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Global air quality and climatef1

Arlene M. Fiore,*” Vaishali Naik,” Dominick V. Spracklen, Allison Steiner,?
Nadine Unger,® Michael Prather;” Dan Bergmann,? Philip J. Cameron-Smith,?
Irene Cionni,” William J. Collins,” Stig Dalseren;’ Veronika Eyring,*

Gerd A. Folberth,” Paul Ginoux,’ Larry W. Horowitz,’ Béatrice Josse,™
Jean-Frangois Lamarque,” Ian A. MacKenue, Tatsuya Nagashima,”

Fiona M. O’ Connor, Mattia nghl, Steven T. Rumbold,’ Drew T. Shindell,?
Ragnhild B. Skeie;/ Kengo Sudo,” Sophie Szopa,® Toshihiko Takemura’ and
Guang Zeng"

Received 24th March 2012
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Emissions of air pollutants and their precursors determine regional air quality and can alter
climate. Climate change can perturb the long-range transport, chemical processing, and local
meteorology that influence air pollution. We review the implications of projected changes in
methane (CH,), ozone precursors (O3), and aerosols for climate (expressed in terms of the
radiative forcing metric or changes in global surface temperature) and hemispheric-to-continental
scale air quality. Reducing the O; precursor CH4 would slow near-term warming by decreasing
both CHy4 and tropospheric O;. Uncertainty remains as to the net climate forcing from
anthropogenic nitrogen oxide (NO,) emissions, which increase tropospheric O3 (warming) but
also increase aerosols and decrease CHy (both cooling). Anthropogenic emissions of carbon
monoxide (CO) and non-CHy4 volatile organic compounds (NMVOC) warm by increasing both
05 and CHy4. Radiative impacts from secondary organic aerosols (SOA) are poorly understood.
Black carbon emission controls, by reducing the absorption of sunlight in the atmosphere and on
snow and ice, have the potential to slow near-term warming, but uncertainties in coincident
emissions of reflective (cooling) aerosols and poorly constrained cloud indirect effects confound
robust estimates of net climate impacts. Reducing sulfate and nitrate aerosols would improve air
quality and lessen interference with the hydrologic cycle, but lead to warming. A holistic and
balanced view is thus needed to assess how air pollution controls influence climate; a first step
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towards this goal involves estimating net climate impacts from individual emission sectors.

Modeling and observational analyses suggest a warming climate degrades air quality (increasing
surface O3 and particulate matter) in many populated regions, including during pollution
episodes. Prior Intergovernmental Panel on Climate Change (IPCC) scenarios (SRES) allowed
unconstrained growth, whereas the Representative Concentration Pathway (RCP) scenarios
assume uniformly an aggressive reduction, of air pollutant emissions. New estimates from the

current generation of chemistry—climate models with RCP emissions thus project improved air
quality over the next century relative to those using the IPCC SRES scenarios. These two sets of
projections likely bracket possible futures. We find that uncertainty in emission-driven changes in
air quality is generally greater than uncertainty in climate-driven changes. Confidence in air
quality projections is limited by the reliability of anthropogenic emission trajectories and the
uncertainties in regional climate responses, feedbacks with the terrestrial biosphere, and oxidation

pathways affecting O3 and SOA.

1. Introduction

Air pollutants and their precursors can force the climate
system by altering solar and terrestrial radiation budgets, and
their distributions are in turn highly dependent upon regional
climate. We focus here on two major global air pollutants, ozone
(O3) and aerosols (referred to interchangeably with particulate
matter below) in the near-surface atmospheric boundary layer.
Increases in surface O; and particulate matter (with diameter
<2.5 pm, hereafter PM, 5) driven by human activities since the
pre-industrial have been blamed for 0.7 £+ 0.3 million annual
respiratory mortalities and 3.5 + 0.9 million annual cardio-
pulmonary mortalities, respectively.! When considering strategies
to abate air pollution and mitigate anthropogenic climate warming,
policymakers face tradeoffs® and synergies.® For example, sulfate
is a major component of PM; 5 pollution in many regions, but
reducing sulfate for health reasons could lead to a rapid rise in
surface temperatures (e.g., ref. 4 and 5), possibly at rates
threatening the survival of some ecosystems.? In the absence of
emission changes, a warming climate may degrade air quality in
many polluted regions,®” an impact that has been referred to as
“a climate change penalty” on air quality.® We review the current
understanding of the interactions between air pollutants and
climate, aiming to identify robust conclusions that may guide
decision-making and to highlight critical knowledge gaps.

Any successful climate mitigation effort must address
carbon dioxide (CO,). The relatively short lifetimes of other
radiatively active air pollutants and their precursors (days
to weeks for Oz and aerosols, and approximately a decade
for methane) implies that changes in their atmospheric
abundances could induce rapid climate responses in the next
few decades.” We thus refer to these species as “Near-Term
Climate Forcers” (NTCFs). Many studies reviewed here com-
pare climate impacts of different NTCFs by estimating radia-
tive forcing (RF). RF is defined by the Intergovernmental
Panel on Climate Change (IPCC) as the change in net radia-
tive flux at the tropopause, after allowing stratospheric
temperatures to adjust (note that other RF estimates allow
other fast time scale adjustments), induced by a change in
atmospheric abundance or distribution of a radiatively active
species, typically expressed for present day relative to the pre-
industrial.'® The equilibrium global mean surface temperature
response corresponds to the annual globally averaged RF after
accounting for the climate sensitivity, which encompasses

the feedbacks in the climate system. Determining relative
climate impacts from different species by comparing RFs
assumes that climate responses (e.g., temperature, precipita-
tion, circulation changes) scale accordingly. This assumption
is not well-suited to the short-lived, heterogenous distributions
of air pollutants and their precursors (except for the well-
mixed greenhouse gas CH,4) which vary in their forcing
efficacy.!’"'? A major advance in recent years is the incorpora-
tion of interactive chemistry into general circulation models
(GCMs), which allows for the direct examination of climate
responses to air pollutants and their precursors, and some
of the chemistry—climate interactions'® in Table 1. Below, we
review this recent work as well as studies considering only RF
from air pollutants.

The interactions between air pollutants and climate are
often studied in the context of future emission scenarios. For
projecting the future evolution of air quality under climate
change, the most widely used emission trajectories to date are
those described in the Special Report on Emission Scenarios
(SRES)." A newly developed set of scenarios, the Represen-
tative Concentration Pathways (RCPs), is currently in use for
ongoing international, multi-model activities in support of the
upcoming IPCC Fifth Assessment Report (ARS). The RCP
scenarios are described in detail and contrasted with the SRES
scenarios in several recent publications.'>2* All RCPs assume
aggressive air pollution abatement measures (Fig. 1) and
correspondingly large decreases in PM and O; precursors
globally.!”?* Exceptions include ammonia (NHj;), which
increases in nearly all scenarios and CHy, which ranges from
a 30% decrease to a more than doubling by 2100 (Fig. 1). We
emphasize that the assumption of aggressive air pollution
measures implemented globally is a major caveat in the
RCP-based projections, as the small range of possible air
pollutant emission trajectories across the RCPs may not
represent the true uncertainty in emission pathways.

In Section 2, we review the literature on climate responses to
emissions of air pollutants and their relevant precursors from
anthropogenic sources and the terrestrial biosphere. Section 3
focuses on the processes by which changes in climate may
influence air quality. Section 4 reviews projections for air
quality over the next century, including changes driven by
climate and emissions under a suite of scenarios. We end in
Section 5 by discussing critical uncertainties and promising
new directions targeting these knowledge gaps.
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Table 1 Impacts of temperature-driven pathways on surface O3 and PM over land, adapted from Table 1 of Jacob and Winner’ and Fig. 2 of

Isaksen et al."

Level of confidence that warmer Impact of increase in Impact of increase in

Process climate leads to increase” process on PM* process on 0,5 Example references

Non-CH,; BVOC emissions Low + ?B, LR 6, 13, 54, 205, 325, 346, 349
132, 134, 350

Wildfires Medium + + + B?LR 200, 201, 204, 229, 254, 351, 352

CH, from wetlands Medium *(=) ++ B 13, 56, 353

Dust Low + + — LR 249, 250, 354-356

Soil NO, Medium * + B, LR 13

STE of O; Medium * ++ B 13, 238, 320, 357

Lightning NO, Low *(+) ++ B 5, 13, 320, 357-359

Dry deposition Low ? —— LR, B 13, 188, 199, 357

Humidity High + —-—B =LR 7, 228, 234, 357

Regional stagnation Medium + + + +LR 7, 190, 195, 360

Wind speed Low - —LR 7, 361

Mixing depth Low —— =LR 7, 361

Cloud cover Low - -LR 7

Precipitation Low - =LR 7, 361

“ Low indicates conflicting evidence on sign of response to a warmer climate; Medium indicates that at least in some regions (e.g., for fires, warm
and dry; for wetlands warm and wet) increases are expected; High indicates sign of response to a warming climate is well understood. > Symbols
follow those in Jacob and Winner: + + consistently positive, + generally positive, = weak, — generally negative, —— consistently negative in
response to an increase in the pathway. We add ? to indicate uncertainty in sign of response and * to indicate the response depends on changing
oxidant levels; the sign, if known, is shown in parentheses. “ B denotes impact on baseline O; levels; LR indicates local-to-regional responses.
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Fig. 1 Future evolution of (a) CH,4 abundance and selected global
emissions of air pollutants and precursors, (b) SO,, (¢c) NO, (d) BC,
and (e¢) NH;, from anthropogenic plus biomass burning sources
combined, under the RCP scenarios.'®'®

2. Sensitivity of climate to changes in air
pollutant emissions

We review the literature describing climate responses to
changes in emissions of Oz precursors (Section 2.1), and
aerosols and their precursors (Section 2.2). Understanding
the climate responses to the particular mix of pollutant plus
greenhouse gas sources from individual anthropogenic emis-
sion sectors (Section 2.3) is particularly relevant for policy
decisions targeting controls on specific human activities.

We briefly highlight the potential for emissions from the
terrestrial biosphere to respond to changing pollution levels
and climate, and thereby further change air quality (Section 2.4).
Biospheric feedbacks to climate have been addressed recently.?*
Throughout this section, we report RFs from pre-industrial to
present-day as reported in the literature. Individual studies
vary in their choice of base year for both pre-industrial and
present-day but this is unlikely to be a major contribution to
the range of reported RFs.

2.1 Ozone (O3) precursors

The increase in tropospheric O3 from pre-industrial to present-
day driven by human activities®® has led to a positive climate
forcing (+0.35707 W m~?)!'° and substantial increases in O
RF are estimated for the next century with the SRES scenarios.?
Emissions of O3 precursors, particularly nitrogen oxides (NO,)
and volatile organic compounds (VOC) also produce secondary
aerosols and thereby a negative climate forcing, though this
aerosol RF is poorly quantified relative to the O3 RF.?” We
discuss below the role of specific O3 precursor emissions, with a
strong emphasis on the role of CH,, which has received growing
attention in recent years as a means to address jointly air
pollution and climate goals.>**3° The dominant CH, sink
occurs through oxidation by the hydroxyl radical (OH) in the
troposphere, which leads to a unique sensitivity of this green-
house gas to air pollutants and their precursors. Indirect RFs
from O precursors can occur via precursor-induced changes in
oxidant concentrations, which can alter aerosol burdens; similarly,
changes in aerosol burdens may alter Os concentrations.?”-3!-32
An additional, poorly quantified, indirect RF occurs when
high surface O3 concentrations damage vegetation and inter-
fere with the carbon and hydrologic cycles.3*3*

Nitrogen oxides (NO,). As NO, levels are sufficiently
low in much of the troposphere, increases in anthropogenic
NO, (NO + NO,) raise global average tropospheric O3

This journal is © The Royal Society of Chemistry 2012
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levels (e.g., ref. 35), thereby exerting a positive climate forcing.
This positive forcing may be offset by an accompanying
negative forcing due to lower CH, abundances, because
increasing NO,. enhances tropospheric OH and reaction with
OH is the primary CHy loss pathway in the atmosphere.*® The
net RF of these opposing influences on the climate system
depends upon the emission location and season, with surface
anthropogenic NO, emissions generally leading to net cooling
but aircraft NO, aloft leading to small net warming.’”*
Consideration of gas—aerosol interactions suggests that global
increases in NO, emissions may exert a greater negative
forcing by enhancing sulfate burdens via increased oxidant
levels.** The aerosol response, however, is not robust across
models®’ and carbon cycle impacts from O5 exposure®* may be
large enough to compensate for negative aerosol forcings.

Carbon monoxide (CO) and non-methane volatile organic
compounds (NMVOC). Increases in CO and in global anthro-
pogenic NMVOC lead unambiguously to additional positive
climate forcing by raising both tropospheric O; and CHy4
abundances through a reduction in OH.233%41:4245.46 1pqjyj-
dual anthropogenic NMVOC, however, can lead to secondary
organic aerosol and an associated negative forcing.*’ Gas—
aerosol interactions may augment this positive forcing by
decreasing sulfate burdens.?”** Projected decreases in these
species under the RCPs'” would thus help to mitigate climate
warming.

In contrast, the impact of biogenic VOC (BVOC) emissions
on climate is highly uncertain. BVOC include a broad suite of
carbon compounds emitted naturally from vegetation, includ-
ing isoprene (CsHg), monoterpenes (C;y compounds), sesqui-
terpenes (C;s compounds), and a large number of oxygenated
VOC (e.g., methanol, ethanol, acetaldehyde, and methylbutenol).
These emissions contribute approximately two-thirds of the
non-methane VOC budget at the regional and global scale*®
and the terpenoid compounds (isoprene and monoterpenes)
are typically more reactive than many anthropogenic VOC.*
BVOC oxidation can contribute to O3 formation when NO, is
present.’*>! BVOC also alter global oxidant levels and thereby
impact CH,4 abundances.> The magnitude and sign of the
net climate influence, however, is uncertain given incomplete
knowledge of BVOC oxidation chemistry and corresponding OH
changes, particularly in low-NO, regions of the atmosphere®*>*
as discussed further in Section 5.

Methane (CH,). Although not a direct air pollutant, CH,
oxidation in the presence of NO, enhances global tropospheric
053353 From pre-industrial to present, the RF from the
more-than-doubling of the atmospheric CH4 abundance is
estimated to be +0.48 + 0.05 W m ™2, second after CO, in
terms of anthropogenic RF from greenhouse gases.'® An
estimate of the net RF associated with the preindustrial-to-
present growth in CH,4 emissions includes the impact of CHy
on tropospheric Os, stratospheric water vapor, and aerosols.
From this “‘emission-based view”’, RF from CH, almost doubles
from the abundance-based estimate to 0.8—1.0 W m~2.*** The
high end of the range includes the indirect influence of changes
in oxidant chemistry on sulfate aerosol, where more CH, leads
to less OH and correspondingly less cooling via sulfate acrosol.

W
I

LI BN R B R B B

CH, measur
2°C limit g
CH, + BC "Tech’ measures,
CH, + all BC measurss,
1.5°C limit

CO, +CH, +
all BC measures

Temperature (°C) relative to 1890-1910
N

1980 2000 2020 2040 2060

Fig. 2 Observed temperature anomaly through 2009*°> and projected

temperature anomaly under various scenarios, all relative to the
1890-1910 mean. Results for future scenarios are the central values
from analytic equations estimating the response to forcings calculated
from composition—climate modeling and literature assessments
(see online material of Shindell er al.). The rightmost bars give 2070
ranges, including uncertainty in radiative forcing and climate sensi-
tivity. A portion of the uncertainty is systematic, so statistically
significant differences between scenarios may still occur even with
overlapping ranges (for example, if climate sensitivity is large, it is
large regardless of the scenario, so all temperatures would be toward
the high end of their ranges; see www.giss.nasa.gov/staff/dshindell/
Sci2012). From Shindell er al. (their Fig. 1). Reprinted with permis-
sion from AAAS.

A multi-model study, however, suggests a smaller sensitivity
of aerosols to oxidant changes.?’” Furthermore, the net RF
due to increases in CH, emissions since pre-industrial times
has been partially offset by increases in NO, emissions (which
decrease CH,4 by increasing global OH). Scenarios for the
21st century indicate a wide range of possible CH4 abundances
(Fig. 1; Nakicenovic ef al.'*) and numerous abatement oppor-
tunities could lessen future CH,; RF.?>>">° The recent
WMO/UNEP report®® estimates a 0.2-0.4 K decrease by
2050 relative to a reference emission scenario if a defined set
of CH, control technologies were implemented worldwide
by 2030, corresponding to a 24% decline in anthropogenic
CH, emissions relative to 2010 levels (Fig. 2; see also Shindell
et al.’).

Much uncertainty remains in our understanding of the
contributions from specific source sectors to CH4 emissions,*
the underlying factors contributing to recent observed trends
(e.g., ref. 61-63), and in feedbacks from the biosphere.'?
Although these uncertainties limit confidence in accurately
projecting the future evolution of CHy, it is clear that decreasing
atmospheric CH4 would slow near-term warming, due to its
stronger climate impact on the 20 year (versus 100 year) time
frame, which could help to slow Arctic sea ice loss over
the next few decades.®* Reducing CH, would also decrease
tropospheric O3, including the baseline O; levels in surface
air, thereby lessening the adverse impacts on vegetation and
human health 329365769

2.2 Aerosols

Atmospheric aerosols impact climate in numerous ways (e.g.,
Isaksen et al.'). Briefly, aerosols scatter and absorb shortwave
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and longwave radiation, known as the aerosol direct effect.”

Aerosols can also alter the properties of clouds through
indirect effects (by affecting cloud microphysics),”' the semi-direct
effect (where aerosol absorption affects temperature structure),”
and cloud absorption effects (from absorbing aerosol inclusions
within or interstitially between hydrometeors).”> When absorbing
aerosols (i.e. BC and potentially dust) are deposited onto snow
and ice surfaces, they reduce surface albedo, which amplifies the
positive RF. In addition, deposition of aerosols and their
dissolved nutrients to the biosphere (land and ocean) may
modify biogeochemical processes causing further changes to
climate.” It is unlikely that these effects add linearly.

Anthropogenic aerosol. Anthropogenic aerosol consists
mainly of sulfate, nitrate, ammonium, black carbon (BC)
and organic carbon (OC). These aerosol components interact
with radiation in different ways depending on size and com-
position and contribute either a cooling or a warming forcing
on climate. The AR4 IPCC report'® estimated that the net
aerosol direct forcing from all anthropogenic components is
likely to be a cooling with a best estimate of —0.5 & 0.4 W m 2.
Myhre et al.”® used a combination of models and satellite
observations to estimate the direct RF at —0.35 W m ™2 whereas
Bellouin er al’® used satellite observations to estimate
—0.65 W m~2 Myhre’” report a best estimate for aerosol
direct RF of —0.3 W m™2 after reconciling divergent estimates
from modeling and observational approaches by accounting
for differences in cloud-masked forcing and changes over the
last century in bulk aerosol optical properties. Sulfate, nitrate
and OC aerosol scatter radiation with direct aerosol RFs
estimated as —0.4 W m™2, —0.1 W m™2 and —0.05 W m >
respectively.'® BC absorbs solar and infrared radiation resulting
in a positive aerosol direct effect that is estimated to be between
+0.25 and +0.44 W m~2 in model studies’® but potentially as
large as +0.9 W m~2 when constrained by observations.”**
A multi-model assessment by Koch er al.®' shows that global
models underestimate observed aerosol absorption optical
depth (AAOD); scaling model AAOD to match observations
resulted in BC multi-model average direct effect of +0.55 W m ™2
The absorption effect of BC in liquid cloud droplets may cause
an additional BC RF of +0.1 + 0.4 W m 2%

The impact of anthropogenic aerosol on clouds is more
uncertain. The first aerosol indirect effect, also known as the
cloud albedo effect, was estimated by the IPCC AR4 to be
—0.7 W m 2 (range —0.3 to —1.8 W m>).1° Quaas er al.%* used
satellite data to estimate a smaller cloud albedo effect of
—0.2 W m 2, potentially suggesting that models may be over-
estimating the effect. However, a more recent multi-model
estimate® linked to satellite observations quantified the aerosol
indirect effect as —0.7 + 0.45 W m™>. Very little is known on the
contribution of different aerosol components to the aerosol
indirect effect. While several studies have quantified the cloud
albedo radiative effect of BC-containing particles,5>%% the
sign of the cloud forcing is model-dependent and varies with
the BC to OC mass ratio, the size of emitted particles, and the
magnitude of the emission change.

Absorbing aerosols also impact climate after deposition to
bright surfaces. In particular, BC causes additional warming
of climate after deposition onto snow and ice surfaces by

reducing the albedo of snow.”® Flanner er al.®' estimate that

the snow-albedo forcing and associated feedbacks from all
anthropogenic BC emissions result in global warming (annual
mean temperature) of between 0.1 and 0.15 K, while Jacobson®
finds that fossil and biofuel sources alone result in a warming
of between 0.03 and 0.11 K through this effect.

The overall effect of anthropogenic aerosol is likely to be a
cooling impact on climate. The IPCC AR4 estimated a total
forcing of —1.2 W m™> from anthropogenic aerosol, partly
offsetting the warming of 2.6 W m~> from long-lived green-
house gases.'® These estimates do not include aerosol-induced
changes to biogeochemical cycles, which were recently esti-
mated to be —0.5 + 0.4 W m~2.”* Uncertainty in the magni-
tude of the aerosol cooling leads to large uncertainties in
projections of future climate change (e.g., ref. 93 and 94).
Removal of this cooling influence due to air pollution abate-
ment policies is expected to enhance future warming.”> 8

The strong warming due to the direct effect and snow-
albedo effect of BC imply that BC emission reductions could
yield a short-term climate benefit.”* % Models indicate that
the Arctic is particularly sensitive to BC forcing.”'"1°11% In
particular, Flanner er al.'%” find that deposition of BC and OC
and the subsequent snow/ice albedo feedback induces 95% as
much springtime snow cover loss over Eurasia as anthropo-
genic carbon dioxide. The combustion sources that emit BC,
also emit other aerosol components that tend to cool climate,
principally OC, so the net climate impact of emission controls
is uncertain. Ramanathan and Carmichael®® suggest that
elimination of BC sources would reduce global surface tem-
peratures by 0.5 to 1 K. Shindell e a/.® simulated the effect of
implementing a range of air quality measures that control the
emissions of BC-containing particles and O; precursor species
and estimate 0.19 K avoided warming by 2050. They found
that reducing BC emissions resulted in greater reductions in
warming from the semi-direct effect than reductions in cooling
from the indirect effect, although they note that the magnitude
of these different effects is model dependent. In contrast,
Leibensperger et al.'1% found little warming due to BC over
the US and suggested that BC emission controls in the US
have little climate mitigation potential. The large uncertainty
of the net impact of BC mitigation on surface temperatures
reflects uncertainty in co-emitted species as well as cloud
feedbacks. 8688110

Regional temperature responses to aerosol forcings have
been examined in a few studies. One study suggests that
reductions in sulfate emissions alongside increases in BC
emissions have contributed to some of the recent warming
observed in the Arctic.!!! Leibensperger et al.!® found that
direct RF from anthropogenic aerosol peaked in 1970-1990 at
—2 W m~? over the eastern US where it cooled annual mean
temperatures over the central and eastern United States by
0.5—1 °C. By 2010, the forcing declined to —1.2 W m™~2 due
mainly to decreasing SO, emissions. They further suggested
that U.S. anthropogenic aerosols are currently sufficiently low
that future air quality improvements projected to occur over
the period 2010-2050 will result in minimal warming (0.1 °C)
over the United States.'”® Mickley er al.!'? calculated that com-
plete removal of US anthropogenic aerosol sources would increase
annual mean temperatures in the eastern US by 0.4-0.6 °C,

This journal is © The Royal Society of Chemistry 2012
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with larger increases of 1-2 °C during summertime heat waves
due to feedbacks with soil moisture and low cloud cover.
Similar feedbacks, including through fog reduction, have also
been identified over Europe.''37!13

Aerosols may alter regional atmospheric circulation pat-
terns, ranging from shifts in the width of the tropics, Arctic
Oscillation phasing, monsoons, jet locations, and associated
precipitation 81981167121 Absorbing  aerosols are possibly
more potent at altering circulation patterns than CO, and
scattering aerosols.'>? 12> Observed drying trends over Africa,
South Asia and northern China over the past decades have
been partially attributed to anthropogenic aerosol forcing
(e.g., ref, 80, 117, 126 and 127), suggesting that aerosol
decreases in these regions over the next century would reverse
these trends. Precipitation responses to changes in aerosol
optical depth, anthropogenic aerosols, and specific fuel emis-
sions sectors have been documented in several modeling
studies (e.g., ref. 5, 31 and 128). Some studies have noted that
the sign of the precipitation response to BC depends on the
BC vertical distribution'?*'* although this is poorly con-
strained in current models.3""'*° Shindell es al.'*' point out
that controlling anthropogenic aerosols should restore disrupted
regional precipitation patterns and consideration of this addi-
tional climate response may offset some of the adverse effects
of the temperature rise induced by removing anthropogenic
aerosol.

Secondary organic aerosol (SOA). SOA arises from both
biogenic and anthropogenic sources, and continuously evolves
in the atmosphere as a function of multi-generational oxida-
tion and dynamic gas-particle partitioning. Biogenic VOC
oxidation can lead to the formation of SOA through a suite
of multi-phase reactions, as reviewed recently.!*!3* SOA
likely contributes a substantial fraction of total organic
aerosol'** but the impact of SOA on the radiative balance of
the atmosphere is poorly understood (e.g., ref. 135). Some
global models neglect SOA formation from anthropogenic
precursor emissions,”® which would lead to an underestimate
of RF from SOA.

Furthermore, formation of biogenic SOA can be enhanced
in the presence of anthropogenic organics and particulate
matter, where the anthropogenic species provides greater sur-
face area for condensation and enables additional chemical
interactions.'** 13 As recently reviewed,'* the formation
mechanisms of SOA can be affected by interactions with
anthropogenic pollution in multiple ways, including (1) the
partitioning processes to transfer gas-phase biogenic VOC to
the particulate phase, (2) the role of NO, through nitrate-
initiated reactions or changing yields depending on NO,
conditions (with changes depending on the specific biogenic
VOC), and (3) the contribution of biogenic VOC nucleation to
the formation of new particles in the atmosphere. Recent
studies estimate that approximately 20-50% of SOA could
result from anthropogenic activity."**!*3  Anthropogenic
enhancement of SOA implies an additional aerosol forcing
beyond that reported in the IPCC AR4. Both Hoyle et al.'¥’
and Myhre et al.” report that increases in the SOA burden
from pre-industrial to present day have resulted in a direct RF
of nearly —0.1 W m~2. Spracklen et al.%® estimate that if a

substantial fraction of global SOA burden is from anthropo-
genic activity, the aerosol direct forcing is larger (—0.26 +
0.15 W m~2), and they further estimate a cloud albedo effect of
—0.6 W m~2. O’Donnell er al.*’ use simulations with and
without SOA for year 2000 meteorological conditions to
estimate an overall climate impact of —0.09 W m~2, which
includes opposing influences from the direct effect (—0.31 W m™2)
and indirect effect (+0.23 W m™?). In their simulations,
particle growth from SOA condensation combined with a
larger coagulation sink for small particles leads to a warming
indirect effect from SOA. Further work is needed to reconcile
the sign of the SOA influence on the cloud albedo feedback.

2.3 Anthropogenic emission sectors

In contrast to long-lived greenhouse gases, the climate impact
of NTCFs can depend on emission location and chemical
interactions with co-emitted species, which can vary strongly
by emission sector. Determining the net climate impact of the
suite of emissions from an anthropogenic activity requires
explicit three-dimensional model calculations that consider
interactions and nonlinearities between the co-emitted
chemical species, which may have offsetting or additive climate
impacts. Global chemistry—climate models are often employed
to determine the sectoral RF impacts of the NTCFs but few
studies extend to estimate the more computationally expensive
climate response (e.g., ref. 5 and 98).

The transportation sub-sectors have received the greatest
attention.**!4671% The net climate impacts of biomass
burning,'>”'*8 electric power production,'*!** household fuel
burning,'®" and regional sector impacts'>*'®1"1%* have also
been assessed. Newer studies consider climate impacts across
both long-lived greenhouse gases and NTCF gas and aerosol
components including aerosol—cloud interactions.'**'% In
terms of net RF, which has been estimated for several sectors
across different modeling systems and emission inventories,
road transportation is consistently the largest contributor to
warming on short to long timescales, aviation generally pro-
duces a small net warming, while shipping emissions yield net
cooling on century timescales.'®® Overall climate impacts may
change in the future as various technology controls are applied
to different sectors. Black carbon emissions from shipping
have been comprehensively reviewed'®” and are of particular
concern in the Arctic because of the local climate sensitivity to
snow-ice albedo effects following deposition.'*®

In one study, full implementation of state-of-the art aerosol
control technologies in conjunction with increasing green-
house gases led to an increase in global mean temperature
by 2.2 K in 2030 relative to today, nearly doubling the effect of
greenhouse gases alone over this period.”® Maximum abate-
ment in the industry and power sectors (dominated by sulfate
aerosol) yielded a somewhat lower response of 1.9 K; maximum
abatement in the domestic and transport sectors (dominated by
black carbon) still caused an increase of 1.4 K.%®

A limitation of the sector-based approach to date is that it
refers to a fixed mix of emissions. The most desirable approach
is to quantify the climate impact of specific policy-re