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Abstract. We apply different aerosol and aerosol precursorchange thereafter will be to a larger extent be controlled by
emission scenarios reflecting possible future control strategreenhouse gas emissions.
gies for air pollution in the ECHAM5-HAM model, and sim- We combined these two opposing future mitigation strate-
ulate the resulting effect on the Earth’s radiation budget. Wegies for a number of experiments focusing on different sec-
use two opposing future mitigation strategies for the yeartors and regions. In addition, we performed sensitivity stud-
2030: one in which emission reduction legislation decided inies to estimate the importance of future changes in oxidant
countries throughout the world are effectively implemented concentrations and the importance of the aerosol microphys-
(current legislation; CLE 2030) and one in which all tech- ical coupling within the range of expected future changes.
nical options for emission reductions are being implemented~or changes in oxidant concentrations caused by future air
independent of their cost (maximum feasible reduction; MFRpollution mitigation, we do not find a significant effect for
2030). the global annual mean radiative aerosol forcing. In the ex-
We consider the direct, semi-direct and indirect radia-treme case of only abating $@r carbonaceous emissions
tive effects of aerosols. The total anthropogenic aerosol rato @ maximum feasible extent, we find deviations from ad-
diative forcing defined as the difference in the top-of-the- ditivity for the radiative forcing over anthropogenic source
atmosphere radiation between 2000 and pre-industrial timegegions up to 10% compared to an experiment abating both
amounts to—2.00 W/n?. In the future this negative global at the same time.
annual mean aerosol radiative forcing will only slightly
change (+0.02W/R) under the “current legislation” sce-
nario. Regionally, the effects are much larger: e.g. over East-l
ern Europe radiative forcing would increase by +1.50 W/m
because of successful aerosol reduction policies, whereagnhropogenic aerosol causes a variety of adverse health
over South Asia it would decrease bﬁ.lOW/n? because  effects, resulting in increased mortality and hospital ad-
qf further growth of emissions. A “maximum feasible redup- missions for cardiovascular and respiratory diseagés@,
tion” of aerosols and their precursors would_le_ad to an in-5003. As a consequence, in the last decades legislation
crease of the global gnnual mean aerosol radiative forcing by, s introduced in Western Europe and North America to re-
+1.13 Winf. Hence, in the latter case, the present day negagyce aerosol and aerosol precursor emissions to improve air
tive anthropogenic aerosol forcing cquld be more than hglvechuauw For instance, in Europe S@missions decreased
by 2030 because of aerosol reduction policies and C|ImatEby ~73% between 1980 and 200¥estreng et a).2007),
and in the USA by~37% between 1970 and 199&RA,
2000. Also in developing countries, facing increasing ur-
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legislation has been introduced by governments worldwideinform policy, it would be most useful to evaluate the effect
to reduce aerosol and aerosol precursor emissions and inon climate of sectoral air pollution mitigation. A complicat-
prove air quality Andreae 2007 Cofala et al.2007). ing factor of this approach is that air pollutants interact in
These future changes in anthropogenic aerosol and aerostiie atmosphere in a non-linear way. For example, couplings
precursor emissions can exert a wide range of climate efexist between sulfate formation and tropospheric chemistry
fects. A comprehensive understanding of the aerosol climat¢Roelofs et al.1998 Unger et al. 200§. Also, aerosol life-
effects arising from multiple aerosol compounds and vari-cycles are not independent. Aerosol mass and number re-
ous mechanisms is essential for an understanding of past argpond in a non-linear way to changes in aerosol and aerosol
present-day climate, as well as for future climate change. precursor emissionsSier et al, 20063 and thus lead to a
Aerosols affect climate directly by scattering and absorp-non-linear response in the associated climate effects. More-
tion of radiation (direct aerosol eﬁecéngstroem 1962. over, aerosols and climate are coupled through the hydrolog-
The absorption of radiation by aerosols leads to temperaical cycle Feichter et al.2004).
ture changes in the atmosphere and subsequent evaporationHere we evaluate the importance of the combined indus-
of cloud droplets (semi-direct effecklansen et a.1997). trial and power generation sector on the one hand, and do-
They also affect climate indirectly by modulating cloud prop- mestic and transport related emission on the other hand. In
erties. Aerosols enhance the cloud albedo due to the formaaddition, we conducted regional experiments to evaluate the
tion of more and smaller cloud droplets (cloud albedo effect;influence aerosol emissions from Europe and Asia have on
Twomey, 1977 and aerosols potentially prolong the lifetime other world regions. A number of sensitivity studies address
of clouds because smaller droplets form less likely precipita-the non-linear chemical and microphysical couplings in the
tion (cloud lifetime effectAlbrecht 1989. Most estimates  context of these scenarios.
of the direct and indirect effects on the Earth’s radiation bal- The paper is organized as follows: In Sect. 2 the model
ance have been obtained from global model simulations, buetup is described. In Sect. 3 the simulation setup for the
estimates at present vary greatio(ster et al.2007). single experiments is outlined. The results are presented in
Several studies investigated the impact of changes in aiSect. 4. The additional sensitivity experiments are discussed
pollution and associated impacts on radiation and climatein Sect. 5. Finally, the results are discussed and concluding
applying anthropogenic emission forecast from the Intergov-remarks are presented in Sect. 6.
ernmental Panel on Climate Change (IPCC) Special Report
on Emission Scenarios (SRE®)dkicenovic et a].2000 us-
ing global climate models with varying degrees in complex-2  Model setup
ity (Unger et al. 2008 Menon et al. 2008 Shindell et al,
2007, Shindell et al. 2008 Koch et al, 20078. This study In this study we use the atmospheric general circulation
evaluates the impact of two recent sector-wise air pollutionmodel ECHAM5 Roeckner et al.2003 extended by the
emission scenarios for the year 2030 provided by IIASA microphysical aerosol model HAMStier et al, 2005 and
(International Institute for Applied System Analys@ofala  a cloud scheme with a prognostic treatment of cloud droplet
et al, 2007 on the radiation balance of the Earth. The and ice crystal number concentratikmbmann et al.2007).
two scenarios are the “current legislation” (CLE) scenario In the following sections, we briefly describe the model com-
reflecting the implementation of existing emission control ponents.
legislation, and the alternative “maximum feasible reduc-
tion” (MFR) scenario, which assumes that the most advance@.1 The atmospheric model ECHAMS
emission control technologies presently available will be im-
plemented worldwide. These scenarios are input to the statéMe applied the atmospheric general circulation model
of-the art ECHAM5-HAM Atmospheric General Circulation ECHAMS5 (Roeckner et a).2003 with a vertical resolu-
model extended by an aerosol-cloud microphysical modetion of 31 levels on hybrid sigma-pressure coordinates up
(Roeckner et a).2003 Stier et al, 2005 Lohmann et al.  to the pressure level of 10 hPa and a horizontal resolution
2007 to evaluate their impact on the radiation budget of theof T63 (about 1.8x1.8 on a Gaussian Grid). Prognos-
atmosphere using the radiative forcing (RF) concept. Herdic variables of ECHAMS5 are vorticity, divergence, surface
we focus on the year 2030, the policy relevant future, andpressure, temperature, water vapor, cloud liquid water and
contrast future changes with present day anthropogenic RKloud ice. A flux form semi-Lagrangian transport scheme
defined as the difference between and present-day and prékin and Rood 1996 advects water vapor, cloud liquid wa-
industrial (PI) times. ter, cloud ice and tracer components. Cumulus convection
Air pollution legislations target mainly specific emission is based on the mass flux scheme aftiedtke (1989 with
sectors, e.g. power generation, traffic. Climate assessmentaodifications according tblordeng(1994. Cloud cover is
of aerosol impacts, typically focused on specific aerosolpredicted according tBundquist et a1989 diagnosing the
components, e.g. the RF by $6r BC (IPCC, 2001 Forster  fractional cloud cover from relative humidity. The shortwave
et al, 2007 Reddy et al.2005 Takemura et al.2002. To radiation scheme is adapted from the latest version of the
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ECMWF model including 6 bands in the visible and ultravi- has recently been extended by prognostic equations for the
olet (Cagnazzo et al2007). The transfer of longwave radia- cloud droplet number concentration (CDNC) and ice crystal

tion is parameterized aftédorcrette et al(1998. number concentrationd¢hmann et al.2007). Nucleation
of cloud droplets is parameterized semi-empirically in terms
2.2 The aerosol model HAM of the aerosol number size distribution and vertical veloc-

ity (Lin and Leaitch1997. Sub-grid scale vertical velocity

Within ECHAMS5 the microphysical aerosol module HAM s derived from the turbulent kinetic energyohmann et al.
(Stier et al, 2009 predicts the evolution of an ensemble 1999. The cloud optical properties depend on the droplet ef-
of interacting internally — and externally — mixed aerosol fective radius, which is a function of the in-cloud liquid water
modes. The main components of HAM are the microphys-content and CDNC. CDNC affects also the auto-conversion
ical core M7 Wignati et al, 2004, an emission module, rate which is parameterized according<bairoutdinov and
a sulfur oxidation chemistry scheme using prescribed oxi-Kogan(2000. Thus, this setup allows simulation of both the
dant concentrations for OH, NQOs and HO, (Feichter  cloud-albedo and cloud-lifetime indirect aerosol effects.
et al, 1996, a deposition module, and a module defining the
aerosol radiative properties. The aerosol spectrum is repre2.4 Model evaluation
sented by a superposition of seven log-normal modes. The
seven modes are divided into four geometrical size classeé detailed comparison of the simulated aerosol mass and
(nucleation, Aitken, accumulation and coarse mode). Threeaumber concentrations in ECHAM5-HAM with measure-
of the modes include only hydrophobic compounds, four of ments is given inStier et al.(2009. Radiation and wa-
the modes contain at least one hydrophilic compound. Inter budgets as simulated with ECHAM5-HAM extended by
the current setup the major global aerosol compounds sulfatéhe aerosol-cloud coupling scheme are compared to obser-
(SV), black carbon (BC), particulate organic mass (POM),vations inLohmann et al(2007. It is beyond the scope
sea salt (SSA), and mineral dust (DU) are included. of this study to repeat a full evaluation of model perfor-

M7 considers coagulation among the aerosol modes, conmance. Nevertheless, since this study includes a different
densation of gas-phase sulfuric acid onto the aerosol surfacgmission inventory and uses different offline oxidant concen-
the formation of new particles by binary nucleation of sul- tration fields we compared the simulated aerosol surface con-
fate, and the water uptake depending on the thermodynamicentrations for S@ BC and POM with observations from
equilibrium with ambient humidity \(ignati et al, 2004). the EMEP bttp:www.emep.intand the IMPROVE fttp://
Particles in the hydrophobic modes are transformed to thevista.cira.colostate.edu/improyeketwork for the year 2000,
corresponding hydrophilic/mixed mode by condensation ofas done irStier et al(2009. Note here, that previous model
sulfate on the surface or by coagulation with particles of thestudies used AeroCom aerosol and aerosol precursor emis-
hydrophilic modes. The total condensable sulfate and the sulsions in combination with offline oxidant concentrations as
fate added by coagulation are attributed to the number of parpredicted within the MOZART chemistry modeH¢rowitz
ticles that can be coated with a minimal layer of sulfate in theet al, 2003, whereas this study uses IIASA aerosol and
respective mode. As minimal layer thickness a mono-layeraerosol precursor emissions in combination with offline ox-
is assumed. Within HAM deposition processes (dry deposiidant concentrations as predicted within the TM3 chemistry
tion, wet deposition and sedimentation) are parameterized itmodel Dentener et a| 2009 (see also Table 1 and Sect. 3.2).
dependence of aerosol size and composition. The comparison of simulated versus measured surface

The emissions of mineral dust and sea salt are calculatedoncentrations of this study are shown in Fig. Ala—c in the
interactively Tegen et al.2002andSchulz et al.2004 re-  appendix. As reference, Fig. Ald—f in the appendix shows
spectively). Oceanic DMS emissions are calculated fromthe same comparison as publishedirer et al.(2005. The
the prescribed monthly mean DMS sea surface concentratiogimulated S@ mass was slightly overestimated over Eu-
(Kettle and Andreae2000 and a piston velocity calculated rope within the ECHAMS5-HAM reference simulatioStier
according toNightingale et al(2000. The prognostic treat- et al, 2005. In this study we achieve a better agreement
ment of the aerosol size distribution, mixing state, and com-as SQ surface concentrations are simulated lower over Eu-
position allows the explicit simulation of the aerosol optical rope. Lower surface concentrations here are caused by dif-
properties within the framework of the Mie theory. The op- ferent partly compensating effects: (i) 8&missions differ
tical properties are pre-calculated and supplied in a look-upgn terms of International Shipping emissions between Ae-
table, providing the necessary input for the radiation scheme&oCom and this study (AeroCom uses EDGAR3Qiiier

in ECHAMS. et al, 2002 for 1995 plus a 1.5% increase until 2000 and
this study appliedyring et al, 2005. Overall the ship emis-
2.3 Aerosol cloud coupling sions are higher in this study and consequently lead to an

increase of S@surface concentrations (+2% for the global
The standard ECHAMS5 cloud scheme which treats cloudannual mean) (i) the inclusion of the aerosol-cloud coupling
water and ice water mixing ratios as prognostic quantitiesin our study increases the @fetime (4.4d compared to

www.atmos-chem-phys.net/8/6405/2008/ Atmos. Chem. Phys., 8, 6483-2008


http:www.emep.int
http://vista.cira.colostate.edu/improve/
http://vista.cira.colostate.edu/improve/

6408 S. Kloster et al.: Air pollution mitigation — total aerosol radiative forcing

Table 1. Pre-industrial, present and future aerosol and aerosol precursor emissions as given in the IIASA and AEROCOM iGafatary (
et al, 2007 Dentener et al20063 and emissions used in the base simulations (2000,Pl,MFR:2030,CLE:2030. Units are Tg(S)/ys for SO
emissions and Tg/yr for BC and POM.

1750 2000 CLE 2030 MFR 2030
BC POM SO BC POM SO BC POM SGQ BC POM SO

Road-Transport 0.70 0.98 096 052 094 1.2 0.17 0.50 045
Non-Road Transport 053 054 076 050 048 1.0 0.06 0.04 0.18
International Shipping 0.05 0.13 5.85 0.08 0.23 8.9 0.07 0.18 3.12
Powerplants 0.04 0.05 242 0.05 0.08 209 0.06 001 1.80
Industry 0.42 0.63 196 037 045 243 0.004 0.01 5.75
Domestic 3.34 13.15 587 265 7.61 4.0 2.52 590 2.20
Total anthropogenic IIASA 5.08 1548 57.24 417 9.79 60.3 2.88 6.64 135
Vegetation fired 1.0 12.8 0.7 3.1 34.7 2.1 3.1 34.7 2.1 3.1 34.7 2.1
NaturaP - 19.1 14.6 - 19.1 14.6 - 19.1 148 - 19.1 1438

Total anthropogenic AEROCOM 0.39 1.56 0.06

PI 1.39 33.46 15.36

2000 8.18 69.28 73.94

CLE:2030 7.27 6359 77.2

MFR:2030 598 60.44 304

@ International Shipping emissions are frdiyring et al.(2005;
b Vegetation fire and Natural Emissions are from AEROCQDérftener et al(20063 and references therein). They are assumed to be
constant in the future.

4.0d). Such an increase in lifetime caused by aerosol-cloud Overall the ECHAM5-HAM version used in this study
coupling is governed by decreasing precipitation formationshows reasonable good agreement with observations, a pre-
in the presence of high sulfate concentratidmshfmann and  requisite to explore the effects of various aerosol future emis-
Feichter 1997. Consequently, the longer lifetime leads to sion scenarios.
higher SQ surface concentrations. (iii) OH concentrations
as simulated with TM3 are lower than the MOZART con- 3  Simulation setup
centrations (see also appendix Table A2) leading to a lower
gas-phase production of g@nd subsequently to lower 0  We performed a series of experiments applying different fu-
concentrations (the global annual mean decreasesl3$x0). ture aerosol and aerosol precursor emission scenarios to in-
Overall, this explains the differences in the S€dirface con-  vestigate the associated aerosol radiative effects. In all these
centrations between the ECHAM5-HAM reference simula- experiments the large-scale meteorology is constrained to the
tion as given irStier et al.(2009 and this study. year 2000, nudging the ECHAM5-HAM simulated temper-
While the comparison with BC and POM surface concen-ature, log surface pressure, vorticity and divergence to the
tration measurements over North America shows in generaECMWF ERA40 reanalysis datéppala et al.2005. With
a good agreement for the ECHAM-HAMS reference simula- the nudging technique the large-scale meteorology is con-
tion, the surface concentrations in our study tend to underesstrained, whereas smaller scale processes, such as cloud for-
timate the observed values (most pronounced for BC). Thenation, respond to perturbations induced into the system
simulated lifetimes for BC and POM are almost identical in (Jeuken et a).1996. Thus, aerosol effects on the meteo-
both studies. The differences are solely caused by the differrological state are small. The nudging technique allows to
ent emission inventoriesStier et al (2009 applied theBond  a large extent compliance with the definition of the adjusted
et al.(2004 inventory for anthropogenic BC and POM emis- radiative forcing (RF) as given Wyorster et al(2007), which
sions which are higher over North America compared to thejs defined as the change in net (down minus up) irradiance at
IIASA inventory (23% for BC and 7% for POM emissions). the tropopause after the introduction of a perturbation with
Therefore, the BC as well as the OC response towards futureurface and tropospheric temperatures and state of meteorol-
changes is likely to be a lower estimate in the current study. ogy held fixed at the unperturbed values, while allowing the
stratosphere to adjust. The difference is that in the set-up ap-
plied in this study: (i) temperature and state are held fixed for
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the entire atmosphere which equals instantaneous RF accorét al, 2006aand references therein) for the present-day
ing to Forster et al(2007). For most tropospheric aerosol (2000) and pre-industriaP{) experiments. Future changes
forcing stratospheric adjustment has little effect on the RF,are not taken into account, i.e., all future experiments (2030)
and the instantaneous RF at the top of the atmosphere (TOA)se the emissions representative for the year 2000. How-
equals the adjusted RF; (ii) aerosol-cloud feedback mechaever, BC and POM emissions from biomass burning emis-
nisms are enabled. All experiments presented here were corsions are likely to change. According treets et al(2004)

ducted for one year with a spin-up of three months. BC and POM emissions from open biomass burning emis-
sions will decrease by 2030, ranging fron®% and—11%
3.1 Aerosol emissions for BC and POM in a SRES A1B scenario and up-t24%

and—22% in a SRES B2 scenario compared to the year 1996
Aerosol emissions were provided by IIASA using the global (BC: 3.2 Tg/yr, POM: 35.6 Tg/yr). However, given the large
version of the Regional Air Pollution Information and Sim- uncertainties related to open biomass burning emissions at
ulation (RAINS) model Pentener et a.2005 and updates present as well as in their future development we felt that it
described inCofala et al. 2007. The RAINS model pro-  was justified in a first approach to keep them constant. In ad-
vides two future scenarios: “current legislation” (CLE) and dition, this study concerns the impact of current legislation
“maximum feasible reduction” (MFR) up to the year 2030. and technical measures to reduce air pollution. Clearly these

CLE reflects current perspectives of economic develop-measures do no apply to open biomass burning.

ment and takes into account presently decided control leg- The emissions are detailed for the different sectors in Ta-
islations for future dEVE|OpmentS aSSUming full Compliance.b|e 1. The evolution of the aerosol emissions for the dif-

MFR assumes a full implementation of today’s most ad-ferent experiments are discussed together with the resulting
vanced technologies worldwide. Non-technical structuralchanges in the aerosol burden in Sect. 4.1.

measures, e.g. fuel shifts, are not considered. Both scenar-
ios use the same underlying activity level projection, which3.2 Oxidant concentrations
is based on current national perspectives on the sectoral eco-
nomic and energy development up to the year 2030 in re-The main coupling of photochemistry and aerosol is through
gions where data is available. For the other world regionsthe chemistry of DMS and SO ECHAM5-HAM assumes
the trends of future economic and energy developments ofhat DMS is completely oxidized in the gas-phase by OH
the IPCC SRES B2 MESSAGE scenarRighi and Roehl  and NG radicals to form S@and SQ. SO, is oxidized in
2005 Nakicenovic et al.2000 are applied. the gas-phase, and can also react in clouds (aqueous phase)
RAINS considers the aerosol and aerosol precursor emiswith H,O, and G (Feichter et a].1996. For computational
sions of SQ, BC and OC for the emission sectors: Road efficiency ECHAM5-HAM uses offline chemistry fields in
Transport, Non-Road Transport, Industry, Powerplants, andts standard version. They were taken from an earlier study
Domestic Use. These emissions are all given as nationaith the offline chemistry model TM3 moddbéntener et al.
estimates. Following[@entener et al.2009 we gridded (2003 and references therein). That study was performed
these by utilizing the 1995 gridded sectoral distribution using the same CLE and MFR scenarios as utilized here, in-
of the EDGARS3.2 global emission inventor@lvier and  cluding a coupled photo-oxidant-g@hemistry Dentener
Berdowskj 2001) on a P x1° Gaussian grid. For the con- et al, 2005. However, uncertainties arise from the fact
version of the carbon mass of OC into the total mass ofthat this was a different model using different meteorological
POM needed in ECHAM5-HAM a factor of 1.4 was ap- driving fields so that the oxidant fields are not fully consis-
plied. Emissions from international shipping and aviation tent with the present study. In addition, prescribingQd
were not included in the IIASA emission inventory. We concentrations might underestimate the resulting sulfate bur-
added international shipping emissions from a different in-den as HO0, is actually strongly depleted in anthropogenic
ventory Eyring et al, 2009. For MFR we choose the tech- source regions by aqueous reaction with,S@his will in-
nology scenario TS1 (“CLEAN?”), for CLE the technology crease the gas-phase production of,8@ich is less suscep-
scenario TS4 (“Business-as-Usual”), both with an underlyingtible to scavenging and increase the,3@rden Barth et al,,
GDP growth of 3.1%/yr which is close to the GDP growth of 200Q Roelofs et al.1998.
the SRES B2 scenario (2.8%lyr).
For this study we focus our analysis on the year 2030 in3.3 Description of the single experiments
comparison to present-day conditions (2000) and contrast the
results with present day anthropogenic RF, defined as the difin the following section we briefly summarize the experi-
ference between 2000 and pre-industrial (PI) times. In thements performed within this study (Table 2).
following we will denote the two different IIASA scenarios ~ We performed a present-day, pre-industrial and two future
as CLE 2030 and MFR 2030, respectively. experiments in which the SOBC, and POM emissions are
Open biomass burning and natural aerosol emissions arprescribed using the 2000, pre-industrial and MFR 2030 and
taken from the AeroCom emission inventorid3eftener  CLE 2030 estimates (2000, PI, MFR:2030, CLE:2030). We
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Table 2. Overview of the different experiments conducted in this study. IIASA 2000 aerosol emissions refer to aerosol and aerosol precursor
emission (S@, BC and POM) inventory provided by the Institute for Applied System Analysis (IIASA) representative for the year 2000;
IIASA MFR 2030 refers to aerosol emissions for the year 2030 assuming that “maximum feasible reduction” will be applied in the future

to reduce aerosol and aerosol precursor emissions; IIASA CLE 2030 refers to aerosol emissions for the year 2030 assuming that “current
legislation” will be applied in the future. AEROCOM 1750 refers to aerosol emissions representative for pre-industrial times as given in the
Aerosol Model Inter-Comparison projedttfp://nansen.ipsl.jussieu.frf AEROCQI@entener et al2006g3. Oxidant concentrations (Do,

OH, O3, NOy) are taken from an offline chemistry TM3 model study using ozone precursor emissions for the future from the IIASA scenario
consistent with the aerosol emissioReatener et al2005.

Experiment Aerosol emissions Oxidant concentrations

2000 IIASA 2000 2000

PI AEROCOM 1750/pre-industrial 2000

MFR:2030 IIASA MFR 2030 MFR 2030

CLE:2030 IIASA CLE 2030 CLE 2030

MFR:2030:1P Industry/Powerplants sector : IASA MFR 2030 2000
Domestic/Transport sector : IIASA CLE 2030

MFR:2030:DT Industry/Powerplants sector : IASA CLE 2030 2000
Domestic/Transport sector : IASA MFR 2030

MFR:2030:EUROPE Europe : IASA MFR 2030 2000
World-Europe : IIASA CLE 2030

MFR:2030:ASIA Asia : IASA MFR 2030 2000
World-Asia : IIASA CLE 2030

MFR:2030:CHEM:2000 IIASA MFR 2030 2000

CLE:2030:CHEM:2000  IIASA CLE 2030 2000

2000:CHEM:2030:MFR  1IASA 2000 MFR 2030

SULFATE:2000 Sulfate : IASA 2000 MFR 2030
BC/POM : IIASA MFR 2030

CARBON:2000 Sulfate : IASA MFR 2030 MFR 2030

BC/POM : IIASA 2000

further performed two “sectoral reduction” experiments: oneof degrees of freedom we used for both the “sectoral reduc-
in which the aerosol emissions from the Industry and Pow-tion” and “regional reduction” experiments the TM3 2000
erplant sector are reduced according to the MFR 2030 sceecalculations, and devote separate sensitivity experiments to
nario and the other sectors (Domestic and Transport) followthe evaluation of the impact of different oxidant fields.
CLE 2030 (MFR:2030:IP) and a similar simulation for the  |n order to test the effect of changes in the oxidant
Domestic and Transport sector (MFR:2030:DT). To demon-concentrations on the SGormation and subsequently on
strate to what extent emission reduction of specific regionshe aerosol lifecycles and RF we performed three addi-
could impact the region itself but also other regions due totional experiments: two in which the aerosol emissions
aerosol export we also conducted two “regional reduction’for MFR 2030 and CLE 2030 are used in combination
experiments: one in which it is assumed that the aerosoiyith the offline oxidant concentrations for the year 2000
emissions in Europe will be reduced according to the MFR(MFR:2030:CHEM:2000, CLE:2030:CHEM:2000) and one
2030 scenario, and the rest of the world follows the CLE in which the aerosol emissions for the year 2000 are applied
2030 scenario (MFR:2030:EUROPE) and a similar simula-in combination with the offline oxidant concentrations for the
tion for Asia (MFR:2030:ASIA). The regions defined as Eu- year 2030 (2000:CHEM:2030:MFR).
rope and Asia are shown in Fig. A4 in the appendix. Aerosol lifecycles are not independent as shown in pre-
As explained in Sect. 3.2., we use prescribed off-line ox-vious studies $tier et al, 20063, e.g. specific emission
idant concentrations from prior TM3 simulatior@gntener  changes induce changes in aerosol cycles with unaltered
et al, 2009, which applied the IIASA emission inventory emissions. Therefore, estimates of sector- or regionwise im-
for 2000, MFR 2030 and CLE 2030. In the case of the pacts of aerosol emissions do not necessarily imply a linear
2000 and PI experiment the 2000 oxidant concentrations areesponse. To investigate the influence of this aerosol mi-
taken, for the MFR:2030 and CLE:2030 scenario the respecerophysical coupling we conducted two more experiments:
tive TM3 scenario calculations are used. To limit the amountone in which only SQ emissions are assumed to change
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Table 3. Annual global mean aerosol properties for the different experiments (see Table 2 for a description of the experiments). The source
of SO, comprises primary emissions as well as)Sferived from DMS oxidation. AOD denotes the Aerosol Optical Depth and AAOD

the Aerosol Absorption Optical depth at 550 nm; The microphysical aging is defined as the ratio of the column burden of the hydrophobic
compounds to the transfer of the hydrophilic modes to the hydrophobic ones. Shortwave (SW) total aerosol RF is calculated relative to
2000 for the different experiments at the top of the atmosphere (TOA) in the atmosphere (atmopheric absorption ATM) and at the surface
(SUR) both for clear-sky (CS) and total-sky (TS) conditions. Numbers in parenthesis are the percentage difference with respect to the 2000
simulation, i.e. 2000—PI in case of the Pl experiment and EXP — 2000 for the future experiments with @xHR:2030, CLE:2030,
MFR:2030:1P, MFR:2030:DT, MFR:2030:EUROPE, MFR:2030:ASIA).

Experiment 2000 PI MFR:2030  CLE:2030 MFR:2030:IP MFR:2030:DT MFR:2030:EUROPE  MFR:2030:ASIA
SO, source [Tglyr] 96.00 39.36(59) 53.2844.5) 99.55(3.7) 61.92(35.5)  90.91{5.3) 97.92 (0.2) 76.99419.8)

SOy burden [Tg] 0.86  0.40 (55) 0.53-38) 0.94 (9) 0.60430) 0.86 (0) 0.92 (7) 0.7117)

SO lifetime [d] 4.44 4.65 (5) 4.59 (3) 457 (3) 4.56(3) 457 (3) 4,58 (3) 451 (2)
BC source [Tglyr] 811  1.40(83) 5.86-08) 7.21(11) 6.79 (-16) 6.28 (-23) 7.05 (13) 6.56 (-20)

BC burden [Ta] 0.12  0.03(75) 0.16-07) 0.11(8) 0.11(8) 0.10 (-17) 0.11(-8) 0.11(8)

BC lifetime [d] 556 7.06{27) 6.13 (10) 5.76 (4) 5.94 (7) 5.93(7) 5.82 (5) 5.96 (7)
BC agingtime [d] 0.79 1.80(-128) 1.12 (42) 0.79 (0) 1.02 (30) 0.88 (10) 0.83 (5) 0.96 (21)
POM source [Tglyr] 69.14 33.96(51) 60.3613) 63.53(8) 63.03 (-9) 60.86 (-12) 63.13 (-9) 61.88 (11)

POM burden [Ta] 1.08  0.47 (56) 0.97 (-10)  1.004) 1.01 (7) 0.99 (-8) 1.00 (7) 0.99 (-8)

POM lifetime [d] 568  5.00(12) 5.89 (4) 5.78 (2) 5.82 (3) 5.86 (3) 5.79 (2) 5.85 (3)
POM agingtime  [d] 1.41  1.97440) 1.64 (16)  1.3346) 1.61 (14) 1.37 (3) 1.3644) 1.44(2)
AOD [ 0.162 0.121(25) 0.136416) 0.166 (+2)  0.141413) 0.160 (1) 0.164 (1) 0.15147)
AAOD [*100] 0.220 0.078(65)  0.181419) 0.206 (7)  0.198 (-10) 0.190 (-14) 0.205 (-7) 0.195 (-11)
Forcing TOATS  [Winf] —2.00 1.13 0.02 0.76 0.18 0.00 0.32
Forcing TOACS  [W/nf] -0.82 0.58 -0.10 0.45 0.02 —0.07 0.23
Forcing SURTS  [W/rf] —2.81 1.37 0.07 0.90 0.33 0.06 0.44
Forcing SURCS  [W/rf] —1.44 0.75 —0.04 0.54 0.16 0.00 0.34
Forcing ATMTS  [W/n?] 0.76 —-0.24 -0.05 —0.14 —-0.15 —0.06 -0.12
Forcing ATMCS  [W/nf] 0.62 -0.17 —0.06 —0.09 —-0.14 —0.07 -0.11

according to the MFR 2030 scenario and BC and POM emissmall variations of e.g. the simulated wind speed and tem-
sion remain at the 2000 levels (CARBON:2000) and one inperature they vary slightly between the different experiments
which SGQ emissions remain at the 2000 levels and BC and(less thant0.5%). We do not further consider these varia-
POM emissions change according to the MFR 2030 scenaritions in the discussion of the results.

(SULFATE:2000).
In the CLE:2030 experiment the global annual mean SO

source increases by 4% with reductions over Europe (OECD
Europe—34%, Eastern Europe61%) and USA {£6%) and

In the following we focus on changes in the aerosol andincreases in South Asia (+192%), South East Asia (+98%)
aerosol precursor emissions, aerosol burdens and the resufnd Africa (e.g. Southern Africa +0.1%, Northern Africa
ing total aerosol radiative forcing (RF) relative to 2000, i.e. +16.5%). BC and POM emission decrease globally with

4 Results

(2000—pre-industrial) and (2030-2000). —11% and—8%, respectively. In the MFR:2030 experi-
ment the SQ source and BC and POM emissions are re-
4.1 Aerosol emissions duced globally by—45%, —28% and—13%, respectively.

The magnitude of the S{Osource reduction in MFR:2030 is
Global annual mean total aerosol emissions are given in Tacomparable with the 59% lower $@ource in pre-industrial
bles 3-5. For S@the source is the sum of primary emissions times compared to present day times. For BC and POM emis-
and SQ derived from DMS oxidation. The differences of the sions, pre-industrial values were +83% and +51% lower than
single scenarios to the 2000 scenario are shown as zonal apresent, which is much larger than the emission reductions in
nual means in Figla—c together with the simulated changes CLE:2030 and MFR:2030. This is due to lower BC and POM
in the respective aerosol burdens (Fig—f). Regional bud-  biomass burning emissions in pre-industrial times, whereas
gets for all experiments and the annual mean global distribuin the future scenarios they are kept constant.
tion for the 2000 experiment (2000) are given in the appendixin the sectoral experiments the emission differences reflect
(TableAl and Fig. A2). the sector contribution to the total emissions. Industry

Sea Salt, dust and DMS emissions are simulated interacand powerplant emissions dominate the totap ®@issions

tively in all experiments. Since the nudging technique allowswhile domestic and transport emissions are more important
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Table 4. As Table 3.

Experiment MFR:2030 MFR:2030:CHEM:2000 CLE:2030 CLE:2030:CHEM:2000 2000 2000:CHEM:2030:MFR
SO, source [Tglyr] 53.28 53.30 99.55 99.50 96.0 96.1
SOy burden [Ta] 0.53 0.52 0.94 0.94 0.86 0.86
SOy lifetime [d] 4.59 4.58 4.57 4.56 4.44 4.42
BC source [Talyr] 5.86 5.86 7.21 7.21 8.11 8.11
BC burden [Ta] 0.10 0.10 0.11 0.11 0.12 0.12
BC lifetime [d] 6.13 6.13 5.76 5.76 5.56 5.57
POM source [Talyr] 60.36 60.36 63.53 63.53 69.14 69.14
POM burden [Ta] 0.97 0.97 1.00 1.00 1.08 1.1
POM lifetime [d] 5.89 5.89 5.78 5.78 5.68 5.69
AOD [ 0.136 0.136 0.166 0.166 0.162 0.162
Forcing TOATS  [W/m?] 1.13 1.20 0.02 —0.04 2.00 211
Forcing TOACS  [W/m?] 0.58 0.58 —0.10 —0.11 0.82 0.82
Forcing SURTS  [W/m?] 1.37 1.44 —0.07 —0.05 2.81 2.87
Forcing SURCS  [W/m?] 0.75 0.74 —0.04 0.01 1.44 1.44
Forcing ATM TS [W/m?) —-0.24 -0.24 0.09 —0.05 —0.76 —0.76
Forcing ATM CS  [W/m?] -0.17 —0.16 —0.06 0.01 —0.62 —0.62

* For 2000 and 2000:CHEM:2030:MFR the forcing is calculated relative to the experiment PI.

Table 5. As Table 3.

Experiment 2000:CHEM:2030:MFR  MFR:2030 SULFATE:2000 CARBON:2000
SO, source [Talyr] 96.1 53.29 93.94 52.30
SOy burden [Ta] 0.86 0.53 0.85 0.53
SOy lifetime [d] 4.43 4.59 4.40 4.60
BC source [Talyr] 8.11 5.86 5.86 8.11
BC burden [Tg] 0.12 0.10 0.10 0.13
BC lifetime [d] 5.57 6.13 6.05 5.68
aging time [d] 0.82 1.13 0.91 1.09
POM source [Talyr] 69.14 60.36 60.36 69.14
POM burden [Tg] 1.08 0.97 0.97 1.09
POM lifetime [d] 5.68 5.89 5.86 5.74
aging time [d] 1.46 1.64 1.35 1.89
AOD [ 0.162 0.136 0.160 0.137
Forcing TOATS [W/m2] 1.18 0.07 1.08
Forcing TOA CS [W/m2] 0.53 —0.05 0.53
Forcing SUR TS [W/m2] 1.37 0.18 1.10
Forcing SURCS  [W/m?] 0.75 0.17 0.59
Forcing ATM TS [W/m?] —0.19 —0.11 —0.02
Forcing ATMCS  [W/m?] -0.22 -0.22 —0.06

* The total aerosol radiative forcing is calculated relative to the experiment 2000: CHEM:2030:MFR.

sources for BC and POM emissions. Therefore, in theexperiment shows only a small change in the;&0urce
MFR:2030:1P experiment, the SGsource is strongly re- (comparable to CLE:2030) and BC and POM emissions are
duced and shows similarity with the MFR:2030 experiment, strongly reduced, similar to MFR:2030. In the case aerosol
whereas BC and POM emissions show a comparable deemissions are reduced over Europe according to MFR
crease with the CLE:2030 experiment. The MFR:2030:DT 2030 (MFR:2030:EUROPE) the $Gource still increases

Atmos. Chem. Phys., 8, 6406437, 2008 www.atmos-chem-phys.net/8/6405/2008/
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Fig. 1. Annual zonal mean total (natural and anthropogenic) aerosol and aerosol precursor emissic(a)éﬂab)&hg/(mz * S)] and aerosol

burdens (pandt)—(f)) [mg/(m?)] for the single scenarios relative to 2000, i.e. 2000—P!I in case of the Pl experiment reflecting mainly increas-

ing aerosol and aerosol precursor emissions in the past and EXP—-2000 for the future experiments reflecting future changes in aerosol an
aerosol precursor emissions with EXRMFR:2030, CLE:2030, MFR:2030:IP, MFR:2030:DT, MFR:2030:EUROPE, MFR:2030:ASIA).

globally (+0.2%) due to the increase over Asia which is notand POM emissions<20%, —20%, —11%, respectively),
completely compensated by the decrease over Europe. Ireflecting the high potential to reduce aerosol emissions over
contrast, global annual mean BC and POM emission deAsia assuming that all currently available aerosol emission
crease (BC-13%; POM=9%), but to a much lesser extent abatements will be implemented.

than in the MFR:2030 scenario, reflecting that current leg-

islation does not strongly reduce BC and POM emissions in

2030 except over Europe. In contrast, the MFR:2030:ASIA

scenario shows a strong decrease of the S@irce and BC
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4.2 Aerosol burden and aerosol optical depth The aerosol absorption optical depth (AAOD, here defined
as the column integrated aerosol extinction owing to absorp-
The annual zonal mean aerosol burdens foy,SBC and tion at 550 nm), decreases around 20% in the MFR:2030 ex-

POM for the different experiments compared to 2000 are disPeriment, which is much less than the 182% increase be-
played in Fig.1d—f. The global annual mean burdens are tWeen pre-industrial and present day. This is caused by the
given in Table 3. Regional budgets for all experiments and@SSumption of constant future biomass burning emissions, in
the global annual mean distribution for the present-day ex-contrast to reduced biomass burning emissions in the pre-

periment (2000) are given in the appendix (Table A1 andindustrial experiment. The annual mean global AAOD is re-
Fig. A2). duced in all experiments, as BC and POM emissions decrease

The burdens do not respond linearly to the emissionm the CLE 2030 as well as MFR 2030 scenario worldwide.

changes as reflected in the altered aerosol lifetimes. Aerosol Fr(?m the. regional experiments (MFR:2030:EUROPE and
lifetime (defined as the ratio of global mean burden to globalMFR:2030:ASIA) we can analyse to what extent a maximum
mean source) is influenced by changes of the source distrifeasible reduction of aerosol and aerosol precursor emissions

bution as well as changes in the aerosol and oxidant compd! EUrope or Asia aff.ects other regions of the world by com-
sition. The influence of changes in the aerosol compositiorParing with the CLE:2030 experiment. In case MFR is ap-

are reflected in the changes of the microphysical aging timeP!i€d only in Europe we find slightly reduced AODs in other
of BC and POM. The microphysical aging time is defined world regions (e.g. AODs over USA and the Middle East are

as the ratio of the burden of the hydrophobic aerosol com-decreasing by-3%). In contrast, when MFR is only applied
pounds divided by the rate with which hydrophobic aerosolsn Asia reduced AODs can be found most pronounced over
are transfered to hydrophilic aerosols. For example in the2djacent regions like Japan-£7%). Strong reductions are
MFR:2030 experiment the global S®urden decreases by &S0 simulated for more remote regions (e.g. USA%, Eu-
—38%, which is 7% less than the emission reduction. This"P€ (OECD):=3%), reflecting the large export of aerosols

non linear response results from a longer lifetime (+3%) inTOM Asia into this regions. The reduction in AODs are
MFR:2030. The increase in SQOifetime is apparent in all mainly driven by reduced SOburdens (see also Table Al
experiments, which show a distinct shift of S@missions N the appendix).
towards low-latitude regions. Aerosol lifetime is influenced In addition, the regional experiments can be compared to
by a number of competing and interacting mechani@raf  the MFR:2030 experiment. The difference reflects the extent
et al.(1997 showed that natural emitted S®om volcanoes  to which Europe or Asia will benefit from a maximum feasi-
and DMS in the low latitudes have a longer lifetime com- ble reduction of aerosol and aerosol precursor emissions ap-
pared to anthropogenic emissions in high-latitude regiongplied in all other regions of the world. For Europe the AOD is
caused by less efficient dry depositidtier et al. (20069  reduced additionally by 10% caused by a reduced B@-
showed a similar response as simulated in this study for &len (~23%). Also Asia benefits from a worldwide appli-
shift of anthropogenic emissions towards lower latitudes, go-cation of MFR 2030. The AOD over Asia will be reduced
ing along with a strong increase in aerosol burden over semifurther by 15% mainly caused by an additional decrease in
arid tropical regions (Fig.1d). the SQ burden 19%).

Stronger non-linear effects are found for the BC and
POM burden in the MFR:2030 experiments where the bur-4.3 Aerosol radiative forcing
den (BC=17%; POM=10%) decreases much less than the

emissions (BG+28%; POM:-13%). This can be explained \ve calculate the present-day anthropogenic top-of-the-
by an increase in the microphysical aging time of BC andatmosphere (TOA) radiative forcing (RF) as the difference
POM (+42% and +16%, respectively) caused by less SO petween the present day simulation (2000) and the pre-
emissions in the MFR:2030 scenario, removing less BC angnqystrial simulation (P1), hereinafter referred to as TOA RF
POM by wet deposition and increasing its lifetime. For POM (2000-PI1). Analogously, the future changes are defined as
this effect is less pronounced as 65% of the POM sources ar¢oa RE (2030-2000). The calculated RF includes the con-
already assumed to be hydrophilic in ECHAMS-HARBtler  triputions from the direct aerosol effect, the cloud albedo ef-
etal, 2006H). fect, the cloud lifetime effect and the semi-direct effect on the

Overall, the strong decrease of 5 the MFR:2030 ex-  shortwave radiation. We note that our method of aerosol RF
periment leads to a reduction of the aerosol optical depthcalculations does not strictly follow the definition of IPCC
(AOD, here defined as column integrated aerosol extinc{Forster et al.2007 since here it includes contributions from
tion at 550 nm) of 16% compared to 2000. This is half of the cloud lifetime effect. We also diagnosed the atmospheric
the increase of the AOD (+34%) between pre-industrial andabsorption, which is the difference in net solar radiation be-
present-day times. In contrast, CLE:2030 leads to a furthetween TOA and surface and the surface RF. RFs are calcu-
increase (+2%) of the AOD globally, which is mainly driven lated for clear sky conditions and total-sky conditions. In the
by higher AODs over Asia. following, numbers always refer to total-sky RF.
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The global annual mean total (direct plus indirect) aerosolhigher over Europe in the case MFR 2030 is not only applied
RFs for the different experiments are summarized in Table Jover Europe but worldwide.
and plotted as zonal annual means in Rigpgether with the In contrast, an implementation of a maximum feasible re-
changes in the liquid water path, cloud top effective radiusduction strategy in Asia (MFR:2030:ASIA) leads to a strong
and total cloud cover. Regional budgets of the TOA RF arepositive TOA RF (2030-2000) across Asia (up to +6 \&ym
given in the appendix (Table Al) and annual mean global dis-The global annual mean TOA RF amounts to +0.32 W/m
tributions of the RF for the baseline experiments are showrTThis is substantially higher than the +0.02 \W/simulated
in the appendix (Fig. A3) in the CLE:2030 experiment, reflecting the large potential
The present day total anthropogenic TOA RF (2000-Pl) isto reduce aerosol and aerosol-precursor emissions in Asia.
simulated as-2.0 W/n?. This is on the higher end of re- Compared to the MFR:2030 experiment the positive TOA
cent estimates from global climate models with a range ofRF is 23% higher over Asia when MFR 2030 is not applied
—0.2 and—2.3W/n¥ and an average 6f1.2 W/n? (Den- only for Asia but worldwide.
man et al. 2007). It is slightly higher than the-1.8 W/n?
simulated with an almost identical model version, but apply-
ing AeroCom 2000 emissionkghmann et al.2007). 5 Sensitivity studies
The total anthropogenic TOA RF of2.0 W/n? goes
along with an increase in the liquid water path and cloudThis study provides estimates of the radiative effect of future
cover. This results from the aerosol cloud lifetime effect, aerosol and aerosol precursor emission mitigation strategies.
which retards the rain formation by the formation of smaller The resulting aerosol burdens and RFs are determined by
cloud droplets (decrease in cloud droplet radius) causing aimultaneously changing chemical and aerosol microphys-
build-up of cloud water. This effect is most pronounced ical conditions. In the sensitivity studies below we try to
in the region with a high anthropogenic aerosol load®’30 disentangle the role of two important processes: the effects
60° N). of changes in the oxidant concentrations and the effects of
For all future experiments a positive TOA RF (2030- changes in the aerosol composition.
2000) is simulated. Thus, the negative present-day anthro-
pogenic TOA RF of—2.0 W/n? will be reduced in the fu- 5.1 Influence of oxidant concentrations
ture caused by air pollution mitigation. For the future ex-
periments MFR:2030 and CLE:2030 the simulated TOA RFTo investigate the sensitivity of our results to changes in
are 1.13W/m and 0.02 W/rA, respectively. Regionally, the prescribed offline oxidant concentrations, we performed
RFs are quite inhomogeneous. In case of the MFR:2030 exthree additional experiments: two studies consider changes
periment the total aerosol TOA RF is positive globally with of aerosol emissions according to MFR 2030 and CLE
the largest values (up to 2.5 W#jnaround 30N caused by 2030, with oxidant concentrations at the 2000 level
the strong decrease of $S@missions over Asia and North (CLE:2030:CHEM:2000, MFR:2030:CHEM:2000) instead
America in the future. In contrast, the CLE:2030 experimentof oxidant concentrations for the respective scenarios as used
leads to a slightly negative RF between the equator ah#30 in the experiments CLE:2030 and MFR:2030 discussed in
caused by the increase in $§@®mission over Asia, whereas the previous chapter. In the third study aerosol and aerosol
itis positive (~0.5 W/n¥) around 40-60° N caused by ade- precursor emissions remain at 2000 levels, whereas oxi-
crease in aerosol emission over Europe in the future. dant concentrations change according to the MFR scenario
The MFR:2030:IP experiment leads to a TOA RF (2030- (2000:CHEM:2030:MFR). We consider that these studies
2000) of 0.76 W/rA, caused by the decrease in S@mis- encompass a realistic range of possible anthropogenic oxi-
sions. In the case that only the aerosol emission in the Transdant changes until 2030.
port and Domestic sector are reduced to a maximum feasible The oxidant concentrations as simulated in TM3 show
extent (MFR:2030:DT) the TOA RF amounts to 0.18 \W/m  large regional variations for the different scenaribsigtener
Thereby, the reduction in BC and POM emissions leads tcet al, 2006h. In Table A2 in the appendix we present a
a total negative aerosol RF in the atmosphere of the sameegional analysis of the changes in oxidant burdens for the
magnitude £0.15 W/n?). different experiments. Different oxidant concentrations will
If only Europe will follow a maximum feasible reduc- alter the production of SQin the gas-phase as well as in
tion strategy in the future (MFR:2030:EUROPE) the total the aqueous-phase. Thereby, the relative contribution of gas-
aerosol global annual mean TOA RF (2030-2000) amounts t@nd agueous-phase production to the total production varies
0.00 W/n?. Thus, a maximum feasible reduction of aerosol regionally. For example over Europe $froduction is dom-
and aerosol precursor emissions over Europe leads only tmated by aqueous-phase production and is therefore sensi-
a small additional negative global annual mean TOA RFtive to changes in b0, and G concentrations, whereas gas-
(—0.02W/n?) compared to the case in which worldwide phase production is dominant over dry regions as desert re-
CLE 2030 is applied (CLE:2030). A comparison with the gions in Africa or the Middle East, making Q@roduction
MFR:2030 experiment shows that the TOA RF will be 52% highly sensitive to OH concentrations. Regional budgets for

www.atmos-chem-phys.net/8/6405/2008/ Atmos. Chem. Phys., 8, 6483-2008



6416 S. Kloster et al.: Air pollution mitigation — total aerosol radiative forcing

(a) TOA SW Forcing (e) Liquid Water Path
T T 20 ]
[ MFR:2030 113[Wm?] 1 £ o MER:2030 ]
- - - CLE:2030 0.02[Wm?] N £ CLE:2030 B
[ ==imime= MFR:2030:P 0.76 [Wm?] ] £ = MFR.2030:P 1
[ = - MFR:2030:DT 0.18 [Wm?] ] 10F MFR:2030:DT A
E 2 MFR:2030:ASIA  0.32[Wm?] N E o MFR2030ASIA E
B 4 = F |
s L e : | Lot 1
S 0 = 0
e b o £ |
e [ 1 8 ¢ ]
g r 1 £ 3
B 2 = = 3
L ] 10~ E
4l - E E
L . . . . . ] 20E | | I I I 3
-90 60 -30 0 30 60 90 90 60 -30 0 30 60 %
Latitude Latitude
(b) Atmospheric SW Absorption (f) Cloud Cover
2r T T T ] T
E B 41— -+ MFR:2030 =
E 3 F CLE:2030 ,
C | I . MFR:2030:IP —
1 3 Fomem - MFR:2030:DT ,
P | 2= -
£ C ] _ | =— MFR:2030:ASIA il
2 F 1 S 4
= E | § L
£ 0 4 3 0
s F q S L |
¢ E 9 3
s F B s f
g r ] o L ]
s L ]
8 F MFR:2030 -0.24[Wm?] 1 K ]
A CLE:2030 0.09 [Wm?] 3 8 g
£ MFR:2030:1P -0.14[Wm?] ] L 4
E MFR:2030:DT -0.15[Wm?] 3 E B
s ] a4 _
E ——— MFR:2030:ASIA -0.12[wWm?] | L i
2L 1 1 1 1 1 | 1 1 1 1 1
90 -60 -30 0 30 60 90 90 60 30 0 30 60 £
Latitude Latitude
(c) Surface SW Forcing (g) Cloud top effective radius
[ T T ] 1.0 T
r MFR:2030 1.37[Wm?] ] - “ MFR:2030 7
4= CLE:2030 0,07 [Wm?] N L z CLE2030 ]
[ MFR:2030:1P 0.90 [Wm?] ] L - MER-2030:1P ]
L MFR:2030:DT 0.33[Wm?] ] 05 e — MFR:2030:DT -
& 2 MFR2030ASIA  044[Wm?] 7] E [ —  MFR2030-ASIA ]
z L 4 g L /]
o | 4 b=l L i
£ IO S
0 -
g or " 5 0o
s 1 g L
g r q ] L
B 2 — 2
8 2r ] gt
[ ] 05— B
4l - F ,
L . . . . . ] 1.0l | | I I I ]
90 -60 30 0 30 60 90 90 -60 30 0 30 60 %
Latitude Latitude
010 — [ ]
L «++ MFR:2030 4 0.004— «+ MFR:2030 ]
L = CLE:2030 B F CLE:2030 h
L MFR:2030:1P B F = MFR:2030:IP 1
I = MFR:2030:DT 1 o= = MFR:2030:DT 1
0,05 — 0002 i
: MFR:2030:ASIA : L MFR:2030:ASIA 4
= [ ] = L ]
g 0.00 8 o0.000
2 r 1 g L ]
00— J -0.002 —
010 i 0.004(— i
L L L 1 L L ] L L L L L
%0 60 30 [ 30 60 20 %0 60 30 [ 30 60 %0
Latitude Latitude

Fig. 2. Annual zonal mean changes of the total aerosol radiative forcing (RF) at the top of the atmosphere (TOA), within the atmosphere
(atmospheric absorption) and at the surfaces [¥imthe shortwave (SW), the Liquid Water Path (LWP) [§lithe aerosol optical depth

at 550 nm (AOD) and the aerosol absorption optical depth at 550 nm (AAOD), the total Cloud Cover [%] and the cloud top effective radius
[um] sampled only over cloudy periods within the cloudy part of the grid box. Differences are shown relative to the experiment 2000,
i.e. 2000—PI in case of the PI experiment, reflecting present-day anthropogenic total aerosol RF and EXP-2000 for the future experiments
reflecting RF perturbations of the present-day anthropogenic total aerosol RF in the future with(MKR:2030, CLE:2030, MFR:2030:1P,
MFR:2030:DT, MFR:2030:EUROPE, MFR:2030:ASIA). Numbers denote annual global mean RF.
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(a) CLE:2030:CHEM:2000—-CLE:2030 (b) MFR:2030:CHEM:2000-MFR:2030

2 -16 -1.2 -08 -04 0 04 08 12 16 2 -0.2-0.16-0.12-0.08-0.04 0 0.04 0.08 0.12 0.16 0.2
(c) 2000:CHEM:2030:MFR—2000 (d) Additivity
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Fig. 3. Differences in S@ burden in [mg(S)/rﬁ] caused by different oxidant concentratiof@—(c) (d) The deviation from additivity,

defined as the difference in the response (compared to the reference experiments) between the sum of the experiments in which oxidan
concentration and aerosol and aerosol pre-cursor emssions changed individ@8i00(CHEM:2030:MFRAMFR:2030:CHE:2000) and

the experiment in which both are changed at the same tiMFR:2030). The total present day g®urden as simulated in the 2000
experiment is shown in the appendix Fig. A2d.

the gas- and aqueous-phase production of 8@l the SQ South Asia due to higher SGemissions in the CLE 2030
burden as simulated for the single experiments are given irscenario compared to 2000. Thus, the negative total aerosol
TableA3 in the appendix. TOA RF as simulated over South Asia is reduced {86

If oxidant concentrations would remain identical to for clear sky conditions).
present day conditions, a situation that would be roughly rep- Consistently, comparing MFR:2030:CHEM:2000 and
resentative for the absence of further mitigation measures tpMFR:2030 we find an increase in the $Burden (most pro-
reduce ozone precursor emissions, we simulate only smathounced over Asia (+1.8%) and Central America (+1.3%))
impacts in the global annual mean $turden (Table 4) for  due to the higher OH levels in 2000 compared to MFR 2030
both aerosol and aerosol precursor emission scenarios (CLEading to a stronger gas-phase production of. S@®wever,
2030 and MFR 2030). However, regionally we find pro- over Europe the Sfburden is lower (1-2%) as here OH as
nounced differences in the 3@urden (Fig3a and b). well as O, concentrations are lower(6—7%) and—(0—

For CLE:2030:CHEM:2000 impacts are strongest over10%), respectively) in 2000 compared to MFR 2030 leading
South Asia where the S(burden is 5% lower compared to to a weaker gas-phase as well as aqueous-phase production
CLE:2030. Here, the lower OH burden-2%) at present of SOy. The increase in S{£burden dampens the overall de-
day levels leads to a weaker gas-phase production af SOcrease in S@burden over Asia caused by decreasing SO
(=7%). A similar, but stronger effect, was found bijpger  emissions in the MFR 2030 scenario. Therefore, the positive
et al. (2009. For the SRES A1B emissions scenario they total aerosol TOA RF as simulated over Asia is weaket%
simulate that present oxidant levels compared to increasetbr clear sky) in case 2000 oxidant concentrations are used.
levels of oxidants in 2050 would lead to 20% lower SO The opposite is the case for Europe whereys $@duction
oxidation rates over India and China. The decrease in SOrates are lower and thus amplify the S@mnission trend and
burden dampens the overall increase of thg 8@den over increase the positive total aerosol TOA RF.
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For the third sensitivity study which assumes that air pol- assumes especially for precursors of 0zone much stronger in-
lution mitigation only effects photo-oxidant precursor emis- creases than the scenario considered here, for instance global
sions and leaves aerosol and aerosol precursor emissions UROy emissions increase from 2000 to 2030 for SRES A2 by
changed in the future (2000:CHEM:2030:MFR) the changest+101%, whereas they decrease for CLE and MFR-46
in the SQ burden are very similar but stronger and op- and —60%, respectively. Although the SRES A2 scenario
posite in sign compared to the MFR sensitivity experimentis nowadays considered to be overly pessimidier(tener
(Fig. 3c). et al, 2006h, the Pham et al(2005 study offers an inter-

As a result the combined response of changes in oxidangsting perspective on what could be the consequence of non-
concentrations and aerosol and aerosol precursor emissicattainment to air quality objectives.
changes are non-linear. Figuse shows the additivity of the
sulfate burden for the MFR:2030 case. Additivity is thereby 5.2 Changes in aerosol composition
defined as:

a = (AMFR : 2030 — (A2000: CHEM : 2030: MFR
+AMFR : 2030: CHEM : 2000

Aerosols are predominantly internally mixed, with varying
chemical composition. The microphysical aging of aerosols,
determined by the growth of aerosols by coagulation, con-

with AX=X —REF andX e densation of gas-phase sulfate on pre-existing aerosol par-
(MFR:2030,2000: CHEM:2030:MFR, ticles and by cloud processing, affects their size distribu-
MFR:2030: CHEM:2000): tion, solubility and radiative properties. Therefore, aerosol
REF is the reference experiment 2000. lifecycles of different components are not independent, i.e.

A negative deviaton from  additivity im- changes in aerosol and aerosol precursor emissions of a
plies that the decrease in sulfate burden is specific compound can affect other aerosol compounds and
higher in the sum of the individual experiments change the overall aerosol microphysical and radiative prop-
(A2000:CHEM:2030:MFRAMFR:2030: CHEM:2000), erties Gtier et al, 20063. As a result, the sum of aerosol
in which aerosol emissions and oxidant concentrationProperties calculated from individual aerosol component
are changed separately, than in the combined experimerfmissions does not necessarily add-up to the aerosol proper-
(AMFR:2030). A positive deviation implies that the ties considering the full mix of aerosol and aerosol precursor
decrease in sulfate burden is lower in the sum of the€mission changes. To investigate these deviation from addi-
individual experiments than in the combined experiment.tivity we conducted two more experiments: one in which the
We find positive deviations reaching up to 0.48 mg($)/m SO, emission are k_ept_at there 2000 levels and carbonaceous
( 3% compared to the reference simulation) over Asia andBC and POM) emission decrease according to MFR 2030
negative deviations «0.16 mg(S)/m, 4% compared to sions are kept at there 2000 levels and 8@ission decrease
the reference simulation). Deviations from additivity result @ccording to the MFR 2030 scenario (CARBON:2000). The
changes in oxidant concentrations in the case aerosol an#Ple 5. To exclude any impacts from different oxidant con-
aerosol precursor emissions remain at their high present dagentrations we use the 2000:CHEM:2030:MFR experiment
values (2000:CHEM:2030:MFR) compared to the response?S reference. o o
when aerosol and aerosol precursor emissions are reduced !N idealized sensitivity studieStier et al.(20063 per-
(MFR:2030, compare Fig3b and 3c). On the global formed experiments using the ECHAM5-HAM model, for
annual mean the deviation from additivity is rather small the extreme case of the omission of anthropogenig &l
(1.8 Gg(S), 0.2% of the sulfate burden simulated for theBC emissions. They found deviation from additivity of the
reference simulation). AOD reaching up to 15% in anthropogenic sources regions.

For all sensitivity experiments the changes in,S@n- However, as already mentioned the aerosol system is non-
centrations do not substantially alter the lifetime of the otherlinear. Here, we therefore extend the analysisSigr et al.
aerosol compounds considered10, see Table 4). The (20063 of the additivity using more realistic future emission
g|0ba| annual mean tota' aeroso| TOA RF (2030_2000) isSCEI_WariOS. We fOCUS therep-y -On the tOtal aerOSOI TOA RF.
thereby only slightly affected: for CLE:2030:CHEM:2000  Figure 4 shows the additivity of the TOA clear sky RF.
it amounts t0_004W/rr? Compared to +0.02 W/ﬁ']for Add|t|V|ty is thel’eby defined similar t&tier et a|(20063
CLE:2030; for MFR:2030:CHEM:2000 it amounts to as:
+1.20 W/nf compared to +1.13 W/frfor MFR:2030. 4 = (AMFR : 2030

Finally we WIS'h to menpon that.we.do not simulate the —(ASULFUR: 2000+ ACARBON : 2000
strong changes in the vertical distribution of S&ncentra-
tion and SQ deposition processes nor substantial changewith AX=X—-REF andXe (MFR:2030, SULFUR:2000,
in DMS, as were found byham et al(20095. The latter = CARBON:2000); REF is the reference experiment
authors focused on the extreme SRES A2 scenario, whicl2000:CHEM:2030:MFR.

Atmos. Chem. Phys., 8, 6406437, 2008 www.atmos-chem-phys.net/8/6405/2008/



S. Kloster et al.: Air pollution mitigation — total aerosol radiative forcing 6419

Negative deviations are simulated over the anthropogenic -
source regions reaching up 0.6 W/n? over Asia. This is
about 10% of the positive TOA RF (2030-2000) simulated in
the MFR:2030 experiment. A negative deviation from addi-
tivity implies that the positive TOA RF caused by decreasing
aerosol emissions is higher in the sum of the individual ex-
periments ASULFUR:2000-ACARBON:2000) than in the
combined experimentAMFR:2030). This is explained by
the simulated deviations from additivity for the AOD, for
which we simulate positive deviations from additivity over
the anthropogenic source regions reaching up to 12% over |
Asia (not shown), implying that the AOD is more efficiently
reduced in the sum of the individual experiments and thus B s 0 o015 03 o045 06
leads to a higher positive TOA RF. _ o o

Such a positive deviation from additivity for the AOD has Fig. 4. The dev'at'c.m from addmvn_ty for TOA. clear sky SW aerosol

. - s RF in [W/mz] defined as the difference in the response (com-
been shown before in a similar sensitivity study already men-

. . . pared to the reference experiments) between the sum of the exper-
tioned above gtier et al, 20063. The changes in the AOD, iments in which carbonaceous and $S@re changed individually

which is dominated over the anthropogenic source regionga suLFUR:20004 CARBON:2000) and the experiment in which
by aerosols in the accumulation hydrophilic mode, is a re-a|| emissions are changed at the same titab1ER:2030) .
sult of the interdependence of sulfate and carbonaceous emis-

sion to form aerosols of the accumulation size mode range. Control of aerosol and aerosol precursor emissions to a
Gas_phase SOcondenses on the surface of primary emit- maximum feasible potential decreases anthropogenig; SO
ted carbonaceous particles, so that they grow into the accuBC and POM emissions worldwide and introduces a pos-
mulation size mode. Consequently, changes of accumulaitive TOA RF (2030-2000) globally. The global annual
tion size mode particles depends non-linearly on the mixturenean TOA RF amounts to +1.13 W/mompared to present-

of gas-phase SOand the number of primary carbonaceous day conditions. This is about half of the negative TOA
seeds available for condensation and subsequent growth inf8F we simulate between pre-industrial and present day
the accumulation size range. As a result the aerosol num(—2.00 W/n¥), clearly showing the large potential influ-
ber concentrations of the accumulation hydrophilic mode isence of reducing anthropogenic aerosol and aerosol precur-
more efficiently reduced in sum of the two individual experi- SOr emission by air pollution mitigation in the future. Pos-
ments compared to the combined experiment. Thus the devitive future TOA RF are largest over Asia, reflecting large
ation from additivity is positive (up to 6% in our study over Present-day aerosol emissions and thus strong mitigation po-
Asia) and explains the positive deviations of the AOD and tentials in rapidly developing countries.

the resulting negative deviation from additivity for the posi- In contrast, current legislation for aerosol and aerosol
tive TOA RF. precursor emissions leads to a decrease of 8@issions
over Europe by 2030, whereas emissions mainly over Asia
will continue to increase. Carbonaceous (BC and POM)
emission will decrease worldwide. Overall, this leads to a
This study used the global ECHAM5-HAMRpeckner etal.  very small global annual mean positive total aerosol TOA
2003 atmospheric general circulation model to assess possiRF of +0.02W/n? compared to present-day conditions.
ble impacts of future aerosol and aerosol precursor emissionghereby, negative TOA RF prevail over Asia (e.g. South Asia
on the Earth’s radiation budget. The ECHAMS5-HAM model —1.10 W/n¥) while they are positive over Europe (e.g. East-
includes a microphysical aerosol-cloud modstiér et al, ern Europe +1.50 W/R).

2005 Lohmann et al.2007), allowing to account for both, Implementation of all feasible control technologies for
the direct and indirect aerosol effects. We compared two dif-aerosol and aerosol precursor emissions only in Europe
ferent future aerosol and aerosol precursor emission scenafthe rest of the world stays with its current legislation)
ios for the year 2030 recently developed by the Internationaleads to a negligible global annual mean future TOA RF
Institute for Applied System Analysis (IIASACofala et al. of —0.001W/n?. In contrast, if Asia reduces aerosol and
2007: “current legislation” (CLE 2030) and “maximum fea- aerosol precursor emissions according to MFR 2030 the
sible reduction” (MFR 2030). The comparison is done in TOA RF amounts to +0.32 W/fn Other regions will benefit
terms of radiative forcing (RF) at the top-of-the-atmospherein terms of air pollution from an application of MFR 2030
(TOA) compared to present-day conditions, i.e. the pertur-in Europe or Asia due to reduced transport of aerosols out of
bation of the present-day total anthropogenic aerosol RFthese regions.

Besides the two contrasting scenarios we performed simula- As mitigation policies focus on specific economic source
tions using sectoral and regional combinations of these two.sectors (like road traffic or power generation) we conducted

6 Discussion and conclusions
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additional experiments focusing on the potential of reducingaerosol precursor emissions are applied in combination with
aerosol and aerosol precursor emissions in the Powerplart000 oxidant concentrations instead of using the correspond-
and Industry sector (which are dominated by,®Missions) ing scenario calculations. As a result we find a decrease in
or the combined Transport and Domestic sectors (which aré&sOy burden over South Asia{(5%) in case of CLE, due to
dominated by carbonaceous emissions). Reducing aerosal less efficient gas-phase production of4S@hen applying
and aerosol precursor emissions in the Industry and Pow2000 oxidant concentrations. For MFR we simulate an in-
erplant sector according to MFR 2030 while the other sec-crease over Asia (+2%) caused by a more efficient gas-phase
tors stay with CLE 2030 leads to a future TOA RF (2030- production when applying 2000 oxidant concentrations. For
2000) of +0.76 W/rA caused mainly by strongly decreasing both scenarios changing oxidant concentrations in the future
SO, emissions globally. In contrast, reducing aerosol andwill dampen the emissions trends mainly over Asia, i.e. for
aerosol precursor emissions in the Domestic and Transpoi€LE 2030 increasing emissions are combined with less effi-
sector according to MFR mainly leads to a strong reductioncient SQ production and for MFR 2030 decreasing aerosol
of carbonaceous emissions while global annual meap SOemissions are combined with more efficient S@oduc-
stillincrease, leading to a TOA RF of +0.18 Winwith are-  tion. Overall, we conclude that the influence of air pollution
duced atmospheric absorption due to less absorbing aerosafsitigation strategies for oxidant concentrations in a realis-
present in the same magnitudeQ,.14 W/n¥). tic range between present day and 2030 will not significantly
To further improve the understanding of the implications alter the global annual mean $@roduction and thus the in-
of air pollution policies for climate change and the effective- fluence on TOA RF is rather small. A recently developed
ness of climate change mitigation best advise could be givemew version of the ECHAM5-HAM model including the full
by calculating the RF for each individual sector or as it hasMOZART chemistry scheme as describedRozzoli et al.
been traditionally done for specific aerosol compounds (e.g(2007) will allow more consistent simulations in the future.
Forster et al.2007, Koch et al, 2007, Unger et al. 2008. We focused in our study on anthropogenic aerosol and
Such an approach requires that the aerosol system is addierosol-precursor emissions and neglected possible changes
tive, i.e. the sum of the RF simulated for the change of eachin natural emissions. However, natural aerosol emissions like
sector or aerosol compound individually is identical to the dust emissionTegen et al.2004 Mahowald et al.20068,
RF taking into account the change of the full mix of aerosolsDMS emissions Kloster et al, 2007 or sea salt emissions
present. Deviations from additivity can be expected as thgMahowald et al. 20063 are likely to change in the future
sectors vary significantly in terms of their mix of aerosol and due to changes in the climate state. However, the magni-
aerosol precursor emissions and thus in terms of their mitude and even the sign of changes expected in a warmer fu-
crophysical properties. We tested this for the extreme caséure global climate are highly uncertain, making it difficult to
of a maximum abatement of either S@missions or car- assess the extent to which natural emissions will strengthen
bonaceous emissions in the future. Compared to an expelr weaken the TOA RF caused by changes in anthropogenic
iment considering the abatement of both ¢Sd carbona- aerosol emissions. In addition we neglected any natural or
ceous emissions) we found non negligible deviations fromanthropogenic changes in biomass burning aerosol emissions
additivity for the clear-sky RF reaching up 0.6 W/n? in in the future, whereas a recent study suggested that carbona-
the anthropogenic source regions, which is about 10% of theeeous biomass burning emissions are likely to decrease in the
TOA RF (2030-2000) simulated in the MFR 2030 experi- future (Streets et al2004).
ment. This indicates, that the impact of future air pollution  Finally, we want to stress that measures aiming at improv-
mitigation strategies on RF can only be assessed correctly bing future air quality will have implication on climate change
taking into to account the full range of aerosol and aerosolmitigation strategies aimed at maintaining global warming
precursor emissions changes as expected for the future.  below a specific thresholdBtasseur et al.2005 Shindell
However, the assessment of the RF as done in this studegt al, 2007). When more stringent air pollution abatements
has some limitations as they are not fully consistent in termsare implemented worldwide, utilizing the presently available
of oxidant concentrations used in the sulfur chemistry modelmost advanced control technologies, the present-day nega-
to simulate the production of SO Oxidant concentrations tive total aerosol TOA RF will be strongly reduced (by 50%)
will change in the future as a result of air pollution mitiga- by 2030. As a consequence climate change thereafter will
tion. Due to computational constraints ECHAM5-HAM uses be controlled to a larger extent by changes in greenhouse gas
prescribed oxidant concentrations as simulated within theemissions. Climate change mitigation strategies should take
TM3 chemistry model. Oxidant concentrations were avail- into account climate impacts caused by improved air qual-
able for the year 2000 and the two scenarios CLE 2030 andty and changes in greenhouse gas emissions, focusing on a
MFR 2030 Dentener et a].20063. However, for the sec- simultaneous reduction of air pollution and greenhouse gas
toral and regional experiments no corresponding TM3 studyemission.
was conducted, so that we kept oxidant concentrations at the
level of the year 2000. We have performed two more sen-
sitivity studies in which CLE and MFR 2030 aerosol and
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Table Al. Regional Budgets for the single experiments. Regions are defined as shown AdFighe source of S©@comprises primary

emissions as well as SQlerived from DMS oxidation. Absolute values are given for the 2000 experiment. For the others experiments
percentage differences are given with respect to the 2000 simulations, i.e. (2000—PI) in case of the Pl experiment and EXP-2090 for EXP

(MFR:2030, CLE:2030, MFR:2030:IP, MFR:2030:DT, MFR:2030:Europe, MFR:2030:Asia).

CAN USA Central South Northern Western Eastern
America  America Africa Africa Africa
Experiment 2000
Source SQ [Ga(S)/yr] 920.7 8464.0 2033.9 4479.2 810.1 781.6 438.5
Burden SQ [Ga(9)] 8.1 24.0 10.4 27.7 28.4 35.7 24.7
Emission BC [Galyr] 41.0 309.0 233.6 975.1 37.2 930.2 412.0
Burden BC [Gd] 0.5 2.0 1.3 11.4 1.8 15.7 4.5
Emission POM [Galyr] 954.7 2720.7 2400.1 15618.2 198.5 10984.6 4439.3
Burden POM [Gq] 7.4 21.2 12.2 153.7 11.9 160.7 39.9
AOD [] 3.0 11.2 16.7 13.1 19.3 31.8 21.1
Experiment PI : 2000—PI
Source SQ [%] 934 97.9 72.7 36.0 98.9 71.8 60.0
Burden SQ [%0] 66.9 82.9 66.5 34.7 56.7 58.1 68.4
Emission BC [%0] 6.2 94.7 94.5 75.7 82.5 717 68.6
Burden BC [%0] 43.3 91.9 91.9 69.7 81.9 70.8 73.7
Emission POM [%0] —62.5 50.0 69.5 415 67.1 55.4 58.2
Burden POM [%0] -15.1 48.2 68.1 47.1 59.0 61.2 59.5
AOD [%] 67.8 78.7 50.4 30.9 24.2 30.7 41.9
TOA forcing Total sky ~ [W/nf] -1.387 -—2.732 -3.207 -1.814 -0.615 -0.677 —2.289
TOA forcing Clear sky  [W/m] —0.646 —1.883 -1.608 —0.569 —0.206 —0.819 —1.021
Experiment MFR:2030: MFR:2030-2000
Source SQ [%] —72.3 —-82.5 —59.6 -18.0 —79.8 —18.8 —18.7
Burden SQ [%] —-52.2 —67.3 —52.2 -18.3 —45.7 —39.3 —-52.4
Emission BC [%0] —-54.2 -51.7 —40.8 -19.8 -23.9 —-4.0 -51
Burden BC [%0] -31.3 —44.7 —37.7 -10.6 —-33.0 —6.0 -16.4
Emission POM [%0] -3.6 -9.1 —15.6 -3.9 —-19.0 —-25 -3.9
Burden POM [%0] -3.8 -8.0 -13.0 2.7 -11.1 -3.3 -85
AOD [%] —55.6 —62.5 —-37.2 -11.1 -19.1 -14.0 —29.2
TOA forcing Total sky [\N/n?] 1.109 1.640 1.726 0.798 0.525 0.421 1.037
TOA forcing Clear sky  [W/m] 0.517 1.477 1.229 0.260 0.320 0.588 0.878
Southern  Europe  Europe Europe USSR Middle East  South
Africa OECD Eastern Reg. Exp.  former Asia
Experiment 2000
Source SQ [Ga(S)/yr] 1730.2 5702.2  3020.2 12991.2 5590.4 3050.8 3694.2
Burden SQ [Ga(9)] 13.0 9.9 4.2 325 32.2 31.0 23.8
Emission BC [Galyr] 706.9 309.3 98.9 590.9 275.3 99.4 780.3
Burden BC [Gd] 6.6 1.2 0.5 3.4 2.7 2.4 7.0
Emission POM [Galyr] 7520.1 910.0 414.5 2282.1 3213.9 346.7 3661.5
Burden POM [Gq] 67.3 4.6 2.1 16.5 24.5 13.6 334
AOD [ 12.7 14.0 20.1 14.8 7.5 16.1 20.6
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Southern Europe Europe Europe USSR Middle East ~ South

Africa OECD Eastern Reg. Exp. former Asia
Experiment PI: 2000-PI
Source SQ [%] 87.4 58.3 99.9 80.6 96.8 81.7 98.7
Burden SQ [%] 52.9 69.9 77.0 73.9 76.7 103.1 82.9
Emission BC [%] 66.9 96.4 93.5 93.6 59.4 12.0 91.1
Burden BC [%6] 67.1 93.5 92.6 90.7 71.8 29.5 90.4
Emission POM [%6] 57.2 52.1 67.6 49.4 -0.9 5.0 68.6
Burden POM [%] 59.4 52.5 59.3 50.3 19.3 23.0 67.4
AOD [%0] 47.2 53.2 71.4 60.6 61.5 38.0 52.6
TOA forcing Total sky ~ [W/nf] —-2.371 —5.620 —5.695 —52.97 —2.555 —1.381 —2.461
TOA forcing Clear sky  [W/r] —0.863 —-1.770 —3.076 —2.194 —-1.223 —1.089 —1.182
Experiment MFR:2030: MFR:2030-2000
Source SQ [%] —63.2 —48.2 —89.9 —68.5 —82.8 —75.6 —56.1
Burden SQ [%6] —33.6 —56.0 —63.9 —60.4 —-63.1 —87.2 —-59.8
Emission BC [%6] -5.3 —70.3 —68.5 —61.6 —29.6 -8.9 —42.6
Burden BC [%] —5.4 —62.7 —62.4 —54.9 —-34.5 —-15.4 —42.7
Emission POM [%] -2.3 —25.2 -35.0 —26.9 -8.9 -37 —46.0
Burden POM [%] —-2.6 —-19.4 —26.0 —19.0 —10.4 -7.6 —42.6
AOD [%0] —20.7 —41.6 —58.6 —48.9 -515 -31.9 —36.0
TOA forcing Total sky  [W/nf] 1.126 2.850 3.269 2.932 1.717 1.080 1.267
TOA forcing Clear sky  [W/r] 0.519 1.366 2.475 1.739 1.007 1.030 0.991

East South East Asia Japan Greenland Oceania Global

Asia Asia Reg. Exp.
Experiment 2000
Source SQ [Go(S)lyr] 15161.6 1931.0 23256.9 972.9 3.2 1253.0 95994.8
Burden SQ [Ga(S)] 36.3 13.0 78.8 1.8 1.0 10.0 857.8
Emission BC [Galyr] 1912.3 566.4 3223.0 55.6 0.0 228.5 8111.6
Burden BC [Gal 11.2 3.6 22.6 0.3 0.0 2.0 1235
Emission POM [Galyr] 6387.8 5086.0 15508.9 132.3 2.0 3187.8 69140.5
Burden POM [Gal 452 26.2 111.6 1.3 0.2 25.2 1075.0
AOD [ 19.2 155 19.1 22.3 0.5 111 16.2
Experiment Pl: 2000—PI
Source SQ [%6] 95.9 83.8 83.2 42.4 13.6 72.7 59.8
Burden SQ [%] 86.2 62.1 74.3 72.2 56.6 35.8 53.3
Emission BC [%] 94.1 83.9 91.5 89.2 100.0 74.2 82.7
Burden BC [%] 91.4 83.7 89.4 89.9 71.3 75.6 78.0
Emission POM [%] 74.7 53.1 65.6 354 0.4 52.0 50.9
Burden POM [%] 69.9 58.5 65.9 56.6 23.0 56.9 56.7
AOD [%] 81.7 55.4 63.6 62.9 48.1 17.7 25.1
TOA forcing Total sky  [Wi/nf] —4.187 —3.910 —3.633 —5.954 —0.153 —0.951 —2.047
TOA forcing Clear sky [\N/n%] —2.342 —1.481 —1.837 —2.698 —0.081 —-0.272 —-0.824
Experiment MFR:2030: MFR:2030-2000
Source SQ [%6] —73.0 —455 —-59.5 —-27.5 —-4.1 -57.0 —445
Burden SQ [%] —66.9 —42.2 —54.6 —54.4 —42.1 —24.2 —38.7
Emission BC [%] -37.6 —16.8 —34.2 —83.7 -37.7 -7.5 —-27.8
Burden BC [%0] —-33.6 —20.8 —-33.5 —44.2 —24.4 -5.1 —17.2
Emission POM [%] —51.1 —16.1 —-37.2 —41.2 0.0 —0.6 —-12.7
Burden POM [%] —40.3 —19.6 —34.8 —38.2 —-9.5 -0.8 —-9.5
AOD [%6] —60.7 —-35.7 —45.1 —45.9 -36.2 -9.4 -16.5
TOA forcing Total sky  [W/nf] 1.702 1.524 1.479 3.431 0.106 0.293 1.132
TOA forcing Clear sky  [W/m] 1.844 1.033 1.396 2.029 0.068 0.220 0.580
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Table Al. Continued.

CAN USA Central South Northern Western Eastern

America  America Africa Africa Africa
Experiment CLE:2030: CLE:2030-2000
Source SQ [%0] 0.5 -5.8 -37.2 8.6 16.5 11.0 11.7
Burden SQ [%0] 6.0 -1.3 -7.8 8.0 -11.7 0.0 6.3
Emission BC [%] —28.7 —27.6 —26.4 -10.3 31.4 0.6 -11
Burden BC [%0] -17.7 —244 226 -5.9 -11.7 -1.2 —4.6
Emission POM [%0] -0.8 -2.3 —13.5 -3.0 -1 -1.3 -2.0
Burden POM [%] —2.1 -38  -109 —21 —5.4 -1.9 —5.1
AOD [%0] -1.8 —4.4 -8.0 3.1 -5.3 0.1 2.3
TOA forcing Total sky ~ [W/n%] 0.085 0.070 0.652 0.382 0.099 —-0.206 —0.208
TOA forcing Clear sky  [W/rf] 0.014 0.039 0.199 -0.109 0.059 —0.089 -0.214
Experiment MFR:2030:IP: MFR:2030:IP-2000
Source SQ [%0] —64.2 —-79.3 -55.2 —15.3 -57.0 -3.0 -2.0
Burden SQ [%0] —45.1 —-60.4 —-429 —-11.2 —-38.0 -30.3 —42.7
Emission BC [%0] —30.6 -30.2 -28.1 -13.1 27.2 -0.6 -3.7
Burden BC [%0] —16.6 —256 234 —-7.4 —-13.2 -25 -7.6
Emission POM [%0] -0.8 -25 —13.8 -3.3 21 -15 -25
Burden POM [%0] -1.3 -3.2 -10.5 2.2 -54 -2.0 57
AOD [%] —49.5 -56.0 —-30.0 —6.8 —15.8 -10.7 —23.9
TOA forcing Total sky ~ [W/n%] 0.848 1.279 1.543 0.572 0.441 0.198 0.628
TOA forcing Clear sky  [W/r] 0.442 1.335 0.998 0.158 0.331 0.468 0.746
Experiment MFR:2030:DT: MFR:2030:DT-2000
Source SQ [%0] 7.7 -9.0 —-41.6 5.8 -6.3 —-4.9 -5.0
Burden SQ [%0] -0.2 -11.0 -186 1.2 -18.1 -7.7 —-2.6
Emission BC [%0] —-52.3 —-49.0 -39.0 -17.0 —-19.8 -2.8 —-2.6
Burden BC [%0] —-31.5 —-43.1 -36.4 -9.1 -31.3 —-4.8 -13.1
Emission POM [%0] -35 -8.9 -154 -3.6 -17.9 -2.3 -3.4
Burden 0C [%0] —-4.5 -8.3 —-13.3 -25 -10.9 -31 -7.6
AOD [%0] -94 -13.9 —16.9 -11 -9.8 -3.9 -3.1
TOA forcing Total sky ~ [W/n%] 0.217 0.385 0.862 0.523 0.189 —0.068 —0.090
TOA forcing Clear sky  [W/rd] 0.069 0.239 0.467 —0.014 0.056 0.014 —0.090

Southern  Europe  Europe Europe USSR Middle East ~ South
Africa OECD Eastern Reg. Exp.  former Asia

Experiment CLE:2030: CLE:2030-2000

Source SQ [%0] 0.1 -335 -61.1 —42.6 —42.5 —46.9 192.2
Burden SQ [%0] 11.4 -186 —-30.3 —-23.3 -19.8 —-21.7 87.4

Emission BC [%0] 2.2 —55.4 —-51.8 —335 14.6 -3.9 —-12.5
Burden BC [%0] 0.9 —-459 423 —29.6 -5.2 —-4.9 -10.2
Emission POM [%0] -0.9 -16.7 —-26.5 -94 2.1 21 —-34.0
Burden POM [%0] -1.6 —-12.2 -171 —-8.0 —-2.5 —4.3 —-30.5
AOD [%] 6.3 -18.7 -31.6 —-23.4 —-22.2 -9.7 48.6

TOA forcing Total sky ~ [W/nf]  —0.277 1.009 1.504 1.027 0.486 0.328 -1.094
TOA forcing Clear sky [W/m] —0.151 0.547 1.237 0.766 0.395 0.308 -1.734
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Southern Europe Europe Europe USSR Middle East  South

Africa OECD Eastern Reg. Exp. former Asia
Experiment MFR:2030:1P: MFR:2030:1P-2000
Source SQ [%6] -56.2 -44.0 -86.6 -63.6 -78.3 -72.4 —40.3
Burden SQ [%] —25.8 —47.4 —57.6 —53.2 —57.2 —78.2 —48.0
Emission BC [%] -0.2 —56.6 —53.5 —37.6 7.4 —4.2 —-21.1
Burden BC [%6] -0.7 —46.4 —43.4 -31.3 -7.0 -5.8 —18.1
Emission POM [%] -1.3 —16.9 —27.0 —10.9 1.2 -2.2 —36.2
Burden POM [%] -1.8 —-11.4 —16.8 —-7.5 -1.8 —-4.3 —-32.6
AOD [%] —15.9 —34.6 —52.5 —42.7 —46.8 —28.5 —-27.8
TOA forcing Total sky  [Wi/nf] 0.816 1.980 2.614 2.088 1.334 0.989 1.079
TOA forcing Clear sky  [W/r] 0.423 1.145 2.217 1.524 0.909 1.019 0.933
Experiment MFR:2030:DT: MFR:2030:DT-2000
Source SQ [%] —-6.9 —-37.7 —64.5 —47.6 —46.9 —50.1 176.4
Burden SQ [%] 3.8 —25.6 —35.0 —29.1 —245 -30.3 59.7
Emission BC [%] -3.0 —69.1 —66.8 —-57.5 —22.4 -85 —-34.0
Burden BC [%] —-3.7 —61.9 —60.8 —52.6 —-31.3 -14.4 —-34.8
Emission POM [%] -1.8 —25.0 —34.5 —25.4 -7.9 -35 —43.8
Burden 0C [%] —-2.4 —-20.1 —26.0 —29.2 -10.7 -7.3 —40.5
AOD [%] 0.9 —25.2 —36.8 —29.2 —26.9 —-13.2 32.9
TOA forcing Total sky  [W/nf]  —0.010 1.504 1.744 1.496 0.691 0.310 -0.904
TOA forcing Clear sky  [W/mM]  —0.050 0.743 1.404 0.950 0.474 0.310 -1.468

East South East Asia Japan Greenland Oceania Global

Asia Asia Reg. Exp.
Experiment CLE:2030: CLE:2030-2000
Source SQ [%] 2.9 98.4 374 —15.6 12.0 —-27.1 37
Burden SQ [%] 7.7 42.4 415 1.6 11.6 0.6 9.1
Emission BC [%] —17.6 -4.1 —13.9 -57.3 —10.0 1.7 —-11.1
Burden BC [%] —16.3 -9.4 —13.3 —23.2 —15.0 1.3 -7.9
Emission POM [%] —35.8 -10.9 —26.6 —16.8 0.2 -0.1 -8.1
Burden POM [%] —29.2 —14.6 —25.5 —24.1 -9.5 -0.3 —6.4
AOD [%] 1.9 26.8 19.8 -2.4 6.7 -2.2 2.3
TOA forcing Total sky  [Wi/nf] 0.053 —0.266 —0.292 0.454 —0.002 0.054 0.016
TOA forcing Clear sky  [W/mM]  —0.170 —0.844 —0.770 —0.002 —0.005 0.050 —0.096
Experiment MFR:2030:1P: MFR:2030:1P-2000
Source SQ [%6] —65.0 -31.6 —-51.1 —22.2 12.0 —53.6 —-355
Burden SQ [%] —59.0 —-32.1 —45.2 —46.4 —34.7 —18.3 —30.6
Emission BC [%] —29.0 —-51 —22.8 —64.8 -10.0 15 —16.2
Burden BC [%] —24.3 -9.8 —-19.7 -31.7 —-12.4 1.9 -10.4
Emission POM [%] —39.2 —-11.1 —28.5 —18.2 0.2 -0.1 -8.8
Burden POM [%] —30.5 -13.9 —26.4 —-25.3 —-6.1 0.1 —6.6
AOD [%] —52.8 —-27.5 -37.4 —37.9 -30.4 -7.0 -12.8
TOA forcing Total sky  [Wi/nf] 1.293 1.047 1.164 1.896 0.095 0.341 0.761
TOA forcing Clear sky [\N/rﬁ] 1.615 0.802 1.187 1.653 0.062 0.175 0.451
Experiment MFR:2030:DT: MFR:2030:DT-2000
Source SQ [%] —-5.1 84.6 29.0 —20.8 —-4.1 -30.5 -5.3
Burden SQ [%] 2.7 29.0 25.8 -75 6.7 —-4.0 0.8
Emission BC [%] —26.2 —15.8 —25.3 —76.1 —-37.7 -7.3 —22.6
Burden BC [%] —-25.1 -19.5 —26.7 -35.5 —-25.3 -5.3 -17.5
Emission POM [%] —47.7 —16.0 —35.2 —39.8 0.0 —0.6 -12.0
Burden 0C [%] —38.5 —19.6 —-33.5 —36.6 -12.3 -0.8 -9.2
AOD [%6] -8.3 16.2 8.9 -11.9 1.0 -37 -1.7
TOA forcing Total sky  [Wi/nf] 0.358 0.272 0.061 1.401 0.019 0.032 0.181
TOA forcing Clear sky  [W/r] 0.099 —-0.571 —0.492 0.402 —0.008 0.077 0.027
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CAN USA Central South Northern Western Eastern
America  America Africa Africa Africa
Experiment MFR:2030:EUROPE: MFR:2030:EUROPE-2000
Source SQ [%0] 0.5 -5.8 -37.2 8.6 16.5 11.0 11.7
Burden SQ [%0] 4.8 —4.5 -95 7.9 -17.4 2.1 4.4
Emission BC [%] —28.7 —27.6 —26.4 -10.3 31.4 0.6 -11
Burden BC [%] —-17.4 —24.2 —225 -6.1 —18.6 -1.8 —-5.4
Emission POM -0.8 -2.3 —13.5 -3.0 -1 -1.3 -2.0
Burden POM [%0] -19 -3.7 —-11.0 -2.3 -75 —-2.0 —-52
AOD [%0] -3.8 -7.3 -9.8 3.0 -8.2 0.2 1.0
TOA forcing Total sky ~ [W/n%] 0.182 0.212 0.477 0.305 0.137  —-0.187 —0.065
TOA forcing Clear sky  [W/rf] 0.030 0.109 0.255 —0.105 0.099 —0.084 —0.191
Experiment MFR:2030:ASIA: MFR:2030:ASIA-2000
Source SQ [%0] 0.5 -5.8 -37.2 8.6 16.5 11.0 11.7
Burden SQ [%0] —-20.1 -16.8 -194 14 —-19.8 —-13.3 —-21.3
Emission BC [%0] —28.7 —-276 -26.4 -10.3 314 0.6 -11
Burden BC [%0] -18.1 —244 223 —6.1 -11.9 -17 -75
Emission POM [%0] -0.8 -2.3 —-13.5 -3.0 -11 -13 -2.0
Burden POM [%0] -19 -3.6 -10.7 2.2 -5.3 -1.9 -5.6
AOD [%0] —6.0 —-11.0 -148 3.9 7.7 —6.8 —-12.4
TOA forcing Total sky  [W/n%] 0.339 0.355 0.637 0.284 0.205 0.031 0.189
TOA forcing Clear sky  [W/r] 0.140 0.277 0.404 —-0.051 0.135 0.189 0.340
Southern  Europe  Europe Europe USSR Middle East ~ South

Africa OECD Eastern Reg. Exp. former Asia
Experiment MFR:2030:EUROPE: MFR:2030:EUROPE-2000
Source SQ [%] 0.1 —48.2 —89.9 —68.5 —69.3 —46.9 192.2
Burden SQ [%0] 12.0 —29.8 —-46.9 —-37.4 -31.5 —27.6 70.4
Emission BC [%0] 2.2 —-70.3 —68.5 —61.6 —-21.6 -3.9 -12.5
Burden BC [%0] 1.2 —60.3 —60.6 —51.8 —25.2 —6.5 -10.5
Emission POM -0.9 —25.2 -35.0 —26.9 —-6.5 -21 —-34.0
Burden POM [%0] -14 -18.7 —-25.4 -18.2 -8.3 —-4.9 —30.6
AOD [%] 6.4 —30.1 —49.5 —38.2 —35.5 -12.5 41.2
TOA forcing Total sky  [W/nf]  —0.269 1.724 2.369 1.932 0.916 0.450 -0.908
TOA forcing Clear sky  [W/m]  —0.153 0.922 2.011 1.287 0.636 0.401 -1.461
Experiment MFR:2030:ASIA: MFR:2030:ASIA-2000
Source SQ [%0] 0.1 -335 -61.1 —42.6 —42.5 —46.9 —-24.1
Burden SQ [%0] -1.8 —-28.0 -355 -31.6 -34.1 —45.9 —-21.3
Emission BC [%0] 2.2 -554 518 -335 14.0 -39 —-39.4
Burden BC [%0] 0.9 —46.0 —-423 —29.6 —6.6 -6.0 -35.0
Emission POM [%0] -0.9 —16.7 —26.5 -94 1.9 21 —45.0
Burden POM [%] -13 —-12.1 -17.0 —-7.8 -2.7 —4.5 —40.2
AOD [%] -1.9 —-216 -356 -28.1 -30.1 -17.6 -12.9
TOA forcing Total sky  [W/n%] 0.071 1.133 1.431 1.066 0.628 0.547 0.832
TOA forcing Clear sky ~ [W/rf] 0.034 0.657 1.308 0.866 0.516 0.569 0.366
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East South East Asia Japan Greenland Oceania Global

Asia Asia Reg. Exp.
Experiment MFR:2030:EUROPE: MFR:2030:EUROPE—-2000
Source SQ [%0] 2.9 98.4 374 —15.6 12.2 -27.1 0.2
Burden SQ [9%6] 3.7 39.0 34.2 —0.6 11.6 1.6 6.8
Emission BC [%0] -17.6 —-4.1 -13.9 -57.3 -10.0 1.7 -13.1
Burden BC [%] —15.8 -8.8 -12.9 —-23.0 -15.3 1.2 -9.0
Emission POM —35.8 —10.9 —26.6 —16.8 0.2 -0.1 -8.7
Burden POM [%0] -28.9 -14.3 -25.3 -23.9 -9.0 -0.4 -6.8
AOD [%0] -0.4 24.2 16.5 —-4.0 5.6 -1.7 1.3
TOA forcing Total sky  [W/nf]  0.130 —0.491 -0.311 0.789 0.004 0.007 -0.001
TOA forcing Clear sky  [W/mM] —0.076  —0.777 —0.651 0.072 0.006 0.038 —-0.063
Experiment MFR:2030:ASIA: MFR:2030:ASIA-2000
Source SQ [%] —68.1 —45.5 —59.5 —15.6 12.2 —-27.1 -19.8
Burden SQ [%0] —-52.8 —-30.9 —36.1 -38.3 —23.8 -8.1 —16.2
Emission BC [%] —35.8 —16.8 —34.2 —57.3 -10.0 1.7 —-19.2
Burden BC [%] -31.9 —19.7 -31.0 —34.2 —18.9 1.2 —13.2
Emission POM [%6] —49.9 -16.1 —-37.2 —16.8 0.2 -0.1 -10.5
Burden POM [%] -394 —19.0 —33.9 -32.0 —10.1 -0.3 -7.8
AOD [%0] —46.1 —24.2 -30.5 —29.2 -17.9 -2.8 -6.5
TOA forcing Total sky  [W/nf]  1.204 1.365 1.204 1.845 0.046 0.036 0.322
TOA forcing Clear sky  [W/m]  1.522 0.791 1.046 1.390 0.029 0.082 0.230

Table A2. Changes in oxidant burdens up to 100 hPa for the different air pollution scenarios as simulated in the offline chemistry model

TM3 (Dentener et al2006l). Regions are defined as shown in Fig. A4.

Canada USA Central South Northern Western Eastern

America America Africa Africa Africa
2000
O3 [Tg] 17.4 12.3 2.7 11.8 6.5 7.8 4.7
OH [Mg] 1.4 25 1.7 7.8 2.2 5.7 3.4
H,0, [Gg] 40.8 53.0 31.9 245.1 48.2 168.9 78.7
NO, [Ga] 4.3 11.8 3.0 11.7 4.7 10.2 5.1
MFR:2030-2000
O3 [%0] -4.3 —-6.5 -9.6 —6.6 —6.5 -6.1 —-6.9
OH [%0] 3.0 -1.9 —-4.1 -1.7 2.4 3.3 1.0
H,0o [%] -0.9 2.8 -8.9 —6.6 -9.5 -8.9 -10.0
NO> [%0] -188 -35.8 -27.3 -14.8 -12.0 -3.8 -5.7
CHEM:2030-2000
O3 [%] 5.0 6.3 7.5 3.9 7.8 7.6 8.8
OH [%0] 5.1 3.7 -0.7 -1.4 -0.3 -1.6 —-2.6
H>0, [%] 2.2 3.8 4.1 0.0 6.2 2.3 35
NO» [%] 18.6 13.0 1.7 -2.1 14.3 3.6 4.7
MOZART-2000
O3 [%] 17.8 13.0 -0.8 6.5 -1.9 15.5 12.0
OH [%0] —-844 541 -27.2 50.9 -324 18.6 26.8
H>05 [%0] —-63.9 —-423 -32.3 -20.3 -19.5 —33.6 -12.8
NO» [%] 225.3 239.8 25.2 47.0 10.9 61.9 103.0
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Southern Europe Europe USSR Middle East  South East
Africa OECD Eastern former Asia Asia
2000
O3 [Tg] 5.1 6.6 1.7 343 7.0 5.1 13.8
OH [Mg] 3.3 0.9 0.2 3.4 2.4 2.7 3.6
H>0, [Ga] 73.2 17.5 3.8 75.5 495 52.2 61.3
NO» [Ga] 6.2 8.3 3.0 15.8 6.0 5.0 9.6
MFR:2030-2000
O3 [%] -5.1 -4.9 -5.2 -4.8 -7.9 -8.1 —-6.9
OH [%] 1.9 7.6 6.4 0.8 -3.8 -2.1 —-6.3
Hy05 [%0] —-4.6 -0.3 10.3 4.7 —-6.7 -8.8 6.4
NO» [%] -7.7 —-28.0 —44.8 —-35.8 —26.4 -15.8 -30.7
CHEM:2030-2000
O3 [%0] 5.7 5.8 5.7 5.0 7.8 11.9 7.3
OH [%] 0.0 2.7 1.0 0.2 -4.6 2.0 -0.8
Ho0, [%] 2.8 9.5 17.2 9.4 7.9 -4.0 0.9
NOy [%0] 7.6 -13.1 —-22.4 2.4 1.1 29.9 16.4
MOZART-2000
O3 [%0] -19.3 6.9 9.4 18.6 6.5 6.3 23.2
OH [%0] 49.8 —63.8 —-61.4 —83.2 -23.1 -32.7 -534
H>0, [%0] -23.1 -19.3 5.2 —-40.3 -7.8 -73 =175
NOy [%0] -16.4 129.5 62.2 11.2 35.3 42.9 100.5
South East Asia Japan Greenland Oceania Global
Asia Reg. Exp.
2000
O3 [Tg] 3.3 21.4 0.7 35 6.9 468.11
OH [Mg] 3.4 12.0 0.2 0.2 3.3 173.6
Hy05 [Gq] 78.5 241.1 3.1 5.7 64.9 3491.8
NO» [Ga] 4.1 19.9 0.6 0.4 4.4 243.9
MFR:2030-2000
O3 [%0] -10.1 -7.9 -7.2 -3.7 —-4.4 -5.1
OH [%] -3.9 -3.6 -2.6 4.8 0.3 1.0
Ho0, [%] -10.3 -6.1 4.1 -2.0 -54 -7.9
NOy [%0] -18.4 —-22.8 -32.5 -4.9 -10.6 -14.6
CHEM:2030-2000
O3 [%0] 11.8 9.5 7.0 4.6 4.7 5.7
OH [%0] -1.2 -0.5 0.1 4.3 -2.9 -1.2
H>0, [%] 2.6 1.0 2.7 2.5 5.2 3.2
NOy [%0] 12.2 18.0 8.7 21.4 0.1 6.5
MOZART-2000
O3 (%] -0.4 12.1 316 1.7 -20.4 0.1
OH [%0] 1.2 -22.1 —68.3 —-98.7 74.8 5.3
H>0, [%] —24.6 -21.6 —45.6 —60.9 7.2 -9.7
NO» [%] 34.9 55.2 206.0 254.9 36.2 57.8
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Table A3. Regional Budgets for Chemistry Sensitivity experiments. Regions are defined as shown in Fig. A4.

CAN USA Central South Northern Western  Eastern

America America Africa Africa Africa
Experiment 2000
Emission SQ [Ga(S)/yr] 920.7 8464.0 2033.9 4479.2 810.1 781.6 438.5
Burden SQ [Ga(9)] 8.1 24.0 10.4 27.7 28.4 35.7 24.7
SOy gas-phase prod. [Gg(S)/yr]  199.0  1359.4  524.4 960.8 879.9 683.7 503.4
SOy aqueous-phase prod.  [Gg(S)/yr] 868.7 2069.6 573.9 1362.8 120.3 351.2 211.6
AOD [*100] 3.0 11.2 16.7 13.1 19.3 31.8 21.1
TOA forcing Total sky [VV/I’T’T)] 1.387 2.732 3.207 1.814 0.615 0.677 2.289
TOA forcing Clear sky [W/rﬁ] 0.646 1.883 1.608 0.569 0.206 0.819 1.021
Experiment MFR:2030
Emission SQ [Gg(S)/yr]  255.0 14819 8222 3670.9 163.7 634.6 356.5
Burden SQ [Gg(S)] 3.9 7.9 4.9 22.6 15.4 21.7 11.8
SOy gas-phase prod. [Ga(S)/yr] 69.1 283.3 232.3 813.1 498.2 492.7 277.5
SOy aqueous-phase prod  [Gg(S)/yr] 288.3 522.7 246.3 1061.1 60.4 264.8 138.0
AOD [*100] 1.3 4.2 10.5 11.6 15.6 27.4 14.9
TOA forcing Total sky [W/n?] 1.109 1.640 1.726 0.798 0.525 0.421 1.037
TOA forcing Clear sky [W/r] 0.517 1.477 1.229 0.260 0.320 0.588 0.878
Experiment CLE:2030
Emission SQ [Ga(S)/yr] 925.0 79749  1277.9 4863.9 943.5 867.4 489.8
Burden SQ [Gg(9)] 8.6 237 9.5 29.9 25.1 35.7 26.3
SOy gas-phase prod. [Ga(S)/yr] 193.5 1311.3 423.0 1019.6 816.1 718.2 533.4
SOy aqueous-phase prod.  [Gg(S)/yr] 841.1 1985.5 410.4 1511.6 116.7 373.1 234.6
AOD [*100] 2.9 10.7 15.4 135 18.2 31.9 21.6
TOA forcing Total sky [Winf] 0.085 0.070 0.652 0.382 0.099 -0.206 —0.208
TOA forcing Clear sky [W/r] 0.014 0.039 0.199 -0.109 0.059 —-0.089 -0.214
Southern  Europe  Europe USSR Middle East  South East
Africa OECD Eastern former Asia Asia
Experiment 2000
Emission SQ [Go(S)lyr] 1730.2 57022 3020.2  5590.4 3050.8 3694.2 15161.6
Burden SQ [Gg(S)] 13.0 9.9 4.2 32.2 31.0 23.8 36.3
SOy gas-phase prod. [Ga(S)/yr] 431.8 469.4 253.8 1039.8 1046.0 1205.1 2147.6
SOy aqueous-phase prod.  [Gg(S)/yr] 529.7 1226.6 471.1 2046.6 399.1 507.0 4773.7
AOD [*100] 12.7 14.0 20.1 7.5 16.1 20.6 19.2
TOA forcing Total sky [Win?] 2.371 5.620 5.695 2.555 1.381 2.461 4.187
TOA forcing Clear sky [W/m] 0.863 1.770 3.076 1.223 1.089 1.182 2.342
Experiment MFR:2030
Emission SQ [Ga(S)/yr] 636.0 2953.2 303.6 963.5 258.8 1623.2  4101.2
Burden SQ [Gg(S)] 8.6 4.4 15 11.9 10.2 9.6 12.0
SOy gas-phase prod. [Ga(S)/yr] 249.6 190.5 51.8 254.9 220.4 472.7 493.1
SO, aqueous-phase prod  [Gg(S)/yr] 230.3 426.7 110.4 581.9 93.5 258.1 1572.5
AOD [*100] 10.1 8.2 8.3 3.6 9.6 13.2 7.6
TOA forcing Total sky [Winf] 1.126 2.850 3.269 1.717 1.080 1.267 1.702
TOA forcing Clear sky [W/r] 0.519 1.366 2.475 1.007 1.030 0.991 1.844
Experiment CLE:2030
Emission SQ [Gg(S)/yr] 1731.3 37948 11735 3217.0 1316.4 10794.1 15602.6
Burden SQ [Ga(S)] 14.5 8.1 3.0 25.8 25.8 447 39.1
SOy gas-phase prod. [Ga(S)/yr] 451.0 306.3 119.0 672.9 652.5 3189.9 2266.0
SOy aqueous-phase prod.  [Gg(S)/yr] 543.9 795.9 272.5 1380.5 245.9 1175.6 5062.5
AOD [*100] 13.5 11.4 13.8 5.8 14.2 30.6 19.6
TOA forcing Total sky [Win] -0.277 1.009 1.504 0.486 0.328 —1.094 0.053
TOA forcing Clear sky [W/m] —0.151 0.547 1.237 0.395 0.308 —-1.734 -0.170
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South East Asia Japan Greenland Oceania  Global
Asia Reg. Exp.
Experiment 2000
Emission SQ [Ga(S)/yr] 1931.0 23256.9 972.9 3.2 1253.0 95994.8
Burden SQ [Ga(S)] 13.0 78.8 1.8 1.0 10.0 857.8
SOy gas-phase prod. [Ga(S)/yr] 561.6 4614.9 121.4 15.7 283.7 28954.9
SOy aqueous-phase prod.  [Gg(S)/yr] 641.1 6256.0 275.4 13.7 359.5 37535.3
AOD [*100] 15.5 19.1 22.3 0.5 111 16.2
TOA forcing Total sky [Win] 3.910 3.633 5.954 0.153 0.951 2.047
TOA forcing Clear sky [W/r] 1.481 1.837 2.698 0.081 0.272 0.824
Experiment MFR:2030
Emission SQ [Ga(S)/yr] 1053.1 9416.5 705.6 3.1 538.8 53294.1
Burden SQ [Ga(S)] 7.5 35.8 0.8 0.6 7.6 525.8
SOy gas-phase prod. [Gg(S)/yr] 339.0 2009.2 58.8 7.1 183.5 16868.1
SOy aqueous-phase prod  [Gg(S)/yr] 383.6 2538.0 194.6 7.8 219.6 21919.4
AOD [*100] 9.9 10.5 12.0 0.3 10.0 13.6
TOA forcing Total sky [Winf] 1.524 1.479 3.431 0.106 0.293 1.132
TOA forcing Clear sky [W/m] 1.033 1.396 2.029 0.068 0.220 0.580
Experiment CLE:2030
Emission SQ [Ga(S)/yr] 3830.5 31960.1 821.3 3.6 913.2 99573.2
Burden SQ [Ga(S)] 18.5 111.4 1.9 11 10.1 936.3
SOy gas-phase prod. [Gg(S)/yr] 915.4 72447 1134 14.2 254.3 32387.8
SOy aqueous-phase prod.  [Gg(S)/yr] 996.0 7577.5 260.9 12.8 309.3 38427.2
AOD [*100] 19.6 22.8 21.7 0.6 10.8 16.6
TOA forcing Total sky [W/nf] —0.266 —0.292 0.454 —0.002 0.054 0.016
TOA forcing Clear sky [W/r] —0.844 —-0.770  -0.002 —0.005 0.050 —0.096
CAN USA Central South Northern  Western Eastern
America  America Africa Africa Africa

Experiment diff 2000:CHEM:2030:MFR-2000
Burden SQ [%] 0.8 -2.2 -23 0.3 0.9 1.3 -0.0
SOy gas-phase prod. [%0] -11 -8.8 -8.2 -2.0 0.4 35 1.7
SOy aqueous-phase prod.  [%] 3.4 7.9 15 -0.4 2.7 —-2.9 0.7
AOD [%] 0.1 -1.9 -1.7 -0.1 -05 —0.4 —-0.2
TOA forcing Total sky [Winf] —0.02 0.01 —0.09 0.13 0.07 -0.11 -0.14
TOA forcing Clear sky [W/r] 0.01 0.05 0.06 0 —0.01 7-0.02 0.01
Experiment diff MFR:2030: CHEM:2000-2030:MFR
Burden SQ [%] -1.0 0.7 1.3 -0.2 -0.8 -1.0 -0.4
SOy gas-phase prod. [%0] -0.8 6.6 4.6 1.7 -0.3 -3.7 -18
SOy aqueous-phase prod.  [%] -15 —-4.3 -0.5 0.3 -1.2 3.1 1.6
AOD [%6] -0.3 0.6 14 0.5 1.0 11 0.4
TOA forcing Total sky [Winf] 0.01 0.08 0.23 0.08 0 0.13 -0.08
TOA forcing Clear sky [WInd] -0.01 0 —0.03 -0.01 0 —0.02 0
Experiment diff CLE:2030: CHEM:2000—CLE:2030
Burden SQ [%] -0.2 -0.5 0.2 -0.1 0.5 0.6 1.3
SOy gas-phase prod. [%0] 2.7 -15 1.8 0.5 0.5 0.2 1.7
SOy aqueous-phase prod.  [%] -05 -0.6 -0.2 0.7 —-3.6 -1.2 2.1
AOD [%] -0.6 -0.6 -0.2 0.2 -0.9 -0.6 0.8
TOA forcing Total sky [Win] 0.04 0.06 —0.03 —0.04 0.03 0.1 -0.11
TOA forcing Clear sky [W/nd] -0.01 0 0.01 0 0.01 0.01 -0.03
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Table A3. Continued.

Southern Europe Europe USSR Middle East  South East
Africa OECD Eastern former Asia Asia

Experiment diff 2000: CHEM:2030:MFR-2000

Burden SQ [%] 0.2 1.7 3.7 1.1 -2.8 -28 -26
SOy gas-phase prod. [%0] -1.8 -0.1 —2.4 -5.3 -6.9 —-4.4 -17.0
SOy aqueous-phase prod.  [%)] 0.4 3.0 13.7 9.3 6.9 1.9 104
AOD [%0] -0.4 1.4 3.7 1.2 -1.1 -1.3 —-1.6
TOA forcing Total sky [Winf] 0.02 -0.13  -0.03 0.01 0.03 0.14 0.08
TOA forcing Clear sky [W/nd] 0 —0.03 —0.13 —0.02 0.04 0.05 0.06

Experiment diff MFR:2030:CHEM:2000-2030:MFR

Burden SQ [%6] -11 -1.3 —24 -14 0.5 2.2 1.9
SOy gas-phase prod. [%] -1.6 -1.2 -1.4 2.3 2.7 4,70 16.3
SOy aqueous-phase prod. [%0] 1.6 -0.3 —6.5 —4.9 -2.3 -1.3 —6.4
AOD [%6] -0.1 -0.8 2.2 -0.6 0.6 0.6 1.1
TOA forcing Total sky [W/nf] 0.11 0.11 0.01 0.04 0 0.03 -0.01
TOA forcing Clear sky [W/n%] 0.01 0.02 0.02 0 —-0.01 —-0.02 -0.02

Experiment diff CLE:2030:CHEM:2000-CLE:2030

Burden SQ [%6] -0.1 -0.0 -1.0 0.4 1.2 —-4.5 0.8
SOy gas-phase prod. [%] -0.8 3.5 4.3 4.1 1.4 -7.2 1.8
SOy aqueous-phase prod. [%0] 0.2 —2.4 —6.7 —4.2 -13 3.7 11
AOD [%6] -0.1 -0.7 -1.7 -0.3 0.4 -2.3 0.6
TOA forcing Total sky [Winf] 0.02 —0.05 —0.06 —0.03 —0.03 0.02 —-0.06
TOA forcing Clear sky [W/n%] 0 0.02 0.03 -0.01 —0.02 0.13 -0.02
South East Asia Japan  Greenland Oceania Global

Asia Reg. Exp.
Experiment diff 2000: CHEM:2030:MFR-2000

Burden SQ [%6] -2.0 —-2.4 -2.2 1.3 0.2 0.1
SOy gas-phase prod. [%] -5.8 -9.8 -8.2 1.2 —-4.5 24
SOy aqueous-phase prod. [%0] 11 7.9 6.0 0.8 0.0 2.6
AOD [%6] -1.6 -1.5 -1.9 1.3 0.1 -0.1
TOA forcing Total sky [Winf] —0.05 0.02 0.31 -0.01 -0.01 —0.05
TOA forcing Clear sky [W/n%] 0.05 0.06 0.07 —-0.01 0 0

Experiment diff MFR:2030:CHEM:2000-2030:MFR

Burden SQ [%] 15 1.8 14 -0.9 -0.5 -0.5
SOy gas-phase prod. [%] 4.5 5.7 9.1 -1.3 1.8 0.3
SOy aqueous-phase prod. [%0] -0.3 -2.8 —-4.1 0.8 1.1 -0.2
AOD [%] 14 11 0.6 -0.1 0.2 0.1
TOA forcing Total sky [Winf] 0.25 0.07 —-0.25 0.01 0.17 0.06
TOA forcing Clear sky [W/rﬁ] —0.03 —0.02 —0.04 0.01 0 0

Experiment diff CLE:2030:CHEM:2000—-CLE:2030

Burden SQ [%] -0.0 -15 1.6 0.5 0.5 —-0.0
SOy gas-phase prod. [%] 0.3 -2.3 34 1.7 33 0.4
SOy aqueous-phase prod. [%0] 0.4 1.3 -0.3 0.8 -15 -0.5
AOD [%] 0.3 -0.3 14 0.3 0.8 0.0
TOA forcing Total sky [W/n?] —0.03 -0.1 -0.27 0 -0.13 —0.06
TOA forcing Clear sky [W/rﬁ] —0.02 0.01 —0.03 0 —0.02 -0.01
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Fig. Al. Simulated versus measured monthly mean aerosol surface concentrations of SO4, BC and POM. Units of spiig&Gajéni—3]
and for BC and POM£g/m~3]. (a)—(c)this study.(d)—(f) ECHAM5-HAM reference simulation as given Btier et al.(2005. Measure-

ments of the EMEP network are shown in black, for the IMPROVE network in red. The solid line indicates the 1:1 ratio, the dashed
lines the 2:1 and 1:2 ratios. Values in the figure represent: the number of samples that agree within a factor of two difference with the

measurements/total number of samples (% of samples that agree withing a factor of two difference).
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(a) Emission Sulfur (d) Burden SOy
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(b) Emission BC
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(c) Emission POM (f) Burden POM
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Fig. A2. Annual mean total aerosol and aerosol precursor emission [rﬁgiﬂmnd aerosol burdens [mg/Er)] for the year 2000 experiment
(2000). Units for sulfur emissions and sulfur burden are [mg(h and [mg(S)/(n?)], respectively.
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(d) MFR:2030
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Fig. A3. Annual mean clear-sky radiative forcing (RF) at the top of the atmosphere (TOA) for the baseline scenarios?h [W/m
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Bl Canada
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B Central America
Hl South America
l Northern Africa
W Western Africa
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Fig. A4. Region definition following the IMAGE projech(tp://www.rivm.nl/image/backgrounthfo/regions). Gray shaded regions repre-
sent the regions used for the regional experiments MFR:2030:EUROPE and MFR:2030:ASIA.
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