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Abstract

Purpose of Review I review literature on the impacts of climate change on air quality and human health, with a focus on articles
published from 2013 on ozone and airborne particles. Selected previous literature is discussed where relevant in tracing the
origins of our current knowledge.

Recent Findings Climate and weather have strong influences on the spatial and temporal distribution of air pollution concentra-
tions. Emissions of ozone and PM, 5 precursors increase at higher ambient temperatures. The reactions that form ozone occur
faster with greater sunlight and higher temperatures. Weather systems influence the movement and dispersion of air pollutants in
the atmosphere through the action of winds, vertical mixing, and precipitation, all of which are likely to alter in a changing
climate. Recent studies indicate that, holding anthropogenic air pollution emissions constant, ozone concentrations in populated
regions will tend to increase in future climate scenarios. For the USA, the climate impact on ozone is most consistently seen in
north-central and north-eastern states, with the potential for many thousands of additional ozone-related deaths. The sensitivity of
anthropogenic PM; s to climate is more variable across studies and regions, owing to the varied nature of PM constituents, as well
as to less complete characterization of PM reaction chemistry in available atmospheric models. However, PM emitted by
wildland fires is likely to become an increasing health risk in many parts of the world as climate continues to change.
Summary The complex interactions between climate change and air quality imply that future policies to mitigate these twin
challenges will benefit from greater coordination. Assessing the health implications of alternative policy approaches towards
climate and pollution mitigation will be a critical area of future work.

Keywords Climate change - Air quality - Ozone - PM, 5 - Health impacts

Introduction

Climate change and air pollution are two major global chal-
lenges, the causes and solutions of which are closely linked.
Human-induced changes to the global climate system are driv-
en largely by the burning of fossil fuels (emitting carbon di-
oxide, black carbon, and ozone precursors) and agricultural
production (emitting methane). Adverse health effects from
air pollution result from fossil fuel combustion and other at-
mospheric waste streams, including agricultural emissions of
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methane and ammonia. In addition, weather patterns have
strong influences on the spatial and temporal distribution of
air pollution concentrations through a variety of processes that
affect the degree to which air pollutants remain concentrated
near their sources, are dispersed and diluted, are chemically
transformed, are transported long distances, and/or are ulti-
mately removed through dry or wet deposition [1]. In addition
to pollutants emitted by human activities, naturally occurring
“air pollutants” that have adverse effects on human health,
such as pollen, VOCs from trees, smoke from wildfires, and
windblown dust, can be influenced by climate [2]. Because of
the multiple interconnections via emissions and atmospheric
processes, it is highly likely that climate change will have an
influence on air pollution levels and resulting health impacts.
At the same time, policy responses to mitigate climate change
could bring enormous human health benefits [3].

Both ozone and PM, ;5 are affected by climate, but in some-
what different ways. Ozone is created in the lower atmosphere
through reactions of precursor pollutants in the presence of
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sunlight. Higher temperatures favor more rapid formation of
ozone. Also, emissions of 0zone precursors can increase at
higher temperatures, promoting higher ozone concentrations.
The two key precursor pollutants for ozone formation are
nitrogen oxides (NOx) (emitted mainly by burning of fossil
fuels) and volatile organic compounds (VOCs) (emitted both
by burning of fuels and evaporation from vegetation and
stored fuels). Emissions of both anthropogenic and biogenic
VOCs increase with temperature. NOx emissions can also
increase with temperature, due to increased fossil fuel com-
bustion for electricity generation during heat waves. Because
the reactions that form ozone happen faster with greater sun-
light and higher temperatures, ozone concentrations reach
their highest levels during warm weather, especially in sum-
mer. However, increasing global emissions of methane, the
most common VOC, have led in recent decades to rising
background levels of ozone throughout the year [1]. Major
anthropogenic methane sources include fossil fuel production
and use, and livestock productions. The health implications of
background ozone levels remain uncertain but could be sig-
nificant given the large numbers of people exposed.

In contrast to ozone, which is a simple gas, PM, 5 consists
of'a complex mixture of airborne particles, solid or liquid, that
are less than 2.5 um in aerodynamic diameter. Upon inhala-
tion, particles of these small sizes are able to make it past the
defenses of our nose and upper airways, potentially depositing
deep in the lung, where tissues are more vulnerable, as well as
penetrating and being transported by the bloodstream to other
sensitive organs. PM, 5 is emitted from a great variety of
sources and can also be formed through atmospheric reactions
of precursor gases, including SO,, NO,, and VOCs. Key
sources of PM, 5 include motor vehicles (especially diesel
powered), power plants, heating systems for buildings, wild-
fires, and, in arid regions, wind-blown dust [4]. Because of
their small size, PM, 5 particles can remain airborne for days
after being emitted or formed in the atmosphere and may be
carried long distances from their source regions [4, 5]. Power
plant emissions of PM, 5 and its precursor gases can rise dur-
ing heat waves. Also, atmospheric reactions that convert SO,
to sulfate particles occur more rapidly as temperatures rise. On
the other hand, other PM, 5 components, such as nitrates and
organics, can volatilize at higher temperatures, reducing PMj s
concentrations (although those pollutants simply move to the
gas phase, still with potential health impacts).

Both ozone and PM, 5 concentrations are influenced by
weather systems that can be altered in a changing climate
[1]. The movement and dispersion of air pollutants in the
atmosphere are affected by the action of winds, vertical
mixing, and rainfall. The mixing height of the lower atmo-
sphere controls dilution of pollution near the Earth’s surface
and thus affects the concentrations humans experience at the
surface. Low mixing heights lead to higher surface concentra-
tions. Stagnant winds, which occur with high pressure weather
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systems, limit the horizontal dispersion of pollutants and lead
to higher concentrations. Climate change models have shown
alterations in both mixing height and stagnating high pressure
systems that could affect air pollution concentrations in either
direction [1].

The remainder of this paper reviews literature addressing
the interplay of climate change, air quality, and human health
that has emerged mainly in the past 5 years, i.e., from 2013 to
2017. Initial papers were identified by searching the Web of
Science database for papers published 2013 or later with titles
that included either “air pollution” or “air quality” AND “cli-
mate change” AND also included the word “health” as a major
topic. Eighty-nine papers were identified in July 2017. Other
papers were added when citations pointed to relevant litera-
ture. Selected earlier literature was reviewed where relevant in
tracing the origins of our current knowledge. We focus largely
on the anthropogenic air pollutants fine particulate matter
(“PM, 5”) and ozone, because together, they are thought to
be responsible for most of the current burden of disease from
ambient air pollution [6].

Climate, Air Pollution, and Health Impact
Assessment Methodology and Inputs

Assessments of the potential future health effects of air pollu-
tion due to climate change are typically carried out using
methods of risk assessment. Climate risk assessment requires
four inputs: the number of people at risk (i.e. the population
within a given region), the baseline rate of the health outcome
in the population (e.g. the number of deaths per year per
100,000 persons), the concentration-response function
(CRF) (i.e. the fractional change in the rate of the health out-
come per unit change in air pollution), and the air pollution
concentration that is projected to occur in the future climate
(e.g. the annual mean PM, 5 concentration in 2050 assuming
climate has changed). Baseline mortality and/or morbidity
rates are taken from government sources (e.g. CDC Wonder)
and are assumed to remain constant over time. CRFs are de-
rived from the epidemiologic literature, ideally from the same
country or region for which the future climate assessment is
being carried out. Like baseline rates, CRFs are assumed to be
constant in time. Population counts, e.g., obtained from the
decadal census, usually are held constant at current levels but
can be allowed to grow and/or age in the future based on
demographic models.

To estimate air pollution in a future climate scenario, com-
plex atmospheric models are run which simulate the disper-
sion and transformation of air pollution in response to future
simulated climate as well as emissions of air pollution precur-
sors. This is where things get complicated, as there are dozens
of global climate models that could be used, as well as several
different global and/or regional air pollution simulation
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models that can be run in conjunction with the climate model.
Each set of models generates somewhat different results, even
with the same inputs [7]. There are numerous analytical deci-
sions that are made in the process of modeling that can affect
the outcomes, including pollution and greenhouse gas emis-
sion trajectories, time periods, spatial scales, and model ver-
sions that differ in how climate or chemistry processes are
parameterized.

An essential input to the climate models is the future tra-
jectory of assumed greenhouse pollutant emissions that may
cause changes in future temperature, precipitation, cloud cov-
er, atmospheric circulation patterns, etc. In 2000, the
Intergovernmental Panel on Climate Change (IPCC) pub-
lished a set of consensus scenarios of future greenhouse gas
emissions in their Special Report on Emission Scenarios [8]
(these are called the SRES scenarios). More recently, IPCC
adopted a different set of scenarios that are defined in terms of
radiative forcing, which is the difference, in W/mz, between
incoming and outgoing electromagnetic radiation at the
Earth’s surface. These new scenarios are called representative
concentration pathways or RCPs [9]. Most of the recent liter-
ature has used the RCP scenarios, which were developed in
support of the fifth assessment report of the Intergovernmental
Panel on Climate Change. The four RCPs are 2.0, 4.5, 6.0, and
8.5, with the numbers referring to progressively higher global
average radiative forcing in W/m? (that is, the solar energy
that is being absorbed by the earth) and thus greater climate
warming. Most recent climate-air pollution-health assessment
studies include a low to medium RCP (2.0 or 4.5) and a high
RCP (8.5) to illustrate the range of impacts across the span of
potential future climate change.

Another important consideration in the modeling of air
pollution concentrations in a changing climate is that of spatial
scale. Global models, which are needed to capture the climate
change influence on future air pollution across the entire
Earth, are necessarily coarse in their spatial resolution, with
outputs averaged over grids that are 100 s of kilometers on a
side. This is too coarse to assess concentration gradients over
urban areas where population impacts would be greatest.
Thus, most studies carry out a further step to “downscale”
the future air pollution estimates to geographical units that
are more relevant for understanding urban health impacts.
This can be done using a regional-scale air pollution model,
which takes the coarse scale outputs as inputs and produces
outputs at a fine scale, or alternatively can be done using
statistical methods derived from historical relationships be-
tween coarse and fine scale concentration patterns. In either
case, additional uncertainties are introduced by the downscal-
ing process. Figure 1, taken from [7], provides an overview of
a typical climate-air quality-health assessment for ozone. In
reviewing the recent literature, it is important to emphasize
that the large range of potential modeling choices and input
parameters introduces considerable variability across studies,

presenting challenges in comparing results and deriving over-
all conclusions about the body of evidence. On the other hand,
this variability captures some of the uncertainties inherent in
future projections, which itself is valuable information for
decision makers.

To illustrate how this process can be applied in practice, it
is instructive to review the study by Knowlton and colleagues
[10], which was the first study to systematically assess air
pollution-related health impacts due to climate change. The
study’s objective was to estimate the future mortality impacts
of ozone in the NYC metropolitan area in the 2020s, 2050s,
and 2080s as a result of climate change. The Goddard Institute
for Space Studies (GISS) global climate model was used to
project climate in those future decades at a coarse spatial scale
(approx. 400 x 500-km grid spacing), as well as a reference
period in the 1990s [11]. This global climate model was run
twice, driven by a low and a high greenhouse gas emission
scenario. The climate projections were downscaled to a 36 x
36-km grid using the MMS5 regional climate model [12]. Next,
those climate data were used in conjunction with the US EPA
0zone precursor emission inventory to model ozone concen-
tration on the 36-km grid using the CMAQ model [13, 14].
Finally, the ozone data were used as the input to a risk assess-
ment of ozone-related daily mortality, incorporating constant
population and baseline mortality rate data, and a concentra-
tion response function for ozone, the latter estimated using
10 years of observed daily data from the 1990s [10]. The
projected percent change in ozone-related mortality in 2050
is reproduced in Fig. 2, taken from that publication.

More recently, Post and colleagues [7] projected 2050
ozone-related health effects derived from seven different
modeling systems, analyzing the relative magnitude of uncer-
tainties derived from model choices vs. population projections
and concentration-response functions. While all of the risk
assessment inputs contributed substantially to the overall
range of results, the climate and air quality modeling systems
appeared to contribute the most to uncertainties. The authors
recommended that, where possible, an “ensemble” of multiple
models be used to characterize the range of potential future
health impacts.

Of the studies published since 2013, the study of Fann and
colleagues provided the most comprehensive assessment of
climate-related air quality impacts on health in the USA
[15¢]. This work was carried out in support of the US Global
Change Research Program’s Climate and Health Assessment
[16]. Health effects were assessed for the year 2030 under the
assumption that all currently planned air pollution regulations
will be implemented, which defines the air pollution emis-
sions used as input to the modeling system. Given those emis-
sions, ozone concentrations were modeled in response to sev-
eral scenarios of climate change. Climate change was simu-
lated using two different models and greenhouse gas emission
scenarios (RCP6.0 and RCPS.5). Ozone was dynamically
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Fig. 1 Framework for assessing
health impacts of air pollution in a
changing climate (from Post et al.
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downscaled to a 36-km? grid resolution using the state-of-the-
art CMAQ model, with boundary conditions provided by the
GEOS-Chem global air quality model. The study isolated the
climate change effect on ozone around the year 2030, which is
a more policy-relevant time point for most decision makers
than later in the century. Health effects were assessed for a
range of morbidity outcomes (emergency department visits,
hospital admissions, acute respiratory symptoms, and lost
school days) as well as mortality, and economic impacts were
then computed based on standard methods.

The climate and air quality modeling system projected
that daily maximum temperatures could increase by 1-4 °C
and that daily 8-h maximum ozone concentrations could
increase by 1-5 ppb, in 2030 due to climate change alone.
However, there were large differences in impacts in differ-
ent regions of the country, with impacts appearing greatest
in the Midwest and Northeast regions (see Fig. 3 taken from
[16]). The health risk assessment suggested that climate-
induced changes in ozone concentrations could result in
tens to thousands of additional ozone-related deaths and
illnesses each year, with economic impacts reaching up to
tens of billions of US dollars [15¢].
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The air quality model projections developed by Fann et al.
were used as inputs to a 2030 mortality impact assessment for
ozone in 94 US cities by Wilson and colleagues [17]. The
novelty here was the use of updated concentration-response
functions that incorporated non-linear and synergistic effects
of ozone and temperature, derived from an empirical analysis
of daily data from the 1987-2000 NMMAPS database. The
authors reported increases in ozone-related mortality of over
14% for ozone concentrations above 75 ppb by 2030. While
this suggests that impacts can be much higher when non-lin-
ear, interactive risk functions are used, those new functions
will require replication before they are more generally
adopted. More generally, projections of interactive impacts
of multiple climate-related health stressors is an important area
for future research.

Garcia-Menendez and colleagues modeled US ozone and
PM, s-related health effects of climate change, with a focus on
two future time points, 2050 and 2100 [18]. Three greenhouse
gas scenarios were compared, a worst case “business as usual”
scenario yielding a total radiative forcing of 10 W/m? by 2100,
and two climate stabilization scenarios that would reduce
warming below 1.5 °C, one corresponding to a total
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Fig. 2 Estimated county-specific
percent changes in annual ozone-
related deaths in the 2050s
compared with the 1990s for the
A1 greenhouse gas emission
scenario, holding anthropogenic
0zOne precursor emissions
constant over time. Map covers
the 31 county New York City
metropolitan region (from
Knowlton et al. [10])
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Fig. 3 Projected changes by 2030 in mean daily maximum temperature,
seasonal average daily 8-h maximum ozone, and ozone-related premature
deaths. The upper panels are from the NCAR/DOE Community Earth
System Model (CESM) run with the RCP 8.5 radiative forcing scenario.

The lower panels are from the NASA Goddard Institute for Space Studies
(GISS) Model E2-R global climate model run with the RCP 6.0 radiative
forcing scenario (from Fann et al. [15¢])
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radiative forcing of 4.5 W/mz, and the other 3.7 W/m?
by 2100. The modeling system they used produced out-
puts at a coarse scale over the globe, including the US
(approx. 200 x 250-km grid boxes). Air pollution emis-
sions were held constant in order to isolate the effect of
climate change. Only mortality effects were assessed.
The two climate stabilization scenarios were estimated
to result in substantial reductions in mortality across the
US due to reductions in both ozone and PM, 5 concen-
trations. Compared with the business as usual case, the
two climate stabilization scenarios yielded mortality
benefits ranging from 4000 to 22,000 avoided deaths
in 2050 and 19,000 to 95,000 avoided deaths in 2100.
The analysis quantified health benefits due to climate
effects on air quality but did not assess the direct health
benefits of reduced air pollution emissions under the
climate stabilization scenarios; in this sense, the health
benefits were likely underestimated.

Lee and colleagues modeled US air quality and
health in 2030 and 2055 using a coarse scale model
with on-the-books US air pollution policies, or with a
climate policy assuming 50% reduction in 2050 CO,
emissions largely by reducing coal use [19]. Both sets
of scenarios yielded reduced future ozone- and PMj; s-
related mortality but also warmed the US climate
through 2055 as a result of SO, and sulfate reductions
(sulfate particles cool the atmosphere by scattering in-
coming light and by promoting cloud formation). The
authors stressed the importance of climate policies that
go after short-lived climate pollutants (SLCPs) such as
ozone and black carbon to achieve win-win results for
health AND climate. Trail and colleagues reported re-
sults of a US nationwide analysis of ozone and PM, s
air quality in 2050, taking into account on-the-books air
pollution regulations expected to be implemented by
that time, with or without climate change [20]. While
air pollution emission reductions would lead to substan-
tial improvements in air quality, a climate penalty was
noted for ozone, but not for PM, s.

Several studies have analyzed future climate-air qual-
ity health impacts outside the US. Fang and colleagues
reported global changes in both ozone and PM, s-related
premature mortality in 2090 vs. 2010 due to climate
change [21]. Globally, both pollutants increased on av-
erage in populated regions due to climate change, with
estimated increases in PM and ozone-related deaths of
ca. 100,000 and 6000/year, respectively. Increased mor-
tality was especially pronounced in North America and
large parts of Asia. In Europe, projected future ozone-
related mortality was found to vary substantially for
different countries [22], with ozone increasing in some
regions and decreasing in others. Results in Europe ap-
peared to be quite sensitive to the modeling system
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used [23, 24] but in general observed a climate penalty
for ozone (e.g. [25]). Other work has quantified the air
pollution-related health effects of climate change that
has already occurred, most finding that to date, the cli-
mate penalty has been relatively small compared to the
burden due to pollution emission increases [26, 27].

The vast majority of modeling studies focus on an-
thropogenic air pollution. To date, only one study has
assessed potential climate-driven changes in wildfire-re-
lated/health effects [28], and it suggested potential small
increases in respiratory hospital admissions in the west-
ern USA by mid-century under moderate climate change
scenarios. Outside the health literature, evidence sug-
gests that climate change is leading to higher risks of
wildfires, with potential implications for human health
[29]. Similarly, only one study has so far examined
future impacts of climate on pollen-related health im-
pacts, which suggested that the oak tree pollen season
could lengthen by mid-century across parts of the USA,
potentially causing additional asthma emergency depart-
ment visits [30]. Future work is needed to expand these
findings for wildfires and pollen, as well as for wind-
blown dust.

Future Perspectives

Given the importance of air pollution as a global risk
factor for premature death and disease, along with the
intimate connections between climate and air quality,
the impacts of climate change on air quality-related
health effects are likely to remain an important area of
research for the foreseeable future. One important new
direction for future research is to analyze potential in-
teractive effects of climate on anthropogenic air pollu-
tion along with other climate-driven risk factors such as
extreme temperatures [17¢], flood-related damage to in-
frastructure, wildfires, etc. For example, wildfire risk
can increase during extremely hot weather, such as oc-
curred in Russia in the summer of 2010. Hot weather
also drives elevated ozone concentrations. The potential
for cascading, non-linear, interactive health impacts due
to multiple, co-occurring climate-related stressors is an
important topic for future studies. Tackling complex
questions of this kind will require new models and
methods, drawing on multidisciplinary expertise. We
will need both empirical research to identify and quan-
tify causal mechanisms, as well as projection studies
that encompass multiple climate-related metrics and out-
comes. Meanwhile, deriving results at spatial and tem-
poral scales that are relevant to decision makers will
remain an important challenge.



Curr Envir Health Rpt (2018) 5:179-186

185

Conclusion

Several general points emerge from the recent literature.
As a body, the studies confirm earlier work indicating
that climate change will tend to increase ozone concen-
trations and related health effects, especially in populat-
ed regions, holding air pollution emissions constant
[31]. For the USA, the climate impact on ozone is most
consistently seen in north-central and north-east states.
PM, s sensitivity to climate is more variable across
studies and regions, owing to the varied nature of PM
components, as well as to less complete characterization
of PM reaction chemistry in available atmospheric
models [1]. Regional differences and model to model
variations make it difficult to offer quantitative conclu-
sions. As Fiore states, “Opposing influences of changes
in temperature, precipitation, relative humidity, and stag-
nation on the individual PM, s components and their
chemistry confound a clean deciphering of PM; ;s
changes.”

The complex two-way interactions between climate change
and air quality have important implications for policies to
address each of these challenges. Reducing fossil fuel emis-
sions, while always beneficial for health, does not always
bring climate benefits in the short term. For example, de-
creased coal combustion reduces CO, emissions, which helps
the climate in the long run, but also reduces SO, emissions
and thus sulfate, which is a cooling pollutant, leading to short-
term warming in regions near the source reductions [19].
Methane reductions on the other hand bring both climate
and ozone air quality benefits. Reducing black carbon, an
important component of PM, 5 and a warming pollutant, also
results in win-win solutions for both health and climate. Given
their complex interactions, there have been increasing calls for
coordinated policies for addressing climate change and air
pollution [32-38]. Reviews and global assessments demon-
strate the potential health benefits that can be achieved
through coordinated climate and air pollution planning [39,
40]. Innovative urban planning initiatives that integrate
climate and health co-benefits are of increasing interest
[41]. Achieving sustained impacts on coordinated pollu-
tion and climate mitigation will benefit from holistic,
multi-stakeholder planning [42]. This is likely to be an
area of expanded work in the next several years.
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