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Abstract. Aerosols are short lived so their geographical dis-1  Introduction

tribution and impact on climate depends on where they are

emitted. Previous model studies have shown that the masgerosols are important for the Earth’s radiation budget, act-
of sulfate aerosol produced per unit sulfur emission (the suling against the warming of greenhouse gases by directly scat-
fate burden potential) and the associated direct radiative forctering solar radiation and by increasing cloud albedo (Inter-
ing vary regionally because of differences in meteorology governmental Panel on Climate Change, 2007). Most green-
and photochemistry. Using a global model of aerosol micro-house gases, including G@nd CH;, have a sufficient atmo-
physics, we show that the total number of aerosol particlesspheric lifetime to become well mixed throughout the atmo-
produced per unit sulfur emission (the aerosol number posphere. The climate forcing potential (forcing per unit emis-
tential) has a different regional variation to that of sulfate sion) of greenhouse gas emissions is therefore insensitive to
mass. The aerosol number potential of N. American ancthe location of the source, aiding the formulation of interna-
Asian emissions is calculated to be a factor of 3 to 4 timestional climate policies such as the Kyoto Protocol (Berntsen
greater than that of European emissions, even though Etet al., 2005; Rypdal et al., 2005; Shine et al., 2005; Unger et
rope has a higher sulfate burden potential. Pollution fromal., 2008). In contrast, aerosols have an atmospheric lifetime
N. America and Asia tends to reach higher altitudes than Euof days to weeks, resulting in a patchy distribution driven
ropean pollution so forms more new particles through nucle-by the location of emissions, regional differences in trans-
ation. Regional differences in particle production and growthport and removal processes, and, in the case of secondary
mean that sulfur emissions from N. America and E. Asia pro-aerosol components like sulfate, by variable chemical and
duce 50 nm diameter cloud condensation nuclei up to 70%photochemical factors.

more efficiently than Europe. For 80 nm diameter CCN, \odel studies (Rasch et al., 2000; Koch et al., 2007) have
N. America and Europe produce CCN 2.5 times more effi-found that the potential of anthropogenic S&missions to
ciently than E. Asia. The impact of regional sulfur emissions generate sulfate mass varies by a factor of 2 between E.
on particle concentrations is also much more widely Spfeaq?ksia, N. America and Europe because of regional differences
than the impact on sulfate mass, due to efficient particle projn these meteorological and chemical processes. Although
duction in the free troposphere during long range transportthere are inter-model differences (Rasch et al. (2000) iden-
These results imply that regional sulfur emissions will havetified E. Asia as the most efficient source, while Koch et
different climate forcing potentials through changes in cloud 5. (2007) found N. America to be most efficient) these stud-
drop number. ies suggest that the climate forcing potential o, ®@pends

on where the gas is emitted. In the Koch et al. (2007) study
the aerosol direct forcing potential of the regional emissions
was found to be very similar to the sulfate burden poten-
tial. Unger et al. (2008) extended the analyses of Koch et
al. (2007) using future (2030) emissions and reported radia-
tive forcing potentials with a similar regional dependence to
their earlier study. Such regional variation in the forcing po-

Correspondence tdK. Carslaw tential is important to quantify if climate policies are to be
BY (carslaw@env.leeds.ac.uk) developed effectively.

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

3254 P. T. Manktelow et al.: Forcing potential of regional sulfur emissions

These previous studies have simulated regional contribueled aerosol fields with and without anthropogenio 8@is-
tions to sulfate mass but have not considered variations irsions from each region. Results are an annual mean over
the production efficiency of climate-relevant particles specif- 2000, following a 2 month model spin-up over November
ically. The impact of sulfur emissions on clouds, and there-and December 1999.
fore the aerosol indirect effect, is controlled primarily by the
number of cloud condensation nuclei (CCN) produced. At
low to moderate cloud supersaturations of 0.3% particles a8 Results
small as 50 nm dry diameter can act as CCN. In the case of
secondary aerosol produced from S@xidation, the con- 3.1 Sulfate aerosol distribution
centration of such particles in the atmosphere is influenced
strongly by non-linear, size-dependent microphysical pro-Figure 1 shows the contribution of regional 5&missions to
cesses such as nucleation, coagulation and deposition. Hergyrface level S@and CCN. In Fig. 1 CCN are defined as the
we use a global model that includes these processes and reumber of particles larger than 50 nm dry diameter, equiv-
solves the size and number of all particles to show that thealent to cloud drop activation at a cloud supersaturation of
regional production efficiency of CCN is very different to 0.3%. The impact on CCN is shown as an absolute change
that of sulfate mass. (Fig. 1d-f) and as a percentage of total CCN (including car-

bonaceous, sea-salt and S@erosol from all regions and

sources; Fig. 1g-i). Regional contributions to sulfate mass
2 Model description peak over the source region and gradually decrease away

from the source. The situation is more complex for CCN.
The Global Model of Aerosol Processes (GLOMAP; For N. American and Asian emissions, CCN are depleted
Spracklen et al., 2005a, b; Manktelow et al., 2007) is an ex-over a large area immediately downwind of the source, but
tension to the TOMCAT offline 3-D global chemical trans- are then enhanced over more remote locations. For exam-
port model (Chipperfield, 2006). GLOMAP includes the ple, N. American emissions cause a decrease in CCN of up
processes of aerosol nucleation, condensation, hygroscopto 10 cnt2 across the N. Atlantic, but produce an additional
growth, coagulation, wet and dry deposition, and cloud pro-20 cnT3 CCN across Central Asia and N. Africa. Likewise,
cessing. Here we use GLOMAP-bin, which represents theAsian emissions reduce CCN by up to 15c¢hacross the
particles using a two-moment sectional scheme with 20 parN. Pacific, but contribute 5-50 cr@ CCN across W. USA
ticle size bins spanning dry diameters from about 3 nm toand the subtropical Atlantic.
25um. In the runs shown here, the aerosol composition These spatial variations in surface CCN can be under-
is described with 4 internally mixed components: sulfate stood by considering the vertical transport and production
(SOy), sea salt, black carbon (BC) and organic carbon (OC).of aerosol from each region. Figure 2 shows the vertical

We use a horizontal resolution of 8:65.6° with 31 hy-  profile of regional contributions to SQnass, total particle
brid o-p levels extending from the surface to 10 hPa. Largenumber (condensation nuclei, CN) and CCN, averaged over
scale atmospheric transport and meteorology is specifiethe Northern Hemisphere. Regional contributions ta; SO
from European Centre for Medium-Range Weather Forecastmass peak in the lower troposphere over the source regions
(ECMWEF) analyses at 6-hourly intervals. The model in- and diminish rapidly with distance horizontally and verti-
cludes the following emissions: anthropogenic;§Q0ofala  cally. In contrast, contributions of regional sulfur emissions
et al., 2005), volcanic SO(Halmer et al., 2002), oceanic to CN peak in the free troposphere (FT) and upper tropo-
dimethyl sulfide (DMS) (Kettle and Andreae., 2000; Nightin- sphere (UT). The cause of the high particle concentrations in
gale et al., 2000), sea spray (Gong, 2003), primary OC/BCthe FT and UT is the increasing nucleation rate with altitude,
from biofuel and fossil fuel (Bond et al., 2004) as well as which is well recognized from observations (Clarke and Ka-
biomass burning S£and BC/OC (Van der Werf et al., 2003). pustin, 2002; Sclider et al., 2002; Hermann et al., 2008)
Concentrations of the oxidants OH, N,0,, HO; and & and models (Adams and Seinfeld, 2002; Lucas and Prinn,
are interpolated temporally using 6-hourly monthly mean 3-2003; Spracklen et al., 2005a, b; Stier et al., 2005). In our
D concentrations from TOMCAT runs with a comprehensive model the observed increase in particle concentration with
tropospheric chemistry scheme. In-cloud oxidation 05 SO altitude is well captured by assuming binary homogeneous
is assumed to occur only in low clouds, which are specifiednucleation of sulfuric acid-water particles (Spracklen et al.,
from monthly mean International Satellite Cloud Climatol- 2005a). Other studies have suggested that ion-induced nu-
ogy Project (ISCCP) data. The depletion and recovery ofcleation may be partly or wholly the cause (Lee et al., 2003;

oxidants following cloud chemistry is accounted for. Curtius, 2006; Yu, 2006). In either case, it is well established
We define three emission regions corresponding approxthat particle formation rates increase with altitude. The
imately to N. America (15-79N, 50-165.0W), W. Eu- newly formed particles from regional sources are transported

rope (35-7% N, 20° W-40 E) and E. Asia (20-50N, 100—  eastwards before descending into the lower troposphere far
160 E). The results have been derived by comparing mod-from the initial source region. During transport the particles

Atmos. Chem. Phys., 9, 3253259 2009 www.atmos-chem-phys.net/9/3253/2009/



P. T. Manktelow et al.: Forcing potential of regional sulfur emissions 3255

N. America

AT ke AT

?

Fig. 1. Simulated contribution of N. America (left column), W. Europe (middle column) and E. Asia (right column) anthropogenic SO
sources to surface S@nassa—c)and CCN concentratior(sl—f). The fractional change in surface CCN (panels g—i) is calculated relative to

all other sources of CCN (including BC, OC, sea spray and other sulfate sources). The fractional contribution to CCN is shown only where
the source region contributes to more than 20 ng4)&03. Results are an annual mean for 2000.

grow by coagulation and condensation of30,. The bal-  to the more frequent formation of warm conveyor belts and
ance between CN production and growth and the competiconvective systems (Stohl, 2001; Stohl et al., 2002; Eckhard
tion for available vapor controls the change in CCN shownet al., 2004). Consequently, E. Asian and N. American emis-
in Figs. 1 and 2. Figure 2g—i shows that decreases in CCNsions are lofted to higher altitudes, where low temperatures
occur below regions of the FT and UT where source con-accelerate nucleation, and greatly enhance particle number
tributions to CN are greatest. The additional particles com-at 200 hPa compared to much slower nucleation and a much
pete with pre-existing aerosol forl80, vapor, so that fewer  weaker enhancement at 600 hPa for European emissions.
particles grow to CCN sizes through condensational growth.

At locations more remote from the source, CN changes aré-2 Regional aerosol budget

smaller, and there is sufficient,BO, to grow both new and

pre-existing CN to CCN sizes. It is important to realize tha ; ) :
the additional CCN are not composed entirely of;St2- is shown in Table 1. The fraction of S@onverted into S@

rived from the regional emissions. Rather, new particles ardSulfate production efficiency) lies in the range 0.38-0.51
nucleated from small amounts of the emitted sulfur and thes@nd: consistent with previous studies, is .Iowest for W. E“'_
particles then act as sites for uptake of anySerever the  OP€ (Chin etal., 2000; Rasch et al., 2000; Koch etal., 2007;

particles are transported. The $@ay be derived from an- Manktelow et al., 2007) where S@eposition is favored by
thropogenic, oceanic or volcanic sources. the slow venting of the boundary layer and where oxidants

There are large differences in the vertical profile of CN and@'€ more limited than at lower latitudes. The contribution
CCN produced from each region. Most notable is the muchf €ach region to total (anthropogenic + natural) globa, SO

larger production of particles from Asian and N. American (SQuglob) can be expres_sec_i asa frgction of the contribution
emissions compared to Europe. Vertical transport is more fal© total global sulfur emissions, giving a sulfate burden po-

vorable over E. Asia and N. America than over Europe duetential (Rasch etal., 2000):

t The sulfate aerosol mass and number budget for each region
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Fig. 2. Simulated meridional-height cross-section of the fractional contribution of anthropogenic sulfur sources in N. America (left col-

umn), W. Europe (middle column) and E. Asia (right column) to total Northern Hemisphejar®8s(a—c), CN (d—f) and CCN(g—i)
concentrations. The black horizontal bar denotes the geographical extent of each source region. Results are an annual mean for 2000.

Sulfate burden potentialRZ, SO4(i)reg> /SO49|ob] /
Table 1. Regional SQ, CN and CCN budgets? SO, production !

efficiency = fraction of S@ oxidised to SQ; ° defined in Eq. (1);  (EMiSSQ reg/ EMIisSQ giob) (1)

¢ Defined in Eq. (2) (values are weighted by grid box maéé). . . . . . L
Defined in Eq. (3) (values are weighted by grid box mass). Plus anj’;herel is the grid box index and reg implies 30riginating

minus symbols represent the change in the number potential und om regional anthropogenic SOIn (_)ur.model for the year

nuc-max and nuc-min scenarios, respectivélfExport fraction = 2000 European S{has the longest lifetime (due to slow wet

fraction of SQ and CCN that exist outside each source region.  deposition), giving Europe a sulfate burden potential 57%
and 4% larger than E. Asia and N. America, respectively. In

N.America W.Europe E. Asia contrast, Rasch et al. (2000) found that Asia had the largest
SOy production efficiency 051 0.39 044 sulfate burden potential, while Koch et al. (2007) found
S0 lfetime (days) 48 64 37 N. America to be the most efficient source. These inter-
model differences may be largely attributable to differences
SOy burden potentid 0.89 0.93 0.59 in the setup of each model experiment. Our anthropogenic
Aerosol number (CN) potentfal 0.33+3%2  0.11+£351 0414058 SO, emissions are derived from the AEROCOM 2000 in-
CCN potentic ventory (Cofala et al., 2005), while Rasch et al. (2000) used
d>50nm 01£3%2 00638t 0.08+£33, the earlier GEIA 1B 1985 emissions (Benkovitz et al., 1996)
Ziggnmm ggg g;‘l‘ ggg and Koch et al. (2007) used EDGAR 3.2 1995 (Olivier and
Berdowski, 2001). There are considerable differences in the
SOy exporf 0.32 0.61 0.35 magnitude of S@ emission over Europe, N. America and
CCN export 0.46 0.64 0.79

Asia between each inventory, which will have a significant
influence on the behavior of sulfur emitted from each region
(Manktelow et al., 2007). Furthermore, each study uses a
different set of coordinates to define Europe, N. America and
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Asia. For example, Rasch et al. (2000) include S. E. Asia, Table 1 also compares the $@nd CCN export fractions
India and China in their definition of Asia, while we include (fractions lying outside each region). CCN export fractions
only China. lie in the range 46—79% and exceed those of, 8@ss (32—
Directly equivalent to the sulfate burden potential, we can61%). For Asian emissions, CCN are exported 2.3 times as
also calculate a total aerosol number potential and a CCNeffectively as S@. These differences reflect the fact that a

potential: large fraction of CCN are produced in the FT and UT where
. aerosol transport is effective, whereas,Stainly resides in
aerosol number potentla[:(zi CN(i)reg) /CNgIob] / the lower troposphere where zonal and meridional transport
. . is slower. Another factor is that CCN have a longer produc-
(Em|sSQreg/Em|sSQ glob) ) 2 gerp

tion timescale than S©when generated through the nucle-
where CN stands for all condensation nuclei ation and growth/coagulation mechanism.
(diameter-3nm) produced from the regional sulfur

emissions. 3.3 Sensitivity to nucleation rate

CCN potential{(z‘ CCN(i)reg) /CCNg|ob] / The number of CN and CCN produced by each region will be
) ! sensitive to rates of nucleation in the FT. We use the binary

(EmisSQ reg/ EMisSQ giob) 3) H2SOs homogeneous nucleation scheme of Kulmala (1998),

The aerosol number and CCN potentials in Table 1 differPut it should be recognized that binary homogeneous nucle-
greatly from the regional sulfate burden potentials. Thedtion rates are uncertain even under laboratory conditions

aerosol number potential of E. Asia and N. America exceed Vehkanaki et al., 2002). To examine how uncertainties in

by a factor of 4 and 3 respectively, the aerosol number pO_nucleation influence regional aerosol number and CCN po-

tential of W. Europe. Such large differences exist becauséentials' we have performed additional simulations in which
particle formation and loss are predominately controlled byth€ nucleation rate was increased (nuc-max) and reduced
non-linear microphysical processes (nucleation and coagulauc-min) by a factor of 10 from the baseline model run.
tion) and do not simply scale with the sulfate mass. Although T"€re is around a factor of 2-3 more CN produced by each

Europe has the highest sulfate burden potential it has the lowf€9ion between nuc-min and nuc-max, butless than a 20% in-
est aerosol number potential because of the much lower procr€@se in regional CCN. Table 1 shows that the aerosol num-
duction of new particles in the FT. ber (CCN) potential for each region changes by at most 9%

Regional CCN potentials are determined by how effi- (20%), 9% (17%) and 20% (13%) between the 2 nucleation

ciently new particles grow to CCN sizes as well as how theyScenarios for N. America, W. Europe and E. Asia, respec-
influence the growth of pre-existing particles through compe-tVely: N. America and E. Asia produce new particles 3—4
tition for H,SOy vapor. Regional differences in the CCN po- tlme§ as effectively as W. Europe regardless of the nl_JgIeatlon
tential depend on the particle size at which CCN are counted'@t€ in the model, and Europe is always the least efficient re-
Counting particles larger than 50 nm dry diameter, N. Amer-9i0n for producing CCN.

ica has the largest CCN potential, which exceeds by 67%

and 25% respectively, the QCN potential of W. Europe.and4 Conclusions

E. Asia. At 80nm N. America and Europe have the high-

est CCN potentials, more than a factor 2 higher than E. AsiaResults from our global aerosol microphysics model show
while at 100 nm they are afactor 2.75 hlgher than for E. ASia.that the production of partides from regiona| SEmissions
This change in CCN potential with particle size (or equiva- differs greatly from the production of SOmass. Particle
lently, the assumed supersaturation) is due to the competingbrmation is controlled strongly by nucleation in the free and
effects of particle formation and growth. E. Asian sulfate ypper troposphere. Because nucleation rates increase with
produces high CN concentrations, which prevents the newgltitude, the height to which emissions are transported be-
particles from reaching the largest CCN sizes. comes an important factor in the number of particles pro-
The CCN potential is the contribution of each region to duced per unit S@emission. The growth of these particles
CCN expressed as a fraction of the contribution to sulfurthrough coagulation and uptake op&0; governs the effi-
emissions. It can also be expressed as a fraction of the sulfaigency with which CCN are produced. In contrast, the pro-
burden from each region, which takes account of the differ-duction and removal of SPmass is controlled largely by
ent sulfate burden potentials of each region —i.e., a relative:loud processes throughout the lower troposphere. Because
measure of how much regional atmospheric sulfate exists atCN and SQ@ burden potentials are controlled by different

CCN sizes. Europe has the lowest CCN potential at 50 nmherosol processes, they do not show the same regional varia-
but the highest sulfate burden potential. On this basis, w&jon.

find that Asian sulfate is twice as efficient as European sul-
fate at producing 50 nm CCN and N American sulfate is 1.7
times as efficient.
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W. Europe has the largest $®urden potential in our factor is the availability of condensing secondary organic ma-
model in 2000 but the lowest aerosol number (CN) and CCNterial which will influence the production of CCN-sized par-
potential at 0.3% supersaturatios 50 nm diameter parti- ticles from nuclei. With these and other microphysical pro-
cles). One kilogram of SPemitted from N. America and cesses we need to be aware of potential regional variations
E. Asia produces 3—4 times as many new particles as onand the impact on forcings per unit emission.
kilogram of SQ emitted from W. Europe, despite produc-
ing less SQ. Regional differences in particle production and Acknowledgements?aul Manktelow was supported by a NERC
growth mean that N. America and E. Asia produce 50 nmstudentship (NER/S/R/2004/13090). Additional funding from the
diameter CCN up to 70% more efficiently than W. Europe. NERC APPRAISE program and the EU EUCAARI Integrated
In other models (e.g., Rasch et al., 2000; Koch et al., 2007j3r0ject is acknowledged. We acknowledge AEROCOM for the
where Europe had the lowest burden potential, the contras‘%mis_Sion datasets used in this study. The ISCCP cloud data were
in CCN production could be even more marked than we ﬂndob'Falned from the NASA Langley Research Center Atmospheric
here. However, at larger sizes of 80 and 100 nm Europe ang,cnences Data Center.

N. America have CCN potentials up to 2.75 times that of Edited by: V.-M. Kerminen
E. Asia.

The nucleation rate in the free and upper troposphere is
uncertain. Nevertheless, although a change in the rate by Beferences
factor of 10 has a strong effect on the total number of par-
ticles in the atmosphere, it has only a minor effect on theagams p. J. and Seinfeld, J. H.: Predicting global aerosol size
relative number produced by each region. Other factors in gistributions in general circulation models, J. Geophys. Res.,
the model may be more important. For example, Trivitaya- 107(D19), 4370, doi:10.1029/2001JD001010, 2002.
nurak et al. (2008) compared three models of aerosol microBenkovitz, C. M.: Global gridded inventories of anthropogenic
physics, including GLOMAP. They found large differences emissions of sulfur and nitrogen, J. Geophys. Res., 101, 29239-
in the production of particles in the free troposphere and up 29253, 1996.
to 30% differences in lower atmospheric CCN due to struc-Berntsen, T., Fuglestvedt, J. S., Joshi, M., Shine, K. P., Stuber, N.,
e e oy e, 14 vaTing e, Tolus, ., 265 20, 00

. . L . . Bond, T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo, J.
ful to better define regional variations in CCN production.

; > . H., and Kilmont, Z.: A technology-based global inventory of
Changes in cloud drop number and indirect forcing should pjack and organic carbon emissions from combustion, J. Geo-

also be calculated based on changes in particle number and phys. Res., 109, D14203, doi:10.1029/2003JD003697, 2004.
size distribution. Chin, M., Savoie, D. L., Huebert, B. J., Bandy, A. R., Thornton, D.
One consequence of our results is that long term trends C., Bates, T. S., Quinn, P. K., Satzmann, E. S., and De Bruyn, W.
in SOy aerosol forcing will not track either the emissions  J.: Atmospheric sulfur cycle simulated in the global model GO-
of SO, or the SQ burden. We have previously shown that ~ CART: Comparison with field observations and regional budgets,
the different oxidant limitations on SCproduction in Eu- J. Geophys. Res., 105(D20), 24689-24712, 2000.
rope, N. America and Asia can strongly affect the long term Chl'_pper;:eld’_ N:t New vtersm()jn I'Ofl tthe TOMC_AT/SL;MS'B;T Oft:' _
changes in the SCburden as emissions change (Manktelow ¢ €hemical transport model. Intercomparison of stratospheric
et al., 2007). The regionally varying production of CCN tracer experiments, Q. J. R. Meteor. Soc., 132(617), 1179-1203,

" . . ) 2006.
quant'f'ed h_ere will determine how effectively the £Can Clarke, A. and Kapustin, V.: A Pacific Aerosol Survey. Part |: A
influence climate. Decade of Data on Particle Production, Transport, Evolution, and

This study also highlights the importance of microphysi-  wmixing in the Troposphere, J. Atmos. Sci., 59, 363-382, 2002.
cal processes in determining the impact of aerosol on climate&ofala, J., Amann, M., Kilmont, Z., and Schopp, W.: Scenarios
and suggests that aerosol mass models may not correctly di- of world anthropogenic emissions of $ONOx, and CO up to
agnose regional aerosol indirect forcing due to secondary 2030, internal report, Transboundary Air Pollut. Programme, Int.
aerosol. We have focused on one factor — the regionally vari- Inst. for Appl. Syst. Anal., Laxenburg, Austria, 2005.
able production of sulfate particles in the free troposphere -Curtius, J., Lovejoy, E. R., and Froyd, K. D.: Atmospheric ion-

that can influence the regional forcing potential of emissions,E K‘ﬁ“‘;ed gercnssoLTuieaS\c/)n, ?p?_(':e ?Ci' Rev.iD12'5:, 159_1%7' 20%6'
but there are likely to be others. One example is bound--¢<hardt, S., Stohl, A., Wernl, H., James, b, Forster, C., an
Spichtinger, N.: A 15-year climatology of warm conveyor belts,

ary !qyer particle formation events, wh_ich may contribute an 3. Climate. 17, 218237, 2004.

additional 3__20% to CCN Co_ncentrat'or?s (Sprgcklen et al"Gong, S. L.: A parameterization of sea-salt aerosol source func-
2008) and will further complicate the distribution of CCN oy for sub- and super-micron particles, Global Biogeochem.
from regional emissions. As yet our understanding of re- cy. 17(4), 1097, doi:10.1029/2003GB002079, 2003.

gional variations in such nucleation events does not permiHalmer, M., Schmincke, H., and Graf, H.: The annual volcanic gas
us to include the process here. Another regionally varying input into the atmosphere, in particular into the stratosphere: A

Atmos. Chem. Phys., 9, 3253259 2009 www.atmos-chem-phys.net/9/3253/2009/



P. T. Manktelow et al.: Forcing potential of regional sulfur emissions 3259

global data-set for the past 100 years, J. Volca. Geotherm. ResShine, K. P., Berntsen, T. K., Fuglestvedt, J. S., and Sausen, R.:
115, 511—528, 2002. Scientific issues in the design of metrics for inclusion of oxides

Hermann, M., Brenninkmeijer, C. A. M., Slemr, F., et al.: Submi-  of nitrogen in global climate agreements, Proc. Natl. Acad. Sci.,
crometer aerosol particle distributions in the upper troposphere 102, 15768-15773, 2005.
over the mid-latitude North Atlantic — Results from the third Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M.
route of “CARIBIC”, Tellus B, 60(1), 106-117, 2008. P., and Mann, G. W.: A global off-line model of size-resolved

IPCC: Climate Change 2007: The Physical Science Basis, Con- aerosol microphysics: I. Model development and prediction of

tribution of Working Group | to the Fourth Assessment Report  aerosol properties, Atmos. Chem. Phys., 5, 2227-2252, 2005a,
of the Intergovernmental Panel on Climate Change, edited by: http://www.atmos-chem-phys.net/5/2227/2005/
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av- Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M.
eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University P., and Mann, G. W.: A global off-line model of size-resolved
Press, Cambridge, United Kingdom and New York, NY, USA, aerosol microphysics: Il. Identification of key uncertainties, At-
996 pp., 2007. mos. Chem. Phys., 5, 3233-3250, 2005b,

Kettle, A. J. and Andreae, M. O.: Flux of dimethylsulfide from the  http://www.atmos-chem-phys.net/5/3233/2005/
oceans: A comparison of updated data sets and flux models, Bpracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V. M.,
Geophys. Res., 105(D22), 26793—-26808, 2000. Sihto, S. L., Riipinen, I., Merikanto, J., Mann, G. W., Chip-

Koch, D., Bond, T. C., Streets, D., Unger, N., and Van der perfield, M. P., Wiedensohler, A., Birmili, W., and Lihavainen,
Werf, G. R.: Global impacts of aerosols from particular  H.: Contribution of particle formation to global cloud conden-
source regions and sectors, J. Geophys. Res., 112, D02205, sation nuclei concentrations, Geophys. Res. Lett., 35, L0O6808,
doi:10.1029/2005JD007024, 2007. doi:10.1029/2007GL033038, 2008.

Kulmala, M., Laaksonen, A., and Pirjola, L.: Parameterizations for Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson,
sulfuric acid/water nucleation rates, J. Geophys. Res.-Atmos., J., Ganzeveld, L., Tegen, I., Werner, M., Balkanski, Y., Schulz,
103, 8301-8307, 1998. M., Boucher, O., Minikin, A., and Petzold, A.: The aerosol-

Lee, S. H., Reeves, J. M., Wilson, J. C., Hunton, D. E., Viggiano, climate model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125—
A. A, Miller, T. M., Ballenthin, J. O., and Lait, L. R.: Particle 1156, 2005,
formation by ion nucleation in the upper troposphere and lower  http://www.atmos-chem-phys.net/5/1125/2005/
stratosphere, Science, 301, 1886-1889, 2003. Stohl, A.: A 1-year Lagrangian “climatology” of airstreams in the

Lucas, D. D. and Prinn, R. G.. Tropospheric distributions Northern Hemisphere troposphere and lowermost stratosphere, J.
of sulfuric acid-water vapor aerosol nucleation rates from Geophys. Res., 106(D7), 7263-7279, 2001.
dimethylsulfide oxidation, Geophys. Res. Lett., 30(22), 2136, Stohl, A., Eckhardt, S., Forster, C., James, P., and Spichtinger,
doi:10.1029/2003GL018370, 2003. N.: On the pathways and timescales of intercontinental

Manktelow, P. T., Mann, G. W., Carslaw, K. S., Spracklen, D. air pollution transport, J. Geophys. Res., 107(D23), 4684,
V., and Chipperfield, M. P.: Regional and global trends in sul-  doi:10.1029/2001JD001396, 2002.
fate aerosol since the 1980s, Geophys. Res. Lett., 34, L14803Trivitayanurak, W., Adams, P. J., Spracklen, D. V., and Carslaw, K.
doi:10.1029/2006GL028668, 2007. S.: Tropospheric aerosol microphysics simulation with assimi-

Nightingale, P. D., Malin, G., Law, C. S., Watson, A. J., Liss, P. S., lated meteorology: model description and intermodel compari-
Liddicoat, M. I., Boutin, J., and Upstill-Goddard, R. C.: In situ son, Atmos. Chem. Phys., 8, 3149-3168, 2008,
evaluation of air-sea gas exchange parameterizations using novel http://www.atmos-chem-phys.net/8/3149/2Q008/
conservative and volatile tracers, Global Biogeochem. Cy., 14,Unger, N., Shindell, D. T., Koch, D. M., and Streets, D. J.: Air pol-
373-388, d0i:10.1029/1999GB900091, 2000. lution radiative forcing from specific emissions sectors at 2030, J.

Olivier, J. G. J. and Berdowski, J. J. M.: Global emissions sources Geophys. Res., 113, D02306, doi:10.1029/2007JD008683, 2008.
and sinks, in The Climate System, edited by: Berdowski, J.,Van der Werf, G. R., Randerson, J. T., Collatz, G. J., and Giglio, L.:
Guicherit, R., and Heij, B. J., 33-78, A. A. Balkema, Brookfield, = Carbon emissions from fires in tropical and subtropical ecosys-
Vt, 2001. tems, Global Change Biol., 9, 547-562, 2003.

Rasch, P. J., Barth, M. C., Kiehl, J. T., Schwartz, S. E., andVehkan#ki, H., Kulmala, M., Napari, I., Lehtinen, K., Timmreck,
Benkovitz, C. M.: A description of the global sulfur cycle andits  C., Noppel, M., and Laaksonen, A.: An improved parametriza-
controlling processes in the National Center for Atmospheric Re- tion for sulfuric acid-water nucleation rates for tropospheric
search Community Climate Model, Version 3, J. Geophys. Res., and stratospheric conditions, J. Geophys. Res., 107, 4622-4631,
105(D1), 1367-1385, 2000. 2002.

Rypdal, K., Berntsen, T., Fuglestvedt, J. S., Torvanger, A., Au-Yu, F.: From molecular clusters to nanoparticles: second-generation
nan, K., Stordal, F., and Nygaard, L. P.: Tropospheric ozone ion-mediated nucleation model, Atmos. Chem. Phys., 6, 5193—
and aerosols in climate agreements: Scientific and political chal- 5211, 2006,
lenges, Environ. Sci. Policy, 8, 29-43, 2005. http://www.atmos-chem-phys.net/6/5193/2006/

Schibder, F.P., Krcher, B., Fiebig, M., and Petzold, A.: Aerosol
states in the free troposphere at northern midlatitudes, J. Geo-
phys. Res., 107(D21), 8126, doi:1029/2000JD000194, 2002.

www.atmos-chem-phys.net/9/3253/2009/ Atmos. Chem. Phys., 9, 3258-2009


http://www.atmos-chem-phys.net/5/2227/2005/
http://www.atmos-chem-phys.net/5/3233/2005/
http://www.atmos-chem-phys.net/5/1125/2005/
http://www.atmos-chem-phys.net/8/3149/2008/
http://www.atmos-chem-phys.net/6/5193/2006/

