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Abstract. The Antarctic and sub-Antarctic methanesul- still insufficient understanding of the DMS oxidation scheme
phonic acid (MSA) to non sea salt sulphate (nsgS@tio is limits our ability to model the MSA/nssS(ratio. Specifi-
simulated with the Laboratoire de&orologie Dynamique cally, reaction products of the MSIA+OH reaction should be
Atmospheric General Circulation Model including an atmo- better quantified, and the impact of a fast DMSO conversion
spheric sulphur chemistry module. Spatial variations of theto MSA in spring to fall over Antarctica should be evaluated.
MSA/nssSQ ratio in different regions have been suggestedA better understanding of BrO source processes is needed
to be mostly dependent on temperature or sulphur sourcé order to include DMS + BrO chemistry in global models.
contributions. Its past variations in ice cores have been in-Completing the observations of DMS, BrO and MSA at Hal-
terpreted as related to the DMS precursor source locationley Bay with DMSO measurements would better constrain
Our model results are compared with available field measurethe role of BrO in DMS oxidation. Direct measurements
ments in the Antarctic and sub-Antarctic regions. This sug-of MSA and nssS@dry deposition velocities on Antarctic
gests that the MSA/nssQ@atio in the extra-tropical south  snow would improve our ability to model MSA and nssSO
hemisphere is mostly dependent on the relative importancén ice cores.

of various DMS oxidation pathways. In order to evaluate the
effect of a rapid conversion of dimethyl sulphoxide (DMSO)
into MSA, not implemented in the model, the MSA+DMSO
to nssSQ ratio is also discussed. Using this modified ra- 1 Introduction

tio, the model mostly captures the seasonal variations of

MSA/nssSQ at mid and high-southern latitudes. In addition, Natural methanesulphonic acid (MSA) and non sea salt sul-
the model qualitatively reproduces the bell shaped meridphate (nssSg) are formed by the oxidation of dimethylsul-
ional variations of the ratio, which is highly dependent on phide (DMS), produced in the surface ocean by phytoplank-
the adopted relative reaction rates for the DMS+OH addi-ton species and subsequently released into the atmosphere.
tion and abstraction pathways, and on the assumed reactidNatural nssS@ s also produced through the oxidation of
products of the MSIA+OH reaction. MSA/nssg@tio in sulphur dioxide (S@) emitted by volcanoes and biomass
Antarctic snow is fairly well reproduced except at the most burning. nssS@aerosols also arise from human activities,
inland sites characterized with very low snow accumulationwhich are mostly located in the northern hemisphere. ngsSO
rates. Our results also suggest that atmospheric chemistrgerosols efficiently scatter short wavelength solar radiation.
plays an important role in the observed decrease of the rati@eing efficient cloud condensation nuclei, they can modify
in snow between coastal regions and central Antarctica. Théhe reflectivity of clouds and thus impact on the net solar radi-
ation at the Earth surface and the climdQC, 2007). As-
sessing how this issue is related to increased anthropogenic

Correspondence td. Castebrunet activities requires detailed information on what fraction of at-
BY

(hcastebrunet@gmail.com) mospheric nssSQOs due to man-made emissions of sulphur

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


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

9450 H. Castebrunet et al.: MSA/nssH@tio at mid and high-southern latitudes

gases and what fraction is of natural origin (ekgrminen

et al, 1998. In order to evaluate those fractions, it is neces-
sary to study the natural sulphur cycle. Sulphur species have
relatively short atmospheric lifetimes, thus mid and high-
southern latitudes are still mostly preserved from anthro-

pogenic influence (e.glourdain and Legran@001, Cosme
etal, 2005.

Natural sulphur chemistry has been studied for several

decades (e.gBarnes et aJ.2006 for a review) Arimoto
et al, 2008 Preunkert et al.2008 Virkkula et al, 2006

and references therein for recent measurements). In order
to estimate the natural oceanic contribution (via DMS) to
atmospheric nssSQOaerosol concentrations, a widely used
approach has been to compare measured MSA to nssSO
ratio (R) in aerosol particles with an expected ratio result-

ing from pure atmospheric DMS oxidatioB4ltzman et a|.
1986 Savoie and Prospert989 Berresheim et al199% Li
and Barrig 1993 Mihalopoulos et a].1997). This approach

has been motivated by the fact that the only known source

of MSA is DMS (Saltzman 1995. Consequently, MSA is

considered as a measure of the marine biogenic contribution

to sulphur aerosolsS@voie et al.2002. The ratio R has

also been used for Antarctic ice core data interpretation. For
instance Legrand et al(1992 have proposed to use R as a
marker of the latitude of DMS emissions which produced the
MSA and nssS@measured in Antarctic ice. An optimal use
of R as a marker on a global scale requires that factors such
as temperature, light intensity, or oxidant concentrations are

well understoodBates et a].1992).

Over relatively unpolluted marine areas such as the South-

ern Ocean, R displays two main features:

— R increases towards high-latitudes during summer:

The generally accepted explanation is that the rate of
MSA production from DMS oxidation increases with
decreasing temperaturklynes et al. 1986 Yin et al,
1990. However, seasonal variations of R at several
mid-latitude sitesAyers et al, 1991 Ayers and Gillett
2000 as well as in coastal Antarctic&#évoie et al.
1992 Legrand and Pasteut998 show higher values

in summer than in winter. This has been interpreted as a
decrease of MSA production in winter related to lower
HO; levels @Ayers et al, 1996. Using a 0 dimensional
model representing the marine boundary lay@tmi-

nen et al(1998 have suggested potential explanations
for the meridional behaviour of R: (1) the production
of DMSO from DMS oxidation, followed by DMSO to

reaction speed of the DMS+OH addition channel pro-
ducing MSA decreases. During summer, when OH lev-
els are high, this situation occurs near the surface south
of 85°S or in the free troposphere. Concerning the
second pointCosme et al(2002 suggested that the
main sink of SQ at high latitudes is aqueous oxida-
tion by ozone, whereas oxidation by,®, dominates

at global scale. A detailed analysis of €oncentra-
tions and sinks may lead to a better understanding of
these processes. However, few S®easurements are
available at mid and high-southern latitudédrkkula

et al. (2009 have compared latitudinal variations of R
and MSA concentrations with an indicator of anthro-
pogenic aerosol (nitrate). They have found an inverse
relationship between R (as well as MSA) and nitrate
concentrations. R increases faster than MSA when ni-
trate concentrations decrease. Thus, these authors sug-
gest that the increase of R is more likely explained by a
decrease of anthropogenic sulphate than by an increase
of natural MSA. However, summer measurements made
by Arimoto et al.(2008 in 2003 at South Pole station
showed that for inland Antarctica nitrate sources are not
necessarily anthropogenic, local emissions from snow
being a far more important source of nitrate. Thus, the
conclusion ofVirkkula et al.(2006 is probably limited

to latitudes for which nitrate is dominantly from anthro-
pogenic sources.

A large seasonal cycle of R with a summer maximum
and a winter minimum:

The most widely used explanation is the decrease of bi-
ological activity during winter Ayers et al, 199]). Re-
duced marine DMS emissions lead to a lower produc-
tion of MSA in the atmosphere. As MSA is only pro-
duced by DMS oxidation, its atmospheric concentration
is more strongly affected than nssg®@hich has other
sources. Gondwe et al(2004 have suggested an ad-
ditional explanation: the photochemical production of
OH radicals which oxidize DMS is very weak during
polar night. Then, biological activity and temperature
are not the only factors which determine MSA produc-
tion at high latitudes. Light conditions also are impor-
tant. nssS@ production is less sensitive to OH levels
because it is also produced by DMS reaction withgNO
followed by SQ oxidation by ozone and #D in aque-
ous phase.

MSA conversion, is favoured at high latitudes, leading Several modelling studies of the MSA to nssSfatio
to higher MSA yields than at lower latitudes; (2) lower have been performed using chemistry box models fgers
ambient O, concentrations at high latitudes result in et al, 1996 Kerminen et al.1998 Campolongo et al1999
less in-cloud S@to sulphate oxidation. Concerning the Koga and Tanakal999. Such an approach enables to deal
first hypothesis, the most recent kinetic data evaluationsvith a complex chemistry but may become insufficient for

(Atkinson et al, 2006 Sander et al.2006 confirm an

long time scales, when transport becomes a major process in

increased production of MSA at low temperature, for the sulphur cycle. This is the case at high-southern latitudes

temperatures higher than42°C. Below —42°C, the
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during winter Cosme et a).2009 for instance. Despite the
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numerous gaps in the present understanding of the Antarcare relatively well known (e.¢dynes et al. 1986 Williams
tic and sub-Antarctic sulphur cycle, some three-dimensionakt al, 2001 although they have been recently re-evaluated
models successfully reproduce its main featuasir et al, (Atkinson et al, 2006 Sander et a).2006. Both reactions
2000 Cosme et a).2002 2005 Gondwe et al.2004 Caste-  have a significant dependence on temperatBegr{es et aJ.
brunet et al.2006. Although not perfect, these models are 2006: the addition channel is favoured at cold temperatures
now able to provide realistic information on the present and(above —42°C) and dominates over the abstraction chan-
past sulphur cycleGondwe et al(2004) focussed their three- nel for temperatures lower than approximately’ CAHynes
dimensional chemistry-transport model study on global vari-et al, 1986 Williams et al, 200Z;, Albu et al, 2006.
ations of R. Considering all sulphur sources (natural and an- Meanwhile, major uncertainties remain on the oxidation
thropogenic), this model leads to a 23% over-estimation ofproducts of the addition pathway. Field studies have iden-
the global R values. Taking into account only DMS sources,tified a number of DMS oxidation products such as sulphur
calculated R values are 3 times higher than observed valuesiioxide (SQ), sulphuric acid (HSOy), dimethyl sulphox-
and a significant bias is obtained at coastal Antarctic stationside (CHsSOCH;, DMSO), dimethylsulphone (C{$O,CHg,
This over-estimation may be explained by the direct produc-DMSO;) and methane sulphonic acid (G5{O»0H, MSA)
tion of MSA from DMS in the chemistry scheme (DMSO is (e.g.Davis et al, 1998 Jefferson et a]1998 Mauldin et al,
not represented) and the coarse model resolut@on@we 1999 Chen et al. 2000 de Bruyn et al. 2002. Arsene
et al, 2009. et al. (1999 suggest that DMSO is the main product of the
In the present paper, the “LMD-ZT version 4 Antarctic- addition pathway. Several studies observed the production
Sulphur” model, an Atmospheric General Circulation Model of large amounts of methane sulphinic acid SO)OH,
(AGCM) optimized for the Antarctic region and embedding MSIA) by the DMSO+OH reactionUrbanski et al. 199§
a sulphur module is used to simulate R at mid- and high-Arsene et al.1999 2002 Kukui et al, 2003. MSIA also re-
southern latitudes. Our results are compared with atmo-acts with OH, but its oxidation products are poorly identified
spheric measurements in the South Pacific Ocean, at fiv€Sander et a].2006. However, this reaction was found to
coastal Antarctic sites, and on the Antarctic plateau. Mod-be temperature-dependent and to produce preferentially SO
elled and observed R in Antarctic snow are also compared(Arsene et a.1999 2002 Kukui et al, 2003. On the other
After a description of the DMS oxidation scheme and its ma-hand, MSA has been proposed as the main product of DMSO
jor uncertainties (Sect. 2), a second part of this manuscript fooxidation Qavis et al, 1998 Bardouki et al.1999. Overall,
cuses on the “LMD-ZT version 4 Antarctic-Sulphur” model the gaseous MSA production pathways are still highly uncer-
and its evaluation (Sect. 3). Results are presented in the foltain. For instanc&arl et al.(2007) stress the role of C§80,
lowing sections: modelled seasonal (Sect. 4) and meridionalhermal decomposition and the poorly understood production
(Sect. 5) variations of R, as well as its spatial distribution in and loss pathways of MSIA. On the other hahdcas and
Antarctic snow (Sect. 6), are compared with observations andPrinn (2002 highlight a missing gas phase MSA production
discussed, finally leading to the concluding section (Sect. 7) pathway and obtain best results when MSA is produced from
Using sensitivity tests, this study aims at better under-the oxidation of MSIA.
standing the major processes responsible for the seasonal Several authors have proposed an heterogeneous chemi-
and meridional variations of R in the extra-tropical Southerncal process in aqueous phase or on wet aerosols, oxidizing
Hemisphere. Although the complex multiphase sulphur cy-DMSO faster than in the gas phaseafishankara et al.
cle is not fully represented in our simplified global model, we 1997 Davis et al, 1998 Sciare et a].2000. Legrand et al.
discuss missing processes in terms of model discrepancig®00]) suggested that the presence of OH is necessary for this
with observations. In relation with Antarctic ice core data reaction. Other species oxidize DMS. Oxidation by nitrate
and the past sulphur cycle, we take into account the recentlyadicals (NQ) follows an abstraction pathway and predom-
published seasonality of R over the Antarctic continent andinantly produces S@(e.g.Barnes et a).2006. Although
discuss MSA to nssSfratios in snow. NOj3 is quickly destroyed by photolysis during the day, its
concentration sharply increases during polar night and this
reaction becomes an important DMS sink. DMS is also ox-
2 The oxidation of DMS idized by ozone, producing DMSO in aqueous phaser{
shenzon et a1.200) and SQ in gaseous phaséartinez
DMS may be oxidized by a number of species (OH,NO and Herron1978. These reactions may have an important
BrO, O3, etc.). In unpolluted atmospheres, nitrogen oxide role at high-southern latitudeB@ucher et al.2003. How-
(NOx) concentrations are low and oxidation by OH domi- ever, their kinetic constants are still not well known. Halogen
nates Saltzman1995. DMS oxidation by OH radicals is a oxides react with DMS and have been observed in coastal
complex process that may occur through two chemical pathAntarctica (e.g.Saiz-Lopez et al.2007). At Halley Bay,
ways: abstraction or additiorsaltzman1995. Unlike ab-  DMS should react much faster with BrO than with OH, lead-
straction, the addition channel requires the presence of oxying to a DMS summer lifetime of 0.4 dayRéad et a].2008
gen molecules (e.ditkinson et al, 200§. Kinetic constants  or less than 2 hRaiz-Lopez et a].2007). Acidified sea-salt
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Fig. 1. Sulphur chemistry scheme in the “LMD-ZT version 4 Antarctic-Sulphur” model. Species in the gas phase and aerosol phase are
respectively represented using square and oval boxes. Dashed lines represent the oxidation channels for which major uncertainties remain.

surfaces such as aerosol, frost flowers and brine, have raisedaa “LMD-ZT version 4 Antarctic-Sulphur” model
lot of interest as a source of BrO in recent investigations (e.g.
Wagner et a].2007 Simpson et a).2007). Due to the short 3.1  Description
lifetime of BrO, it should affect mostly coastal Antarctica.
However, as BrO is also observed in continental air massesypig study uses an updated version of the “LMD-ZT
Saiz-Lopez et al2007) suggested that BrO production could Antarctic-Sulphur” global model described Bosme et al.
also occur on sea-salt in surface Antarctic snow. Although(zooa_ The Atmospheric General Circulation Model
the observed high levels of halogen oxides should rapider(AGCM) is developed by the Laboratoire deééorologie
deplete ozone and DMS, their concentrations show no Cleabynamique (LMD, Paris, France). Here, we use its ver-
anti-correlations %aiz-Lopez et a].2007) (Fig. 1 inRead  gjon 4, which takes into account fractional sea-ice and up-
et al, 2009. Besides the reaction of DMS with Br@on  yated sea-surface temperatufEsor et al, 2000. The grid
Glasow and Crutze(2004 considered more complex gas \yas stretched to provide a higher resolution in the Antarc-
phase and aqueous phase interactions of sulphur species Wiffa region than in the rest of the globe and the standard hy-
halogen§.' In this frame, bot.h MSA and ﬂssﬁ"@oductlons brid o -pressure vertical discretization was modified in order
are modified, but the chemical mechanism is uncompletely, opiain a better resolution in the boundary laykrir-
constrained (e.g. unknown branching ratioshn Glasow  or et al, 1997. Here, the model is run on a grid of
and Crutzer{2004) stress the fact that gas phase DMS + BrO gg (1ongitudex 72 (latitude) points, with 19 vertical levels.
chemistry strongly emphasize the effects of the uncertaintyrne mean elevation of the first 6 layers above the surface is 3,
on the end-products of DMS oxidation, due to the uncertain-g 21 44 82 and 141 m. The surface and boundary layer pa-
ties on the products of the MSIA + OH reaction. rameterizations are modified to better account for the speci-
Itis generally admitted that nssg@nd MSA are the two  figjties of the atmospheric physics in polar regioksiner
major final pr.oducts.of the above DMS OXId-atIOI’] Processeseg; g, 1997). As the data used are multi year average values
SO, reacts with OH in the gas phase and with&hd Oz yjith site-dependent available years, the model is run in cli-
in the liquid phase to produce sulphuric acib80s) which  mate mode rather than constrained with meteorological data.
can condensate into particles. nsg2@d MSA aerosols are The sulphur module was first developed Biiam et al
removed from the atmosphere by dry deposition or precipi-(lgga_ Boucher et al(2003. Four sulphur gases, DMé,

tation (scavenging). SO, hydrogen sulphide (+8) and dimethylsulphoxide
(DMSO0), and two sulphur aerosols, nssS&hd MSA, are
calculated on-line. Surface emissions of DMS,,S@nd
H,>S are considered. They are prescribed aBducher
et al. (2002 and Cosme et al(2005, taking into account
DMS and HS fluxes from the biosphere, background vol-
canic emissions of S£) SO, fluxes from biomass burning,

Atmos. Chem. Phys., 9, 9449469 2009 www.atmos-chem-phys.net/9/9449/2009/
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and anthropogenic emissions of $@nd HS. The DMS  aqueous and gas phases, leading respectively to DMSO and
fluxes from the ocean are derived from the sea surface DMS O, are tested in specific simulations as their kinetic con-
concentrations maps dfettle et al.(1999 using the sea- stants are subject to large uncertainties. ABaucher et al.
to-air flux parameterization dfiss and Merlivat(1989. It (2003, we use the agueous reaction rate estimate &y
should be noted that available estimates of DMS concentrashenzon et a2001) and the upper limit given biartinez
tions in the Southern ocean are based on limited measureand Herron(1978 for the gas phase reaction.

ments and subject to significant uncertainties (€gsme Two potentially important processes are not represented in
et al, 2002 Boucher et al. 2003. A comparison of  the model chemistry scheme. Field measurements in coastal
the extrapolated maps froidettle et al. (1999 with the  Antarctica suggest that DMSO can be captured at the sur-
NOAA-PMEL (2009 database is provided in the supple- face of aerosoldfavis et al, 1998, and then be oxidized by
mentary materialhttp://www.atmos-chem-phys.net/9/9449/ OH, leading to MSA directly in the aerosol phasegrand
2009/acp-9-9449-2009-supplement. i@, DMSO, MSA et al, 200]). This process may significantly reduce the life-
and nssS@undergo dry deposition. To our knowledge, no time of DMSO in summer. The potential impact of this re-
direct measurements of dry deposition velocites of sulphuraction was estimated through sensitivity te€@sgme et aJ.
aerosols on snow were performed. The deposition fluxe002. A full 3-D model implementation of this reaction
of nssSQ were thus adjusted to fit concentration measure-would require to include and validate a background aerosols
ments in snow and icd_égrand et a].1997 Minikin et al., module which is not currently available in the model. Simi-
1998. Due to uncertainties on air-snow exchanges of MSAlarly, DMS oxidation by BrO is known to be potentially im-
(see e.gCastebrunet et al200§ for a discussion), equal de- portant, especially in spring (e.Bead et al.2008 and ref-
position velocities are prescribed for MSA and nsgSThis  erences therein). Sensitivity tests performed with fixed BrO
leaded to an important reduction dry deposition with respectconcentrations have shown the potential impact of this re-
to Cosme et al(2002). Scavenging is performed in cloud action Boucher et al.2003 Preunkert et a).2008. The

for all species and below clouds only for sulphur aerosols.implementation of this process in the model would require
The oxidant concentrations, hydroxyl (OH), nitrate (O the calculation of BrO sources and photochemistry. How-

and ozone (@), are prescribed\ller and Brasse,1995. ever, the current knowledge of BrO production in snow and
The concentration of hydrogen peroxidex(®$) is computed  on sea-ice is insufficient to permit a full modelling. Besides,
online Boucher et al.2003. as BrO interacts with other oxidants such asadd OH, the

The chemistry scheme (Fig. 1) was updated using the mostalculation of DMS interactions with BrO would require a
recent kinetic data of the IUPAC subcommitteftkinson re-evaluation of other oxidant fields (see egn Glasow and
etal, 2009 and the NASA panel for data evaluatiddander  Crutzen 2004.
et al, 2009. Table 1 presents the updated reaction rates Five year simulations are used in this study. The first year
and branching ratioQastebrung007) with the references  allows for model spin up and is discarded. The results pre-
used. The most important changes deal with the kinetic consented below are averaged over the last four simulated years.
stants of the addition channel of DMS oxidation, and DMSO Four simulations are discussed. Simulation REF is the ref-
oxidation. The addition channel of DMS oxidation by OH erence, with no anthropogenic sulphur source. Simulation
leads to DMSO onlyKlynes et al.1986 Arsene etal.1999,  REF-ANTH takes into account anthropogenic sulphur emis-
whereas the abstraction channel leads tg 8@y. Based on  sjons. Simulations TEST£and TEST@-ANTH (with an-
Arsene et al(1999 2002, we assumed that the gas phase re-thropogenic emissions) include DMS oxidation by ozone,
action of DMSO with OH produces MSIA, which is further thus testing a more complete representation of DMS oxida-
oxidized into MSA and S@ We derived our temperature- tion pathways.
dependent branching ratios between these two species from
Table 2 inArsene et al(1999. Being based on few measure- 3.2 Model evaluation
ments, these branching ratios are speculai@astebrunet
2007; however, they define the only pathway to MSA in Dumont d’Urville (Coastal Antarctica: 140.1&, 66.66 S)
the OH driven DMS oxidation scheme (Fig. 1). Our use and Amsterdam Island (sub Antarctic: 776 37.50 S) are
of temperature-dependent branching ratios and MSA prothe only stations where most of the modelled sulphur species
duction from the DMS + OH addition branch going through (DMS, DMSO, MSA and nssS£) atmospheric concentra-
DMSO follows recommendations aficas and Prin(2005. tions are continuously measuredESOA 2007 Preunkert
nssSQ can be formed through Sxidation, by OH inthe et al, 2007). Therefore, we select these two stations for pri-
gas phase, or by 5and H0O, in the aqueous phase. No mary model evaluation. Results at some additional measure-
liquid cloud and thus no aqueous chemistry are present irment stations are described@astebrunet2007) and in the
the model below-30°C. The aqueous chemistry scheme is supplementary materiahttp://www.atmos-chem-phys.net/
described irBoucher et al(2002), Henry’'s law is assumed 9/9449/2009/acp-9-9449-2009-supplement.pdFigure 2
for gas-liquid phase transfers and aqueous reactions are pHtompares the observed and simulated seasonal variations.
dependent. The oxidation reactions of DMS by ozone inThe model (simulation REF, in blue) reproduces most
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http://www.atmos-chem-phys.net/9/9449/2009/acp-9-9449-2009-supplement.pdf
http://www.atmos-chem-phys.net/9/9449/2009/acp-9-9449-2009-supplement.pdf
http://www.atmos-chem-phys.net/9/9449/2009/acp-9-9449-2009-supplement.pdf
http://www.atmos-chem-phys.net/9/9449/2009/acp-9-9449-2009-supplement.pdf

9454

H. Castebrunet et al.: MSA/nssH@tio at mid and high-southern latitudes

Dumont d'Urville

Amsterdam Island

300 800
250/ 700
2 200 3%
g g 500
2 150 54005
o I Q 300
100 I
I 200} _
507 100}
0 | += ol -
JEMAMIJ J ASOND JFMAMJ] JASOND
12 7
10 6
2 35
88 s
o | o4
n 6 0
S | =3 .
04 (@)
I 2
2 IIE 1 '
t i 71 L B
0,,
JFMAMJ JASOND ST FMAMIJASOND
25 9
80
_ 20 70
2 >
g 15 &60
bt £ 5
g & 40
=10 s
30
5 20
10
JEMAMI) JASOND 0
100 200
180}
S 80 __ 160}
o g14of
geo & 120
a 61007
2 40 I 2 80
S 60}
20 - 40 }
0 IIEIEE 28’ ]
JFMAMIJ JASON JFMAMIJ JASOND

Fig. 2. Observed (circles) and simulated mean seasonal variations of sulphur species at Dumont d’Urville (left panel) and Amsterdam Island
(right panel), for simulations REF (blue) and TESF'®ed). Inter-annual variability of measured species is represented (black bars). Data
originate fromPreunkert et al(2007, 2008; CESOA (2007 and cover the 1998—-2006 period for Dumont d'Urville. At Amsterdam Island,

the data cover 1987-2006, 1997—-2006 and 2003—-2006 periods for respectively DMS, DMSO and sulphur aerosols
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Table 1. Sulphur oxidation mechanism in the “LMD-ZT version 4 Antarctic-Sulphur” model.

9455

Gas phase reactions

Kinetic constants

References

DMS+OH—S0;,
DMS+OH->DMSO
Test: DMS+Q— SO,

DMS+NO3—> SO,

SO,+OH— sulphate

DMSO+0H- B50,S0x+BmsaMSA

H>S+OH- SO
HO7+HO>,—H>0,

H,0x+hv— 2 OH

K1=1.12x10 1lexp=250'T

9.5x10739[0,]exp?270 T
1+7.5x10-29[0,]expp6l0 T

Ko=
K3=8.3x10"19
K4=1.9x 10 13expr20/ T

ko \27-1
Fc[1+(|°gﬁ) ]

Ig =
1+ k|
ko= 4. 5—51[M](300/T)3 9
kinf = 1.3x 1012300/ T)0-7
Fc=0.525

Kg=6.1"12exp?00/ T
Bso, =—0.0123T —320) andfmsa =1 - Bso,

K7 =6x10"12exp=80T
Kg=3.5x10"BexpBU T 1171033 m]expt000 T

Tabulated values

(Atkinson et al, 2009

(Atkinson et al, 2006

(Martinez and Herronl979

(Atkinson et al, 2006

(Atkinson et al, 2006

(Sander et aj2006
estimated fromArsene et al(1999

(Atkinson et al, 2006
(Sander et al2006

Mdller and Brasseud 995

Aqueous phase reactions

Sy +H20,— sulphate

Sy +0O3—sulphate

Test: DMS+Q—DMSO

qu_ 7 443042 — 1 [H']ag
Eu 7.5x 107 exp 7 2%) TR
K] '=2.4x10%

43 7x1Pexp 25307
K{3'=15x10Pexp~ 52807

K34 =5.3x 10'2exp 2600

T)
L

(Seinfeld and Pandis, 1998)

(Seinfeld and Pandis, 1998)

(Gershenzon et al2001)

Units: reaction rates are in dmolec s~ for the gas phase, and in L mdls~1 for the aqueous phase.

Siv: sulphate at the oxidation state 4.

aspects of the seasonal cycle of sulphur species. Comparexhd the upgrade of the atmospheric circulation model. On
to the previous reference versioBdsme et a).2002, ma-  the other hand, the previously over-estimated DMS levels at
jor changes in model configuration were performed: theDumont d’Urville are now consistent with data. We should
shift from version 3 to version 4 of the atmospheric circu- note that summer DMS concentrations are strongly related
lation model, and the update of the chemistry scheme (se&o local emission fluxesGosme et a).2002 Preunkert et a).
Sect.3.1). Moreover, lateral nudging by meteorological anal- 2007 and thus to local winds. Because it has a short lifetime,
yses of the atmospheric circulation at mid-southern latitudeDMSO is particularly sensitive to the chemistry scheme.
is not used as ilfCosme et al(2002 because a major aim As in Cosme et al(2002, the heterogeneous oxidation of
of developing and validating this model is climate changeDMSO on aerosols, not taken into account in the model,
studies Castebrunet et al2006. Despite these changes and is the most likely reason for the model over-estimation of
although measurements cover a longer period, present resulBMSO in summer and fall at Dumont d’Urville, and spring
remain globally consistent with those @bsme et al(2002 at Amsterdam Island. The fact that summer results at Ams-
(not shown) and with the observations (Fig. 2). DMS concen-terdam Island are unaffected is surprising at first glance but
trations are somewhat under-estimated in summer at Amstemay result from a compensating effect of under-estimated
dam Island, especially due to the absence of lateral nudgin@MS concentrations. Implementing a DMS aqueous phase
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Table 2. R observed and modelled {Bm, simulation REF-ANTH) at all studied stations. Winter and summer values as well as annual
means are provided. Winter refers to the period from May to September and summer to that from December to February.

Station Location Model Observations
Winter Summer Mean Winter Summer Mean
Amsterdam I. 3750S 0.11 0.49 0.35 0.02 0.23 0.11
Cape Grim 4041 S 0.04 0.37 0.22 0.13 0.39 0.24
Palmer 6477S 0.12 0.58 0.46 0.16 0.54 0.36
Dumont d’Urville 6640S 0.12 0.36 0.28 0.11 0.23 0.17
Mawson 6760S 0.14 0.28 0.24 0.27 0.23 0.24
Neumayer 7039 S 0.15 0.40 0.31 0.08 0.34 0.19
Halley Bay 7539S 0.13 0.33 0.26 0.09 0.32 0.17
Kohnen 78S 0.11 0.20 0.18 <0.27 0.17 0.20
Dome C 7506 S 0.13 0.19 0.19 0.17 0.08 0.19
South Pole 90S 0.10 0.18 0.19 - 0.06 -

reaction with ozone (simulation TESE(n red), which pro-  520km and 1000 km respectively for Kohnen and Dome C
duces DMSO, improves model results for DMS at Dumont stations, whereas their similar latitudes imply almost identi-
d’Urville in April-May, but induces an over-estimation of cal photolytic conditions. DMS was also measured at Dome
DMSO in winter at this station. On the other hand, it leads toC (Preunkert et al.2008. The model qualitatively repro-
very little changes at Amsterdam Island. We attribute thisduces the DMS seasonal cycle with a winter maximum,
behaviour to the absence of polar night at Amsterdam Is-but strongly over-estimates its concentrations (see supple-
land and thus to an effective DMS oxidation by OH in all mentary materialhttp://www.atmos-chem-phys.net/9/9449/
seasons. The most prominent discrepancy with respect t@009/acp-9-9449-2009-supplement)pdfAt least for the
observations is an over-estimation of MSA at Amsterdam Is-months in which the polar night is not complete, the bound-
land. A strong increase of MSA at this site was obtainedary layer chemistry related to air-snow exchanges, which
after implementation of the new chemistry scheme (Table 1)produces very high OH leveldfauldin et al, 2004, is not
indeed, the updated branching ratio of the DMSO + OH re-taken into account here. Moreover, the lack ofN@easure-
action depends on temperature and leads to an increase ofents over AntarcticaJpnes et a]2007) prevents the evalu-
MSA production (at least above20°C) compared to the ation of the prescribed Nglevels. Thus the over-estimation
previous chemistry schem€g¢sme et aJ.2002. A rather  of DMS concentrations at Dome C could be due to biased
similar behaviour is obtained at Cape Grim (see supple-oxidant levels in the boundary layer. Figure 3 presents the
mentary materialhttp://www.atmos-chem-phys.net/9/9449/ seasonal variations of MSA and nssSéat the two inland
2009/acp-9-9449-2009-supplement)pdiithough this site  stations. The model represents the main features of their
is also sensitive to the changes in model dynam@aste- seasonal behaviour, with higher values in summer than in
brunet 2007). On the other hand, the previously under- winter. As at Dumont d’Urville, the modelled seasonality
estimated MSA levels at Dumont d’Urville are now well re- shows a peak in February for both aerosols, which is not
produced, despite a slight over-estimation in summer sugeonsistent with observations. Because this peak also char-
gesting that the temperature-dependent branching ratio adicterizes the modelled seasonal cycle of DMS at the coast
DMSO+0OH could produce too much MSA for the higher (Fig. 2), this feature may indicate that sulphur aerosols are
temperatures of the mid-latitudes. nsg@0ncentrations are  sensitive to the DMS sources in the model, even over the
somewhat over-estimated at Dumont d’Urville, whereas theyAntarctic plateau. The over-estimation of nsg&DDumont
were under-estimated i@osme et al(2002. This change d’'Urville is amplified at inland sites particularly at Dome C.
is again mostly due to the combined effect of the removal oflt leads to significant modelled winter levels whereas obser-
circulation nudging and the shift to the updated version ofvations are close to zero. Modelled MSA concentrations are
the model (version 4). At Amsterdam Island, model nsgSO slightly over-estimated during summer compared to mean
results are consistent with the highly variable measurementbserved values at Kohnen station. The lack of OH during
polar night results in a quasi absence of MSA during win-
Seasonal variations of sulphur aerosols were recently meaer in model results, as observed at both stations. On the
sured in the interior of the Antarctic Continent, at Dome C other hand7 as for nsssahe model Strong]y over-estimates
(123.2F E, 75.06 S) in 2005-2006Rreunkert et al.2008  MSA in summer at Dome C. The over-estimation of sulphur
and at Kohnen station {@&, 75.0'S) in 2003-2006 Riel  aerosols inside the continent, especially marked at Dome

et al, 2006 Weller and Wagenbacl2007). A major differ-  C and for nssS@ is mainly linked with the update of the
ence between the two sites is their distance from the coast:
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Fig. 3. Seasonal variations of MSA and nssS& Kohnen and Dome C stations, for simulations REF (blue) and TESfd). Available
observations (black circles) are mean monthly data fRaehet al.(2006; Weller and Wagenbadg2007) for the 2003—2006 period at Kohnen
station with the inter-annual variability (black bars) and mean monthly measurements realised iR200&é€rt et al 2008 at Dome C.

atmospheric model (version 4) which favours the vertical4 Seasonal variations of the MSA to nssSgxatio

transport of specieCastebrunet2007). It is also depen-

dent on aerosol dry deposition velocities. Here, we use lowThe observed MSA to nssgQatio (called Rps) may be
values evaluated from a few snow/ice recorﬁaitebrunet evaluated from measurements in both the atmosphere and
2007). These model characteristics lead to increased life-sSnow. Model results will be referred to agiR As discussed
times of sulphur aerosols, allowing a larger homogenizationin Sect. 3.1, an heterogeneous sink of DMSO producing
in the atmospheric column and a larger transport from coastaMSA is likely missing in our chemistry scheme, which could
regions to the Antarctic plateau. Increased transport is espdead to a bias of the MSA to nss3@atio. Consequently,
cially marked for nssSgpbecause, MSA being a minor prod- the (MSA + DMSO) to nssSgxatio (Rysim) is also presented

uct of DMS oxidation, it is more sensitive to the DMS oxi- and discussed. Rim represents the MSA to nss3@atio if
dation pathways than nss$CExcessive modelled transport all DMSO was instantaneously converted into MSA. In this
is responsible for under-estimated gradient of aerosol load&§rame, the modelled & and Rysim should bracket the true
between the coast and the Antarctic plateau. The observedlue of R. Rsim is also equivalent to the ratio calculated
gradient is probably controlled by the degree of dilution of With models which do not explicitly calculate DMSO, such
air masses advected from the coast to the Antarctic platea@s inGondwe et al(2004.

as suggested byeller and Wagenbacf2007); Preunkert

et al.(2008. Experimental studies consistently indicate that

MSA decreases faster than nssS@ith distance from the Model results indicate that south of 55, anthropogenic

coast Karkas et al, 2005 Arimoto et al, 2008, possibly emissions have little impact on R¢sme et a).2005. This

due to preferential deposition, chemical processes, or nssSQO : ; W N
. s confirmed by experimental data at Dumont d'Urville sta-
sources other than DM3\fimoto et al, 2008. The model ) : y expert . Vi

d this feat d tests sh d that it i tion (Jourdain and Legran@®00]). The simulation results
reproduces this teature, and tests showed that It IS govern€uy, anq without anthropogenic sources being almost identi-
by the temperature dependence of MSA production.

cal, we do not discuss simulations with anthropogenic emis-
sions in this section. Year-round measurements of MSA and
nssSQ are available from five stations at the Antarctic coast

4.1 Coastal Antarctic stations
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prescription of oceanic DMS oceanic concentrations and thus
sources in the Antarctic Peninsula sectgjsiRshows a peak
in April at all sites, which is confirmed by coastal observa-
tions at Dumont d’Urville, Halley Bay, and Mawson. Al-
though there is no perfect match between the model and the
observations, this peak may coincide with the annual maxi-
mum, or be a secondary peak compared to the summer maxi-
mum (December—January)pd» also produces a secondary
maximum in September (less clear at Dumont d'Urville and
Halley Bay) which is not substantiated by the data (except
possibly at Mawson). The higher observed values in spring
than in fall may be related to a higher production of DMSO
due to DMS reaction with BrO, which is not included in the
model. The spring peak being also modelled for both DMS
and DMSO at coastal sites, it may be controlled by the sea-
sonality of the prescribed marine DMS surface ocean con-
centrations. Finally, Rim is in far closer agreement with
winter observations thang,. This suggests that the DMSO
Fig. 4. Antarctic stations mentioned in this study: Dumont heterogeneous sink is also active in the absence of OH or that
d'Urville (140°E, 66°40'S), Halley Bay (2619 W, 75°35'S),  gnother fast DMSO to MSA conversion process takes place
Neumayer (8/15’ W, 70°39'S), Mawson (6239( E, 676'S), in winter.
Egmi;‘ ((§an(37;0V’S)6:;;78321'thDPOoTee€0(/f/ &.39;2)1 E, 7506 S), Taking into account DMS oxidation by ozone as well
' ' ' as a fast DMSO to MSA conversion (&, in simulation
TESTQ;, red dashed lines) does not significantly modify
summer values since DMS reactions with ozone are slower
) than oxidation by OH. On the other hand,si, values from
(Dumont d'Urville, Neumayer, Halley, Mawson and Palmer, sjmyation TEST@ strongly over-estimate winter observa-
Fig. 4). Figure 5 shows the seasonal varlatlor_15 of sw_nulateqionsl This is due to an excessive DMSO production from
(Rsim and Rysim) and observed (&) R at these five stations.  p\s aqueous oxidation by £ clearly identified between
Rsim results from both the REF and TES3Qaking into ac-  apyj and October. Thus, if DMS + @reactions have a lim-
count DMS oxidation b)_/ ozone) simulations q_ualitatively ré- jted impact on the seasonality of individual sulphur species
produce the most prominent feature ghRthatis asummer  (gact. 3), the strong winter DMSO production from aqueous
maximum and a winter minimum. In summer, DMS sources DMS+0O; reaction combined with a fast DMSO to MSA con-
are close to Antarctic coastal stations, and the DMS oxidayersjon is clearly inconsistent withgg The specific polar
tion channel which produces MSA with OH radicals is lo- hight conditions strongly emphasize the role of ozone with
cally effective. In winter, DMS sources are far away from the yegpect to other oxidants. More generally, night conditions
coast because of sea-ice cover expansion. Furthermore, ORlay provide interesting test cases for DMS reactions with
radicals are almost absent during polar night, which stronglyo3_
reduces the MSA production. However, the reference simu- oy model results do not take into account DMS oxidation
lation (Rsim, in blue) clearly under-estimates R, especially yith Bro which should increase R. Measurements of MSA,
in spring and winter, due to both an over-estimation of nssSQ, OH and BrO were performed at Halley Bay in 2004—
nssSQ concentrations and a too weak MSA production (seeogos Read et al.2007). The observed MSA/nssS@atios
also supplementary materidiftp://www.atmos-chem-phys.  5re somewhat higher in summer, but globally consistent with
net/9/9449/2009/acp-9-9449-2009-supplemen).piHking  the |ong-term mean data plotted on FigRead et al(2007)
into account DMS oxidation by XTESTQ; simulation, in - ¢ajcylate that a fast reaction of DMS with BrO could lead
red) yields almost the same results agRIndeed, although 1 pMSO concentrations more than 10 times higher than
DMS oxidation by @ allows the production of DMSO dur-  h6se observed at Dumont d’'Urville in summer-fall. Thus,
ing polar night, the conversion of DMSO to MSA remains i our model, a high DMS loss due to BrO combined with
impossible in the absence of OH. a fast DMSO to MSA conversion would likely lead to over-
Considering the ratio (MSA + DMSO)/nss$@Rpsim) and estimated MSA to nssSQatios. Measurements of DMSO
no reaction of DMS with ozone (blue dashed lines on Fig. 5),at Halley Bay should help to solve this issue.
the seasonal variations are strongly modified compared to A similar comparison between a model and observations
Rsim- The increased values of R are more consistent withwas carried out byGondwe et al.(20049 at four Antarc-
observations at most stations, except at Palmer where it retic coastal stations. As DMSO is not explicitly calcu-
mains too weak in summer, maybe due to an inappropriatdated in their model, their results are analogs of oggiR

Neumayer. ..
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Fig. 5. Seasonal variations of the MSA/nss@tio Ryps (black circles), Rim (lines) and Rsim (dashed lines) for simulations REF

(blue) and TESTO3 (red) at five coastal Antarctic stations. Observed ratios are calculated from monthly mean concentrations of MSA and
nssSQ originating fromPreunkert et al(2007); CESOA (2007 at Dumont d’Urville for 1999-2006 period; from J. Prospero (personal
communication, 2007) at Halley Bay for 1998—-2002 and February 2004—January 2005; from J. Prospero (personal communication, 2007)
at Mawson for 1987-1995; from R. Weller (personal communication, 2007) at Neumayer for 1983-2006; and from E. Wolff (personal
communication, 2007) at Palmer for 1990-1996.

Considering all sulphur sources or only the contribution of seasons with maxima that exceed ours. At the annual scale,
oceanic DMS does not have a strong impact on the ratio atheir model more strongly over-predicts the MSA/nsg$®
high-southern latitudesGondwe et al(2004 obtain sim-  tio in the Antarctic atmosphere (by a factor of 3-5) than our
ilar results to ours in winter, in agreement with the obser-model (factor of 1.2—1.3 for Rim). Gondwe et al(2004) at-
vations, but largely over-estimate the observations in othetribute this discrepancy to strong meridional variations of R
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Fig. 6. Seasonal variations of the MSA/nss$fatio Ryps (black circles), RBim (lines) and Rsim (dashed lines) for simulations REF (blue)
and TESTQ (red) at 2 inland stations. Observed ratios are calculated from monthly mean concentrations of MSA andongas@ing

from Piel et al.(2006; Weller and Wagenbacf2007) and R. Weller (personal communication, 2007) for 2003—2006 at Kohnen station and
from Preunkert et al(2008 for 2006 at Dome C station.

at the coast of Antarctica, which cannot be correctly resolvedof data is available for Dome C, the inter-annual variabil-
due to insufficient model grid resolution. Resolution issuesity is not represented, resulting in an unknown uncertainty
are minimized in our study as we used a grid zoomed oveion results. IndeedArimoto et al.(2008 observed substan-

Antarctica. tial year-to-year variations of R in summer at South Pole.
_ _ o However, only their highest values are consistent with our
4.2 Antarctic continent interior model results. Taking into account additional oxidation pro-

cesses by ozone (red dashed lines) has only a small effect on
Most simultaneous atmospheric MSA and nss®0serva-  model results in summer as DMS is completely oxidized be-
tions at inland Antarctic sites cover only the summer pe-fore reaching inland stations. Using back trajectory analysis,
riod (de Mora et al. 1997 Arimoto et al, 2001, 2004 Ud-  Arimoto et al.(200§ and Preunkert et al(2008 both sug-
isti et al, 2004a Piel et al, 2006 Arimoto et al, 2008  gest that the lowest summer values of R are associated with
i.e. November to January). They indicate MSA levels lower gir masses which have spent a long time over the continent.
than nssS@ resulting in R values ranging from 0.03 10 0.20. Thys, the model over-estimation of R could be due, at least
The two year-round studies of sulphur aerosols recently coniy part, (1) to the fast modelled transport over Antarctica (see
ducted over inland Antarctica\eller and Wagenba¢R007  gect. 4.4) and (2) to the low deposition velocities of sulphur
Preunkert et 8] 2008 at Kohnen and Dome C stations reveal gergsols, prescribed in the model as equivalent for MSA and
a seasonality with low R values in December—January in CONnssSQ. The model indicates a peak in April for all stations
trast with higher levels measured in fall and spring (Fig. 6). (inland and coastal), whereas observations show similar val-
The major difference between the coastal and inland recordges in March and April. This is linked to the fact that sul-
of R is the low summer values inside the continent (in De-phyr aerosols are sensitive to the DMS sources in the model,
cember at Kohnen and in December—January at Dome C). I@yen over the Antarctic plateau due to an effective transport
winter, R decreases at Dome C, whereas it cannot be evalyys discussed in Sect. 3.2). Taking into account both a fast
ated at Kohnen station because MSA measurements were bggnversion of DMSO into MSA and the DMS oxidation by
low the detection limit{Veller and Wagenba¢R007). Using ozone (Rsim for simulation TESTQ) lead to strongly over-
the detection limit value (2.6 pptv), the upper limit for R is estimated values of R in winter in central Antarctica, as for

0.27. ] ) o coastal stations.
Rsim results of simulations REF and TEST@re similar

and, as for coastal sites, fall short of reproducing the ob-4.3 Mid-southern latitude sites

served seasonal variations of R. However, assuming a fast

DMSO to MSA conversion (Rim) for the reference simula- Mean seasonal variations of R at Cape Grim (184
tion (blue dashed lines in Fig. 6) strongly improves the agree40® S) and Amsterdam Island (7, 3750S) are de-
ment with the observation although an over-estimation ofpicted on Fig. 7. The model reproduces the observed
summer values at Dome C remains. This over-estimation iseasonality, with a minimum in winter and a maximum
the result of the over-estimated sulphur aerosol levels (Fig. 3)n summer. However, at both sites, the model simu-
and the model inability to reproduce the reduced MSA ob-lates a primary maximum in January while observations
served between December and February. As only one yeadndicate a maximum in February. The model clearly
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Fig. 7. Seasonal variations of the MSA/nss§@tio Ryps (black circles) and By, for simulations REF (blue) and REF-ANTH (black)
at 2 mid-southern latitude stations. Black triangles represggt fRom simulation REF-ANTH at an oceanic grid-point slightly south of
Cape Grim. Observed ratios are calculated from monthly mean concentrations of MSA and esg@@ting fromCESOA (2007 for
2003-2006 at Amsterdam Island and from M. Keywood (personal communication, 2007) for 1988—2006 at Cape Grim.

over-estimates R observations at Amsterdam Island, andtaks  Meridional variations of the MSA to nssSQ; ratio

ing into account anthropogenic sources (simulation REF-

ANTH in black) is insufficient to correct this feature. This 5.1 Spatial variation between year-round measurement
is mostly due to the over-estimation of MSA concentra- stations

tions (Fig. 2). However, we should remember the high

variability in nssSQ data (Sect. 3.2) which affects the ob- as a first approach to tentatively address the model ability
served values of R. The model fairly well reproduces ob-tg represent the spatial variations of R, model results are
servations at Cape Grim in spite of an under-estimation i”compared with atmospheric data from Antarctic and sub-
fall-winter. However, as the model strongly over-estimatesantarctic stations (Table 2). We showed previously that a
both MSA and nssSPlevels at this station (see supple- fast DMSO to MSA conversion (Rim) probably corrects for
mentary materialhttp://www.atmos-chem-phys.net/9/9449/ 5 missing oxidation process in the model and thus improves
2009/acp-9-9449-2009-supplement)pdhe agreement for  the agreement with observations. Besides, implementing
R could be somewhat fortuitous. As this site is subject toppms oxidation by ozone does not improve model results,
several influences (marine, anthropogenic, biomass burningjyhereas the addition of anthropogenic sulphur sources affect
specific sensitivity test were performed. If anthropogenic only mid-latitude sites (see Sect. 4.3). Thus, Table 2 only re-
sources are included (simulation REF-ANTH in black), R ports Rysim results from simulation REF-ANTH. Although
decreases year-round due to higher amounts of ns88G-  the model somewhat over-estimates R at mid-latitudes, it
ening the under-estimation at Cape Grim during winter. Thefajrly well reproduces R at coastal Antarctic stations. In-
available observations at Cape Grim were made representajge the continent, winter values are correctly represented
tive of ocean conditions by selecting data depending on windyhereas summer values are over-estimated (see Sect. 4.2).
direction (oceanic sector) and number of condensation nuclejjodel results suggest a meridional gradient of the ratio R
(Ayers et al, 1991 Ayers and Gillett2000. Such conditions  from mid-latitudes to the Antartic plateau. This gradient is
only occur during 30% of the time. To tentatively reproduce weaker in winter than in summer (or for the whole year). On
the experimental sectorial selectionfRwas extracted from  the other side, no clear gradient can be seen in the obser-
simulation REF-ANTH at an oceanic point south of Cape yations which are dominated by site-to-site variability, ex-
Grim (144 E, 45 S). The results (black triangles in Fig. 7) cept between coastal Antarctica and the central plateau in
are in better agreement with observations, showing that thigymmer. This contrasted seasonal behaviour is confirmed
site may be sensitive to model grid resolution. The oceanidyy measurements made in 2006 at both Dumont d’Urville
influence is then amplified and anthropogenic sources influznd Dome C stationsPfeunkert et a).2008. The sum-
ence is conversely reduced. A strongly reduced impact Ofner gradient has been linked to a faster decrease of MSA
anthropogenic sources is obtained in summer whereas thigygn nssS@(e.g.Karkas et al. 2005 Arimoto et al, 2008
effect is weaker in winter. which is reproduced with an insufficient amplitude by the
model. At the global scal&ondwe et al(2004 compiled a
large number of data and concluded that the ratio R is high-
est in polar regions and lowest within the tropics. However,
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06— T T T ‘ Table 3. R in Antarctic snow from firn and ice cores collected at
r TNF e | various sites, compared with model results (simulation REF) calcu-
0,5 lated from deposition fluxes of MSA and nss§(References for
- the data:Minikin et al. (19992, Legrand et al(199ab, Legrand
04 and Pasteuf1998°, andUdisti et al.(20045¢.
x -
ko) 0,3 Sites Site category &s Rsim  Rpsim
T i Ekstrom 040 Ice Shelf 0.f1 020 029
o 0,2 o Ekstrom 070W Ice Shelf 0f0 019 0.27
T A - 7 Ekstrom 090 Ice Shelf 065 019 0.27
0.1 FRIS 131 Ice Shelf 0% 022 031
' FRIS 136 Ice Shelf 0.F6 0.22 0.29
FRIS 230 Ice Shelf 0.2 021 0.29
T S S EO FRIS 235 Ice Shelf 0. 022 0.29
O0°s—20°s 40°S 60°S 80°S FRIS 240 Ice Shelf 053 022 0.29
Latitudes FRIS 231 Ice Shelf 0% 021 0.29
FRIS 236 Ice Shelf 0% 021 0.29
FRIS 330 Ice Shelf 0.# 021 027
Fig. 8. MSA to nssSQ ratio in the South Pacific Ocean. Modelled Eg:g 24312 :Eg 222:: 8:2 83; 8;;
Rsim and Rysim are represented by solid and dashed lines respec- rRris 336 Ice Shelf 0.%5 021 0.27
tively. Simulations results are represented in blue for REF, in black FRIS 341 Ice Shelf 0. 021 0.27
for REF-ANTH and in green for the simulation using the previ- ~ FRISBAS Site 5 Ice Shelf 067 020 026
ous chemistry schem€psme et a).2009. Modelled R are aver- FRIS BAS Site 6 Ice Shelf 009 020 024
aged betwegn 105 and X1/, in February/March, in order tolbe. Dollernan Island Coastal 089 024 033
compared with measurements from (Bates et al., 1992) (solid line  go ner N Coastal of7 022 031
with circles). Data from Cape Grim and Amsterdam Island are also  gerkner S Coastal 080 022 0.30
shown as black squares (February/March averages, see Fig. 7 for Gomez Nutanak Coastal 032 022 034
data sources). Law Dome Coastal 0.8 021 033
Byrd Interior 0.1¢ 0.15 0.20
South Pole Interior 0.2 013 0.13
0.13 (Januar) 0.18  0.18
complete seasonal cycles are rarely available and more con- 0.18 (Winterf  0.02  0.02
tinuous measurements are necessary for a confident assessPome C-1978 Interior 0.63 012 012
Vostok Interior 0.08 0.12 0.12
ment. )
Dome C — EPICA Interior 0.2 012 0.12

5.2 Meridional variations over mid and high-southern

latitudes (Cosme et al(2002, in green). Model results are highly de-

pendent on the model version used. Sensitivity tests showed
that this is not related with the change in model dynam-
ics (version 3 to version 4, not shown here) but to the up-
. date of the DMS chemistry scheme. It should be reminded
:Egrg?)rkr)?svevr\llc::jggus(:reor?gn;n:ir-?:r:rrt?e?ticthr)1 I(;?L;Vq \;rvrilﬁstiri;-era-that DMSO reaction with OH provides the only pathway to
L ) ) -~ 7 MSA in our chemistry scheme (via MSIA) and that the end-
ture, related to its increase with latitude. However, 'nd'v'd'i)roducts of MSIA reaction with OH are still poorly known

Sulphur species measurements were performedBates
et al. (1992 in February—March 1989, in the South Pacific
Ocean, along a meridian transect from°@9to 56.5 S in

ual species (DMS and its oxidation products) showed a mor see Sect. 3.1). The increased temperature dependence of

Eorgpltex biha}vlogugr. Thetme?dloqsl tlr?creats)imt R c;_bsenée hemical reactions rates and branching ratios (especially k2
y Bates et al(1999 contrasts wi € sub-Antarctic and ., k6 in Table 1) leads to larger variations @fRand Rysim

Antarctic station data (Sect. 5.1 and Table 2). Amsterdamith latitude. The results from our two model versions (green

!;Iand "’tl)nd Caé)e G[|m dtat? 1sgh;w hlghedr Xglg_esh()f R thanand blue lines) bracket the data in the extra-tropical southern
ose observed bgates et al( 2 aroun - whereas latitudes, whereas all model results over-estimate the mea-

Bates et al(1992 measured a ratio about 0.2 in February— surements in the tropics. This may be related to the lower

March, autumn averages of 0.25@.07) and 0.40+0.14) meridional resolution of our model at low latitudes due to

are measured at Amsterdam Island and Cape Grim respeg. i :
. . . : s grid zoomed over Antarctica. On the other hand, back
tively. Thus, at a given latitude in the Southern Ocean, R g

d . tant short t d/ | variati trajectory analysis performed Bates et al(1992 suggest
may undergo important shortterm and/or zonal vanations. -y, the data collected north of 38 may be more influenced

Figure 8 presents results from simulations REF and REF+y,,, 5qth-American anthropogenic sulphur sources than data
ANTH (in blue and black respectively), as well as a sim- q|iected further south.

ulation taking into account our previous chemistry module
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The updated model results R, simulation REF in blue) Table 3 presents a compilation of R values calculated from
exhibit two main features: (1) a meridional increase be-measured deposition fluxes of MSA and nsg3®©firn and
tween 0 and 35S and (2) a decrease south ofP&) The ice cores. Most data were compiled lgynikin et al. (1998
modelled meridional increase of R between 0 antl3%s at 26 Antarctic sites, we added data frofdisti et al.(20048
in qualitative agreement with observations fr@ates et al. at Dome C (EPICA ice core) andegrand et al.(1992);
(1992. Taking into account anthropogenic sulphur sourcesLegrand and Pasteyi998 at South Pole station. Most
(REF-ANTH simulation, black lines) reduces R north of measurement sites are located on ice-shelves in the west of
50° S, but still over-estimates the observations. The mod-the continent, especially in the Weddell sector. No data is
elled meridional increase is related to the temperature deavailable between 0 and 98. To tentatively address the
pendence of MSA production: a lower temperature favoursmodel ability to represent the spatial variability of R in snow,
the addition channel of DMS oxidation by OH producing these measurements are compared with model resujts (R
MSA. At higher latitudes, REF and REF-ANTH simulations and Rysim from simulation REF). Modelled ratios are cal-
yield the same results: the anthropogenic sources have neoulated from deposition fluxes of MSA, nss$énd DMSO
significant impact, confirmingosme et al(2005 results.  together with snow accumulation rate. We should note that
On the other hand, model results become sensitive to a fasts DMSO undergoes weaker deposition processes than MSA
conversion of DMSO into MSA. The updated model (REF (no below-cloud deposition, no dry deposition on icg)siR
and REF-ANTH) exhibits a gradual decrease @fRand in snow does not fully represent the effect of a fast conversion
Rpsim between 60S and South Pole, in qualitative agreement of DMSO into MSA. The model somewhat over-estimates R
with the summer coastal-inland gradient over Antarctica dis-on ice-shelves (by 60% on the average). A fast conversion
cussed in Sect. 5.1. This is due to the temperature-dependeat DMSO into MSA (Rysim) increases this over-estimation
reaction products of MSIA reaction with OH in the new (110% mean difference). The lowest values of the observed
chemistry scheme: MSA production decreases when temrange (between 0.07 and 0.26) are not well represented by
perature cools and only $0s formed below—32°C. The the model (0.19 to 0.22 for g, and 0.24 to 0.29 for Rim).
modelled annual and zonal mean variations of R with latitudeThe model resolution is too low to reproduce the small-scale
(see supplementary materiéktp://www.atmos-chem-phys. spatial variability between these seventeen sites. At the five
net/9/9449/2009/acp-9-9449-2009-supplement.gdf sim-  coastal sites, measurements provide ratios ranging between
ilar to the results plotted on Fig. 8 (105—24, February—  0.18 and 0.39. The model {f) simulates correctly the aver-
March). Maximum values of R are displaced southwardage ratio (2.5% under-estimation) but under-estimates again
(~60¢° S), and the impact of anthropogenic sources reacheslata variability (model range: 0.21-0.24). As for ice-shelf
higher latitudes (up te-50° S). Overall, meridional varia-  sites, taking into accountgm deteriorates the representa-
tions of R show a complex behaviour which cannot be eastion of R in snow. This behaviour contrasts with the atmo-
ily related to either temperature or anthropogenic emissionspheric ratio (see Sect. 4.1). Over central Antarctica, lower
only, as previously assumed (see Sect. 1). Model results aretios are observed, especially on the Eastern plateau. The
highly dependent on temperature dependence and branchingodel also produces lower values, but if the annual aver-
ratios of reaction rates in the DMS oxidation scheme, whichages are well represented at Byrd and South Pole, they are
are still incompletely known. strongly over-estimated at Vostok and Dome GgsiRequals
Rsim at central plateau stations: dry deposition is dominant
at these low accumulation-rate sites (&\@lff et al., 2006,
thus Rysim in snow does not correctly represent a fast DMSO
to MSA conversion. At South Pole, measurements in snow
deposited in January lead to a R value of about OL&gand
3t al, 1992, twice as large as atmospheric values (about
0.06) Arimoto et al, 2001 2008. The model provides a
ratio in snow of 0.18, identical to its atmospheric value. For
winter snow/firnLegrand and Paste(t998 measured a ra-
tio of about 0.18 whereas the model leads to a value of 0.021.
This value is similar to By, in the atmosphere, but as DMSO
undergoes no dry deposition on snowgR in snow does

duced the MSA and nssg@neasured in Antarctic ice cores not compensate for the missing MSA. Slmllarly,. althqugh
the model reproduces quite well the atmospheric ratios at

(Legrand et al.1992. The assessment of the representauonDome C and Kohnen stations between April and November,

of R in snow and ice by our model is thus required for a bet-. : . .
) X it strongly under-estimates observed data in snow/firn. The
ter understanding of the relation between the sulphur cycle ; .
and climate changes atmosphere to snow tran:_;fer is governed by deposition fluxes
’ of MSA and nssS@ No direct measurements of the dry de-

position velocities on snow are available for sulphur aerosols.

6 Variations of the MSA to nssSQ ratio in snow/ice

In several instances, the LMD-ZT Antarctic-refined model
has been used to simulate and interpret glacial climate (e.
Krinner and Genthon1999. Coupled with the sulphur
chemistry module, it also permitted to simulate the sulphur
cycle at the Last Glacial Maximum, 21 000 years agagte-
brunet et al.2006§ and was thus evaluated against ice core
records of MSA and nssSO In a paleo-climate context, it
has been suggested that the ratio R MSA/ngs&anld al-
low to determine the latitude of DMS emissions which pro-
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Fig. 9. MSA/nssSQ ratio R calculated from modelled deposition fluxes of MSA, nsg&ad DMSO. Left panel: MSA/nssS@atio Rsim.
Right panel: (MSA+DMSO)/nssS{xatio Rysim:

Our model values were adjusted to fit the overall sulphate deenly a small summer fraction of the annual snow accumu-
position fluxes over Antarctic@b@stebrune2007) and iden-  lation). These spatial variations were previously explained
tical dry deposition velocities were adopted for ns§3@d by (1) a shorter atmospheric lifetime of MSA with respect to
MSA. A seasonal bias, as well as the under-estimated spaassSQ due to a larger size of MSA aerosols and a faster dry
tial variations of R are thus not surprising. Besides, sev-deposition, but this explanation is being questioned by size-
eral experimental studies suggest that MSA concentrationsegregated aerosol composition data at Dumont d’Urville and
in snow/ice at sites characterized by low snow accumulatiorDome C (Jourdain and Legran@001; Jourdain et a).2008),

rates are influenced by reversible depositidfagnon et al].  and (2) a possible post-depositional loss of MSA as already
1999 Delmas et al. 2003, migration through firn layers mentioned. The modelled spatial variations of R cannot be
(Mulvaney et al. 1992 Pasteur and Mulvang000 and/or  due to different deposition velocities for MSA and nsgSO
MSA redistribution by wind \\olff et al., 1999. Simulta-  or post-depositional effects, as these processes are not rep-
neous measurements of sulphur aerosols in the atmospheresented in the model. Thus we suggest that atmospheric
and snow at several Antarctic stations would be necessarghemistry and transport processes play an important role on
to better understand these processes and improve the moddle spatial distribution of R in Antarctic snow.
parameterization.

Despite the above mentioned biases, a clear coast to ing Conclusions
land gradient, substantiated by the data, is produced by the
model over the Antarctic continent. Figure 9 presents ge-arge uncertainties remain on the natural sulphur cycle due
ographical maps of the modelled ratiogifRand Rysim in to sparse observational data and the still recent and incom-
snow. Higher Ry values are obtained in coastal regions plete development of 3-D model studies focussed on the
(0.20-0.26) than on the central plateau (0.04-0.14). As seesouthern hemisphere. This work aimed at better understand-
previously, a fast conversion of DMSO into MSA (&) ing the processes which influence seasonal and spatial vari-
increases R above the Southern Ocean and coastal regioations of the MSA to nssSfratio (R) in air and snow at
(0.26—0.34) but brings little change inland. Data from Ta- mid and high-southern latitudes. Although the model over-
ble 3 show a mean ratio R(ice-shelves and coastal)/R(inlandg¢stimates MSA and nssg@oncentrations at mid-latitude
of 2.2, whereas model results at the same sitggJRadsto  and inland Antarctic sites, it is more successful in simulating
a smaller change (1.65Karkas et al(2005 also observed a R. Biases in DMS emission fluxes and transport have some-
faster decrease for MSA than nssSi@® snow samples from  what similar effects on MSA and nssg@oncentrations, and
a 350km coast to inland transect in Dronning Maud Landlikely affect less their concentration ratio. In the studied re-
(these data were not reported in Table 3 because they covejions, where marine emissions dominate the anthropogenic
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contribution to sulphate, this may also explain why R is moreity of different oxidants and the temperature dependence of
sensitive to chemical processes in the DMS oxidation schemehemical reaction rates and branching ratios. Understand-
than sulphur species concentrations. ing the MSA to nssS@ratio in Antarctic snow is important
The model successfully simulates seasonal variations of Ror ice core interpretation. A large discrepancy (about a fac-
in the Antarctic atmosphere if a fast conversion process otor 10) between model results and measurements in snow is
DMSO into MSA is taken into account. The importance of obtained only at the lowest accumulation rate sites in win-
such a conversion has been highlighted by several authors fder. With this exception, our results indicate that atmospheric
the summer seasoR@vishankara et al1997 Davis et al, chemistry and transport are responsible for a significant part
1998 Sciare et al.200Q Legrand et a].2001), whereas our  of the spatial distribution of R in Antarctic snow.
results suggest that its effects on R could be highest in fall . ) .
and spring, and persist in winter. On the other hand, takingAcknowIedgementsThls work was supported by Institut National
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