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Tropospheric ozone (O3) and aerosols
have major effects on climate and are the two air pollutants
of most concern in the developed world. O3 is a major green-
house gas (GHG) and light-absorbing aerosols such as black
carbon (BC) also contribute to global warming. In contrast,
light-scattering aerosols such as sulfate have a cooling
effect. Aerosols further affect climate by serving as cloud
condensation nuclei (CCN) and modifying the radiative and
precipitation properties of clouds. In this article, we review
current understanding of the climatic effects of air pollut-
ants and examine the implications for U.S. emissions con-
trol strategies directed at air quality. Note that the term “air
pollutant” is used here to define atmospheric compounds
that are regulated as criteria pollutants and have been iden-
tified as health risks.

The climate of the Earth is determined by input of en-
ergy from the Sun as solar radiation, loss of energy to space
as terrestrial infrared radiation, and internal processes re-
distributing energy within the Earth system. Our fundamen-
tal understanding of global climate is built on general
circulation models (GCMs) that solve the equations describ-
ing the transport of momentum, energy, and water in the
atmosphere and surface reservoirs (i.e., oceans and land).
The main uncertainties in these models relate to the simu-
lation of processes internal to the Earth system, such as
clouds, land–atmosphere exchange, and ocean–atmosphere
coupling. The global energy balance at the top of the atmo-
sphere between incoming solar radiation and outgoing ter-
restrial radiation is understood more thoroughly. When this
energy balance is disrupted, the climate responds by warm-
ing or cooling. Such an imbalance is called radiative forcing.1
Remarkably, a common result in all GCMs is the ultimate
(equilibrium) global change in surface temperature (∆To),
resulting from a perturbation is proportional to the initial
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Other aerosols (e.g., sulfate, nitrate, organics) are weak ab-
sorbers, but efficient scatterers of solar radiation, and the
resulting reflection of radiation back to space causes nega-
tive radiative forcing (i.e., a cooling effect). The indirect
effects of aerosols can cause either cooling or warming (Table
1), though the overall effect is expected to be cooling.

Calculations of aerosol radiative forcings generally rely
on global three-dimensional aerosol simulations using GCMs
or chemical transport models (CTMs), the latter being driven
by archived meteorological variables. These models attempt
to include the best understanding of aerosol processes, as
allowed by computational tractability. Radiative forcing since
pre-industrial times is calculated from the difference between
a present-day simulation and a simulation including no

anthropogenic sources. Recent studies using different GCMs
and CTMs yield best estimates of overall aerosol radiative
forcing in the range of –1 to –2.5 W m-2, with extreme esti-
mates ranging from 0 to –4.5 W m-2.8 The principal anthro-
pogenic aerosol forcing agent is sulfate because of its
abundance, hygroscopicity, and nucleation properties (the
latter being critical for the first and second indirect radia-
tive effects of Table 1). Aerosol nitrate and organics are less
important, although there are large uncertainties relating
to nitrate partitioning in the aerosol phase and the anthro-
pogenic sources of organic particles.

An alternate approach for estimating the overall radiative
forcing by anthropogenic aerosols has been to use inverse
models, in which observed trends of climate variables (e.g.,
temperature, ocean heat content) are compared to GCM-
simulated values for these variables as a function of different

GCM state variables, in-
cluding aerosol forcing,
the climate sensitivity
parameter, and ocean
turnover. Fitting the
GCM simulation to the
observed climate vari-
ables, using standard
optimal estimation
methods, then yields
best estimates of the
state variables as con-
strained by both obser-
vations and our
understanding of pro-
cesses.9 Simply stated,
the inverse approach
involves determining

what compensating aerosol forcing is necessary to reconcile
observed climate trends (in certain temperatures) with our
knowledge of greenhouse forcing. Different inverse studies
conducted over the past five years yield best estimates of aero-
sol forcing in the range of –0.8 to –1.4 W m-2.8 The inverse
models show a narrower range of uncertainty than the pro-
cess-based estimates, but this could reflect inadequate error
characterization in the optimal estimation process. 8

The indirect effects of aerosols

can cause either cooling or

warming, though the overall

effect is expected to be cooling.

Figure 1. Radiative forcings since 1850 due to changes in GHGs, aerosols (including indirect effects;
e.g., “forced cloud changes”), land use, solar activity, and volcanoes. From Hansen and Sato.4
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Radiative forcing by aerosols is highly variable in space
and time, unlike the forcing by long-lived GHGs; and the
global radiative forcing metric in eq 1 does not capture the
effect of this variability on regional climate. Aerosol forcing
is largely confined to the Northern Hemisphere, and differ-
ences in observed temperature trends between the two hemi-
spheres have in fact been used to constrain aerosol radiative
forcing in inverse model studies.9 Regional aerosol forcing
over populated continents can exceed –10 W m-2 and can
swamp the effect of GHGs, but such regional forcing is diffi-
cult to interpret quantitatively. Equation 1 cannot be applied
regionally because the effect of radiative forcing is compen-
sated to some extent by lateral transport of heat. One GCM
study suggests that anthropogenic carbonaceous aerosols in-
crease annual mean temperatures in the United States by
0.5–2.5 K.10 Another GCM study suggests that BC aerosol
emissions in Asia are responsible for observed trends in the
summer monsoon over the past decades.11 Large ensembles
of GCM simulations are needed to establish confidence in
the robustness of such results.3 Improved predictions will
ultimately require high-resolution regional climate models
(RCMs) nested within GCMs and accounting for the effects
of aerosols on regional energy and precipitation budgets.

CLIMATE EFFECTS OF TROPOSPHERIC OZONE
Tropospheric O3 is the third most important anthropogenic
GHG after CO2 and CH4. As for GHGs in general, the radia-
tive forcing is driven by O3 in the middle and upper tropo-
sphere where the temperature contrast with the surface is large.
O3 in surface air has a negligible greenhouse effect because it
re-emits radiation at the same temperature as the surface. The
climate impact of O3 pollution thus depends critically on the
venting of anthropogenic O3 and its precursors out of the
boundary layer to high altitudes. Models and observations find
that this venting is highly efficient, resulting in pervasive an-
thropogenic influence on tropospheric O3 over the scale of
the Northern Hemisphere.2,12,13

Estimates of ra-
diative forcing by
O3 since pre-indus-
trial times have
generally relied on
GCM/CTM simu-
lations of tropo-
spheric chemistry,
where the anthro-
pogenic O3 en-
hancement is
calculated as the
difference be-
tween a present-
day simulation
and one with no
anthropogenic
emissions. An
intercomparison
of nine such GCMs
and CTMs2 found

a high degree of consistency across models, with increases in
the global tropospheric burden of 30–50% since pre-indus-
trial times, corresponding to global radiative forcings in the
range 0.2–0.5 W m-2. However, these models all overestimate
observed surface O3 concentrations for the 1850–1950 pe-
riod,14-17 suggesting that they underestimate human influence.
The historical observations would imply a present-day forc-
ing of 0.8 W m-2, but calibration errors in these observations
cannot be excluded.15 A better understanding of natural tro-
pospheric O3 is needed.

O3 has a lifetime on the order of weeks in the middle
and upper troposphere. Its radiative forcing is less hetero-
geneous than that of aerosols, but there are still important
hemispheric and seasonal variations. In a GCM study that
examined the specific climatic signatures of the rise in tro-
pospheric O3 since pre-industrial times, O3 was found to be
approximately 30% less effective as a global warming agent
than CO2, but more effective in the Northern Hemisphere.18

This study found that the rise in tropospheric O3 since pre-
industrial times increased global mean surface air tempera-
tures by 0.3 K (0.4 K in the Northern Hemisphere, 0.2 K in
the Southern Hemisphere), with particularly large warmings
(up to 1 K) downwind of the industrial continents.

CLIMATE EFFECTS OF METHANE
CH4 is the second most important anthropogenic GHG
after CO2, and it is also a major source of background tropo-
spheric O3. An economic analysis7 recommends CH4

emissions controls as a cost-effective approach to meet both
air quality and climate stabilization objectives. The main sink
for CH4 is oxidation by the hydroxyl (OH) radical, resulting
in a lifetime of approximately 10 years. This lifetime is long
enough that CH4 is globally well mixed. Major anthropo-
genic sources of CH4 include livestock, natural gas exploi-
tation, coal mining, and landfills.2 Changes in CH4 can also
result from changes in the OH abundance; and, here again,
air pollutants are involved. OH increases with increasing

Table 1. Overview of the different aerosol indirect effects.3

Sign of the
Radiative

Effect Cloud Type Description Forcing

First indirect aerosol All clouds For the same cloud water or ice content more but smaller Negative
effect (cloud albedo or cloud particles reflect more solar radiation
Twomey effect)
Second indirect aerosol Warm clouds Smaller cloud droplets decrease the precipitation efficiency Negative
effect (cloud lifetime or thereby prolonging cloud lifetime
Albrecht effect)
Semi-direct effect Warm clouds Absorption of solar radiation by soot leads to an evaporation Positive

of cloud droplets
Glaciation indirect effect Mixed-phase An increase in ice nuclei increases the precipitation efficiency Positive

clouds
Thermodynamic effect Mixed-phase Smaller cloud droplets inhibit freezing causing supercooled Unknown

clouds droplets to extend to colder temperatures
Surface energy All clouds The aerosol induced increase in cloud optical thickness Negative
budget effect decreases the amount of solar radiation reaching the

surface, changing the surface energy budget
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Rule (CAIR) and previous
control requirements project
that NOx and sulfur dioxide
(SO2) emissions should de-
crease by approximately 40%
over the next two decades,
and CO and VOC emissions
by 20%. As discussed above,
CO has important climate im-
plications as a sink for OH
radicals.21 The projected de-
creases in NOx, VOC, and CO
emissions could help to miti-
gate climate change. De-
creases in SO2 emissions, while
necessary for improving air
quality, would amplify warm-
ing tends. No air quality man-
agement policies are yet in
place in the United States to
control CH4, though such
controls would help to miti-
gate the warming effect.

As shown in Figure 1, the
total radiative forcing from air pollutants over the past 100
years has been of a magnitude comparable to that from CO2.
As the 21st Century progresses, the overall forcing of climate
will become increasingly dominated by CO2. This is because of
the long lifetime of CO2 in the atmosphere (~100 years) and
the prospect for sustained increases in CO2 emissions.2 How-
ever, the real question to be asked is whether air pollution con-
trol policies could have a large climate impact over the next
few decades by potentially enforcing large decreases in the con-
centrations of aerosols, O3, CO, and CH4. Decreasing BC, O3,
and CH4 would clearly be beneficial. Decreasing SO2 would be
deleterious, and reliable assessment of this effect requires im-
proved understanding of aerosol radiative forcing. A large nega-
tive radiative forcing by aerosols in the present-day atmosphere
would imply, in turn, a very large sensitivity of climate to green-
house forcing, which may have been hidden so far by compen-
sating aerosol effects.8 If this were the case, reducing SO2
emissions could expose us to a very large greenhouse warm-
ing. There is a compelling need to reduce SO2 emissions be-
cause of the threat to public health and ecosystems, but the
climatic implications need to be assessed. It may be that an
aggressive schedule of GHG emission reductions will be re-
quired as the compensating effect of SO2 emissions wanes.
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