimetric, technique.

Differential amounts of measurement error might also be present because sulphate, a
secondary pollutant formed in the atmosphere, tends to vary regionally, but not within cities
compared with concentrations of elemental carbon or black smoke. For this reason,
estimates of elemental or black carbon are likely to have more measurement error than are
the assigned sulphate exposures. Additionally, because it is highly reflective, sulphate can
cause negative artifacts for reflectance-based measurements of black carbon that might vary
by day, season, and location, complicating health-effect comparisons of sulphate versus
black smoke or elemental and black carbon.”? When measurement error is present in a
regression analysis, variables measured with high precision will tend to overpower effects
from other variables measured with less precision.” This notion might partly explain why
sulphate seems to be more robust to confounding by other co-pollutants than was elemental
carbon in the ACS study and also in other chronic studies that have used black smoke. Table
4 qualitatively summarises the evidence presented in this paper about the health, climate,
and other characteristics of the three short-lived greenhouse pollutants; however, we cannot
confidently quantify the differences in effects between them.14.16

The distinction between short-lived greenhouse pollutants with regard to emissions, ambient
concentrations, and effects is important. What is emitted is not exactly what is detected in
the environment in all cases, because of both atmospheric transformations and closely
associated co-pollutants. For example, several geographic, meteorological, and seasonal
factors, such as the interaction with clouds, can transform emissions and change climate
effects. Health effects can vary because of the differences in intake fraction or exposure
efficiency—ie, people might breathe more pollution from sources nearer to them than from
those at a greater distance, even if those at greater distance contribute importantly to
environmental concentrations.”

Black carbon could have effects both chemically and as a generic function of being a
particle. The toxicological evidence suggests that the ultrafine fraction is more toxic than
other fractions, but the chemical composition might account for the health effects recorded
in epidemiological studies. In the troposphere, ultrafine concentrations often quickly fall
after the primary emission source,’® and black carbon is often detected in sizes greater than
the ultrafine fraction. For example, the peak black carbon concentration of anthropogenic
haze over the Indian Ocean (far away from sources) occurred at 0-3—-1-0 um diameter, which
is larger than is the size of black carbon particles detected near sources—eg, in fresh engine
exhaust (0-1-0-2 pm).”6.77 Even within a city, ambient black carbon particles are generally
smaller than are those found far away from sources—eg, 0-2—0-4 um in ambient air in Los
Angeles, CA, USA.78 So far, neither toxicology nor epidemiology provide a clear answer as
to the relative toxic effects of black carbon by size, number, or chemical composition,
including any differences for combustion particles associated with black carbon, such as
those termed organic carbon.14
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One of the recurring suggestions to slow climate change is the deliberate injection of
sulphates into the atmosphere because of their climate-cooling properties and low toxic
effects.”80 Any such so-called geoengineering needs to be analysed carefully and
implemented cautiously. The present epidemiological evidence for mortality effects of
sulphate is not conclusive because of the strong association with other pollutants from the
same combustion sources. Moreover, studies are needed to understand how artificially
injected sulphate from non-combustion processes transforms in the atmosphere to affect
human beings and ecosystems. Another widely discussed option for mitigation of climate
change is to use biofuels instead of fossil fuels. Research suggests that a switch from fossil
fuels to ethanol could increase emission of volatile organic compounds (aldehydes), which
are known precursors of tropospheric ozone. Thus, the health effects could potentially rival
those of the fossil fuels that ethanol is intended to replace.81

Black carbon is always emitted along with particles of organic carbon, which are cooling but
also health-damaging. Thus the effects of an emissions reduction of black carbon on climate
will depend partly on the ratio of black to organic carbon emissions—reducing emissions
from a source with a low ratio of organic to black carbon such as diesel exhaust would have
greater benefit for climate than would reducing emissions with a high ratio such as biomass
smoke. For health, however, both types of particles have effects.

Climate mitigation planning for short-lived greenhouse pollutants is increasingly difficult
because of the absence of official climate-weighting factors for these pollutants (panel). As
the world seeks to reduce global warming risks in ways that are cost effective and
compatible with other goals, including protection from outdoor air pollutants, some version
of weighting factors will be needed, although creation of these factors might need
acceptance of rough average values for effects that vary in time and space. Alternatively, in
addition to those for long-lived green-house gases, completely separate agreements for
short-lived greenhouse pollutants may be needed.

Integrated models incorporating global warming and air pollution health effects are needed
to enable the exploration of the wide range of options available for control of short-lived
greenhouse pollutants. Such models would benefit from additional research to quantify the
relative toxic effects of specific climate-relevant components of air pollution mixtures,
including ozone and the elemental and organic components of fine particulate matter.
Finally, to establish policy, multidisciplinary approaches are needed to model and assess the
health and climate co-benefits of aerosol control, both primary and secondary, which could
in some cases lead to undesirable effects in one or the other sector.
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Key messages

Short-lived greenhouse pollutants need to be controlled in addition to regulating
carbon dioxide emissions because they collectively create a substantial
proportion of all human-contributed global warming and directly damage health.
Importantly, control of some short-lived greenhouse pollutants may lead to
quick reductions in global warming.

Short-lived greenhouse pollutants include gases such as the directly health-
damaging carbon monoxide and non-methane volatile organic compounds, and
others responsible for ozone creation in the lower atmosphere such as methane.
Aerosols of short-lived greenhouse pollutants include sulphate, organic carbon,
and black carbon particles, which have differing climate implications: the first
two cooling, but the third strongly warming.

The toxicology of sulphate and black carbon in pure form does not adequately
indicate their health effects in ambient conditions where they are closely
associated with other pollutants. The epidemiological effects of atmospheric
sulphate and black carbon therefore should be interpreted as representing
mixtures.

Meta-analyses of time-series studies of short-term exposure suggest larger
mortality effects per unit mass of sulphate than of black smoke, an optical
measure correlated with black carbon. Although measurements of black smoke
correlate well with estimates of black carbon in some studies, black smoke
measurements do not provide a reliable quantitative indicator of black carbon
concentrations because of large variations by site, season, and year.

Our analysis of a 66-city, 18-year nationwide US cohort provides estimates of
the mortality effects of long-term exposure to elemental carbon, the best
available measure of black carbon. This analysis shows stronger effects for
elemental carbon than for undifferentiated fine particles (PM,.5), but the model
estimates are unstable with respect to inclusion of other pollutants.

Differential mortality effects between various components of PM,.5 are difficult
to assess. Our analysis, however, does not lend support to the view that sulphate
has smaller mortality effects than does undifferentiated PM>.5 and provides new
evidence that long-term exposures to sulphates and ozone exert adverse effects
on mortality that are independent of other constituents.
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Figure. Relative contributions of human sources to sulphur dioxide (A) and black carbon (B)

emissions

In each case, the distribution of climate effects differs from the distribution of the primary
pollutant. For sulphur dioxide, the extent of transformation to the climate-active species,
sulphate, will vary by location. For black carbon, the different sources produce cooling
organic-carbon aerosols in varying amounts. The climate implication is due to the net
radiative forcing of the two linked emissions. Only half the total forest and grassland
emissions are counted here as an estimate of the proportion that is due to human activities.
2005 sulphur dioxide estimates are interpolated between the 1995 and 2030 estimates
calculated by Unger and colleagues.1? Since there are no official inventories and because
methods vary across investigators, these estimates should be regarded as approximate.
Estimates of black carbon emissions are from the black carbon emissions inventory.11
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Estimates of mortality effects of ambient particulate matter (sulphate and black smoke) and ozone from cohort

and time-series studies

Table 1

Time-series studies
Single-city estimates (n=5)
Multi-city studies

6 Californian counties

Time-series studies
Single-city estimates (n=4)
Multi-city studies

6 Californian counties

Cardiovascular

Cardiovascular

Respiratory

Respiratory

Outcome Percentage change in mortality per 1 ug/m? change in pollutant (95% CI)
Particle sulphate
American Cancer Society cohort?®  All-cause 088 (067 to 1:10)
American Cancer Society cohort?>  Cardiopulmonary  1.01 (0-75 to 1-38)
Time-series studies
Single-city estimates (n=10) All-cause 021 (0-11 to 0-30)
Multi-city studies
10 Canadian cities All-cause 0-40 (0-10 to 0-70)
6 Californian counties All-cause 0-12 (-0:76 to 1-00)
6 US communities All-cause 022 (0-13t0 0-31)

009 (-0-04 to 0-21)

036 (-0-91 to 1.65)

0-37 (~0-15 to 0-90)
070 (~1-65 to 3-11)

Black smoke

NLCS-AIR Study?*
NLCS-AIR Study?*
NLCS-AIR Study?
PAARC?
PAARC?
Time-series studies
Single-city estimates (n=25)
Multi-city studies
APHEA 1 (12 European cities)
APHEA 2 (29 European cities)
13 Spanish cities
9 Scottish sites
Time-series studies
Single-city estimates (n=20)
Multi-city studies
APHEA 2 (15 cities)
13 Spanish cities
9 Scottish sites

Time-series studies
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All-cause
Cardiovascular
Respiratory
All-cause

Cardiopulmonary

All-cause

All-cause
All-cause
All-cause

All-cause

Cardiovascular

Cardiovascular

Cardiovascular

Cardiovascular

0-49 (0-00 to 1.05)
0:39 (-0-51 to 1.23)
201 (-0-10 to 4-14)
068 (0-30 to 0-96)
0-49 (0-00 to 1.14)

0-05 (0-03 to 0-07)

0.03 (0:02 to 0:03)
006 (0:03 to 0:08)
0-08 (0:04 t0 0-12)
0-17 (0-07 to 0-26)

004 (0-01 to 0-06)

0-06 (0-03 to 0-09)

0-03 (-0-02 to 0-08)
0-04 (-0-10 to 0-18)
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Outcome

Percentage change in mortality per 1 ug/m? change in pollutant (95% CI)

Single-city estimates (n=20)
Multi-city studies

Respiratory

0-04 (-0-02 to 0-11)

APHEA 2 (15 cities) Respiratory 0-08 (0-01 to 0-16)

13 Spanish cities Respiratory 0-11 (0-04 to 0-18)

9 Scottish sites Respiratory 0-52 (0-29 to 0-76)
Ozone

American Cancer Society cohort?®  All-cause
American Cancer Society cohort?®  Cardiovascular

American Cancer Society cohort?®  Respiratory

002 (-0-08 t0 0-14)
0-22 (0-06 to 0-46)
0-57 (0-20 to 0-94)

Ozone (8 h)

Time-series studies
Single-city estimates (n=22)
Multi-city study

APHEA 2 (23 cities)

Time-series studies

Single-city estimates (n=19)

Time-series studies

Single-city estimates (n=19)

All-cause

All-cause

Cardiovascular

Respiratory

003 (0-02 to 0-04)

0:003 (0018 to 0:024)

004 (0-03 to 0-05)

0-04 (0-01 to 0:07)

Time-series coefficients for daily mortality are based on a systematic review and meta-analysis (webappendix pp 9-25).

Lancet. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Smith et al.

Table 2

Page 23

Percentage changes of relative risk based on pg/m3 range of pollutant concentration by selected causes of
death for single-pollutant and multiple-pollutant models

PM, 5 (1.0 pg/m?3)

Ozone (1-0 pg/m?3)

Sulphate (1.0 ug/m3)

Elemental carbon (1-0 pg/m?3)

All-cause mortality (deaths=93 358)

Single-pollutant

Multiple-pollutant
Multiple-pollutant
Multiple-pollutant

058 (0-22 to 0-95)

0.04 (~0-01 to 0-09)
0-01 (~0-06 to 0-07)
0-02 (~0-01 to 0-06)

1-11 (0-78 to 1.44)

1-09 (0-76 to 1-43)
1.06 (0-73 to 1.40)

551 (0-74 to 10-51)
5.16 (-0-51 to 11:17)

270 (-1-01 to 6:57)

Multiple-pollutant
Multiple-pollutant
Multiple-pollutant
Multiple-pollutant

008 (~0-02 to 0-18)
010 (0:04 t0 0-16)

0:09 (0:01 t0 0-17)

154 (1.05 to 2-03)
146 (0-94 to 1.97)
151 (1.01 to 2:01)

Multiple-pollutant 0-01 (-0:04to 0-06)  1-07 (0-73 to 1-40) 2:11 (-2:44 t0 6-89)
Cardiopulmonary mortality (deaths=46 168)
Single-pollutant 1.27 (076 t0 1-.79)  0-12 (0-03 to 0-21) 1.55 (1-03 to 2:08) 10-60 (2:92 to 18-86)

655 (~2:05 to 15:91)

7.05 (1-11 to 13-35)
2.09 (-4-53 10 9-18)

Data from the American Cancer Society Cancer Prevention Il cohort (n=352 242), with follow-up from 1982 to 2000. Spatial survival model
included random effects at the 66 metropolitan statistical areas that had all pollutants recorded for the national cohort. Survival model is stratified
by age (1 year), sex, and race. Pollution effects adjusted for 44 covariates measured at the individual level and seven covariates measured at the
ecological level for the zip code area of residence and for the zip code area deviated from the metropolitan area average. Relative risks presented in

the first row for each cause of death are from single-pollutant models, whereas those in subsequent rows indicate pollutants simultaneously
included in survival models. See webappendix pp 26-27 for details. PM2.5=particulate matter with aerodynamic diameter 2:5 pm or less.
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Percentage changes of relative risk based on IQR of pollutant concentration by selected causes of death for
single-pollutant and multiple-pollutant models

PM, 5 (4-30 ug/md)

Ozone (22-38 pg/m?3)

Sulphate (3-75 pg/m?3)

Elemental carbon (0-31 pg/m3)

All-cause mortality (deaths=93 358)

Single-pollutant

Multiple-pollutant
Multiple-pollutant
Multiple-pollutant
Multiple-pollutant

2:56 (0-96 to 4-18)

093 (-0-35 t0 2:23)
0-16 (~1-34 to 1-69)
057 (-0-38 to 1:54)

025 (~0-92 to 1.45)

4.23 (2:96 t0 5:51)

418 (2:90 to 5-46)
4.05 (2.77 t0 5-36)
4.07 (278 t0 5:38)

167 (022 to 3-14)
157 (-0-15 to 3-33)

083 (-0-31 to 1.99)
065 (~0-76 to 2:08)

Cardiopulmonary mortality (deaths=46 168)

Single-pollutant

Multiple-pollutant
Multiple-pollutant
Multiple-pollutant
Multiple-pollutant

5.60 (3-31 to 7.95)

2:83 (0-84 to 4-86)
186 (<046 t0 4-24)
2.42 (0-99 to 3.87)

210 (0-34 t0 3-88)

5.96 (3-91 to 8:04)

5.90 (4-01 to 7-82)
5.59 (3-60 to 7-62)
5.79 (3-87 to 7.74)

317 (0-89 to 5:49)
1.98 (—064 to 4-67)

2.13 (0-34 to 3.95)
064 (-1-42 to 2.75)

Data from the American Cancer Society Cancer Prevention Il cohort (n=352 242), with follow-up from 1982 to 2000. Spatial survival model
included random effects at the 66 metropolitan statistical areas that had all pollutants recorded for the national cohort. Survival model is stratified
by age (1 year), sex, and race. Pollution effects adjusted for 44 covariates measured at the individual level and seven covariates measured at the
ecological level for the zip code area of residence and for the zip code area deviated from the metropolitan area average. Relative risks presented in

the first row for each cause of death are from single-pollutant models, whereas those in subsequent rows indicate pollutants simultaneously
included in survival models. See webappendix pp 2627 for details. PM2.5=particulate matter with aerodynamic diameter 2:5 pm or less.
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