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The impact of global air pollution on climate and the environment is a new
focus in atmospheric science. Intercontinental transport and hemispheric
air pollution by ozone jeopardize agricultural and natural ecosystems
worldwide and have a strong effect on climate. Aerosols, which are spread
globally but have a strong regional imbalance, change global climate
through their direct and indirect effects on radiative forcing. In the 1990s,
nitrogen oxide emissions from Asia surpassed those from North America
and Europe and should continue to exceed them for decades. International
initiatives to mitigate global air pollution require participation from both
developed and developing countries.

When the first measurements of high concen-
trations of CO over tropical Asia, Africa, and
South America were made available by the
MAPS (Measurement of Air Pollution from
Satellite) instrument launched in 1981 on the
space shuttle Columbia (1), it became clear
that air pollution was an international issue.
Those images showed not only that industrial
air pollution from fossil fuel combustion
could affect regional and global air quality,
but that emissions from biomass burning (for-
est fires, agricultural waste burning, and veg-
etable fuel combustion) were important as
well, confirming the hypothesis of Crutzen et
al. (2). This meant that people in less devel-
oped countries, as well as residents of indus-
trialized and rapidly growing developing
countries, could suffer from air pollution gen-
erated elsewhere. Another illustration of the
global character of air pollution came from
measurements of tropospheric ozone made by
the TOMS (Total Ozone Mapping Spectrom-
eter) and SAGE (Stratospheric Aerosol and
Gas Experiment) instruments on the Nimbus
7 satellite (3). Once again, the impact of
biomass burning on regional ozone concen-
trations was demonstrated, in addition to that
of industrial pollution. More recently, obser-
vations of various tropospheric air pollutants
such as NO2, SO2, and HCHO by GOME
(Global Ozone Monitoring Experiment) and
SCHIAMACHY (Scanning Imaging Absorp-
tion Spectro-Meter for Atmospheric Chartog-
raphY) (4) and of CO by MOPITT (Measure-
ment of Pollution in the Troposphere) (5)
have revealed pollution on a global scale.
Edwards et al. (6) obtained a picture of the
processes affecting tropospheric O3 pro-
duction over Africa and the Atlantic, com-
bining the data on TOMS O3, MOPITT CO,
and GOME NO2. Aerosols are another cat-

egory of air pollutants that can be viewed
from satellites. Examples of the global dis-
tribution of anthropogenic and natural aero-
sols derived from MODIS (Moderate-
Resolution Imaging Spectrometer) on the
TERRA satellite have been given by
Ramanathan et al. (7) and Kaufman et al.
(8). Nakajima et al. (9) derived global dis-
tributions of aerosol particle number and
cloud microphysical parameters, using the
AVHRR (Advanced Very High Resolution
Radiometers) remote sensing data, and
Higurashi and Nakajima (10) showed the
distribution of four major aerosols types
(soil dust and carbonaceous, sulfate, and
sea-salt aerosols) in the East China Sea
region using SeaWiFS (Sea-viewing Wide
Field-of-view Sensor) data. These studies
show that satellite data can be useful for
revealing climatic and environmental im-
plications of global air pollution.

Global air-quality issues exist only in re-
gard to those pollutants whose atmospheric
lifetimes are long enough (on the order of 1
week) for them to be transported at least to
another continent. One such trace gas is tro-
pospheric ozone, a potent greenhouse gas
(11) that also is toxic to humans, animals, and
plants. Because the atmospheric lifetime of
ozone is 1 to 2 weeks in summer and 1 to 2
months in winter (12), ozone produced in a
polluted region of one continent can be trans-
ported to another continent all year long.
Hemispherical transport, whose characteristic
time scale is about 1 month, can occur in all
seasons except summer. Figure 1 shows how
model-calculated surface O3 during the grow-
ing season (May through August) in the
Northern Hemisphere has increased between
1860 and 1993 (13). According to this anal-
ysis, the concentration of surface O3 over the
mid- and high-latitude Eurasian and North
American continents was 15 to 25 parts per
billion by volume (ppbv) in 1860 but has
increased to 40 to 50 ppbv even in relatively

remote areas, and from 10 to 15 ppbv to 20 to
30 ppbv over the mid- and high-latitude Pa-
cific Ocean. One example of the spatial ex-
tent of global ozone pollution is that the
average concentration of ozone in remote
areas of East Asia is already high enough to
jeopardize agricultural and natural ecosys-
tems there (14). It is easily seen, then, how
the elevation of background levels of ozone
by long-range transport can cause the addi-
tion of ozone produced locally or regionally,
in amounts that would not otherwise have
been critical, to exceed air-quality standards
or critical levels (15, 16). This makes small
increments of ozone concentrations caused
by contributions from other continents an
issue of great concern (17).

The atmospheric lifetime of CO is also
long enough (1 to 2 months on average) to
allow intercontinental transport and hemi-
spheric air pollution. Because a significant
portion of CO pollution is from automobiles
and biomass burning (13), its intercontinental
transport is usually more easily captured by
observation than is that of ozone (18). Be-
cause the concentration of OH in remote
areas is mainly controlled by CO, and the
concentration of OH in the atmosphere deter-
mines the lifetimes of most atmospheric trace
gases, including greenhouse gases such as
CH4 and HCFC (13), global pollution by CO
is worrisome because of its effect on the
oxidizing capacity of the atmosphere.

Another important aspect of global air
pollution is the impact of aerosols on climate
(7, 19). Aerosol lifetimes are approximately 1
to 2 weeks (19), which is significantly shorter
than that of ozone. Therefore, aerosols have a
more uneven distribution than ozone, both
horizontally and vertically, and are more con-
centrated near their source regions over con-
tinents and in the boundary layer. The more
uneven distribution of tropospheric aerosols
causes highly heterogeneous radiative forc-
ing, which can lead to climate effects occur-
ring regionally as well as globally (7, 19).
From the perspective of air quality, back-
ground concentrations of anthropogenic aero-
sols in remote areas are much lower than
those considered dangerous by air-quality
standards, because of their shorter lifetimes,
and intercontinental transport is more episod-
ic than for ozone.

Studies of transboundary air pollution led
to the investigation of possible intercontinen-
tal transport (20) and hemispheric air pollu-
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tion (21). Trans-Pacific transport of trace gas-
es from Asia to North America has been
reported most frequently (18, 22–26). Trans-
port of Asian dust has been clearly identified
in several events backed up by model analy-
sis (27, 28). Although trans-Pacific transport
of surface ozone has not been captured by
observation, modeling studies have revealed
that the Asian outflow enhances the concen-
tration of surface ozone in the United States
by a few ppbv (17).

Trans-Atlantic transport of O3 and CO
from North America to Europe during the
period from 1990 to 1995 has been investi-
gated (29) using data from Mace Head, on the
west coast of Ireland, but relatively few epi-
sodes have been identified. Results from a
chemical transport model and backward tra-
jectories have shown that North American
pollution contributes an average of approxi-
mately 5 ppbv to surface O3 at Mace Head
and about 2 to 4 ppbv over Europe in summer
(up to 5 to 10 ppbv during some events) (30).
The influence of North American pollution
on European air quality is seen most fre-
quently in the free troposphere (31, 32).

Transport of European outflow across
Eurasia to Asia has scarcely been studied. A
study of backward trajectories has shown that
a substantial amount of air from Europe ar-
rives over East Asia in winter and early
spring (33). Analyses of surface O3 and CO
data obtained at Mondy, a remote mountain
site in eastern Siberia south of Lake Baikal,
have shown that air masses transported from
Europe have average concentrations of O3

that are 2 to 3 ppbv higher, and of CO that are
6 to 14 ppbv higher, than those arriving from
other regions (34). Surface measurements of
trace gases over Siberia have been made us-
ing the trans-Siberian Railroad between Mos-
cow and Vladivostok (35, 36). Measurements
of air pollutants over Eurasia made using
commercial airlines have revealed high con-
centrations of O3 in the upper troposphere
(37, 38). Export of nitrogen oxides (NOx), an
important precursor of O3 in the troposphere,
from the polluted boundary layer and its pro-
duction by lightning are the major sources
over polluted continents and the clean ocean,
respectively (39).

Wild and Akimoto (20) have studied the
intercontinental transport and chemical
transformation of O3 between North Amer-
ica, Europe, and Asia using a global chem-
ical transport model. Figure 2 shows the
annual zonal, column, and meridional mean
difference in O3 mixing ratios (in ppbv) due
to a 10% increase in emissions of three
anthropogenic precursors of O3, NOx, CO,
and volatile organic compounds over East
Asia, the United States, and Europe. The

meridional mean values (Fig. 2, right) high-
light the elevated concentrations of O3

above the polluted boundary layer and
downwind of the region. Vertical transport
processes move O3 and its precursors emit-
ted from East Asia close to the tropopause
and effectively spread O3 through the upper
troposphere on a hemispheric scale, over
North America and Europe as well. Thus,
intercontinental transport of O3 from East
Asia occurs mostly in the middle and upper
troposphere. In contrast, vertical transport

of O3 and its precursors is very weak in the
case of European emissions, and downwind
O3 is confined to the boundary layer and
middle troposphere. Thus, intercontinental
transport of O3 from Europe affects mainly
near-surface O3 concentrations in East
Asia. European emissions produce the
greatest enhancements over northern polar
regions, whereas East Asian emissions oc-
cur sufficiently far south to affect the upper
troposphere in the tropics and Southern
Hemisphere as well (Fig. 2, left). Emissions

Fig. 1. Model-calculated surface O3 during the growing season in the Northern Hemisphere (May
through August) in (A) 1860 and (B) 1993 (13).
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from the United States have an effect between
that of East Asia and Europe for vertical, me-
ridional, and zonal transport (Fig. 2, middle

row). Thus, the O3 from the United States
affects Europe in the boundary layer and mid-
dle and upper troposphere.

Figure 3 shows the recent trend in NOx emis-
sions by continent in the Northern Hemisphere
(40). Emissions from North America include
those from the United States and Canada (41);
European emissions include those from Russia
and middle and near-East Asia (42, 43); and
Asian emissions include those from East, South-
east, and South Asia (44, 45). Emissions from
North America and Europe (including adjacent
regions) have been nearly equal since the 1980s
and have each remained near 25 to 28 Tg/year.
After 1990, an apparently decreasing trend in
NOx emissions from Europe is thought to be due
to stringent emission controls in Western Euro-
pean countries. In contrast, Asian emissions,
which contributed only a minor fraction of glob-
al emissions during the 1970s, have increased
rapidly since then and surpassed emissions from
North America and Europe in the mid-1990s.
This situation is expected to continue for at least
the next couple of decades (46). In addition,
future increases of emissions from Africa and

Fig. 2. Annual zonal (left column), column (center column), and meridional (right column) mean difference in O3 mixing ratio (in ppbv) due to 10%
increased emission of precursors over East Asia (top row), the United States (middle row), and Europe (bottom row) (20).

Fig. 3. Changes in anthropogenic NOx
emissions over North America (United
States and Canada) (41), Europe (in-
cluding Russia and the near and middle
East) (42), and Asia (East, Southeast,
and South Asia) [solid squares, (44);
open squares, (45)]. The extrapolated
line for Europe in the 1970s is based on
OECD data (43).
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South America, because of the economic growth
there, would make global air quality more of an
issue in the Southern Hemisphere, a region
where only biomass burning has been considered
important so far.

Finally, the importance of megacities as
sources of regional and global pollution is worth
noting. Megacities may be defined as metropol-
itan areas with over 10 million inhabitants, al-
though there is no precise accepted threshold,
and population estimates are not necessarily
based on the same areas of reference. In 2001,
there were 17 megacities according to United
Nations statistics (47). With rapid growth of the
world’s population, particularly in developing
countries, and continuing industrialization and
migration toward urban centers, megacities are
becoming more important sources of air pollu-
tion from associated mobile and stationary
sources. Air quality in megacities is thus of great
concern, as illustrated by a study in Mexico City
(48). Although the health effects of air pollution
on the inhabitants of megacities are a serious
social problem, its regional and global environ-
mental consequences are also of great concern.
Therefore, local, regional, and global air-quality
issues, and regional and global environmental
impacts, including climate change, should be
viewed in an integrated manner.

References
1. H. G. Reichle Jr. et al., J. Geophys. Res. 91, 10865

(1986).
2. P. J. Crutzen, et al., Nature 282, 253 (1979).
3. J. P. Fishman, H. Reichle, J. Geophys. Res. 91, 14451

(1986).
4. P. Borrell et al., Atmos. Environ. 37, 2567 (2003).

5. J.-F. Lamarque et al., Geophys. Res. Lett. 30, 1688
(2003).

6. D. P. Edwards et al., J. Geophys. Res. 108, 1029/
2002JD002927 (2003).

7. V. Ramanathan et al., Science 294, 2119 (2001).
8. Y. J. Kaufman, D. Tanre, O. Boucher, Nature 419, 215

(2002).
9. T. Nakajima et al., Geophys. Res. Lett. 28, 1171

(2001).
10. A. Higurashi, T. Nakajima, Geophys. Res. Lett. 29,

10.1029/2002GL015357 (2002).
11. J. T. Houghton et al., Eds., Climate Change 2001: The

Scientific Bases (Cambridge Univ. Press, Cambridge,
2001), pp. 260–263.

12. G. Brasseur, J. J. Orlando, G. S. Tyndall, Eds., Atmo-
spheric Chemistry and Global Change (Oxford Univ.
Press, Oxford, 1999).

13. J. Lelieveld, F. Dentener, J. Geophys. Res. 105, 3531
(2000).

14. P. Pochanart et al., Atmos. Environ. 36, 4235 (2002).
15. World Health Organization (WHO), Update and Re-

vision of the WHO Air Quality Guidelines for Europe.
Ecotoxic Effects, Ozone Effects on Vegetation (Euro-
pean Center for Environment and Health, Bilthoven,
Netherlands, 2000).

16. R. C. Musselman, P. M. McCool, A. L. Lefohn, J. Air,
Waste Manag. Assoc. 44, 1383 (1994).

17. D. L. Jacob, J. A. Logan, P. P. Murti, Geophys. Res. Lett.
26, 2175 (1999).

18. D. Jaffe et al., J. Geophys. Res. 106, 7449 (2001).
19. J. Haywood, O. Boucher, Rev. Geophys. 38, 513

(2000).
20. O. Wild, H. Akimoto, J. Geophys. Res. 106, 27729

(2001).
21. T. Holloway, A. M. Fiore, M. G. Hastings, Environ. Sci.

Technol., in press.
22. D. D. Parrish et al., J. Geophys. Res. 97, 15883 (1992).
23. D. Jaffe et al., Geophys. Res. Lett. 26, 711 (1999).
24. D. Jaffe et al., Atmos. Environ. 37, 391 (2003).
25. T. K. Bernstein, S. Karlsdottir, D. A. Jaffe, Geophys.

Res. Lett. 26, 2171 (1999).
26. K. Wilkening, L. Barrie, M. Engle, Science 290, 65

(2000).
27. R. B. Husar et al., J. Geophys. Res. 106, 18317 (2001).
28. I. Uno et al., J. Geophys. Res. 106, 18331 (2001).
29. R. G. Derwent et al., Atmos. Environ. 32, 145 (1998).

30. Q. Li et al., J. Geophys. Res. 107, 10.1029/
2001JD001422 (2002).

31. A. Stohl, T. Trickl, J. Geophys. Res. 104, 30445 (1999).
32. A. Stohl et al., J. Geophys. Res. 106, 1029/

2001JD001396 (2002).
33. R. E. Newell, M. J. Evans, Geophys. Res. Lett. 27, 2509

(2000).
34. P. Pochanart et al., J. Geophys. Res. 108, 10.1029/

2001JD001412 (2003).
35. P. Bergamaschi et al., J. Geophys. Res. 103, 8227

(1998).
36. T. Roeckman et al., Chemosphere Global Change Sci.
1, 219 (1999).

37. D. Brunner et al., J. Geophys. Res. 106, 27673 (2001).
38. A. Stohl et al., J. Geophys. Res. 106, 27757 (2001).
39. D. P. Jeker et al., J. Geophys. Res. 105, 3679 (2000).
40. M. Naja, H. Akimoto, J. Staehelin, J. Geophys. Res.
108, 10.1029/2002JD002477 (2003).

41. U.S. Environmental Protection Agency (EPA), Nation-
al Air Pollutant Emission Trends, 1900-1998 (Report
EPA-454/R-00-002, EPA, Research Triangle Park, NC,
1999).

42. Co-operative Programme for Monitoring and Evalua-
tion of the Long-Range Transmission of Air Pollutants
in Europe (EMEP), “Emission data reported to UNECP/
EMEP: Evaluation of the spatial distribution of emis-
sions, MSC_W” (status report 2001 by V. Vestreng,
Norwegian Meteorological Institute, Oslo, Norway,
2001).

43. Organization for Economic Cooperation and Devel-
opment (OECD), OECD Environmental Data Compen-
dium 1993 (OECD, Paris, France, 1993).

44. N. Kato, H. Akimoto, Atmos. Environ. 26, 2997
(1992).

45. D. Streets et al., Water Air Soil Pollution 130, 187
(2001).

46. Z. Klimont et al., Water Air Soil Pollution 130, 193
(2001).

47. United Nations, World Urbanization Prospects, the
2001 Revision (United Nations, Population Division,
Department of Economic and Social Affairs, New
York, 2002).

48. L. T. Molina, M. J. Molina, Air Quality in the Mexico
Megacity (Kluwer Academic, Dortrecht, Netherlands,
2002).

Modern Global Climate Change
Thomas R. Karl1 and Kevin E. Trenberth2

Modern climate change is dominated by human influences, which are now
large enough to exceed the bounds of natural variability. The main source of
global climate change is human-induced changes in atmospheric composition.
These perturbations primarily result from emissions associated with energy
use, but on local and regional scales, urbanization and land use changes are
also important. Although there has been progress in monitoring and under-
standing climate change, there remain many scientific, technical, and institu-
tional impediments to precisely planning for, adapting to, and mitigating the
effects of climate change. There is still considerable uncertainty about the
rates of change that can be expected, but it is clear that these changes will be
increasingly manifested in important and tangible ways, such as changes in
extremes of temperature and precipitation, decreases in seasonal and peren-
nial snow and ice extent, and sea level rise. Anthropogenic climate change is
now likely to continue for many centuries. We are venturing into the unknown
with climate, and its associated impacts could be quite disruptive.

The atmosphere is a global commons that
responds to many types of emissions into it,
as well as to changes in the surface beneath
it. As human balloon flights around the

world illustrate, the air over a specific lo-
cation is typically halfway around the
world a week later, making climate change
a truly global issue.

Planet Earth is habitable because of its
location relative to the sun and because of the
natural greenhouse effect of its atmosphere.
Various atmospheric gases contribute to the
greenhouse effect, whose impact in clear
skies is �60% from water vapor, �25% from
carbon dioxide, �8% from ozone, and the
rest from trace gases including methane and
nitrous oxide (1). Clouds also have a green-
house effect. On average, the energy from the
sun received at the top of the Earth’s atmo-
sphere amounts to 175 petawatts (PW) (or
175 quadrillion watts), of which �31% is

1National Oceanic and Atmospheric Administration,
National Climatic Data Center, Satellite and Informa-
tion Services, 151 Patton Avenue, Asheville, NC,
28801–5001, USA. 2National Center for Atmospheric
Research, Post Office Box 3000, Boulder, CO 80307,
USA.
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