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Abstract.

We examinethe balancebetweerprocessethat contrituteto the globalandregionaldistributions
of sulfateaerosoin the Earths atmospheresinga setof simulationsrom the NCAR CCM3. The
analysissuggestshatthe seasonatycle of SO, and SO?[ arecontrolledby a complec interplay
betweertransportchemistryanddepositionprocessesThe seasonatycle of thesespeciesarenot
stronglycontrolledby temporalvariationsin emissionsput by seasonavtariationsin volume of
air processedby clouds,massof liquid waterservingasa site for aqueoushemistry amountof
oxidantavailablefor thecorversionfrom SO, to SC; ~, verticaltransporprocessesinddeposition.
A taggingof the sulfateby emissiornregion (Europe N. America,Asia, andrestof world [ROW]),
chemicalpathway (gaseouws. in-cloud), andtype of emissionganthropogeniws. biogenic)

is usedto differentiatethe balanceof processesontrolling the productionandloadingfrom this
material. Significantdifferencesxist in the destiry of SO, moleculesemittedfrom the several
regions. An SO, moleculeemittedfrom the ROW sourceregion hasa muchgreaterpotentialto
form sulfatethanoneemittedfrom, for example,Europe.A greaterfractionof the SO, molecules
areoxidizedthatoriginatefrom ROW comparedvith otherareasandonceformed,the sulfatehas
alongerresidenceime (thatis, it is notreadilyscavenged).Theyield of sulfatefrom ROW sources
of SO, is afactorof four higherthanthatof Europe.A substantiallyhigherfraction of the SO,
emittedover Europeis oxidizedto sulfatethroughthe ozonepathway comparedo otherregions.
Theanalysissuggestshattherearesignificantdifferencesn theverticaldistribution,andhorizontal
extent, of the propagatiorof sulfate emittedfrom the several sourceregions. Sulfatefrom Asian
sourceregionsreacheshefarthestfrom its point of origin, andmakesa significantcontribution to
burdensin bothhemispheregrimarily from plumesreachingoutin theuppertroposphereSulfate
from othersourceregionstendto remaintrappedn their hemispher®f origin.

I ntroduction:

The National Center for Atmospheric Researchis Squur.emls§|onsfrom In_dUStry and from
sponsoredby the NationalScienceFoundation. natural(biogenicandvolcanic)sourcesare be-
Printed:27 July 1999 lievedto influencethe earthsclimatein a num-
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ber of ways. Emissionsof thesesulfur bearing
compoundscan rapidly form aerosolparticles
that actto directly modulatethe earths radia-
tion budgetby absorbingand scatteringradia-
tion (Charlsonet al. [1992]), andto indirectly
influencemary aspect®f climatethroughtheir
interactionwith clouds. By servingas cloud
condensatiomucleithey influencethe number
andsize of cloud droplets,andthis hasa role
in influencing the clouds radiative properties
(Twomey [1974]), andthe lifetime and precip-
itation propertiesof clouds(Albrecht [1989]).
Concernaboutthe potentialclimatic effects of
the anthropogenicemissionof sulfur species
into the atmospherehas motivated numerous
studiesoverthelast10years[e.g. ChinandJa-
cob,1996;Feichteretal., 1996,1997;Langner
and Rodhe,1991]. In spite of intensestudy
of the atmosphers’ sulfur cycle over the last
twenty yearstherearesstill large gapsandun-
certaintiesin our knovledgeaboutthis impor-
tantcomponentf the earths climatesystem.

This paperis the secondin a sequencef
three describing our efforts to improve our
knowledgeaboutthe sulfur cycle in the atmo-
sphere. In part| [Barth et al., 1998], we de-
scribedthe basic model usedin the studies,
comparedhe modelsimulationto recentobser
vationsof sulfur speciesanddiscussedvaysin
which the aqueousphotochemistryinfluenced
themodelsulfurcycle.

In this paper(part Il) we adopta broader
view, and describeour models picture of the
life cycle of sulfurin termsof all the processes
that control the dominantsulfur speciesof the
atmosphereOQur primaryfocusis to follow the
sulfur atomsasthey are emitted(primarily as
biogenicDMS or anthropogeni&S0;,) through
chemicaltransformationtransportand deposi-
tion processeswith the goal of identifying the
processethatcontrolsulfateaerosokegionally
andseasonallyThesecontrollingprocesseare
revealedby “tagging” of componentsf thesul-
fur cycle,in amannessimilarto Benlovitz etal.
[1994], althoughtheir focuswas on the North

Atlantic region over atwo monthtime span.

In partlll, Kiehl etal. [1998]usethemodel
describedin the earlier papersto discussthe
predicteddirect and indirect radiatve forcing
by aerosols,and the potentialfor the anthro-
pogeniccomponento affectclimate.

Model description

Several previous studiesof the global sulfur
budgethave beenperformedin the contet of
“offline transportmodels” [Chin et al., 1996;
Chuanget al., 1997; Kasibhatlaet al., 1997;
LangnerandRodhe,1991;Phametal., 1995].
The sulfur cycle in the presentstudy evolves
within a generalcirculationmodelframevork.
Thereis significantlymoretemporalandphysi-
cal detail available aboutmary processeshat
influenceaerosolformation and their interac-
tion with clouds, climate, and chemistryin a
GCM, comparedo an offline model. In con-
strastto offline modelswherethe meteorology
is specifiedby interpolatingbetweersnapshots
spaced to 6 hours(or evenlonger)apartGCM
solutionsare advancedwith meteorologicain-
formationevolving over short(order20 minute)
timesteps. Completethreedimensionaldistri-
butionsof cloudvolumes,condensatamounts,
and rate of cornversion to precipitation, etc.
are available in GCMs. Most offline models
must approximatelyreconstructthis informa-
tion from two dimensional(surface) distribu-
tions. The threedimensionafields provide an
increasedevel of consisteng with othermeteo-
rologicalinformationthatis difficult to achieve
in the offline models. Our GCM configura-
tionis quitesimilarto thatdescribedn Feichter
etal. [1996,1997]or Graf etal. [1997]in the
ECHAM4 model. A GCM predicting sulfate
thatalsoincludesanelaborateepresentationf
the photochemistrpf thetropospheriavasde-
scribedin Lelieveld et al. [1997] and Roelofs
etal.[1993].

Details of the modelare provided in partl,
but herewe repeata few relevant points. This



modelis comprisedof the basicNCAR Com-
munity Climate Model (CCM3, [Kiehl et al.,
1996]),augmentedvith a prognosticcloudwa-
terschemdgRaschandKristjansson1998],and
the photochemistryscarenging,anddeposition
processedescribedn partl.

The model is run at the nominal NCAR
CCM3horizontalresolutionof 2.8x2.8degrees,
andavariableverticalresolutionwith 18 mod-
els layersextendingfrom the surfaceto about
35km. A centerediime stepof 20 minutesis
usedfor the CCM3modeldynamicsandacon-
sistentapproachfor cloud and chemistrycal-
culationsrequiresthat the transportand most
of the chemicalprocessingare advancedfrom
time level n — 1 ton + 1 (e.g. a 40 minute
time step). This numericaltechniquecan re-
sult in a decouplingof solutionsat even and
oddtime steps. Thereforea time filter Asselin
[1972]is emplgyedto coupletheevenandodd
time stepsimulations. Theaqueoughemistryis
integratedindependentlyisinga 2 minutetime
stepto treatthe strongsensitvity of the S(1V) +
O3 reactiornratesto thetime dependenpH evo-
lution. Oxidantdistributions,andtheH, O, pre-
cursorHO;, in the presenmodelareprescribed
from anindependentun of the offline transport
model IMAGES [Mller and Brasseur,1995].
The evolution of four chemicalspeciesarecal-
culatedby the model, DMS, SO,, SG~, and
HoO4. Thetreatmenbf H,O, is consideredm-
portantbecausef thestronginteractionof SO,
andH202 in clouds. Most otherglobal mod-
elsusea “recovery time’' (sometimesnstanta-
neous)f Hy O, afteroxidationandscarenging
to aprescribedlistribution.

The model representsemissionsof DMS
and anthropogenicsulfur species(assumedo
be 98% SO, and 2% SO;~) accordingto the
GEIA 1B.1databaséollowing Benlovitz etal.
[1996]. Notablylackingarerepresentationtor
volcanicemissionsandthe photochemistnas-
sociatedCS, andCOS.

The sulfate aerosolformed by the model
would strongly influencethe model climate if
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it were allowed to interactwith other physi-
cal processedyut in theserunswe have delib-
erately disconnectedhe mechanismghrough
whichtheseclimatefeedbacksouldtake place.
Sulfateis treatedasa passie tracer As men-
tionedin the introduction, a seriesof simula-
tions have beenmadein which the sulfur has
beentagged. The runsare of differing length,
but all have identical meteorologyfor a com-
montime period.A sevenyearrunwasmadein
which SO, andSO?j weretaggedaccordingo
whetherthey wereof anthropogenior biogenic
origin, andthe chemicalpathway of formation
(i.e. whetherthesulfateoriginatedasa resultof
gasphaseor aqueouphaseoxidation). A three
yearrun wasalsomadewherethe constituents
weretaggedby theregion of origin.

The meteorologicaprocessesf the CCM3
are thoroughlydescribedn a specialissueof
the Journal of Climate (Randall [1998] and
in Raschand Kristjansson[1998],andBonan
[1996]). Thesecollection of paperscontain
comparisonsto clouds, precipitation, winds,
boundarylayer propertiesandmary otherme-
teorologicalfields to obserational estimates.
The CCM is generallyquite realisticin its cli-
matesimulation but therearebiaseshatcanef-
fect the sulfate simulation. Summertimecloud
coveris low over continentyseepartlll, Kiehl
et al. [1998] for someindication of this bias).
The amplitudeof the seasonatycle of precip-
itation over the continentalUsS is often higher
than seenin the obserations, and precipitia-
tion over CentralEuropeshavs a maximumin
springanda minimum in late fall not seenin
theobsenrationswhich arenearlyconstanover
theyear Generally the modelsbiasesare not
larger thanthosecharacteristiof otheroffline
CTMs or other GCMs. Differencedike these
with obserationswill contrilbute to biasin all
globalsulfermodelsin usetoday

Spatial distributions of column burdensof
species,and someof the characteristicparti-
tioning by (anthropogeni@andbiogenic)origin
and chemical pathway were shavn in part I.
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In the following sectionswe usethesetagged
propertiesalongwith the region of origin tag-
gingto infer avarietyof propertieof theatmo-
sphericsulfurcycle asrepresenteth themodel.

Global Properties

The distribution of anthropogeniand bio-
genicemissionsof sulfate precursorsrary sig-
nificantly over the globe. Sulfate aerosolfrom
anthropogeniemissiongdominateghe sulfate
columnburdenthroughouthetropospherekor
this study we have partitionedthe emissions
into four regions definedin table1. The spa-
tial distribution of anthropogenie@missionss
shawvn in figure 1. SeasonaVariationsof an-
thropogenicand biogenic emissionsfor these
regions are displayedin figure 2. The Euro-
peanand Americansourceregions are associ-
ated primarily with industrial SO, production
through coal and petroleumuse. The Asian
source(which alsoincludesmostof the eastern
partof Russia)is dueprimarily to coalburning.
The ROW sourceemissionsare often associ-
atedwith metalsmeltingoperationsn theSouth
Americaand southernAfrica region, and with
oil processingn middle easterncountriesand
industryin Australasia.Despiteits small geo-
graphicarea,Europeemitsthe mostSG,, and
hasthe largestseasonalariationin emission.
Emissiondrom Europeareafactorof 3 higher
thanthosefrom the ROW region, which hasthe
lowestemissiorratedespiteoccupying approx-
imately 6 timesmoresurfaceareathanEurope.
Biogenic DMS emissionsare small in all re-
gionsexceptthe ROW areawherethey consti-
tute approximatelyhalf the total emissionsin
thatregion. The ROW DMS emissiongeakin
southerrhemisphersummer

Figure 3 shavs a time seriesfor the 7 year
run for SO, andSC; . Initial concentrations
for thesespecieswere setto zero. The atmo-
spherehasbeendivided up into four layersof
approximatelyequaldry air mass(250hPa), to
shav the seasonatycle of theseconstituents
and their seculartrend. The very strongsea-

sonalcycle in SO, burdensin the lower tro-

pospherewith a maximumin the lower tro-

posphereduring winter is commonlyobsered

in nature,andothermodelsaswell. Thereare
regional differencesn phaseandamplitudeof

this seasonalariation(discusseéh moredetail

later). The peakin SO?[ burdenis outof phase
with thatof SO, by abouthalf ayear

After transientshave died out (ca. three
years)there are still interannualvariationsin
layer meanburdensof 20%. SO shaws a
maximumat all levelsin late summer At this
time the SO, and SG; are presentin sub-
stantial amountsat altitudes where scareng-
ing of SO, is not effective (becausein the
presentmodel it is scarengedonly in the lig-
uid phase),and where scarenging of SO;~
actsonly throughbelowv cloud collection pro-
cesses. Although the initial transientsin the
global burden of SO, have decayedafter the
first year the massof SO}~ containedin the
uppertropospher@andstratosphereontinueso
increasefor the first threeyears. In thesere-
gionstimescale®f production,mixing andre-
moval are much longerthanin the lower tro-
posphere. This resultis consistentwith other
modelingstudiesin which equilibrationin the
uppertropospherandstratospherbasbeenex-
amined. For example,Hartley etal. [1994] re-
qguired an equilibrationtime of 1 yearin a se-
ries of simulationsof CFCk to calculatethe
atmospheridifetime of this constituentwhich
is photolyzedin the stratosphereWaughet al.
[1997]foundtransportimesbothfrom model-
ing and obserational dataof 0.8 yearsto the
tropicaltropopausérom the surface,and3to 5
yearsfor the signalto reachmid- to high lati-
tudesin theIowertroposphereOurSO?[ bur-
denin the uppertroposphereand stratosphere
(order 0.15 Tg S in the uppermostlayer) is
quite high, significantlyhigherthanthat of the
comparablestudyof Graf etal. [1997], but (as
shavnin Barthetal.[1998]) consistentvith the
estimatedupper troposphereand stratosphere
backgroundraluesof Kentetal. [1994], or the
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Table 1. Definition of regionsusedin this study

Region Abbreviation latitude longitude % of earths
range range surface
North America NA 15-90N 170E-45W 13
Europe Eu 21-90N 43W-64E 10
Asia As 0-90N 68-170E 17
Restof World ROW Everthing else 60
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Figure 2. Time seriesof the seasonaVariationin sulfur emissionsfor the four regions utilized
in this study The lines dravn betweenseasonameansindicatethe linear variation usedin the
interpolatecemissiongvithin themodel.
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Figure 3. The evolution of the global burdenof Sulfur dioxide and Sulfate over the seven year
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respectiely. Month 1 correspondso thefirst januaryof the modelsimulation.



8

0.12Tg Sfor thestratosphereitedin areview
paperof stratospheri@erosolshy Turco et al.
[1982]. The presentmodel is missing much
of therelevantphotochemistryandaerosomi-
crophysicdor a goodrepresentatioim this re-
gion of theatmosphereandmoreprecisechar
acterizationof aerosolarerequiredbeforewe
can commentmore definitively on the upper
troposphericand stratospheridoading. The
long time for equilibrationin the uppertropo-
sphere/stratosphereiggestcautionin assess-
ing the uppertroposphereand/orstratospheric
loadingsn runsmadeoverarelatively shortpe-
riod of time [e.g. Benlovitz et al., 1994; Chin
etal., 1996;LangnerandRodhe,1991; Wojcik
and Chang,1997]. If our uppertropospheric
burdensof sulfate calculatedn this modelare
indeedtoo high, other mechanismdor its re-
maoval mustbe investigatede.g. throughscar-
engingof SO, on ice, or aerosolcoagulation
andsettling).

The horizontaldistributions of columninte-
gratedsulfate for year3 of our simulationsare
shavnin figure4. Thereareverylarge seasonal
variationsin columnburdensover the primary
northernhemisphereemissionregions (north-
eastNorth America, and Europe)and smaller
variationsover the widely distributed regions
of the southerrhemisphere The burdensfrom
Asianregionsareevidentyearround. Themax-
imaseerduringsummer/all periodsareconsis-
tentwith the time seriesof figure 3. We “tag”
the emissionsand discussthe controlling pro-
cessesand propogationfrom eachregion later
in this study

Explanationsfor the seasonatycle of sul-
fur speciegoncentrationarecomple andvary
from modelto model.Differencesn SO, emis-
sions(cf. figure 2) arerelatively smallin the
GEIA inventory except over Europe, where
they arehigherin winter andlower in summer
by about+30%, in responsdo variationsin
power andheatusage.(A similar seasonaty-
cle wasprescribedn the emissionausedin the
othermodelingstudiescitedhere.)Duringwin-

ter, in the presencef arelatively stablebound-
ary layer, concentrationef SO, becomehigh,
andthetransformatiorof SO, to SG;~ maybe
locally oxidantlimited. In summeroxidantsare
more plentiful, andthe ventingfor the bound-
ary layer candistribute the SO, over a larger
volumeof air, thusexposingit to moreoxidant.
However, Langneretal. [1992] have notedthat
obserational estimatef cloud amountsused
in their modelaremorealundantduringwinter
andspringin thelowerandmiddletroposphere.
Sincemostof the oxidationtakes placewithin
cloudsthedecreasen cloudamounin summer
will actto opposeheincreasén theamountof
theagueou®xidantsseenn summer

Theanalysiof Feichteretal.[1996] shaved
that during summerthe role of in-cloud and
gasphaseoxidationplayeda nearlyequalrole
in corverting SG, to SO}, but their net ef-
fect was significantly smallerthan the winter
time oxidationmechanismwherethe in-cloud
pathway dominated. In principle this would
suggesta minimum in SG, in the winter and
spring, exactly oppositeto that seenin obser
vationsandmostmodelsimulations.Chin and
Jacol1996]indicatedthatthe supplyof Hy O,
was lowest in winter for their model, imply-
ing, in the absenceof other controlling pro-
cessesaneffect oppositeto the ECHAM simu-
lations. They shavedthatabout80%of theloss
of SO, from anthropogenicallynfluencedre-
gionsoccurredn theirmodelthroughoxidation
and depositionmechanismsand explain their
seasonatycle of SO, throughseasonaVaria-
tionsin thedry depositionvelocity (over snaw)
andthe summer/wintedifferencein oxidation.
Raschet al. [1998] shaved a strong seasonal
cyclein SO, in two variantsof sulfur chemistry
in the CCM. One variant useda preliminary
but identical photochemistryto that described
in this paper andthe othersimply prescribeca
uniform oxidationrateof 1.2 dayseverywhere.
Bothvariantsincludeda seasonallyaryingde-
position velocity sensitve to snav cover, and
turbulentandcorvective ventingof the bound-



JJA

DJF

180 90

90

180 -90

90

N

SO

MAM

180 -90

90

180

20 50 70 100 150 200

10

Figure 4. Columnburdenof sulfatefor eachseasor{umol m=2).



10

ary layer Both modelsshavedsimilar seasonal
cyclesin SO, and SO?[ burdens,suggesting
thatthe dominantcontrol of the seasonatycle
is not photochemicalput dueto susceptibility
to scarenging. Kasibhatlaet al. [1997] exam-
ined the role of variationsin chemicalcornver
sionin controllingthe seasonatycle of surface
SO, andSCG;~. They noteda seasonatycle
of high sulfatein the summerandlow sulfate
in winter in surfacemeasurementvertheUS.
Surface measurements Europedid not ex-
hibit this behaior. They suggestedhe possi-
bility of a (missing)heterogeneousechanism
for the oxidationof SO, thattakes placeyear
roundasa possibleneededpathway to explain
thesedifferencesn the seasonatycle of SO,
and SO?[ over EuropeandN. America. Thus,
seasonavVariationsin emissionsavailable oxi-
dant, cloud volume, transportand meteorolog-
ical processesanddepositionvariationsall act
to modulatethe seasonatycle of SO,.

In our model,the winter maximain the sur
facelayerin SO, in figure 3 arealsoexhibited
in the layer extendingfrom 500to 750 hPa. At
altitudesabove 500 hPa the seasonatycle in
SO, is reversedwith amaximaappearingn the
NH summerphase,whenthe SO, of surface
origin is more easilytransportedo upperlev-
els. During the summerthe SG, is distributed
over alargervolumeof air thatalsohashigher
oxidant availability making its transformation
morerapid.

Furtherindicationof the controllingmecha-
nismsfor the seasonatycle in SG;~ may be
found in figure 5, which shaws profiles of a
variety of quantitiesaveragedover all longi-
tudesbetweemMON and90N, asa functionof 5
(themodels hybridverticalcoordinatehatcor
respondsapproximatelyto pressurdin hPa)).
This domain was chosento be large enough
that lateraltransportin and out of the domain
doesnot dominatethe signal,andincludesthe
northernhemispheresourceregionswherethe
seasonavariationsin burdenare largest. The
top panelshavs summerand wintertime vari-

ationsin SO,, SO/, andH»0,. SO, varies
by a factor of 3 betweensummerand winter
in the boundarylayer Peakvaluesare found
at about950 hPa. Thereis a crosseer point
at about400 hPa; above this altitude summer
SO, valuesexceedthosein the winter. Below
this altitude wintertime valuesalways exceed
summer The seasonaldifferencesin SO}~
amountglisappeaby 100hPa. Above thatalti-
tude seasonabariationsare alsomodulatedby
transportinto the stratosphereyhich is in turn
stronglycontrolledby stratospherievave drag,
andis amaximumin the NH winter. Sincethis
modelhaslow vertical resolutionin the strato-
sphere andthis strongly affects the quality of
the simulationthere, and becauseepresenta-
tionsof muchof therelevantaerosoprecursors,
and physicsare missing,we do not focusary
moreon thatregion. Below 100 hPa the sum-
mer:winterratio for SO?[ is about2:1. HyOy
exhibits a very strongseasonatycle, varying
by a factor of 3 betweensummerand winter.
As previously mentionedthe strongmaximum
in HoO9 in summerenhanceshe aqueousox-
idation of SO, comparedo the winter season.
PeakH,O, concentrationgluring summeroc-
cur at about750 hPa. During winter, the peak
SO, concentrationsccuraround400hPa.

Cloud fraction, total cloud condensatélig-
uid + ice) andliquid water are shawn in fig-
ure5b (thecondensatenixing ratiosarenotin-
cloudvalues butrepresenaveragesvertheto-
tal [clear plus cloudy fraction of the) grid vol-
ume.Therearesignificantlymorecloudsin the
modelbetweerf00and400 hPa during winter
thansummer Sincethe cloud fractioncontrols
the volume whereaqgueousxidation cantake
place thehighervolumesin wintercanenhance
oxidationduringthatseasorcomparedo sum-
mer. On the otherhand, thereis significantly
moreliquid watercontentin summer Thusthe
volumeof air susceptibléo aqueougprocessing
and scavengingis higherin winter than sum-
mer, but the massof waterthat participatesn
the chemistryandscarengingis higherin sum-
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Figure 5. Profilesof mary of the termscontrolling the seasonavariationof sulfatein the atmo-
sphere averagedover all longitudesbetweemMON and90N. The open(unfilled) markersshav the
summertimgJA) values,andclosed(filled) markerswintertime (DJF). The vertical coordinatey
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merthanwinter.

Figure 5¢ shavs the ratesof mary of the
termsinvolved in the productionand removal
of sulfate in our model abore the surface.
Schematicallywe representhe sulfate evolu-
tion equationas

d[S0%7]
ot

= ADV +TURB+ CONV

+CHEMA+CHEMG
+PR—-DRYD —WETD.

The right handside of the equationrepresents
the netrate (or tendeng) associatedavith indi-
vidual processes.ADV representshe adwec-
tive tendeng, TURB representshe netrate of
turbulent transport(occuring primarily in the
boundarylayer), CONV is the rate of convec-
tive transport CHEMA the rateof aqueoux-
idation of SO, to SO by O3 and Hy0, ,
CHEMG the gasphaseoxidationrate, PR the
rate of primary emissionof SO}, andDRYD
andWETD theratesof dry andwet deposition
processesAt steadystatethe left handside of
the equationwould be identically zero. Note
thatwe havechosernthe signof theWETD and
DRYD termsto appearas positive valueson
figures5 and 7. The positive signsenesto il-
lustratethe very closebalancebetweenWETD
and otherterms(particularly CHEMA) on the
figure. Between950 hPa and 750 hPa there
is a nearbalancebetweenproductionfrom the
agueouspathway and wet depositionduring
bothsummerandwinter. Thatis,

CHEMA ~ WETD.

duringbothsummerandwinter. Bothprocesses
aremoreactie (by about20-30%)in ourmodel
during winter than during summerin this re-
gion, andthe aqueougroductiongenerallyex-
ceedghewetdeposition.Thetwo processeare
of coursdantimatelytiedto oneanothemsmuch
of the sulfatein formedwithin the cloudin the
sameeventin whichit is removed. The excess
productionover wet depositionis significantly

(700hPa < p < 900hPa)

larger in summerthanin winter, contrituting
to the enhancedulfate burdenin summer Of
courseothertermsarealsoimportant. Thegas
phaseproduction(CHEMG) addssignificantly
to the productionexcessin summerin this re-
gion. At altitudesabore 700 hPa, and belov
900 hPa someaspectof thesetendenciesare
reversedtheaqueouproductionandwetdepo-
sition processearemoreactive in summethan
in winter, andthewet depositiordominateghe
agueougproduction. It is alsoclearthat other
processe®nterinto the total balancein both
regions. At altitudesabove 700 hPa in sum-
merproductionby thegasphaseaermCHEMG,
andadwectionADV arebothimportant. There
is an approximatebalancebetweenCHEMA,
CHEMG,ADV, andWETD. Thatis

CHEMA+ CHEMG+ ADV =~ WETD
(400hPa < p < 700hPa)

in NH summer Gasphaseoxidationshavs a

substantiakeasonavariationfrom the surface
600hPa. It is higherby 40-50%in summetthan
in winter. During winter the balancebetween
400hPaand700hPais muchlike the lower al-

titude region, exceptthat the wet depositionis

thelargesttermandactsto balanceall others.

Thereareanumberof surprisingresultsper
tinentto the boundarylayerregion at pressures
greaterthan900hPa. Wet (bothbelon- andin-
cloud)depositiorin thelowest(100m)layerad-
jacentto the surfaceis larger by 30% in win-
ter, and 50% in summerthan the next higher
layer The aqueoussourceterm (CHEMA) on
the other hand hasits maximumin both sea-
sonsin thesecondnodellayerfrom thesurface
(200-300m). This is probablydueto the max-
ima in cloud water and cloud fraction seenin
panel5b,andbecaus& 0O, emissionsareabove
100mareaslarge or largerthanasthoseat the
surface.Convective transpor{ CONV) andtur-
bulent transports(TURB) of aerosolare both
importantin theboundanyjayerswith largepos-
itive amplitudein the nearsurface layer, and
negative valueshigherup. Thus,thesetermsact



to transportaerosolfrom higher levels down-
ward and into the surface layer where it is

susceptableo strongremoval by dry deposi-
tion processegnot shavn) and wet scareng-
ing. Corvective transportsare usuallythought
to act to move constituentsout of the bound-
ary layer In the caseof solublespecieshow-

ever (at leastasrepresentedhere),the upward

transporinsidethe updraftcoresof ary aerosol
remainingafter scarenging,is overwhelmedy

the compensatinglovnward transportsof un-

scarengedaerosolin the ervironment. Advec-
tion (ADV) by resoledscaleprocessef.e. not
turbulence)generallyactsto move the sulfate
from the nearsurfacelayersboth upward, and
laterally (in this casesouthvard). During the
summey adwectionactsasa significantsource
to theregion from 700 hPato 500 hPa. During

winter it actsmostly to move SO}~ out of the
domain. Within cloudyvolumesnon-adective

processeslominatethe adwectionterm, but in

cloud free regions adwectionis important,and
its enhancedole in summertime mustbe due
tothelargervolumeof cloud-freeair duringthat
season.

The column integral of eachterm for the
samedomainareshavn in figure 6 on amonth
by monthbasis.The seasonaVariationof these
guantitiesshaw interestingdifferenceswith the
correspondingjuantitiesshavn in figure 1 of
Feichteret al. [1996]. Their simulationsin-
dicateda maximumin oxidationvia H,O5 in
March and April, and a minimum (of 0.7 Tg
S/mo)in JuneandJuly. The presenimodelex-
hibits a similar maximum,but the minimumin
JA is muchsmallerthanthe simulationof Fe-
ichteret. al. The shapeof the seasonatycle
in the gasphaseproductionof Feichteret. al.
is quite similar to the presentmodel but their
maximumin summelis approximatelytwice as
large asthat found here. Feichteret al found
a maximumin surface depositionin the fall,
wherethemaximais in thespringin the present
model. The differencedn the two modelspor
trayal of seasonaVlariationsin processeagain
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highlightour currentuncertaintyin understand-
ings of theatmospherisulfur cycle.

Whenthe region of integrationis restricted
to the region of strongestemissions the bal-
anceschange comparedo the larger northern
hemisphereegion. Figure7 shaws the corre-
spondingprofilesover EasterrNorth America.
As shouldbe anticipated the vertical gradient
of SO, andSCO; s larger over the sourcere-
gion,andnearsurfacevaluesareafactorof two
higher Summertimevaluesof SO, arehigher
thanwintertimevaluesatall altitudesabose 800
hPa. The massof liquid condensatés sub-
stantially lower over this areathan the north-
ern hemispherdn general. Unlike the larger
region thereis more total condensatén win-
ter than summey althoughthereis still much
more liquid condensatén summerthan win-
ter. The differencebetweensummerandwin-
ter cloudfractionis alsomuchlarger. All ten-
denciegendto be a factorof two higherin the
smallersourceregion, than averagedover the
larger domain. Lateraladwectionof sulfate out
of the domainis also more apparent.Thereis
anetverticaltransporinto theregionfrom 500
to 700hPaby resolhedscaleadvectionfrom be-
low. As alsoseenover the larger region, the
gas phaseoxidation shawvs a substantialsea-
sonal variation from the surface 600 hPa. It
is higher by 40-50%in summerthanin win-
ter. This resultdiffers from a similar analysin
the modelstudyof ChinandJacob1996] who
found no variationin the rate of summerand
winter productionof sulfate by gasphasepho-
tochemistryin the lower troposphere The dif-
ferencebetweensummerand wintertime pro-
duction by aqueousoxidationis also substan-
tially larger over this region thanthe larger do-
maindiscussedbore. BothsulfateandSO, are
transportedo the mid- and uppertroposphere
by corvection, despiteof their solubility, and
the corvectiontermis significantlylarger over
this (primarly) continentakegion thanit is over
thelargerdomain.Convectionandoxidationof
SO, by OH aresourcedor sulfatebetweer200
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Figure 6. Time seriesof mary of the termscontrolling the seasonabariation of sulfatein the
atmospheregveragedover all longitudesbetweerdON and90N.

and500hPain summer Thesesourcetermsfor
sulfate at heightsabove 500 hPa are balanced
by adwectionwhich actsto transporthe sulfate
elsevhere. Betweenthe surfaceand 700 hPa,
sourcesof SO?[ by agueousand gaseousxi-
dationsubstantially(by aboutl00%)exceedhe
wetdepositionprocessthe remainingexcesof
productionis export from this region by advec-
tive processegarticularlyduringsummer

Global budgetsfor the presentmodel and
several other recentmodel studiesare shavn
in tables2 through4. Thesestudiesare cer
tainly notacomprehense list, but they provide
a generalpicture of the currentrangeof varia-
tion in global modeling. Threeof the models
(LangnerandRodhe[1991], Phametal. [1995]
andChin etal. [1996]) areoffline modelschar
acterizedby relatively simpleformulationsfor
transportcorvectionandcloud processingne-
cessitatedy the lack of muchof the informa-
tion requiredfor a more elaborateformulation
(noneof thesemodelshad accesgo 3 dimen-

sionaldistributionsof cloudvariablesor exam-
ple). The studiesof Feichteret al. [1996] and
Roelofset al. [1998] are quite similar to ours.
They alsoutilizedageneratirculationmodelin

which themodelhydrologicalcycle, cloudvol-

umesfor chemicalprocessinggetc. were han-
dled on shorttime scalesin an internally con-
sistentway. Someof the prior studiesincluded
additionalsourcgerms(volcanoe@ndbiomass
burning) neglectedin our study On the other
hand,someof the cited studieshave treateda

smallernumberof oxidationpathways (for ex-

ampleby neglectingreactionswith Os). Only

the modeldescribedn Lelieveld et al. [1997];

Roelofsetal. [1998] have aselaboratea treate-
mentof the productionandlossof HyO,.

The lifetime of DMS (table 1) variescon-
siderablyamongthe seseral models. Langner
andRodhe[1991] did notincludethe NO3 ox-
idation pathway, andassumedill DMS + OH
wentto SO,. Theirlifetime is thelongestof the
citedmodels.Chinetal. [1996] postulatedand
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Table 2. Global annualaveragedDMS budgetsfor years3-6 comparedo other model studies.
Previousstudiesareabbreiatedasfollows: LR91 = LangnerandRodhe[1991],P95= Phametal.
[1995],F96= Feichteretal. [1996],C96= Chinetal. [1996]L97 = Lelieveld etal. [1997].

Quantity(Units) LR91 P95 F96 C96 L97 This
work
Source(Tg S/yr) 16 20 17 22 16 16
Burden(Tg S) 0.13 0.05 0.10 0.06 0.02 0.06
Lifetime (Days) 3 0.9 2.2 1.0 0.5 1.42

used,a missingoxidation pathfor DMS in or-
derto achieve areasonablagreemenivith ob-
senations. Theadditionalpathway reducedhe
DMS lifetime substantially It is interestingto
notethatthestudiesof Feichteretal.[1996]and
Lelieveld etal. [1997], which usethe samefun-
damentameterologicatlescriptiorandaerosol
chemistrydiffer by afactorof fourin the DMS
lifetime (2.2vs 0.5daysrespectiely). Thedif-
ferenceis presumablydueto variationin OH
distributions. The presentmodellies between
thosemodelresults.

With respectto SO, , the presentstudy
which lacksvolcanicemissionspiomassburn-
ing, and CS; and COS sourceshas the low-
est sourcestrengthfor SO,, and thus anthro-
pogenicemissionappeamasa relatively higher
fraction of the sourcein table 3. The three
modelsusingaprognosticcloudwatervariable,
andinteractve cloudstendto losemoreSQO, by
gas-phasexidationthanthemodelscontaining
simplerformulationsfor clouds. Thesestudies
alsolimited the SO, oxidizedby H202 more
strictly thanthestudiesof Chinetal. [1996]and
Phamet al. [1995]. Thereis anorderof mag-
nitudeof variationin wetdepositiorof SO, be-
tweenmodels,rangingfrom the presentstudy
andLelieveldetal.[1997]; Roelofsetal.[1998]
atthelow end(2% and0% respectiely) to that
of Chin et al. [1996] at the high end (21%).
This is likely to be a explainedas a labelling
issue.The partitioningof theSOZ‘ thathasnot
yet existed as a aerosol[S(VI)] canbe distin-
guishedfrom that arising from ingestionof a

pre-«isting soluble aerosolby a precipitating
cloud drop. Our wet depositionof SO, refers
only to the depositionof S(IV). The balance
is attributedto depositionassulfate. As such,
our numbersare quite consistentwith the nu-
merousobserationalestimatexitedin Wojcik
andChang[1997]. Part| [Barth et. al, thisis-
sue] (figure 6) suggestghat our modelagrees
quite well with obserationsof total wet depo-
sition (SO, + SO?[) andthusthe descrepanc
amongmodelsis likely just a labelling issue.
LangnerandRodhg1991]alsoincludedtheen-
hanceduptale of SO, in solutiondueto com-
plexation with formaldehyde.The sumof the
wet depositionandaqueou®xidationprovides
an estimateof lossof SO, throughcloud pro-
cessing.Thereis still alargevariationbetween
thesefields amongmodels,and the two mod-
elswith the mostinternalconsisteng in treat-
mentof physicalprocessearevery differentin
this sens€43%vs. 58%respectiely). Thetwo
modelswith predictedH,0- distributionshave
the longestlifetime for SO,. The depletionof
H20, in nearsourceregionscanresultin ade-
creasen the rateof productionof SG;~. Part
I shaved that there was often an appreciable
length of time for replenishmenbf the H,O,
afterit wasdepletedhroughoxidationandpre-
cipitation scarenging. This would increasethe
frequeng of situationswhereSQ, is limited to
the slower O3 reactionfor its oxidation path-
way. (Not allowing the H,O, depletionresults
in anincreaseof order7% in the productionof

SG))
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Table 3. Global annualaveragedSO, budgetsfor years3-6 comparedio other model studies.
Previousstudiesareabbreiatedasfollows: LR91 = LangnerandRodhe[1991],P95= Phametal.

[1995],F96= Feichteretal. [1996],C96= Chinetal. [1996]L97 = Lelieveld etal. [1997].

Quantity(Units) LR91 P95 F96 C96 L97 This
work
Sourcg(Tg Slyr) 95 123 101 96 90 79
Anthro. emissiong%o) 71 75 78 68 74 82
Photochemicabrod. (%) 18 15 17 23 18 18
Other(%) 11 10 6 9 8 0
Gasphaseoxidation(%) 8 5 17 8 15 12
In-cloud oxidation(%) 44 45 34 44 59 56
Wet deposition(%) 15 4 9 21 0 2
Dry deposition(%) 32 45 40 28 24 31
Burden(Tg S) 0.3 0.2 0.4 0.3 0.6 0.4
Lifetime (Days) 1.2 0.6 15 1.3 2.3 1.9

Table 4. Global annualaveragedSC; ~ budgetsfor years3-6 comparedo other model studies.
Previousstudiesareabbreiatedasfollows: LR91 = LangnerandRodhe[1991],P95= Phametal.

[1995],F96= Feichteretal. [1996],C96= Chinetal. [1996]L97 = Lelieveld etal. [1997].

Quantity(Units) LR91 P95 F96 C96 L97 This
work
Source(Tg Slyr) 53 62 51 49 72 55
Anthro. emissiong%o) 6 0 0 0 5 2
Gasphaseproduction(%) 15 10 33 15 21 17
In-cloud production(%) 79 90 67 85 74 81
Dry deposition(%) 16 27 13 11 25 7
Wet deposition(%) 84 73 87 89 75 93
Burden(Tg S) 0.8 0.8 0.6 0.53 1.1 0.60
Lifetime (Days) 5.3 4.7 4.3 3.9 5.3 4.0
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Despite the large differencesin emission
inventories, photochemistry cloud properties,
and depositionparameterizationfor SO,, the
netsourcefor SO~ from all the modelsvaries
by only 20% (table 4), with the exception of
the modeldescribedn Lelieveld et al. [1997];
Roelofset al. [1998], which hasa signifiantly
highersourcevalue. The partitioningbetween
agueousand gasphaseproductionvaries sub-
stantiallybetweermodels.All modelsshav the
agueougathway to dominate,but thereis no
consistentsignaturebetweenmodelswith the
more elaboratetreatmentgor cloudsand oxi-
dation,andthe simplerformulations.This sug-
gestsagainthat there are still very large un-
certaintiesin the characterizatiorof the atmo-
sphericsulfur cycle.

Regional Analysis

It is nov generallyacceptedhat emissions
from theindustrialnationsof thenortherrhemi-
spherearethe dominantsourceof tropospheric
sulfatein theworld today Yettherelative con-
tribution of the sereral sourceregionsto the
globalsulfurbudget,andpossibledifferencesn
theprocessethatcontrolthe sulfur distribution
from theseregions remainpoorly understood.
In this sectionwe male use of taggedaerosol
typesto male infererencesboutthe effect of
emissiondrom thedifferentregions.

The partitioning of the annually averaged
regional emissionsand burdensinto their an-
thropogenicand biogenic componentscan be
assessedrom the bar charts of figure (8)
and (9). Anthropogenicemissionsdominate
over biogenicemissionsin all regions except
ROW, wherethey are of similar magnitude.In
the northern hemisphere more than 80% of
the total burdenis due to anthropogenicsul-
fate. However, even in the southernhemi-
sphere,the anthropogenicsulfate is generally
more than 50% of the total burden. In the
tropical region of the Pacific Ocean, sulfate
aerosolderved from DMS emissionsandan-
thropogenicsulfatecontritute equallyto theto-

tal burden. Theseresultscontrastwith Chin
and Jacob[1996], who found a larger contri-
bution from non-anthropogenisourcespatrtic-
ularly in the southernhemisphereand oceanic
regions. Thesedifferencescould arisebecause
in ourmodelDMS emissiongrelessthanthose
usedby ChinandJacolf1996]andbecaus@ur
model doesnot include volcanic emissionsof
SO, , or becauséChin andJacob[1996] deter
minedthe anthropogenicontritution by com-
paringsimulationausingonly naturalemissions
to asimulationwith presentlaynaturalandan-
thropogeni@missionsWe have alsomadesim-
ilar pre-industriabndpresentlayruns,andwe
believe that most the differencesbetweenour
simulationsandthoseof ChinandJacolj1996]
cannotbe explainedby the non-linearreponse
of the chemistryand scavengingto the chang-
ing emissions.

Although the ratio of anthropogenido bio-
genicemissionsn the northernhemispheree-
gionsof Eu,NA, andAs areapproximatelyl 0:1
or greater the burdensof resultingsulfate are
order5:1 for the correspondingegions. That
is, theyield of sulfateis higherfrom biogenic
precursonemissionsthan from anthropogenic
precursors. Hence, sulfur emittedfrom bio-
genicsourcess corvertedto sulfate(relatively)
moreefficiently thanthatemittedfrom anthro-
pogenicsourcesThisis easilyexplained(Chin
andJacolhj1996] andFeichteretal. [1997]) by
therapidtransporfrom the suriaceto theupper
tropospher®f the quiteinsolubleDMS, where
it is subsequentlyxidizedto SO, and SG;~.
Sulfateproducedn theuppertropospherés not
easilysusceptabléo scarenging,andmustfirst
betransportedionnwardto altitudeswherere-
moval processesre more efficient. It is also
evident from figure 9 that thereare significant
differencedetweertherelative partitioningbe-
tweenSO, andSC;~ amongheregions. While
thereis moresulfur storedasSQO; ~ in the NA,
Asian, and ROW regions, the situationis re-
versedin Europe. Thesefeaturessuggestig-
nificantdifferencesn transportfransformation,
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by region, partitioned by anthropogenicand
biogenicemissions.
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Figure 9. Annually averagedburden of sul-
fur speciesby region, partitionedinto anthro-
pogenicandtotal contritutions.

and depositionmechanismsver the four re-
gions(discussedbelow).

Thepointcanbemademorestronglyby con-
sideringwhatwe termthe Potentialor Suscept-
ability of aregionto emissionsThisis defined
to be

SOy aerosol burden

Potential = .
near surface sulfur emission
Thus, the sulfate potentialdefinesthe yield of
aerosolper unit emisssiorof sulfur as SO, or
DMS.

Figure 10 shavs that anthropogeniemis-
sionsfrom the ROW have more potential for
aerosolformationthan otherregions. A kilo-
gram of sulfur emittedas SO, from a ROW
sourcewill produceapproximatelyfour times
more aerosolthan the samekilogram of SO,
emittedover Europe,which hasthe lowestpo-
tential for sulfate formation accordingto our
model. The Asian region is intermediateto
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Figure 10. Sulfatepotential definedasthe Sul-
fateburden(Kg S) resultingfrom a unit emis-
sionof sulfur (Kg S/day)atthesurface.

the othersin this susceptibilityto aerosolfor-
mation. The sulfate potentialdoesnot identify
what processor processesontrol the distribu-
tion and amplitudeof the aerosolmass,it just
definesthe potentialfor a given emissionof a
sulfur atomfrom a region to endup as sulfate
mass.

The controlling processegan be identified
by a consideratiorof ratiosof otherquantities
availablefrom the model. Figure11 shaws the
sulfate lifetime (definedasthe ratio of the sul-
fate burdento the total depositionflux). This
guanitityis theinverseof therateat which sul-
fate (arising from emissionsfrom a given re-
gion) is removed from the atmosphere. The
diagnosticsuggestghat part of the explana-
tion for the potentialis associatedvith depo-
sition processes.Sulfate arising from anthro-
pogenicROW sourcedasalifetime againsde-
position of about6 days,andis not deposited
asreadily as sulfate from otherregions at the
surface. Also, unlike the other regions, the
lifetime of biogenicsulfate from thatregion is
actually shorterthanthat of the anthropogenic
component. The vertical distribution of the
anthropogenid®ROW sulfateis nearly uniform,
somavhat like DMS and thus ROW aerosols
are not so susceptibleo scarenging. We be-
lieve that this is becauseéhe ROW sourcesare
in closeproximity to regionsof vigorouscon-
tinental year round corvection (e.g. Amazo-
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Figure 12. The fraction of SO, emittedfrom
eachregion thatis corvertedto SO; .

nia and South Africa) that transportsthe SO,
rapidly to theuppertroposphere.

Figure 12 shaws the sulfateyield asa frac-
tion of emittedSO, that producessulfate. The
balanceof the SO, undegoeswet or dry depo-
sition. The ROW SO, emissiongesultin 15-
20%greatetyield thando emissiongrom other
regions. This total yield canin turn be par
titioned into aqueousand gas phaseoxidation
componentsThusROW sourcesareconverted
more efficiently to sulfate, and are subjectto
lessefficient suriace depositionthan otherre-
gions. Also, the ratio of aqueoudo gaseous
oxidationis alsoslightly higherin ROW than
otherregions.

Figure 13 partitions the aqueousoxidation
pathwaysaccordingto the fraction oxidizedby
H,0, or O3. Europestandsout from the other
regions by having a much higher (factor of 2)
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Figure 13. The fraction of oxidation taking
placeby the two primary aqueougphasepath-
ways.

fractionof the sulfateproducedy the O path-
way. Thissuggestshatthe Europeanegionex-

istsin a peroxidelimited situationmuchmore
frequentlythanary of the othermodelregions.
This canbe attibutedto the muchhigheremis-
sionsdensitiesover Europecomparedo ary of

the otherdefinedareas. Also, becausd=urope
is locatedat higherlatitudesthanthe otherre-

gions, thereis less oxididant availability, and
reactionratesare slower. This effect is most
pronouncedn winter whenthe Europearemis-
sionspeak.

Spatial and seasonal distributions from
regional emission

Thehorizontalspatialdistribution of eachof
theannuallyaveragedegionally taggedsulfate
typesare shavn in figure (14). The left col-
umnshaws thecolumnburdenfrom eachemis-
sion region, and right the percentof the total
column burden contriluted from eachregion.
In the interestof brevity we do not shaw, but
will discuss,the seasonalariation of the re-
gionally taggedsulfate. Thereis a strongsea-
sonalvariationfor EuropeandNorth America,
with summetto winter ratiosfor peakvaluesof
about4:1 over bothregions. The plumeemitted
from North Americaextendseastvard follow-
ing the stormtrack, andcarriesapproximatlya
factorof two more sulfate over the Atlantic in



summerthanin winter. The peakamplitudes
over the North Americanand Europearemis-
sionregionsarequitesimilarto thosedescribed
by Feichteret al. [1996] and Kasibhatlaet al.
[1997]. Anotherplumefrom the southwestUS
and Mexico areasis also evident during sum-
mer. The plume (alsoseenin Benlovitz et al.
[1994]) extendswestwardin the subtropicsand
carriessignificantamountsof sulfateacrosghe
pacificasfar asHawaii. This plumeis signifi-
cantly strongerthanthat seenin Feichteret al.
[1996]. Themodelevaluationof partl suggests
it is probablytoo strong. The Asian emissions
generateburdensthat are quite similar to Fe-
ichteretal. [1996] but significantlygreatethan
thoseseenin Kasibhatlaetal. [1997]. Thereis
little seasonatycle in maximumamplitudebut
theextentof theareaoccupiedby ahigh sulfate
burdenis significantly larger in NH summer
thanin winter. Thereare muchsmallervaria-
tionsbetweersummerndwinter burdensrom
the ROW emissionsBurdensof 60 ymole/m?
during summerare a factor of two larger than
duringwinter.

Thepicturechangesomevhatwhenviewed
as a percentage. Asian emissions(including
thosefrom Siberia)contribute moststronglyto
burdensin the NH polarregionsduringwinter;
during summer Europeansourcescontrilkute
most strongly North America appearsas a
distant third place contritutor in all seasons.
Very little (< 10%) of the sulfatederived from
emissiondrom North Americaor Europepen-
etrateinto the southerrhemisphere Similarly,
very little of the sulfate from ROW emissions
contritute the northernhemisphere. Asia, on
the otherhandcontributesin animportantway
to the burdenin both the northernand south-
ernhemispheresit reacheshe southerrhemi-
spheremostefficiently in the JJA seasowhere
it comprise20-40%o0f the burdenin the sub-
tropics. Althoughthis contrikution to thesouth-
ernhemispheréas quite smallin magnitudejt
indicatesa pathway for transportfrom anthro-
pogenicsourcesof potentialimportancein the
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future. The ROW sourcegeachto about30N
duringNH winterwherethey compriseapprox-
imately 30% of the columnburdenthere.

Seasonatyclesof the SO}~ burdensin each
vertical quartile (250 hPa layer) are shavn in
figure 15 for eachemissiorregion. Thelargest
burdensresultfrom Europeanemissionswith
summerto winter ratiosof about2:1. Burdens
from Europearemissiondall off with increas-
ing altitudemorestronglythanary of the other
regions.AsianandROW burdenshave theleast
seasonalitandstratification.

Latitude-heightross-sectionsf zonallyav-
eragedsulfate from eachregion are shavn in
Figure16. The largestlower tropospherioval-
ues are associatedwith the Europeanemis-
sion region during NH summer The sulfate
aerosolremainsat low altitudesfor the Euro-
peansourceregion, in contrastto a penetration
of relatvely largesulfateloadinggo higheralti-
tudesfrom North AmericanandAsiansources.
The Asian sourceemissioncontritute the most
to the north polarregion during Northernsum-
mer.  The ROW sourceis much more uni-
formly distributedin thevertical,andshawslit-
tle seasonaVariation. Theemissiorregionsas-
sociatedwith areasof vigorousdeepcornvec-
tion tendto have significantly higher burdens
aloft. Thesulfatefrom all sourceregionsshav
aspreadingf contourswith altitude,indicating
that oncealoft, the aerosolis lesssusceptable
to removal processesind so can travel great
distancesinimpeded.This tendenyg is evident
for eachpanelin the figure. Asian emissions
aremostimportantto the supplyof uppertro-
posphericsulfate in the northernhemisphere,
and the only important northern hemisphere
sourceregion reachingto the southernhemi-
sphere.The Asiansourceregion is responsible
for morethan40%of the sulfateabose 400hPa
in the northernhemisphere. North American
andEuropearsourcesaretrappedn the north-
ernhemispherandcontrikute lessthan10%to
the aerosolamountat ary altitudein the oppo-
sitehemisphere.
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Figure 14. Annually averageccolumnburdenof sulfatefor thefour regionalemissiongindicated
in thelower left cornerof eachpanel) expressedn ymol/n? in theleft column,andasa percenof
thetotal burdenin theright column.
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Figure 15. Time seriesfor year3 of the sulfateburdenstratifiedby layerfor eachregion.
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Figure 16. Zonalaverageof sulfatedistribution for the four regionalemissiongbiogenic+ anthro-
pogenic,regionsindicatedin the lower left cornerof eachpanel)for DJF (left column)and JA
(right column).Shadingandcontoursareindicatedat the bottomof thefigure.



Summary and Conclusions

We have examinedthe balancebetweerpro-
cesseshatcontritute to the globalandregional
distributionsof sulfateaerosoin the Earths at-
mospherepsing a setof simulationsfrom the
NCAR CCM3. Themodel,the sensitvity to its
chemicalformulation,and comparisongo ob-
senationsaredescribedn detailin partl (Barth
etal. [1998]). Theradiative forcingsthatarise
from thesesimulationsareanalyzedn Part |
(Kiehl etal. [1998]).

The analysissuggestghat the seasonaty-
cle of SO, andSC;~ arecontrolledby a com-
plex interplaybetweertransportchemistryand
depositionprocesses. The seasonakycle of
thesespeciesare only weakly influencedby
seasonaVariationsin emissions. Rathey they
arecontrolledby seasonavariationsin volume
of air processedy clouds, by massof liquid
water servingas a site for agueouschemistry
by amountof oxidantavailablefor the corver
sion from SO, to SO;~, and by variationsin
vertical precipitationand transportprocesses.
Three separateprocessesontrilute to verti-
cal transport: 1) adwective processesesolhed
by the presentmodel, 2) transportby subgrid-
scalecorvection, and 3) transportby subgrid-
scaleturbulentprocesses theboundarylayet
The primary removal mechanisnfor sulfateis
wetdeposition.Both gaseousndaqueougpro-
ductionof aerosois substantiallyhigherin the
summerin the lower tropospherdsurfaceto 3
km) thanin winter. Theenhancemeris proba-
bly dueto morecloudsin the liquid phaseand
higheroxidantconcentrations Wet deposition
hasa strongseasonaVariationin the nearsur
facelayer (surfaceto aboutlkm), but very lit-
tle variationbetweenl and 3 km. The excess
productionbetweenl and3km leadsto anen-
hancedburdenat thesealtitudes. At higheral-
titudes,the balanceof processebecomesnore
comple, with vertical transportfprocesseslso
playing a role. Thereis significant corvec-
tive transportof SO, and SG;~ during sum-
mer. Resoled-scaleadwectionin cloud-freear
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easalso plays a role during summey but not
winter. This suggestghat the resolhed verti-
cal adwectionduring summelis taking placein
thecloud-freeregions(which arelargerin sum-
mer);in cloudyregionsthewetdepositiortends
toreducaheimportanceof theresohedvertical
transport. The seasonabehaior and balance
of processe# our modeldiffer in mary ways
from thosefoundin modelstudiesby Feichter
etal. [1996]andChinandJacolf1996]; we do
notbelieve therearesufiicientmeasurements
identify which of thesestudiesis mostrealis-
tic. Thedifferencesighlightthe uncertaintyin
the processegesponsibldor sulfates seasonal
behaior. More work is needto resolhe these
discrepancies.

A taggingof the aerosoby emissionregion
(Europe, N. America, Asia, and the Rest of
World), chemicalpathvay (gaseouss/s. aque-
ous),andtype of emissionganthropogeniws.
biogenic)wasusedto differentiatethe balance
of processesontrolling the aerosolresulting
from the emissions.The analysissuggestshat
significant differencesexist in the destiry of
SO, emittedfrom thesevariousregions. An
SO, moleculeemittedfrom the rest of world
sourceregion hasa much greaterpotentialto
contritute to the burdenof atmospherisulfate
than one emitted from, for example, Europe.
This is dueto a numberof factors. A greater
fractionof the SO, moleculesoriginatingfrom
ROW is oxidized comparedwith other areas,
andonceformed,the aerosohasa longerresi-
dencetime (thatis, it is lessreadily scavenged,
becausé hasbeertransportedo regionswhere
scarengingis lessimportant). This statement
can be quantifiedin terms of the sulfate po-
tential. The ROW potential (or susceptibility)
is a factor of four greaterthanthat of Europe
(whichis theregion with the lowestsulfate po-
tential). The ROW region emissionsare low
comparedo the otherthreesourceregions, but
it generatedurdensof comparablenagnitude
to that from the other sourceregions having
muchgreatersulfur emissions.
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Other differencesbetweenregions are also
evident from the analysis. A substantially
greaterfraction of the sulfur dioxide emitted
over Europeis oxidizedto sulfate throughthe
ozonepathway, thanfrom ary of the otherre-
gions.Thelargeemissionsn alimited areaead
to larger concentration®f SO, thanary other
region. In this situation thereis notenoughhy-
drogenperoxideto oxidizeall the SO,, andthe
importanceof the O3 reactionincreasesThese
situationsareencounteredhuchlessfrequently
in otherareasof theworld, whereSO, concen-
trationsare lower, and oxidantconcentrations
arehigher

Theanalysissuggestshattherearealsodif-
ferencesamongthe several sourceregions in
theverticaldistribution andhorizontalextentof
the propagatiorof the emissions Nearsurface
sulfate amountsgenerallyoriginatefrom local
sourceregions, but at higher altitudesthe sul-
fate may originate from very distant sources.
Sulfatefrom the Asianemissiongeachthe far
thestfrom their point of origin. They make a
noticablecontritution to burdensin bothhemi-
spheresprimarily from plumesreachingoutin
themiddleanduppertropospherefFor example,
perhap$0%of thesulfateoccuringonthewest
coastof the United Statesn summeroriginates
from Asian emissions.Sulfate from the ROW
sourcesemaindrappedprimarily in thesouth-
ern hemisphere.Similarly sulfate from North
AmericanandEuropearemissiongemainspri-
marily in thenorthernhemisphere.

If theseconclusion@rerobust,they suggests
some caution be usedin planning for future
emissionsin regions with a high aerosolpo-
tential. To zerothorderthe burdensgenerated
from theseemissionwill have a corresponding
effect on other climate factors(e.g. directra-
diative forcing), althoughthe strongsensitvity
in aerosoloptical propertiesto relatve humid-
ity meansthat aerosolsnear the surface may
have a larger direct radiative effect thanthose
locatedat higheraltitudes. The situationis not
sostraightforvard whenoneconsiderghe pos-

sibility of the aerosolsnfluencingthe climate
indirectly (eitherthroughchangedo the clouds
albedos,or to their microphysicalproperties).
The indirect effects occur primarily in liquid

phaseclouds. If changedn the emissiongre-

sult in changeso uppertroposphericaerosol
amount,thenthis will have little influenceon

thedropsizeof liquid clouds,andthuslittle in-

fluenceon cloudalbedoor lifetime.
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