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Abstract:

Weather and climate play important roles in determining patterns of air quality over
multiple scales in time and space, owing to the fact that emissions, transport, dilution,
chemical transformation, and eventual deposition of air pollutants all can be influenced by
meteorologic variables such as temperature, humidity, wind speed and direction, and
mixing height. There is growing recognition that development of optimal control
strategies for key pollutants like ozone and fine particles now requires assessment of
potential future climate conditions and their influence on the attainment of air quality
objectives. In addition, other air contaminants of relevance to human health, including
smoke from wildfires and airborne pollens and molds, may be influenced by climate
change. In this study, the focus is on the ways in which health-relevant measures of air
quality, including ozone, particulate matter, and aeroallergens, may be affected by climate
variability and change. The small but growing literature focusing on climate impacts on air
quality, how these influences may play out in future decades, and the implications for
human health is reviewed. Based on the observed and anticipated impacts, adaptation
strategies and research needs are discussed.
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Introduction

eteorologic variables such as temperature,

humidity, wind speed and direction, and mix-

ing height (the vertical height of mixing in
the atmosphere) play important roles in determining
patterns of air quality over multiple scales in time and
space. These linkages can operate through changes in
air pollution emissions, transport, dilution, chemical
transformation, and eventual deposition of air pollut-
ants. Policies to improve air quality and human health
take meteorologic variables into account in determin-
ing when, where, and how to control pollution emis-
sions, usually assuming that weather observed in the
past is a good proxy for weather that will occur in the
future, when control policies are fully implemented.
However, policymakers now face the unprecedented
challenge presented by changing climate baselines.
There is growing recognition that development of
optimal control strategies to control future levels of key
health-relevant pollutants like ozone and fine particles
(particulate matter, PM, ;) should incorporate assess-
ment of potential future climate conditions and their
possible influence on the attainment of air quality
objectives. Given the significant health burdens associ-
ated with ambient are pollution, getting the numbers
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right is critical for designing policies that maximize
future health protection. Although not regulated as air
pollutants, naturally occurring air contaminants of rel-
evance to human health, including smoke from wild-
fires and airborne pollens and molds, also may be
influenced by climate change. Thus there are a range
of air contaminants, both anthropogenic and natural,
for which climate change impacts are of potential
interest.

It also should be recognized that anthropogenic emis-
sions of air pollutants of direct health concern are, in
many cases, associated with concurrent emission of pol-
lutants that have important impacts on global climate
(e.g., carbon dioxide, black carbon, sulfur dioxide, and
others). This is particularly the case for combustion of
fossil fuels such as coal and oil. Thus, efforts to mitigate
climate impacts by reduced fossil fuel combustion also will
often result in co-benefits from reduced direct health
impacts of air pollution. This important interaction
among climate, air quality, and health, is addressed else-
where in this issue,! and is not discussed further here.

This study focuses on the ways in which health-
relevant measures of air quality, including ozone, PM,
and aeroallergens, may be affected by climate variability
and change. Because many excellent reviews have been
published on the human health impacts of air pollu-
tion, those impacts are only briefly summarized here.
Instead, the small but growing literature focusing on
climate impacts on air quality, how these influences
may play out in future decades, and the implications for
human health is reviewed. Based on the observed and
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anticipated impacts, adaptation strategies and research
needs are also discussed.

Sources and Health Effects of Ozone, Fine Particles,
and Aeroallergens

In spite of the substantial successes achieved since the
1970s in improving air quality in the U.S., millions in
this country continue to live in areas that do not meet
the health-based National Ambient Air Quality Stan-
dards for ozone and PM, ;5 (www.epa.gov/air/criteria.
html). Ozone is formed in the troposphere mainly by
reactions that occur in polluted air in the presence of
sunlight. The key precursor pollutants for ozone for-
mation are nitrogen oxides (emitted mainly by burning
of fuels) and volatile organic compounds (VOCs, emit-
ted both by the burning of fuels and evaporation from
vegetation and stored fuels). Because ozone formation
increases with greater sun-
light and higher tempera-
tures, it reaches unhealthy
levels primarily during the
warm half of the year. Daily
peaks occur near midday in
urban areas, and in the af-
ternoon or early evening
in downwind areas. It has
been firmly established that
breathing ozone can cause
inflammation in the deep
lung as well as short-term,
reversible decreases in lung
function. In addition, epide-
miologic studies of people
living in polluted areas have
suggested that ozone can in-
crease the risk of asthma-
related hospital visits and
premature mortality.>™ Vul-
nerability to ozone effects
on the lungs is greater for
people who spend time out-
doors during ozone periods,
especially those who engage
in physical exertion, which
results in a higher cumula-
tive dose to the lungs. Thus,
children, outdoor laborers,
and athletes all may be at
greater risk than people who
spend more time indoors and
who are less active. Asthmatics
are also a potentially vulnera-
ble subgroup.

that share the property of being less than 2.5um in
aerodynamic diameter. Because of its complex nature,
PM, 5 has complicated origins, including primary par-
ticles emitted directly from sources and secondary
particles that form via atmospheric reactions of precur-
sor gases. PM, 5 is emitted in large quantities by com-
bustion of fuels by motor vehicles, furnaces, power
plants, wildfires, and, in arid regions, windblown dust.®
Because of their small size, PM, 5 particles have rela-
tively long atmospheric residence times (on the order
of days) and may be carried long distances from their
source regions.®’ Figure 1 is a satellite image showing
long-range transport of smoke over 1000 km (620
miles) from northern Quebec, Canada, to the city of
Baltimore MD, on the east coast of the U.S. A corre-
sponding time series of PM, 5 concentrations in Balti-
more clearly shows the impact of this event (Figure 2).
Research on health effects in urban areas has demon-

Fine particulate matter,
PM, 5 is a complex mixture
of solid and liquid particles
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Figure 1. NASA MODIS satellite image taken July 7, 2002, 10:35 EDT, showing areas of high
forest fire activity (red dots) and the affected area (Baltimore MD)”
Reprinted with permission from the American Chemical Society.
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Climate and Air Quality
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Figure 2. Outdoor PM, 5 concentrations in Baltimore before, during, and after July 7, 20027
Reprinted with permission from the American Chemical Society.

strated associations between both short-term and long-
term average ambient PM,; concentrations and a
variety of adverse health outcomes, including prema-
ture deaths related to heart and lung diseases.* " In
addition, smoke from wildfires has been associated with
increased hospital visits for respiratory problems in
affected communities.''™"?

Airborne allergens (aeroallegens) are substances
present in the air that, upon inhalation, stimulate an
allergic response in sensitized individuals. Aeroaller-
gens can be broadly classified into pollens (e.g., from
trees, grasses, and/or weeds); molds (both indoor and
outdoor); and a variety of indoor proteins associated
with dust mites, animal dander, and cockroaches. Pol-
lens are released by plants at specific times of the year
that depend to varying degrees on temperature, sun-
light, and moisture. Allergy is assessed in humans either
by skin prick testing or by a blood test, both of which
involve assessing reactions to standard allergen prepa-
rations. A nationally representative survey of allergen
sensitization spanning the years 1988-1994 found that
40% of Americans are sensitized to one or more
outdoor allergens, and that prevalence of sensitization
had increased compared with data collected in 1976-
1980.'* For example, for these two surveys, Figure 3
plots the percentage of the population sensitized to
ragweed pollen as a function of age.

Allergic diseases include allergic asthma, hay fever,
and atopic dermatitis. More than 50 million Americans
suffer from allergic diseases, costing the U.S. healthcare
system over $18 billion annually.15 For reasons that
remain unexplained, the prevalence of allergic diseases
has increased markedly over the past 3-4 decades.
Asthma is the major chronic disease of childhood,
with almost 4.8 million U.S. residents affected. It is
also the principal cause for school absenteeism and
hospitalizations among children.'® Mold and pollen
exposures and home dampness have been associated
with exacerbation of allergy and asthma, as has air
pollution.'”~2°
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particle formation. Higher
temperatures, and perhaps
elevated carbon dioxide
(COy) concentrations, also
lead to increased emissions
of ozone-relevant VOC precursors by vegetation.?
Weather patterns influence the movement and disper-
sion of all pollutants in the atmosphere through the
action of winds, vertical mixing, and rainfall. Air pollu-
tion episodes can occur with atmospheric conditions
that limit both vertical and horizontal dispersion. For
example, calm winds and cool air aloft limits disper-
sion of traffic emission during morning rush hour in
winter.

Emissions from power plants increase substantially
during heat waves, when air conditioning use peaks.
Weekday emissions of nitrogen oxides (NO,) from
selected power plants in California more than doubled
on days when daily maximum temperatures climbed
from 75°F to 95°F in July, August, and September of
2004.* Changes in temperature, precipitation, and
wind affect windblown dust, as well as the initiation and
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Figure 3. Percentage of the population by age with positive
skin test reactivity to ragweed pollen in NHANES II (dashed
line) and NHANES III (solid line)'*

NHANES, National Health and Nutrition Examination Survey
Reprinted with permission from the American Academy of
Allergy, Asthma, and Immunology.
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movement of forest fires. Finally, the production and dis-
tribution of airborne allergens such as pollens and
molds are highly influenced by weather phenomena,
and also have been shown to be sensitive to atmo-
spheric CO, levels.** The timing of such phenologic
events such as flowering and pollen release are closely
linked with temperature.

Human-induced climate change is likely to alter the
distributions over both time and space of all the
meterologic factors mentioned. There is little question
that air quality will be influenced by these changes. The
challenge is to understand these influences better and
to quantify the direction and magnitude of resulting air
quality and health impacts.

Potential Climate Influences on Air Pollution:
Findings from Emerging Studies

A variety of methods have been used to study the
influences of climatic factors on air quality, ranging
from relatively simple statistical analyses of empirical
relationships in the historical record to sophisticated
integrated modeling of future air quality resulting from
climate change. Empirical and/or episode modeling
studies have examined influences of temperature and
other meteorologic parameters on concentrations of
ozone and fine particles, the risk of wildfires, pollen,
and, to a lesser extent, mold concentrations. Most
integrated modeling studies to date have focused on
climate effects on ozone concentrations. Some of the
key approaches and findings from this emerging body
of research are reviewed here briefly.

Empirical studies have examined statistical relation-
ships between meteorologic parameters and observed
ozone concentrations, and used these relationships to
infer potential future changes in air quality as climate
changes.”®® For example, the California Climate
Change Center developed an ozone prediction equa-
tion based on ambient temperature and then used this
equation to estimate ozone concentrations for future
time periods using daily temperature outputs for Cali-
fornia from a global scale general circulation model.**
Another “historical” approach uses atmospheric mod-
els to explore the sensitivity of air pollution levels to
changes in meterologic inputs during known episode
periods in the past.****** Most such studies have shown
that higher temperatures typically result in higher
simulated ozone concentrations. However, PM, 5 re-
sponses are variable.*”! Another recent study exam-
ined the sensitivity of ozone to a range of temperature,
humidity, and other conditions that could occur with
climate change in California.”" Other studies have used
global and/or regional climate models to examine
future distributions of weather patterns known to be
conducive to air pollution episodes, such as stagnating
high pressure systems.”
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Integrated modeling links air quality simulation
models to climate simulation models to examine poten-
tial air quality under alternative scenarios of future
global climate change.” Although more complex and
computer-intensive than the methods discussed above,
a key advantage of integrated modeling is the ability to
account for the complex influences of climate, emis-
sions, and atmospheric chemistry on air quality pat-
terns, and in particular, to evaluate how air quality
might change under a variety of assumptions regarding
both climate change and emissions of precursor pollut-
ants. Several integrated modeling studies have used
large-scale global chemistry/climate models to examine
how air quality may be influenced by future climate
change over the twenty-first century.**=>°

Hogrefe and colleagues‘w’%8 were the first to report
results of a local-scale analysis of air pollution impacts
of future climate changes using an integrated modeling
approach. In this work, a global climate model was used
to simulate hourly meteorologic data from the 1990s
through the 2080s based on two different greenhouse
gas emissions scenarios, one representing high emis-
sions and the other representing moderate emissions.
The global climate outputs were downscaled to a 36 km
(22 mile) grid over the eastern U.S. using regional
climate and air quality models. When future ozone
projections were examined, summer-season daily max-
imum 8-hour concentrations averaged over the model-
ing domain increased by 2.7, 4.2, and 5.0 parts per
billion (ppb) in the 2020s, 2050s, and 2080s, respec-
tively, as compared to the 1990s, due to climate change
alone (Figure 4). The impact of climate on mean ozone
values was similar in magnitude to the influence of
rising global background ozone by the 2050s, but
climate had a dominant impact on hourly peaks.

Climate change shifted the distribution of ozone
concentrations toward higher values, with larger rela-
tive increases in future decades occurring at higher
ozone concentrations. The finding of larger climate
impacts on extreme ozone values was confirmed in a
recent study in Germany® that compared ozone in the
2030s and the 1990s using a downscaled integrated
modeling system. Daily maximum ozone concentra-
tions increased by 2—6 ppb (6%-10%) across the study
region. However, the number of cases where daily
maximum ozone exceeded 90 ppb increased by nearly
fourfold, from 99 to 384 (Figure 5).

More recently, the influence of climate change on
PM, ; and its component species have been examined
using an integrated modeling system.*’ Results showed
that PM, 5 concentrations increased with climate
change, but that the effects differed by component
species, with sulfates and primary PM increasing mark-
edly but with organic and nitrated components decreas-
ing, mainly due to movement of these volatile species
from the particulate to the gaseous phase.

www.ajpm-online.net



1990s

16.5
13.5
10.5
7.5
4.5
1.5
-1.5
-4.5
-7.5

2020s

16.5
13.5
10.5
7.5
4.5
1.5
-15
4.5
-7.5

2080s

16.5
13.5
10.5
7.5
4.5
1.5
=1:5
-4.5
—7.5

Figure 4. Summertime average daily maximum 8-hour ozone concentrations for the 1990s and changes in same for the 2020s,
2050s, and 2080s, based on the IPCC A2 CO, scenario relative to the 1990s, in ppb. Five consecutive summer seasons were

simulated in each decade.*®

IPCC, Intergovernmental Panel on Climate Change; ppb, parts per billion

Reprinted with permission.

As can be seen in the above literature review, the
trend in recent years has been toward increasingly
sophisticated, integrated, policy-relevant regional-scale
modeling studies of the possible future impacts of
climate change on air quality. Most work to date has
focused on ozone, for which reliable models have been
available for some time. The more complex challenge
of modeling climate impacts on fine particle concen-
trations has only recently been attempted, taking ad-
vantage of new chemistry models that include mecha-
nisms related to the formation of PM component
species. Research suggests that urban and regional
ozone concentrations in the U.S. may increase approx-
imately 5%—-10% between now and the 2050s as a result
of climate change alone, holding anthropogenic pre-
cursor emissions and global background concentra-
tions constant. Relatively smaller changes (2.5%-5%)
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might be observed by 2030, and larger changes by the
end of the century. It is important to note that trends in
actual ozone concentrations will depend as much or
more on control of precursor emissions as on climate
change. The picture for PM, 5 remains uncertain, with
somewhat conflicting results from the few studies to
date.

Wildfires

Because the risk of wildfire initiation and spread is
enhanced with higher temperatures, decreased soil
moisture, and extended periods of draught, it is possi-
ble that climate change could increase the impact of
wildfires in terms of frequency and area affected.*’*?
Among the numerous health and economic impacts
brought about by these more frequent and larger fires,
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Figure 5. Left: frequency distribution of the simulated daily ozone maxima averaged over southern Germany during summer
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increases in fine particulate air pollution are an impor-
tant concern, both in the immediate vicinity of fires as
well as in areas downwind of the source regions. Several
studies have been published in recent years examining
trends in wildfire frequency and area burned in Canada
and the U.S. Most such studies report upward trends in
the latter half of the twentieth century that are consis-
tent with changes in relevant climatic variables.**~**
Interpretation of trends in relation to climate change is
complicated by concurrent changes in land cover and
in fire surveillance and control. However, similar trends
were seen in areas not affected by human interfer-
ence,*® or under consistent levels of surveillance over
the follow-up period.**

How might these trends play out in the future with
continued climate change? Integrated modeling stud-
ies have examined fire risk associated with climatic
variables projected under alternative CO, scenarios,
mainly in Canada. Most studies have projected in-
creases in fire frequency and/or area burned over
future decades in relation to 2x or 3x CO, growth
scenarios, due to increases in average temperatures,
longer growing seasons, and/or increased aridity.‘l‘r’_47
For example, Flannigan and colleagues47 projected
74%-118% increases in area burned in different re-
gions of Canada by the end of the present century with
3x COy, but with considerable variation across different
ecologic regimes. One study projected general reduc-
tions in future fire burn rates in Canada, although
some regions showed the opposite trend.”® Authors
suggested that increased precipitation outweighed in-
creased temperatures in regions where fire risk was
projected to be lower. It should be noted that climate
change will interact with changes in land cover, the
frequency of lightning and other initiators, and topog-
raphy in determining future damage risks to forests.*!
Air quality impacts related to projected future wildfires
under a changing climate have yet to be evaluated.
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Aeroallergens

Aeroallergens that may respond to climate change
include outdoor pollens generated by trees, grasses,
and weeds, and spores released by outdoor or indoor
molds. Because climatologic influences differ for these
different classes of aeroallergens, they are discussed
separately here.

Historical trends in the onset and duration of pollen
seasons have been examined extensively in recent
studies, mainly in Europe. Nearly all species and re-
gions analyzed have shown significant advances in
seasonal onset that are consistent with warming
trends.**™® There is more limited evidence for longer
pollen seasons or increases in seasonal pollen loads for
birch®® and Japanese cedar tree pollen.”® Grass pollen
season severity was greater with higher pre-season tem-
peratures and precipitation.”” What remains unknown
is whether and to what extent recent trends in pollen
seasons may be linked with upward trends in allergic
diseases (e.g., hay fever, asthma) that have been seen in
recent decades.

In addition to earlier onset of the pollen season and
possibly enhanced seasonal pollen loads in response to
higher temperatures and resulting longer growing sea-
sons, there is evidence that CO, rise itself may cause
increases in pollen levels. Experimental studies have
shown that elevated CO, concentrations stimulate
greater vigor, pollen production, and allergen potency
in ragweed.**%"°! Ragweed is arguably the most impor-
tant pollen in the U.S., with up to 75% of hay fever
sufferers sensitized.'® Significant differences in aller-
genic pollen protein were observed in comparing
plants grown under historical CO, concentrations of
280 ppb, recent concentrations of 370 ppb, and poten-
tial future concentrations of 600 ppb.°! Interestingly,
significant differences in ragweed productivity were
observed in outdoor plots situated in urban, suburban,
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and rural locales where measurable gradients were
observed in both CO, concentrations and tempera-
tures. Cities are not only heat islands but also CO,
islands, and thus to some extent represent proxies for a
future warmer, high-CO, world.**

With warming over the longer term, changing pat-
terns of plant habitat and species density are likely, with
gradual movement northward of cool-climate species
like maple and birch, as well as northern spruce.’?
Although these shifts are likely to result in altered
pollen patterns, to date they have not been assessed
quantitatively.

As compared with pollens, molds have been much
less studied.” This may reflect in part the relative
paucity of routine mold monitoring data from which
trends might be analyzed, as well as the complex
relationships among climate factors, mold growth,
spore release, and airborne measurements.®®> One study
examining the trends in Alternaria spore counts be-
tween 1970 and 1998 in Derby England observed
significant changes in seasonal onset, peak concentra-
tions, and season length. These trends parallel gradual
warming observed over that period.

In addition to potential effects on outdoor mold
growth and allergen release related to changing climate
variables, there is also concern about indoor mold
growth in association with rising air moisture and
especially after extreme storms, which can cause wide-
spread indoor moisture problems from flooding and
leaks in the building envelope. Molds need high levels
of surface moisture to become established and flour-
ish.”* In the aftermath of Hurricane Katrina, very
substantial mold problems were noted, causing un-
known but likely significant impacts on respiratory
morbidity.”” There is growing evidence for increases in
both the number and intensity of tropical cyclones in
the north Atlantic since 1970, associated with unprec-
edented warming of sea surface temperatures in that
region.%%%°

Taken as a whole, the emerging evidence from
studies looking at historic or potential future impacts of
climate change on aeroallergens led Beggs to state:

[This] suggests that the future aeroallergen char-
acteristics of our environment may change con-
siderably as a result of climate change, with the
potential for more pollen (and mould spores),
more allergenic pollen, an earlier start to the
pollen (and mould spore) season, and changes in
pollen distribution.”

Health Implications and Adaptive Responses

The emerging findings from a small but growing body
of literature provides an initial evidence base on which
to assess air quality and associated health implications
of climate variability and change. Although much more
research is needed before firm, quantitative conclu-
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sions can be drawn, the limited available evidence
suggests that climate change is likely to exacerbate
some anthropogenic and naturally occurring pollutants
including ozone, smoke from wildfires, and some pol-
lens. To the extent that such impacts occur where large
numbers of people are exposed, which is more likely to
be the case for ozone and pollen than for smoke from
wildfires, additional adverse health effects can be antic-
ipated. People with existing asthma, allergies, and
other respiratory diseases may be especially vulnerable
to respiratory impacts.

To reduce future air quality impacts of climate-
related trends, more aggressive emissions controls,
both in the U.S. and elsewhere, will be needed to make
progress toward reducing ozone concentrations below
health-based standards. The adaptation measures
needed are the same as those already in place: reduced
emissions of key ozone precursors, especially NOx.
Because the transport sector plays an increasingly
prominent role in urban NOx emissions, efforts to
reduce emissions per mile from motor vehicles should
be a high priority. Substantial gains are possible with
improved fleetwide fuel efficiency. Tightened emis-
sions controls can play a role as well, as can the use of
cleaner, high efficiency fuels such as biofuels. Break-
through technologies such as electric and fuel cell
vehicles could have significant benefits in the longer
run. In the case of wildfires, maintenance and enhance-
ment of existing surveillance and early response pro-
grams will be critical to mitigate the impacts of poten-
tially increased risks caused by climate change.

Air conditioning is an adaptive response to ozone—
reducing indoor exposures compared to those outdoors—
but exacerbates the problem of pollution emissions
from the utility sector. Caution is advised in relying on
air conditioning as a primary adaptive response, in the
absence of a corresponding program to reduce the
resulting emissions from power plants.

In the case of aeroallergens, ensuring complete and
equitable access to available medications will be impor-
tant, as will stronger education programs directed at
allergen avoidance. Use of innovative air handling and
filtration equipment for reducing the penetration of
outdoor pollens into indoor spaces may also be valu-
able. Greater awareness of the impacts of indoor mois-
ture on molds and associated respiratory diseases
should provide additional incentive to shift housing
development away from flood-prone areas. There is a
pressing need for improved surveillance of pollen and
mold levels.

Research Needs

With respect to integrated modeling of future air
quality under a changing climate, there is a need for
greater use of model ensembles that capture the full
range of uncertainties in future impacts. The literature
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to date provides mainly selective analyses of particular
models and scenarios, preventing a comprehensive
quantitative evaluation of central tendencies and vari-
ability around the center.

Further advances in climate/air quality modeling
are in progress, taking advantage of the continuing
progress in computer processor speeds. Complex inte-
grated models that took a week to run 5 years ago can
now be run in less than 1 day. These advances will make
it possible to look at finer geographic and temporal
scales, and to begin modeling the two-way “fully cou-
pled” interactions between climate and air quality.

The study of climate influences on pollen, mold, and
other aeroallergens in the U.S. has been extremely
limited to date, due in large part to the lack of routinely
available, consistently monitored data on aeroallergen
levels. An improved surveillance system would begin to
alleviate this constraint. Once the empirical relation-
ships are established, integrated modeling studies
could be used to examine potential future impacts of
climate change.

No financial disclosures were reported by the author of this
paper.
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