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[1] This study examines the impact of projected changes (A1B “marker” scenario) in
emissions of four short-lived air pollutants (ozone, black carbon, organic carbon, and
sulfate) on future climate. Through year 2030, simulated climate is only weakly dependent
on the projected levels of short-lived air pollutants, primarily the result of a near
cancellation of their global net radiative forcing. However, by year 2100, the projected
decrease in sulfate aerosol (driven by a 65% reduction in global sulfur dioxide emissions)
and the projected increase in black carbon aerosol (driven by a 100% increase in its global
emissions) contribute a significant portion of the simulated A1B surface air warming
relative to the year 2000: 0.2°C (Southern Hemisphere), 0.4°C globally, 0.6°C (Northern
Hemisphere), 1.5-3°C (wintertime Arctic), and 1.5-2°C (~40% of the total) in the
summertime United States. These projected changes are also responsible for a significant
decrease in central United States late summer root zone soil water and precipitation. By
year 2100, changes in short-lived air pollutants produce a global average increase in
radiative forcing of ~1 W/m?; over east Asia it exceeds 5 W/m?. However, the resulting
regional patterns of surface temperature warming do not follow the regional patterns of
changes in short-lived species emissions, tropospheric loadings, or radiative forcing
(global pattern correlation coefficient of —0.172). Rather, the regional patterns of warming
from short-lived species are similar to the patterns for well-mixed greenhouse gases
(global pattern correlation coefficient of 0.8) with the strongest warming occurring over
the summer continental United States, Mediterranean Sea, and southern Europe and over

the winter Arctic.
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1. Introduction

[2] The impact of short-lived species on climate was first
discussed in the 1970s when it was argued that anthropo-
genic aerosols were responsible for the global cooling then
being observed [e.g., Bryson and Dittberner, 1976], but this
view was soon replaced by concerns over carbon dioxide
(CO,)-driven global warming. Short histories of our devel-
oping understanding of the climate role for short-lived
species are provided by Ramaswamy et al. [2001] and
Forster et al. [2007] and they are summarized below.

[3] The climate impacts of tropospheric ozone and sulfate
aerosols were noted and sulfate aerosols’ indirect effects on
clouds acknowledged by Shine et al. [1990]. Shine et al.
[1995] presented the first anthropogenic radiative forcing
(RF) bar chart comparing changes from preindustrial to
present. The bar chart for present-day RF was broken into
aerosol components (sulfate, fossil-fuel soot, and biomass
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burning aerosols) with a separate range for indirect effects
[Schimel et al., 1996]. By the end of the 1990s, Ramaswamy
et al. [2001] included individual present-day radiative forc-
ings for all anthropogenic aerosols, including direct and
indirect effects and tropospheric and stratospheric ozone.
Forster et al. [2007] further refined the present-day radia-
tive forcing by anthropogenic short-lived species is further
refined.

[4] Recent atmosphere-ocean general circulation model
(AOGCM) studies of anthropogenic and volcanic sulfate
have also demonstrated that these scattering aerosols have
reduced the current global warming of surface atmospheric
temperature [Brasseur and Roeckner, 2005] and ocean
temperature [Delworth et al., 2006]. However, while the
Intergovernmental Panel on Climate Change (IPCC) process
and other recent research have directed considerable effort
toward quantifying the past and present anthropogenic
contributions of short-lived species to current radiative
forcing and climate change, there has been much less
emphasis on the future role of short-lived species emissions.
Hansen et al. [2000] have argued that reductions in emis-
sions of ozone precursors and black carbon (BC) aerosol
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would significantly reduce the warming over the next
50 years.

[5] In this study we employ the AI1B “marker” emission
scenario, an IPCC scenario that includes either explicit or
implicit projections for emissions of short-lived species and
generates a middle-of-the-road radiative forcing. With a
series of 100-year simulations, we assess the sign, magni-
tude, and temporal trend of future climate change due to the
projected changes in short-lived radiative species of anthro-
pogenic origin: tropospheric ozone, black carbon, sulfate,
and organic carbon. While these short-lived air pollutants
may be important contributors to future radiative forcing
and climate change, their control is currently driven by local
and regional air quality issues.

[6] Our simulations focus on the changes in aerosol and
ozone concentrations resulting from changes in anthropo-
genic emissions, but they exclude feedbacks from climate
change on emissions, chemical processing, or removal rates
of these species [e.g., Zeng and Pyle, 2003; Stevenson et al.,
2005; Brasseur et al., 2006; Liao et al., 2006]. Methane
itself is specified as a well-mixed greenhouse gas whose
global concentration follows the A1B scenario in both our
simulations of climate and our calculations of short-lived
species concentrations. This precludes any chemical feed-
backs on methane concentrations via changes in atmospher-
ic oxidant levels and methane lifetime [Wild et al., 2001;
Fiore et al., 2002].

2. Experimental Design
2.1. Emission Scenarios

[7] In this study we employ two emission scenarios: A1B
and A1B*. We choose the A1B scenario because its
radiative forcing at 2100 is in the middle of the four
scenarios discussed by the Intergovernmental Panel on
Climate Change (IPCC) [2007b] and has been the most
extensively studied. The A1B scenario is the complete A1B
marker emission scenario [Nakicenovic and Swart, 2000].
This includes projected concentrations of well-mixed green-
house gases as well as future emissions of precursors to
tropospheric ozone and sulfate aerosol and direct emissions
of black and organic carbon (OC) aerosol (see sections 2.2
and 2.4 of Horowitz [2006] for emission details). These
emissions are based on projections of technological change,
economic and population growth, and regulatory action out
to 2100. The second scenario, A1B*, has the same concen-
trations as A1B for the well mixed greenhouse gases, but
the four anthropogenic short-lived species distributions
(tropospheric ozone, sulfate aerosol, and black and organic
carbon aerosols) were fixed at their 2001 monthly values
[Horowitz, 2006].

[8] The well-mixed greenhouse gas concentrations used
in both the A1B and A1B* scenarios are given in Figure 1a.
By 2100, CO, has increased continuously from a present
level of 380 to more than 715 ppm while nitrous oxide
(N»O) has increased from 315 to 370 ppb. Methane (CHy)
increases from a present level of 1.75 to a maximum of 2.4
ppm by 2050 and then decreases to 2.0 ppm by 2100. The
A1B marker emissions for the short-lived species are
discussed in detail by Horowitz [2006] and their global
emission totals are given in Figures 1b—1d. Emissions of
nitrogen oxides (NO,), the primary tropospheric ozone
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precursor, increase by 40% until 2030 and then slowly
decrease while still remaining above the 2000 value. BC
and OC emissions, which are scaled to carbon monoxide
(CO) emissions, increase continuously and almost double
by 2100. Global emissions of sulfur dioxide (SO,), the
precursor of sulfate aerosol, increase by 35% until 2020 and
then decrease rapidly afterward, reaching ~35% of 2000
levels by 2100.

[o] The global chemical transport model Model for
Ozone and Related Chemical Tracers version 2.4
(MOZART-2), which has been described in detail previous-
ly [Horowitz et al., 2003; Tie et al., 2005] is used to
generate the ozone, sulfate, and black and organic carbon
distributions resulting from the emission scenarios dis-
cussed above and described by Horowitz [2006].
MOZART-2 includes 63 gas phase species; 11 aerosol and
precursor species to simulate sulfate, nitrate, ammonium,
and black and organic carbon; and 5 size bins for mineral
dust. It is driven by meteorological inputs every 3 h from
the middle atmosphere version of the National Center for
Atmospheric Research Community Climate Model [Kiehl et
al., 1998]. The horizontal resolution is 2.8° latitude by 2.8°
longitude, with 34 hybrid sigma pressure levels extending
up to 4 hPa. Simulations were performed as 2-year snap-
shots each decade with anthropogenic emissions evolving
according to the IPCC Special Report on Emissions Scenar-
ios (SRES) A1B marker scenario [Horowitz, 2006]. The
meteorology was the same for each decade, thus excluding
any feedbacks from climate change on natural emissions
and rates of chemical reactions and removal. Stratospheric
ozone in the MOZART simulations was held constant at
present-day levels. Emissions and initial conditions for
methane were scaled each decade to match the global
average methane abundances specified in the A1B marker
scenario.

[10] A recent evaluation by Ginoux et al. [2006] of the
present-day aerosol distributions and optical depths used in
this study [Horowitz, 2006] found: (1)The predicted aerosol
concentrations are within a factor of 2 of the observed
values with a tendency to be overestimated; (2) The
modeled and satellite-observed global mean optical depths
agree within 10%, though this masks significant regional
differences; (3) The largest discrepancies in optical depth
are over the northeastern United States (too high) and the
biomass burning regions and the southern oceans (too low);
(4) Globally, the excessive optical depth from sulfate
aerosols compensates for underestimates in organic and
sea-salt aerosol contributions.

[11] All natural aerosol distributions (sea salt, dust, vol-
canic, and other natural sulfate contributions), as well as the
distributions of vegetation, are held constant at the same
values for both the AIB and A1B* scenarios [Haywood et
al., 1999; Horowitz, 2006]. Stratospheric ozone in the A1B
simulation is held at year 2000 levels through 2010, restored
linearly to 1979 values by 2050, and then held constant
through 2100. Stratospheric and tropospheric ozone values
are merged at the tropopause.

2.2. Tropospheric Loading of Short-Lived Species

[12] In Figure 2 we present the latitude-longitude maps of
the year 2000 tropospheric column loading for the three
primary short-lived radiative forcing agents, sulfate aerosol,
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Figure 1. (a) Concentration time series of well-mixed greenhouse gases for the historical (1860—2000)

period (solid lines with circles) and for the SRES A1B emission scenario [Nakicenovic and Swart, 2000]
between 2000 and 2100 (dashed lines with triangles). (b) Sulfur dioxide (SO,), (c) nitrogen oxides (NO,),
and (d) black carbon (BC) emissions for the historical (1860—2000) period (solid lines with squares) and
for the SRES A1B marker emission scenario [Nakicenovic and Swart, 2000] between 2000 and 2100

(dashed lines with triangles).

black carbon aerosol, and ozone along with changes in their
loading from the years 2000 to 2030 and 2100. These were
all generated by Horowitz [2006] using the A1B marker
scenario in MOZART-2.

[13] The most dramatic changes are projected for the
sulfate and BC aerosol loadings. The current sulfate loading
(Figure 2a) is dominated by the major industrial regions:
United States, Europe, and south and east Asia. By 2030
(Figure 2b) the global atmospheric load reaches a maximum
with a significant increase over Asia and the North Pacific
driven by the large increases in emissions from south and
east Asia and modest increases over the South Atlantic and
Indian oceans driven by increased emissions from South
America and southern Africa. There are already modest
reductions over the United States and Europe. By 2100
(Figure 2c) the global sulfate load has decreased by 40%
relative to 2000, predominately in the Northern Hemisphere
and particularly over east Asia. The BC load shown in
Figures 2d-2f is projected to increase continuously
throughout the 21st century. Currently, (Figure 2d) the
maximum loadings are over the major present-day source
regions: North America and Europe (primarily fossil fuel),
South America and Africa (primarily biomass burning), and
south and east Asia (fossil fuel, biomass, and biofuel
burning). By 2100 (Figure 2f), the global load has grown
by 80% with the increase primarily over south and east
Asia.

[14] Tropospheric ozone column loading in Figures 2g—2i
is strongly influenced by NO, emissions. The present
ozone loading (Figure 2g) has a significant south-to-north
gradient, but, because of a relatively long atmospheric
lifetime and significant tropospheric background, the
south-to-north gradient is much less and its distribution is
much more zonal than either sulfate or BC. The projected
increase throughout the 21st century (Figures 2h and 2i) is
relatively modest with a maximum increase (15-25%) in a
tropical belt stretching from the major biomass burning
areas of South America and Africa through south Asia
due to modest increases in background methane (see Figure
la) and regional NO, emissions.

[15] By 2100, the A1B marker scenario projects a (40%)
decrease in the global burden of sulfate, a (80%) increase in
BC’s global burden, and a modest (13%) increase in
tropospheric ozone’s global column loading. Each of these
will result in positive radiative forcing changes (i.e., heat-
ing), as discussed in section 2.3. The tropospheric loading
changes, particularly in sulfate and BC, are overwhelmingly
in the Northern Hemisphere, highly regional, and predom-
inately in south and east Asia with more modest contribu-
tions over the United States and Europe.

2.3. Radiative Forcing

[16] Before examining the full climate response to these
changes in ozone, sulfate, BC, and OC loadings, it is
instructive to consider the evolution of the radiative forcing
due to these loading changes throughout the 21st century.
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