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long recognized.3-5 Consequently, there has been a grow-
ing interest in investigating what changes in air quality may
be brought about by the possible future changes in climate.
The common assumption has been that warmer tempera-
tures accompanying climate change will enhance pollution.
However, due to the complex interplay of meteorology and
chemistry in the formation of pollutants such as PM2.5 and
O3, the potential effects of climate change are difficult to
quantify. An understanding of these effects would likely in-
fluence air quality management decisions. For example, to
assess the effects of future emissions control policies, cur-
rent regulatory practices rely on applying regional-scale pho-
tochemical modeling systems with a variety of different
emissions scenarios, but identical meteorological conditions.
However, because the assumption of constant meteorology
for decades into the future is questionable, this method may
result in emissions control plans falling short of achieving
air quality standards. While the current focus of local emis-
sions control plans is typically 5–10 years, regional-scale plans
are now underway with timescales of more than 20 years.

This article provides an overview of some recent advances
in quantifying the effects of climate change on air quality.
Because climate change affects the entire globe and many
processes influencing local air quality occur over smaller dis-
tances, the modeling tools applied in these studies range
from global to urban in scale. A companion article in this
issue focuses on the effects of urban- and regional-scale air
pollution on global climate.6

GLOBAL-TO-REGIONAL-SCALE CLIMATE MODELING
General circulation models (GCMs) are global-scale mod-
els that provide a means to investigate climate change in the
past and to predict change in the future. In a GCM, the
atmosphere is divided into thousands of model grid boxes
that typically cover a few to several degrees each in latitude
and longitude. Within each grid box, the model calculates a

full suite of meteorological variables using the equations of
motion, radiative transfer, and thermodynamics together
with parameters, such as the tilt of the Earth, the solar inso-
lation at the top of the atmosphere, and the greenhouse gas
(GHG) content of the atmosphere. With relatively large grid
sizes compared to regional-scale models, GCMs are capable
of simulating much longer periods of time (e.g., many
decades to a century), which is a necessity when study-
ing climate changes in response to increases or changes
in GHGs in the atmosphere. Furthermore, several GHGs
like carbon dioxide (CO2) are long-lived chemicals that

Christian Hogrefe is an adjunct research associate with the
Atmospheric Sciences Research Center at the State University of

New York, Albany. L. Ruby Leung is a laboratory fellow at
Pacific Northwest National Laboratory in Richland, WA.

Loretta J. Mickley is a research associate in the Atmospheric
Chemistry Modeling Group at Harvard University. Sherri W.

Hunt is an American Association for the Advancement of
Science Environmental Fellow at the U.S. Environmental
Protection Agency (EPA) in Washington, DC. Darrell A.

Winner is an environmental scientist at EPA in
Washington, DC. E-mail: chogrefe@dec.state.ny.us.

Due to the complex interplay

of meteorology and chemistry

in the formation of pollutants,

the potential effects of climate

change are difficult to quantify.

Poor air quality results in serious
human health consequences, including the premature
deaths of thousands of people in the United States each year
due to exposure to ground-level ozone (O3) and fine par-
ticulate matter (PM2.5) and a variety of other serious health
problems such as respiratory irritation from ground-level
O
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become well-mixed on hemi-
spheric and global scales. For
that reason, GCMs are the fun-
damental modeling tools for
studying future climate trends
under different GHG emissions
scenarios.

In contrast to the essential
need for global-scale modeling of
climate scenarios, air quality stud-
ies involve pollutants that are
more regional in nature because
they are more chemically reactive
and are more affected by higher
frequency meteorological varia-
tions and local emissions. To study
the potential effects of future
climate on air quality, both global-
and regional-scale models are
needed. Global models provide
the climate forcing needed to de-
velop the modeling scenarios and
provide large-scale, interconti-
nental transport estimates for
less reactive chemicals entering
into the regional domain of inter-
est. Regional climate models
(RCMs) can be linked to or downscaled from GCMs, which
can provide boundary conditions. RCMs can dynamically
represent global climate change scenarios at a higher reso-
lution for assessing air quality impacts in the United States.7
With grid boxes typically on the order of one-sixth to one-
tenth the size of GCM grids, RCMs can represent regional-
scale forcings, such as topography, land use, and urban effects,
as well as meteorological processes occurring at small spatial
and temporal scales. By linking global- and regional-scale mod-
eling tools, the results from both can be used in concert to
better understand the potential effects of global-scale climate
changes on regional and local air quality.

To underscore the importance of considering both
regional and global scales, GCM analyses of transport pat-
tern changes with future climate scenarios are compared
here to downscaled RCM results. GCM results presented by
Mickley et al. suggest that the severity and duration of sum-
mertime regional pollution episodes in the midwestern and
northeastern United States could increase significantly by
2050 (see Figure 1).8 Pollutant concentrations in the model
increased 5–10% during episodes, and the average length
of each episode also increased, from 2 to 4 days. The GCM
simulations include the A1 GHG emissions scenario of the
Intergovernmental Panel on Climate Change (IPCC),9 which
assumes rapid economic growth and introduction of new
technology, as well as a continued reliance on fossil fuels.
The cause of the changes in pollutant concentrations is a
decline in the frequency of mid-latitude cyclones crossing
southern Canada. The cold fronts that accompany these
cyclones provide the main mechanism for ventilating the
midwestern and northeastern United States.

Regional climate simulations, based on the initial and
boundary conditions of this GCM simulation for present
and 50-yr future conditions show consistent changes in the
atmospheric variables related to regional air quality over
three regions during summer and fall. However, climate
changes during summer suggested negative impacts on air
quality in Texas and a small positive or no impact in the
Midwest. During fall, large warming, increased solar radia-
tion, reduced rainfall frequency, increased stagnation, and
reduced ventilation in the western United States all indi-
cated negative impacts on regional air quality.7 The ability
of the regional model to resolve the complex terrain (e.g.,
the Rocky Mountains) and processes such as clouds and tur-
bulence that are affected by the topography may be respon-
sible for this variation. Additionally, differences in physics
parameterizations (e.g., convection) used in the models may
further amplify these effects.

Assessing the uncertainty of regional climate change
scenarios is necessary to estimate the uncertainty in
model-projected air quality impacts. Climate projections
based on different global models and emissions scenarios
vary at both the global and regional scale.9 Additional
uncertainty may be introduced in the regional climate
change scenarios through processes related to the model
configuration, such as domain size, resolution, and phys-
ics parameterizations.9,10 Furthermore, although atmos-
pheric conditions exert important controls on air quality,
the complex interactions between emissions, atmospheric
changes, and chemistry must be considered for a more
comprehensive assessment of the influence of climate
change on regional air quality.

Figure 1. Histograms of calculated daytime concentrations for a tracer of pollution, BCt,
averaged over the northeastern and midwestern United States in July and August. Results are
shown for the present-day climate (1995–2002, in gray), and the future A1B climate (2045–
2052, in black). The tracer resembles the pollutant black carbon, but only anthropogenic
emissions. The plots show an increase in the number of days with extreme pollution levels in
the future atmosphere.
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REGIONAL AIR QUALITY MODELING
Impact of Climate Change on Air Quality

The global and regional climate modeling studies noted
above have presented evidence that key dynamical features
known to affect ambient pollution concentrations are likely
to change in a future climate. In addition, higher tempera-
tures alone may raise ozone concentrations through in-
creases in chemical reaction rates and emissions. Simulating
these complex interactions of climate and chemically active
air pollutants requires modeling studies that link the regional
climate fields to regional-scale photochemical models such
as the Community Multiscale Air Quality (CMAQ) model.11

These models are routinely used for air quality planning
purposes by simulating ambient pollutant concentrations
with input of emissions, meteorology, boundary condi-
tions, and land-use parameters. For typical air quality plan-
ning applications, models are run repeatedly with different
emissions scenarios, while holding all other inputs (e.g.,
meteorology, boundary conditions, land use) constant.
Conversely, to investigate the effects of climate change,
emissions are held constant, while varying meteorological
inputs based on regional climate simulations such as those
described above.

In one recent study, Hogrefe et al.11 applied CMAQ with
a horizontal grid spacing of 36 km to simulate O3 concen-
trations over the eastern United States under current cli-
mate conditions and scenarios of future climate conditions
based on the A2 IPCC scenario.10 Figure 2 displays the fre-
quency of model-predicted daily maximum 8-hr O3 concen-
trations calculated for five summers each in the 1990s and
conditions of 20-yr and 50-yr future conditions. These distri-
butions show an increase in spatially and temporally aver-
aged summertime daily maximum 8-hr O3 concentrations
of 2.7 parts per billion (ppb) and 4.2 ppb for the 20-yr and
50-yr year future cases, respectively, in the absence of changes
in anthropogenic emissions and chemical boundary condi-
tions. Even larger effects are simulated for peak values (the
95th percentile), with increases of 5 ppb and 6.5 ppb, re-
spectively, for the two future decades. In addition, this work
showed that there was an increase in both the frequency
and duration of extreme O3 events over the eastern United
States in the future-year simulations compared to current
conditions.

Because atmospheric PM2.5 is a complex mixture of
chemical species that are both directly emitted and formed
in the atmosphere, emissions sources and atmospheric pro-
cesses have only recently been successfully simulated. Un-
derstanding the effects of the changing climate on these
emissions sources and processes is a significant research chal-
lenge at the very early stage of results. Even the effects of
temperature changes alone are not clear. For example,
atmospheric PM2.5 concentrations could increase during
periods of higher ambient temperature because of greater
emissions of volatile organic compounds and faster chemi-
cal reaction rates, resulting in the production of more sec-
ondary PM2.5. Conversely, there are several atmospheric
mechanisms that may reduce PM2.5 concentrations during
periods of increased ambient temperature. For example,

higher temperatures may alter boundary layer inversions, re-
ducing the concentration of airborne pollutants close to the
Earth’s surface on very hot days. Furthermore, higher tem-
peratures favor the partitioning of semi-volatile particulate
matter into the gas phase, reducing PM2.5 concentrations.

Simulations using a regional air quality model demon-
strate higher temperatures may decrease PM2.5 concentra-
tions during a peak episode in the San Joaquin Valley, CA.12

However, this result may indicate a shift in the peak episode
to later in the year, creating a longer season for elevated O3
and PM2.5 episodes. As noted above, the changing climate
involves more than temperature changes alone. Regional
climate simulations indicate that this area may experience
increased stagnation during fall, which would also exacer-
bate peak PM2.5 events.7

Other Factors Affecting Future Air Quality
The projected growth in global emissions will alter the chemi-
cal composition of the troposphere.9 Changes in U.S. an-
thropogenic emissions and intercontinental transport of
pollutants both influence regional air quality.13-14 In the ab-
sence of more detailed projections, Hogrefe et al.11 approxi-
mated these two effects with values based on IPCC literature
in their CMAQ simulations and found that changes in chemi-
cal boundary conditions, regional climate, and anthropo-
genic emissions all significantly affect O3 concentrations over
the eastern United States. However, the emissions estimates

Figure 2. Frequency distributions of summertime daily maximum
8-hr O3 concentrations over the eastern United States simulated
by CMAQ for five summers under climate conditions for the
1990s, 20 yr future (2020s), and 50 yr future (2050s).
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underlying these literature
values are based on socio-
economic assumptions for
broad global regions that are
unlikely to reflect the mag-
nitude and spatial distribu-
tion of future-year
anthropogenic emissions.
For example, the U.S. Envi-
ronmental Protection
Agency (EPA) recently intro-
duced the Clean Air Inter-
state Rule, which aims to
reduce emissions of sulfur di-
oxide (SO2) and nitrogen
oxides (NOx) by more than
70% and 60%, respectively,
from 2003 levels by 2015 over
the eastern United States, a
measure not accounted for in
the IPCC projections. Emis-
sions reductions of this mag-
nitude would be expected to
substantially lower future-year
pollutant concentrations,
counteracting the trend of in-
creasing O3 caused by climate
change discussed earlier.

Additionally, it is impor-
tant to consider the possible
feedback mechanisms be-
tween climate change and
emissions. The use of air con-
ditioning is widespread in
the United States. According
to data from the Air Condi-
tioning and Refrigeration
Institute (ARI), 50% of all
homes are equipped with air
conditioning, and more

than 80% of newly constructed homes in 1996 included
central air conditioning.15 Space heating and cooling are
the most climate-sensitive uses of energy, and according to
data from the U.S. Department of Energy, they accounted
for approximately 14% of all energy use in the United States
in 2002.16  The demand for summer cooling is likely to in-
crease with projected warming, and therefore, the additional
emissions resulting from this increased demand should be
considered when simulating future-year air quality in an in-
tegrated framework.

Changes in temperature and light affect the emissions
of natural and pseudo-natural pollutant emissions. The ef-
fect of air temperature on isoprene emissions, an important
O3 precursor, can be seen in Figure 3. With air temperature
simulated to significantly increase under climate change, iso-
prene and other biogenic O3 precursors may become more
important. For PM2.5, biogenic precursors such as terpenes
react in the atmosphere to form secondary organic aerosol

(SOA). While the exact con-
tribution of biogenic SOA to
PM2.5 mass is still uncertain,
estimates indicate 10–33% as
a reasonable range. On a glo-
bal scale, roughly 35% of or-
ganic aerosol results from
biogenic SOA.17 Changes in
emissions of biogenic precur-
sor species for O3 and SOA
due to climate change will
likely increase background
levels of both O3 and PM2.5.

Land use is another
parameter known to affect
local meteorology and air
pollution, and significant
land use changes associated
with continued urbanization
are expected to occur over
the same timescales as
changes in regional cli-
mate.18 Changes in land use
can alter the surface energy
balance, leading to changes
in circulation patterns,
which, in turn, affect the
magnitude and spatial distri-
bution of anthropogenic
and biogenic emissions. A
preliminary analysis of the
effects of future-year land-
use change on temperature
and O3 in the greater New
York City area suggests that
such changes can have local
effects of comparable magni-
tude as changes in regional
climate, anthropogenic emis-
sions, and chemical bound-
ary conditions.19 Alterations
of the hydrologic cycle may
affect the atmospheric pro-
cesses that form and remove
air pollutants. Currently, the
uncertainties in GCM simu-
lations of the hydrologic
cycle make assessment of this impact difficult.20

FUTURE DIRECTIONS
In light of the uncertainties associated with recent model-
ing studies, much work remains to advance our understand-
ing of interactions between climate and air quality. This
includes:

• To overcome some of the limitations of the work
described above, future studies using fully-
coupled, multi-scale dynamics-chemistry models
are needed to account for all of the interactions
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among emissions, climate, and air quality on both
regional and global scales, and to further investi-
gate the relative effects of different factors on
regional air quality in a comprehensive manner
for a range of climate and emissions scenarios.

• Given the uncertainties associated with predic-
tions from any one modeling system, it would be
beneficial to adopt an ensemble approach in
which different modeling groups work with their
respective tools and common scenarios (e.g.,
GHG projections, precursor emission projec-
tions) to establish a distribution of trajectories
for future regional-scale air quality, similar to the
approach taken on the global scale in the IPCC
framework.12

• Modeling studies that consider not only the effect
of changes in climate, emissions, and global
atmospheric background on regional-scale air
quality, but also the effects of changes in land use
are necessary.

• The effect of climate change on fires and the
resultant alterations of vegetation need to be
connected to future air quality. The changes in air
pollutant emissions both directly from fires and

indirectly through altered future biogenic
emissions are of particular interest.

• Because of the importance of biogenic emissions
on O3 and SOA formation, research is needed to
examine potential emissions under plausible
future scenarios, including the effects of changes
in light, temperature, CO2 levels, and other air
pollutants.

• As research continues to improve our understand-
ing of these issues, the interactions between
changing climate and air quality will become
clearer, which, in turn, will enable us to make
effective air quality management decisions
incorporating these important feedback effects.
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Figure 3. A plot showing an increase of isoprene, methacrolein, and methyl vinyl ketone emissions in concurrence with ambient
temperature increases during the Tropospheric Organic Chemistry Experiment (TORCH) in Essex, UK, August 2003. This coincided
with the hottest conditions ever observed in the UK (38 ˚C) and the extreme summer of 2003 across Europe. Courtesy of Dr. Alistair
Lewis, University of York, UK.


