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[1] To gain a better understanding of sulfate and methanesulfonate (MS™) signals
recorded in central Antarctic ice cores in terms of past atmospheric changes, an
atmospheric year-round study of these aerosols was performed in 2006 at the Concordia
station (75°S, 123°E) located on the high Antarctic plateau. In addition, a year-round
study of dimethyl sulfide (DMS), the gaseous precursor of sulfur aerosol, was conducted
in 2007. The DMS mixing ratio remains below 1 pptv from October to January and
exhibits a maximum of 10 pptv during the first half of winter (from April to July).
Surprisingly, the well-marked maximum of sulfur aerosol recorded in January at coastal
Antarctic sites is observed at Concordia for sulfate but not for MS™ which peaks

before and after sulfate in November and March, respectively. This first study of DMS
and of its by-oxidation aerosol species conducted at inland Antarctica points out the
complex coupling between transport and photochemistry of sulfur species over Antarctica.
The findings highlight the complexity of the link between MS™ ice core records
extracted at high Antarctic plateau sites and DMS emissions from the Southern ocean.
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1. Introduction

[2] The coupling between climate and biogeochemical
cycles involves complex processes which are not yet fully
elucidated. Polar ice cores provide a unique archive of
climate proxies that may help to address some relevant
key questions [e.g., Legrand and Mayewski, 1997]. For
instance, sulfur aerosols formed from the oxidation of DMS
emitted by phytoplankton plays an important role on the
Earth’s albedo, particularly in the Southern Hemisphere
[Gondwe et al., 2003]. Since, in contrast to sulfate, MS™
is exclusively formed by photo-oxidation of DMS, its
records extracted from Antarctic ice cores were used to
investigate past bioproductivity of the Southern Ocean
[Legrand and Feniet-Saigne, 1991; Legrand et al., 1991]
and to reconstruct past sea-ice extend [Welch et al., 1993;
Curran et al., 2003]. However, the interpretation of MS™
ice core records is still ambiguous due to the complex
processes that control the atmospheric formation of MS™
[Davis et al., 1998] and possible post-snow-deposition
losses [Wagnon et al., 1999; Weller et al., 2004]. To progress
on these questions, atmospheric records of both DMS and
sulfur aerosol are needed. Multiple year-round atmospheric
records of sulfur aerosols (sometimes completed by DMS
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data) are now available at coastal Antarctic sites [Minikin et
al., 1998; Jourdain and Legrand, 2001; Preunkert et al.,
2007]. Inland Antarctica year-round DMS records are not
available and if existing, atmospheric records of sulfur
aerosols remain mainly restricted to the austral summer
[Arimoto et al., 2001, 2004; Piel et al., 2006].

[3] We here report on the first year-round record of DMS
obtained in 2007 at Concordia and year-round records of
MS™ and sulfate obtained at the same site in 2006. The
seasonal cycles of these three sulfur species are compared to
the corresponding ones (2007 for DMS and 2006 for MS™
and sulfate) obtained at the coastal site of Dumont d’Urville
(66°S, 140°E, DDU). This comparison of key species of the
sulfur cycle (precursor and final oxidation products) be-
tween coastal and inland Antarctica evidences important
findings for the atmospheric meaning of the ice core record
of sulfur species extracted from deep ice cores drilled at
inland Antarctica.

2. Methods

[4] Year-round aerosol samplings were conducted in
2006 at the Concordia Station (central Antarctica, 75°S,
123°E, 3220 m above sea level) located 1100 km away from
the nearest coast. Bulk aerosol samples were collected on
Gelman Zefluor (47 mm diameter, 0.5 pm pore size) filters
by sucking air at 2.5 m above the snow surface at a flow rate
of 1.3 m® STP (25°C, 1013 hPa) h™'. Filter holders were
prepared prior sampling under a laminar flow hood and
brought to the sampling site in polyethylene bags. After
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sampling, filters were stored frozen in 20 mL polycarbonate
vials sealed in polyethylene bags until extraction with
ultrapure water/methanol solution and analysis at the labo-
ratory in Grenoble. Forty samples were collected in 2006
between 17 January and 27 December on a weekly basis
(mean sampled air volume: 215 m* STP per sample). Filter
blanks were regularly obtained during this period. Blank
concentrations become only significant for sodium (0.25 +
0.15 nmol m > n = 19), thus a blank correction of data was
made for this species.

[s] Na",MS~ (i.e., CH;SO5), and SO;~ analysis were made
by ion chromatography under working conditions summa-
rized by Minikin et al. [1998] and Wagenbach et al. [1998].
For sulfate and MS™ the uncertainty is mainly determined
by the ion chromatography accuracy, which is typically 5%.
In the case of sodium levels below 0.2 nmol m—3, the
uncertainty becomes larger due to the blank variability.

[6] DMS air samplings and analysis started at Concordia
in December 2006 and went on until December 2007, using
a similar method as deployed at DDU since December 1998
[Jourdain and Legrand, 2001; Preunkert et al., 2007]. DMS
samplings were performed by pressurizing electro polished
stainless steel canisters of 6 L up to 3 bars during a few
minutes with a membrane pump (Millipore, model
XX5522050). Up to 12 canisters pressurized to 3 bars were
used to sample more than 100 L of air per sample. In
general one DMS sampling was achieved and immediately
analyzed each week, except from 15 March to 20 April due
to a breakdown of the analyzer. Samples were analyzed
using a gas chromatograph equipped with a flame photo-
metric detector (HP6890, 393 nm). Hereby DMS is cryo-
genically trapped at —60°C on a Tenax sample loop
maintained in an ethanol bath. DMS is subsequently trans-
ferred to the GC by thermal desorption of the Tenax trap in
a boiling water bath (i.e., ~88°C at 650 mbar). Detailed
working conditions of the gas chromatograph are given by
Legrand et al. [2001]. Weekly calibrations were made using
a permeation tube (VICI Metronics, Santa Clara, California)
thermostated at 30°C. The permeation tube was calibrated
against the one used at DDU. The detection limit of the gas
chromatograph is close to 0.2 nanogram, leading to an
atmospheric detection limit of 0.7 pptv when 100 L of air
were sampled, or lower when a larger air volume (up to 200 L)
was sampled.

3. Seasonality of DMS: Central Versus Coastal
Antarctica

[7] In midsummer season (December 2006 to January
2007) DMS mixing ratios at Concordia remained below
detection limit, except 24 January (0.5 pptv). DMS started
to be detectable at the level of a few pptv in February and
March (Figure 1). During the first part of winter (from end
of April to July), the mixing ratio was sometimes as high as
11 pptv. During the second part of winter it gradually
decreased from 4.5 pptv end of July to 1 pptv in September
and below 0.5 pptv in late November.

[8] The very low DMS mixing ratios recorded at Concordia
in midsummer are consistent with those obtained during
the ISCAT 1998 and 2000 campaigns performed at the
South Pole [Davis et al., 2004]. Here DMS was investigated
by using grab sample/GC/MS. From 12 November to
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31 December DMS mixing ratio remained below the
detection limit of 2 pptv, reached 2.4 pptv 12 January and
7.3 pptv 1 February [Swanson et al., 2004].

[9] For the entire course of winter, the Concordia DMS
record remains unique for central Antarctica. The seasonal
cycle of DMS at Concordia, characterized by a summer
minimum, differs from that observed at the coastal site of
DDU (Figure 1). Note that DMS mixing ratios measured in
summer 2007 at DDU were relatively low compared to
those observed during previous summers. Such a strong
interannual variability of atmospheric DMS levels at coastal
Antarctic sites was found to be mainly related to interannual
changes of oceanic DMS concentrations [Preunkert et al.,
2007]. Considering the mean DMS mixing ratio at the two
sites and given the DMS lifetime with respect to OH
reactions of 1.2 days in January (see calculations detailed
in sections 7.1 and 7.2), a transit time of 7 days for an air
parcel traveling from coastal to inland Antarctica is required
to drop the DMS level of 40 pptv at DDU (Figure 1) below
the detection limit at Concordia. That is consistent with a
typical transit time of 9 days for air masses between coastal
and inland Antarctic sites [Swanson et al., 2004]. As
discussed in section 7.3, the atmospheric lifetime of DMS
would be even shorter (0.7 days) if its reaction with BrO is
also considered. In April, the lifetime of DMS with respect
to OH reactions becomes longer (6 days at the coast and
12 days over the high Antarctic plateau) and the 24 pptv of
DMS observed at DDU would drop to 9 pptv at Concordia
for a transit time of 9 days. Although being uncertain, these
calculations clearly point out that the recovery of DMS
levels at Concordia at the end of summer is related to an
increase of the DMS lifetime, due to decreased oxidant
levels, which counteracts the lowered DMS level over the
Antarctic Ocean. Later in winter, the decreasing trend of
DMS recorded at coastal Antarctica is well reflected in the
Concordia record (Figure 2). In winter (from April to
September), the DMS mixing ratio decrease from coastal
to inland Antarctica remains close to a factor of 2.6. Such a
relatively small difference in DMS levels between the
marine boundary layer and the atmosphere over inland
Antarctica suggests that at that time of the year, the
photochemistry of DMS remains very weak. Indeed, the
lifetime of DMS with respect to OH reactions is very long
(lifetime of 60 days in May for instance), however the
reaction of DMS with nitrate radical (NO3z) has to be
considered at that season. To date no NOz; measurements
exist from the Antarctic atmosphere. The only available
information is that the NO; mixing ratio remains below
2 pptv at coastal Antarctica even in winter [Jones et al.,
2007]. The IMAGE transport-chemistry model simulates a
maximum mixing ratio of NO5 of 0.06 pptv at DDU in July
[Pham et al., 1995]. The rate constant of the reaction
between DMS and NO5 (1.8 x 10~'% cm® molecule ™" s
at 230 K, http://www.iupac-kinetic.ch.cam.ac.uk/) would
lead to a lifetime of DMS of 4 days in July. Thus, DMS
data from DDU and Concordia tend to suggest that a NO3
mixing ratio of 0.06 pptv over Antarctica in winter repre-
sents an upper limit. Note also that a DMS lifetime of at
least a few days in winter would suggest a rather low level
of BrO (2 x 10° molecule cm >, i.e., less than 0.1 pptv, for
a lifetime of 4 days). Such a low BrO mixing ratio in
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Monthly mean mixing ratios of DMS in 2007 and concentrations of aerosols (MS™, and

nssSOZ ") in 2006 at Concordia (right) and Dumont D’Urville (DDU, left). For the DDU records the thin
lines indicate the interannual variability of monthly means (mean =+ the standard deviation) over 1999—
2006. Grey areas refer to end of 2006 for DMS and end of 2005 for aerosols.

midwinter is consistent with observations made at coastal
Antarctica (see section 7.1).

4. Seasonality of Sulfur Aerosols in Central
Antarctica

[10] The sodium level observed at Concordia remains
generally low (0.5 nmol m in winter and less in summer)
except the end of September (Figure 2). Although being
weak, the sea-salt contribution to sulfate was here considered.
The study of the size-segregated composition of aerosol
conducted in 2006 at Concordia has shown that sea-salt
acrosol is there depleted in sulfate relative to sodium in
winter (mean mass sulfate to sodium ratio of 0.11 over
midwinter, dropping to 0.07 in September, instead of 0.25
in seawater) [Jourdain et al., 2008]. These sulfate to sodium
ratio values were used to calculate nssSO3 levels. As
discussed by the authors, the sulfate to sodium ratio of 0.11
derived for midwinter conditions has still to be considered
carefully. Anyway, for a mean midwinter sulfate level of
0.056 nmol m> , the sea-salt contribution remains weak
(5107 nmol m ™ and 0.01 nmol m > by considering a sulfate
to sodium mass ratio of 0.11 and 0.25 in sea-salt aerosol,
respectively). Concentrations of nssSO3~ exhibit a minimum
of 0.02 nmol m in July, gradually increase in spring and
reach a maximum in January—February (0.6 nmol m ).
Though being also minima in July (10~ nmol m ), MS™
concentrations show a first increase from September to
November, a sharp decrease in December—January, and a
reincrease with a maximum of 0.17 nmol m > in March. As a

consequence, the MS™ to nssSO3 ™ mass ratio (r) exhibits a
first peak in November (20%) and a far more pronounced one
in March—April (40%) whereas it remains relatively low
(10%) in December and January (Figure 2).

[11] Most of simultaneous MS™~ and nssSO3  studies
achieved until now at inland Antarctic sites cover only the
summer period (i.e., November to January, see Table 1).
However, they also indicate relatively low MS™ values with
respect to those of nssSO3~, resulting in r values ranging
from 3 to 20%. The unique year-round study of sulfur
aerosols previously conducted over inland Antarctica was
the recent one from Weller and Wagenbach [2007] at the
Kohnen station (75°S, 0°E). The low r values obtained here
in December (8%) in contrast to higher ones measured in
November (12%) and March (37%) show that the striking
seasonal feature of r is also recorded at this site, although
less pronounced than at Concordia.

5. Sulfur Aerosols at Coastal and Central
Antarctica

[12] Atmospheric levels of MS™ and nssSO3~ at the
coastal Antarctic sites of DDU, Neumayer (70°S, 8°W)
and Halley (75°S, 26°W) were already discussed by Minikin
et al. [1998] who concluded that the strong maxima seen at
all sites in January are driven by the summer recovery of a
dominant marine biogenic sulfur source (DMS) which
follows the sea-ice retreat. Since that time the year-round
DDU aerosol record has been extended in the framework of
the French environmental observation service CESOA (Etude
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Figure 2. Comparison of DMS mixing ratio (from end of
2006 to 2007), MS™ and nssSOf‘ concentrations, MS™/
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2005 to 2006) at DDU (thin lines) and Concordia (thick
lines).
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du cycle atmosphérique du Soufre en relation avec le climat
aux moyennes et hautes latitudes Sud, http://cesoa.ore.fr)
dedicated to the study of the sulfur cycle at middle and
high southern latitudes, and covers now the 1991-2006
period (Figure 1). Consistently with data previously pre-
sented by Jourdain and Legrand [2002] over 1991-2001
years and Preunkert et al. [2007] over 1999—-2003 years, a
well-marked summer maxima is recorded for both MS™ and
nssSO3 . Mean winter minima (May—September) of 0.02 +
0.01 nmol m™ for MS™, and 0.25 + 0.12 nmol m > for
nssSO3~ are observed, while the summer maximum in
January ranges from 1.9 to 3.9 nmol m > for nssSO3
and from 0.45 to 0.9 nmol m > for MS™, respectively.

[13] For winter months (from April to September), the
decrease of concentrations between coastal to inland Ant-
arctica is of a factor of 2.6 for nssSO3, and 2.9 for MS ™.
MS™ and nssSO;  are both present in submicrometer
particles (diameters ranging between 0.1 and 0.5 pm) at
coastal sites [Jourdain and Legrand, 2002] as well as at
Concordia [Jourdain et al., 2008]. Harder et al. [2000]
estimated the lifetime of nssSO3 ~ aerosol to be higher than
12 days at the South Pole in summer. The drier winter
conditions would reduce aerosol wet deposition and lead to
an even longer lifetime of the nssSO3~ aerosol. Therefore,
the decreasing factors of sulfur aerosol levels between
coastal and inland Antarctica in winter would be mainly
controlled by the degree of dilution of air masses advected
from the coast reaching Concordia. Note that the large
decrease of sodium (a factor of 25, Figure 2) seen between
coastal and inland Antarctica is due to the large contribution
(80 to 90% of the total mass) of supermicron sea-salt
particles at coastal sites [Jourdain and Legrand, 2002]
resulting in a shorter atmospheric lifetime. If only the
submicron fraction of sodium observed at DDU is consid-
ered (i.e., the total mass divided by a factor of 5 to 10), the
decreasing factor of sodium levels between DDU and
Concordia becomes closer (a factor of 3 to 6) to those
found for MS™ and nssSO3 .

[14] If we consider the spring-summer-fall period, we can
observe (Figure 2) that in spring (September—November)
and fall (March—April) nssSOF~ and MS~ values at
Concordia station are still approximately 2.5 to 3 times
lower than those at DDU. In mid summer (December to
February) however, a very different pattern appears. While

Table 1. Summary of Mean nssSO2~ and MS™~ Concentrations and MS /nssSOZ~ Mass Ratio Observed in Summer at Various Inland

Antarctic Sites

MS™, nssSO; ™, MS /nssSO7~
Site nmol m > nmol m > (Mass Ratio) Month Reference
South Pole 0.05 1.0 0.08 Nov 2000/Jan 2001 Arimoto et al. [2004]
0.1 2.2 0.06 Dec 1998/Jan 1999 Arimoto et al. [2001]
East Antarctic Plateau 0.2 0.9 0.19 Dec 1990/Jan 1991 de Mora et al. [1997]
(78°S, 139°E)
EDML (75°S, 0°E) 0.6 3.7 0.16 Jan/Feb 2000 Piel et al. [2006]
0.2 1.7 0.10 Jan/Feb 2001
0.8 33 0.20 Jan/Feb 2002
Concordia (75°S, 123°E) 0.03 1.1 0.03 Dec 2000/Jan 2001 Udisti et al. [2004]
0.3 2.6 0.09 Jan 2000 Piel et al. [2006]
0.07 1.5 0.05 Dec 2000/Jan 2001
0.48 32 0.15 Dec 2001/Jan 2002
0.06 0.6 0.15 Jan/Feb 2006 this work
0.02 0.5 0.04 Dec 2006
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Table 2. Rate Coefficients of Gaseous (in cm® molecule™" s™') and Aqueous (in M~' s~") Phase Reactions and Branching Ratio Used in

the Simple 0-D Box Model Calculations Discussed in Section 7*

Reaction Rate Constant and Branching Ratios References
DMS + OH Ky =112 10" ¢ 20T http://www.iupac-kinetic.ch.cam.ac.uk/
DMS + OH Ky = (9.5 107 [0,] &7°y/(1 + 7.5 1072 [0,] >0 http://www.iupac-kinetic.ch.cam.ac.uk/
DMS + BrO K= 1.5 x 10714 ¢[000T http://www.iupac-kinetic.ch.cam.ac.uk/
DMSO + OH K3 = 6.1 10712 07T http:/jpldataeval.jpl.nasa.gov/
SO, + OH Ky = (Ko/(1 + Ko/Kjng) 0.525M1  ToeKOKinD2] -1 http://www.iupac-kinetic.ch.cam.ac.uk/

with Ko = 4.5 107! [M] (300/T)**

Kine = 1.3 1072 (300/T)"7
(HSO; + 03)aq KS(aq) 1203'726139);675530(1#&1/298)
(MS™ + OH),, 8.8 10" ¢~
B 1
B2 0
Bs 1 +0.0123 (T — 320) (35 = 0 for T <239 K)
B —0.0123 (T — 320) (84 = 0 for T > 320 K)

[Seinfeld and Pandis, 1998]

[Zhu et al., 2003]
http://www.iupac-kinetic.ch.cam.ac.uk/
http://www.iupac-kinetic.ch.cam.ac.uk/
estimated from [Arsene et al., 1999]
estimated from [Arsene et al., 1999]

. . 3 I
Gaseous phase reactions are measured in cm” molecule™ s

nssSO3~ levels show similar temporal patterns at DDU
and Concordia with by a factor of 2.5 lower values at
Concordia than at DDU, MS™ levels at Concordia fall by
a factor of 5 with respect to those in spring and fall,
whereas DDU MS™ concentrations continue to increase from
spring to summer to become maxima in January and February.

[15] The decrease of MS™ at Concordia during midsummer
conditions could be related to its photochemical destruction
either during inland long-range transport or at the Concordia
site. In the aqueous phase, MS™ is indeed oxidized into
sulfate by OH radicals (rate constant of 8.8 x 10'* e 293%T
M s~ !, Table 2). As discussed by Herrmann et al. [2000], OH
present in the aqueous phase in marine area mainly comes
from the transfer of OH from the gas phase. Barnes et al.
[2006] suggested a typical OH aqueous phase concentration
of 6 x 107" M in marine area at a global scale
(corresponding to a typical gas phase OH concentration of
10° radicals cm ). They estimated a lifetime of MS™ at
295 K as long as 14 days, assuming that the acrosol spends a
typical time of 3 h per day in cloud droplets in the marine
boundary layer [Katoshevski et al., 1999]. The same calcu-
lation done for a transport over inland Antarctica by applying
conditions (temperature, OH radical level) discussed in
section 7.1, leads to a MS™ lifetime of more than 200 days
with respect to the OH aqueous reaction. Considering the
high oxidant levels persisting at Concordia during the pres-
ence of a shallow inversion layer (see section 7.3) and
assuming that the aerosol spends 24 h per day in liquid water
droplets, the calculated lifetime of MS™ drops to 4 days.
Given however the scarce presence of clouds over inland
Antarctica, we can rule out that the observed decrease of MS™
in January at Concordia is related to its aqueous phase
oxidation into sulfate.

[16] The level of sulfur aerosols present in air masses
reaching inland Antarctica would be dependent on the history
of these air masses and on the chemistry they have experi-
enced during their travel from oceanic regions toward the
high Antarctic plateau. An air mass in contact with the marine
boundary layer will be filled with aerosols already formed in
this layer. Leaving the marine boundary layer, the air mass
will then be mixed in the atmospheric layer located above the
marine boundary layer, named “buffer layer” by Davis et al.
[1998]. Finally, during its travel further inland, the air mass
will experience free troposphere Antarctic conditions. A

1 . . B
and aqueous reactions are measured in M~ s~ .

1

possible explanation for the unexpected change of MS™
compared to nssSO3~ from equinoxes to mid summer at
Concordia, could be linked to a weaker contribution of air
masses advected from the marine boundary layer and the
buffer layer in summer with respect to the equinoxes. Indeed,
in March and November at Concordia, sea-salt levels are five
to ten times higher than during the summer months. If correct,
we have to question why the nssSO7 ~ levels do not follow the
decreasing trend of MS™. One reason could be due to the fact
that the nssSO3~ decrease resulting from the decreased
strength of marine advection is counteracted by a large
presence of sulfate (and not of MS™) in the buffer layer
and/or in the free Antarctic troposphere during summer. In the
two next sections, we will discuss whether this scenario is
realistic, examining backward trajectory analysis and doing
simple 0-D box model calculations.

6. A Weakening Impact of Marine Advection in
Summer

[17] To characterize air masses arriving at Concordia 12-
day backward trajectories were computed by the HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory)
model (R. R. Draxler and G. D. Rolph, NOAA Air Resources
Laboratory, Silver Spring, Maryland, 2003, available at
http://www.arl.noaa.gov/ready/hysplit4.html) four times
per day for two periods. 26 January to 2 February and
11-18 March 2006 were chosen because of the distinct
MS™ and sodium levels observed during these two time
intervals. Back trajectories starting points were set to be 20
and 270 m above Concordia ground (i.e., 3250, and 3500 m
above sea level). An isentropic vertical motion calculation
method was applied to a reanalyzed meteorological data set.

[18] Typical back trajectories obtained for the two periods
are illustrated in Figure 3. For the 26 January to 2 February
time period, trajectories indicate that air masses reaching
Concordia had only sparse contact with near surface oceanic
area. During 43% of time, air masses spent more than 12 days
over the Antarctic continent. When air masses had passed
over the ocean, they had generally traveled at elevations
higher than 3000 m asl. In total, only 15% of air masses
arriving at Concordia from 26 January to 2 February were in
contact (i.e., <1500 m asl) with oceanic regions for more than
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January March

Figure 3. Typical 12 day backward trajectories from
(a and b) 26 January to 2 February and (c and d) 11 to
18 March. Whereas Figures 3a and 3c refer to conditions in
which the air masses remained over the Antarctic continent,
Figures 3b and 3d show typical air masses coming from
oceanic regions. Black lines indicate a traveling height
below 1500 m asl, and gray lines indicate a height above
1500 m asl, respectively.

12 h, at least 11 days before, and for 6% of them the contact
had occurred at latitudes higher than 60°S.

[19] For the 11-18 March period, again most of time
(50%) air masses reaching Concordia had spent 12 days over
the Antarctic continent. However, during this time period, air
masses which had passed over the ocean had traveled at much
lower elevations than in January (Figure 3). Summed up over
the whole period, in 42% of cases air masses were in contact
with the open ocean (<1500 m asl) for more than 12 h.

[20] With that, backward trajectories indicate a total
frequency of significant contact with oceanic area 3 times
higher during the March period than during the January
period. That is qualitatively in agreement with the larger
levels of MS™ and sodium recorded in March than in
January at Concordia. This conclusion was found to remain
valid for 2005, pointing out the overall character of the
weaker frequency of contact with oceanic area of air masses
reaching Concordia in January with respect to March.

7. Sulfur Chemistry in the Buffer Layer and
Above it in January and March

[21] As discussed in section 3, due to its long atmospheric
lifetime, DMS survives in winter during its transport from
coastal to inland Antarctica. In contrast, the observed very
low DMS levels at Concordia in summer clearly suggested
that it is not the case during this season. As discussed by
Davis et al. [1998], when frontal systems travel over the
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Antarctic ocean, rapid vertical motions bring DMS (a not
very water soluble gas) from the marine boundary layer to
the buffer layer which will be subsequently oxidized. Davis
et al. [1998] estimated that at the coastal Antarctic site of
Palmer the temporal slice between two injections of DMS in
the buffer layer would be typically 6 days. Thus the buffer
layer would be periodically refilled with DMS. In the
following we investigate the chemical composition of the
buffer layer in March and January after a DMS injection.

7.1. Various Oxidants of DMS in Antarctica

[22] The most efficient atmospheric oxidants of DMS are
OH, BrO, and NO5; whereas others like Cl, 10, and O5 are
less efficient (see Barnes et al. [2006] for a review). Model
simulations and measurements of OH are available for
coastal Antarctica. At the coastal Antarctic site of Palmer,
OH concentrations ranging from 1 to 2 x 10° radicals cm >
were observed in summer [Jefferson et al., 1998]. At Halley
measurements indicate a mean OH concentration of 4 X
10° radicals cm™> [Bloss et al., 2007]. At DDU no
measurements are available but concentrations simulated
by the IMAGE model for January are close to 2 X
10° radicals cm ™ [Pham et al., 1995]. As discussed by
Davis et al. [1998], OH concentrations would be typically
twice in the buffer layer than in the boundary layer
following the enhancement of UV, ozone, and NO levels.

[23] It was recently shown by Davis et al. [2004] that the
photolysis of nitric acid present in surface snow layers is
responsible for the high NO levels (a few hundreds of pptv)
observed in the central Antarctic atmospheric boundary
layer in summer. However, the 24 h sunlight would not
permit significant levels of NO; due to its fast photolysis.

[24] BrO mixing ratios have recently been measured over
1 year by Saiz-Lopez et al. [2007] in the coastal Antarctic
boundary layer at Halley. BrO mixing ratios exhibit a
maximum of 7 pptv in October, a mean level of 3 pptv
during January—March, and drop well below 1 pptv between
May and August. As discussed by Read et al. [2008] such
high summer BrO levels make the BrO reaction on DMS
producing DMSO faster that the one with OH. However, it is
still difficult to conclude in what extent this finding remains
true at other Antarctic sites. Indeed Wagner et al. [2007]
showed that the level of BrO, which has a lifetime of a few
hours in the marine boundary layer, depends strongly on the
contact time the air mass had with sea-ice. Since there is far
less sea-ice in the Indian Ocean sector facing DDU than in the

40
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Surface Oz mixing ratio at DDU
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Figure 4. Surface ozone mixing ratio (in ppbv) observed
at DDU in September and October 2007 (hourly means).
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Figure 5. Simplified OH-DMS oxidation scheme for the buffer layer used in the photochemical

calculations presented in section 7.

Atlantic one facing Halley and Neumayer, lower BrO levels
are expected in the marine boundary layer of the Indian
sector. This difference between the two sites is highlighted in
Figure 4, since the usual ozone depletion events, character-
ized by sudden drops of the ozone mixing ratio from 30 to
5 ppbv related to BrO events at Neumayer in October [Friefs
et al., 2004], are not detected at DDU. In summer the sea-ice
is quasi absent in the oceanic sector facing DDU, whereas the
distance between the sea-ice edge and the Halley site is still as
high as 600 km in January. Thus we may expect far lower
BrO mixing ratios in the marine boundary layer in summer at
DDU than the 3 pptv measured at Halley. Following Simpson
et al. [2007], rapid vertical transport can bring rich BrO air
mass boundary layer parcels toward the free troposphere
which may contribute to the mean BrO mixing ratio of 1 pptv
as derived from satellite data for the free troposphere outside
polar regions. This value was used as an upper limit in our
calculations to evaluate the impact of BrO on the summer-time
photochemistry of DMS in the buffer layer.

7.2. Calculations

[25] A simplified 0-D box model, based on Davis et al.
[1998] (see Figure 5) had been used to examine the OH
chemistry acting in the buffer layer at the scale of a few
days. A typical concentration of OH of 4 x 10° radicals
ecm > and 1.5 x 10° radicals cm™> (i.e., twice the value
simulated by the IMAGE model for the boundary layer at
DDU) was here assumed for January and March, respec-
tively. After these calculations a sensitivity test was done to
evaluate the possible role of BrO assuming a mixing ratio of
1 pptv (2.5 x 107 molecules cm>) both in January and
March. As reported in Figure 5, DMS is oxidized by OH
radicals in both addition and abstraction pathways. Details
of kinetic rates and branching ratios used in the calculations
are summarized in Table 2. As depicted in Figure 5, the OH
abstraction pathway forms SO, only, whereas the addition
pathway produces dimethyl sulfoxide (DMSO) and SO,.
DMSO is further oxidized by OH either in the gas phase or
in the aqueous or aerosol phase. A few field studies have
suggested [Sciare et al., 2000; Jefferson et al., 1998] and
finally shown [Legrand et al., 2001] that the heterogeneous
DMSO oxidation produces efficiently MS™ in the marine
boundary layer. The efficiency of this process has been
confirmed by kinetic studies [Bardouki et al., 2002]. The
marine boundary layer experiences quite often cloud events

that would render this process far more efficient than the gas
phase oxidation of DMSO. As discussed by Barnes et al.
[2006], even considering an absence of cloud and a very
low liquid water content present on sea-salt aerosol, the
aqueous phase reaction of DMSO with OH is still of
comparable importance with the gas phase reaction. When
leaving the marine boundary layer to the buffer layer, it is
likely that the oxidation of DMSO would be very different.
That is confirmed by field observations made by Davis et al.
[1998] at Palmer showing a rapid increase of the DMSO
mixing ratio (up to 20 pptv instead of 2 pptv) when rapid
vertical transport brought buffer layer air mass within the
boundary layer. These observations imply a longer lifetime
of DMSO in the buffer layer than in the boundary layer,
following a strong weakening of the heterogeneous reaction
of DMSO caused by a far lower aerosol surface (and liquid
water) available there. In our calculations we have therefore
assumed that the heterogeneous chemistry of DMSO
becomes negligible with respect to the gas phase chemistry
in the buffer layer.

[26] In the buffer layer DMSO is oxidized by OH in the
gas phase to produce either methane sulfonic acid (hereafter
denoted MSA) or SO,. The branching ratios between the
two pathways (35 and (3,4, Figure 5) are not precisely known
yet. At 298 K, SO, seems to be the major product of the gas
phase oxidation of DMSO via the intermediate production
of methane sulfinic acid (MSIA) [A4rsene et al., 2002; Kukui
et al., 2003]. Arsene et al. [1999] determined the initial
branching ratios of the DMS oxidation between the addition
and the abstraction pathways and the overall production of
SO, via the two pathways for 3 different temperatures,
respectively. Referring to Davis et al. [1998] who showed
that in the addition pathway SO, is not directly produced
but produced from DMSO, we can postulate that SO,
observed by Arsene et al. [1999] comes from the DMSO
oxidation (i.e., §; = 1 and 3, = 0, Figure 5) and therefore
calculate this production via (4. Following Arsene et al.
[1999], SO, is, at Antarctic temperatures, the main product
of the DMSO + OH reaction (33 = 0 below 239K, see
Figure 5 and Table 2). Finally, SO, is converted into sulfuric
acid in the gas phase by OH.

7.3. Results and Discussions

[27] Photochemical calculations have been performed for
two time periods in 2006: from 26 January to 2 February
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Table 3. Summary of Calculations Made for the Chemical Composition of the Buffer Layer Inland Antarctica Following a DMS

Injection®

26 January to 2 February

11 to 18 March

DMS (pptv)° 100
OH (molecule cm™3)° 4.0 x 10°
Temperature range 243-253 K
Pressure 640 mbar
BrO (molecule cm ) 0

DMS (pptv) 0.8-2.1

SO, (pptv) 80-71

MS™ (pptv) 45-14

Sulfate (pptv) 12-9

DMS (pptv) 0.01-0.04

SO, (pptv) 6862

MS™ (pptv) 45-14.3

Sulfate (pptv) 25-21

Input Parameters

60
1.5 x 10°
233-243 K
640 mbar
2.5 x 107 0 2.5 x 107
Mixing Ratios After 5 Days
0.00-0.01 8.4-10 0.00-0.01
82-72 47-43 57-49
5-16 0-2 0-3
13-11 2-1.7 33-28
Mixing Ratios After 10 Days
0.00-0.00 1.2-1.6 0.00-0.00
68-61 51.6—-49 53-50
5.0-16.4 0-2.6 0-3
27-22 5.7-4.9 7.3-6.4

%Only gas phase reactions are considered.
°Level observed at DDU in 2006.

“Daily mean OH values taken as twice those simulated by the IMAGE model at DDU [Pham et al., 1995].

when low MS™ levels were recorded at Concordia, from 11
to 18 March when MS™ levels reached their maximum.
Calculations were made at 640 mbar (i.e., ~3000 m), at
243-253 K in January and at 233—-243 K in March. Results
of calculations made by considering only the gas phase
chemistry and a single DMS injection in the buffer layer are
reported in Table 3. Since, in the atmosphere sulfuric acid
and MSA are rapidly lost on aerosol, the values are reported
as sulfate and MS™ equivalent, respectively. Whatever the
time period, after 10 days, DMS is efficiently oxidized by
OH in the buffer layer and SO, is the main byproduct via
the oxidation of DMSO.

[28] In March the gas phase OH oxidation of SO, formed
5.5 pptv of sulfate (i.e., 0.24 nmol m~>) and 1.5 pptv (i.c.,
0.06 nmol m~*) of MS™. As seen in Table 4, the MS™ to
nssSO;~ ratio (r) calculated in the buffer layer (0.25) is
lower than the one measured in the marine boundary layer
(0.46). Mixing between the boundary layer and the buffer
layer would lead to a sulfur aerosol with an intermediate
r value (between 0.25 and 0.4). Subsequently, during the
inland transport at higher altitudes, the r signature may
change due to the presence of SO,. In fact SO, is present in
the boundary layer/buffer layer air parcel as well as above,
since the buffer layer is turbulent. However, the presence of
SO, would not modify the r value since the oxidation of SO,
into sulfuric acid is very slow at that time of the year. Note
that the lifetime of SO, with respect to its gas phase oxidation
is as long as 70 days at the coast and 150 days over the high
plateau in March.

[20] In January, 1 nmol m " of sulfate and 0.4 nmol m >
of MS™ are formed after 10 days by the gas phase oxidation
of SO,. The r value calculated in the buffer layer (0.40) is as
high as that measured in MBL (0.46). Note that this does not
conflict with the above discussed preferential oxidation
pathways toward SO, in the buffer layer. In fact, as dis-
cussed by Davis et al. [1998], parcels of buffer layer are
episodically entrained back into the boundary layer, and this
subsequent injection of SO, will largely control the sulfate
level in the boundary layer. Without this downward trans-

port, we would expect far higher r values in the boundary
layer. In contrast to the situation in March, the r signature
will significantly change during the inland transport at
higher altitude, since once having reached 1500 m eleva-
tion, the SO, present in the parcel continues to efficiently
produce sulfate via sulfuric acid. Indeed, the air parcel will
experience very oxidative conditions over the plateau. For
instance, referring to a typical daily mean OH concentration
of 3 x 10° radicals cm > observed by Mauldin et al. [2004]
at the South Pole in the inversion layer, the lifetime of SO,
would not exceed 4 days with respect to its gas phase
oxidation into sulfuric acid. The efficiency of the oxidation
of SO, in air masses traveling over the Antarctic plateau is
corroborated by the study of Huey et al. [2004]. On the basis
of observed gaseous level of sulfuric acid at the South Pole
end of December, Huey et al. [2004] estimated that the level
of SO, would not exceed 1.4 pptv. Therefore we can assume
that during the travel over inland Antarctica the entire amount
of SO, has been converted into sulfuric acid. Considering this
effect the r value initially close to 40% would drop to 10%
when the air mass reaches the high plateau.

[30] In Table 3 we also report calculation outcomes
considering a BrO level of 1 pptv. It could be seen that
DMS and DMSO are destroyed and produced more effi-
ciently, respectively. Aside these differences the relative
contribution of MS™ and sulfate remains basically un-

Table 4. Comparison of the Composition of the Marine Boundary
Layer at DDU and the Simulated Chemical Composition of the
Buffer Layer Following a 100 pptv DMS Injection (As Reported in
Table 3)

Boundary Layer Buffer Layer
(nmol m %) (nmol m ™)
End of January nssSO,>~ 2.2 1
MS™ 0.6 0.4
r 27% 40%
Mid-March nssSO,”~ 0.75 0.24
MS™ 0.35 0.06
r 46% 25%
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changed with respect to conditions for which only the OH
photochemistry of DMS is considered.

[31] In conclusion, the different seasonal cycles of MS™
and sulfate observed at coastal and inland Antarctic sites
may be originating from: (1) the weakened input of sulfur
aerosols advected from the marine area (boundary layer and
buffer layer) in January with respect to March (see section 6)
in conjunction with (2) a DMS photochemistry, by OH alone
as well as by OH and BrO, favoring the formation of SO,
(and its subsequent oxidation into sulfuric acid) with respect
to the one of MSA during the travel inland Antarctica.

8. Implications for Interpretation of MSA and
Sulfate Signal in Ice Cores

[32] Even in regions not impacted by anthropogenic SO,
emission, non-sea-salt sulfate may have several sources
including marine biogenic, terrestrial, and volcanic sources
while MS™ is exclusively formed by oxidation of DMS
emitted by algae. That stimulated the pioneer studies of
MS™ in Antarctic ice cores [Saigne and Legrand, 1987] to
trace back past biogenic marine emissions. Focusing on
Holocene ice core records, one of the striking finding was
the low values of r in central Antarctic snow (5—20%) that
contrasts with higher values seen in coastal snow (25-35%)
[Legrand et al., 1992]. Previous explanations for these
spatial changes of r values in the literature invoked a shorter
atmospheric lifetime of MS™ aerosol with respect to sulfate
one, due to a larger size of MS™ aerosol with respect to that
of nssSO3 . However, size-segregated aerosol composition
studies performed at the coastal site of DDU as well as at
Concordia do not evidenced such a difference between MS™
and nssSO3~, both present in particle size of ~0.3 um
[Jourdain et al., 2008]. A more recent hypothesis to explain
this coastal-inland difference suggested postdepositional
loss of MS™ at inland sites characterized by low snow
accumulation rates [Wagnon et al., 1999]. Our atmospheric
data indicated an average r value at Concordia of 17% from
October to March instead of 30% at DDU. Only from
March to October/November the r ratios are similar at the
two sites. Thus, at least a part of the observed decrease of
r values from coastal to inland snow deposits is linked to the
seasonal different atmospheric composition of sulfur aerosol.

[33] Preunkert et al. [2007] have shown that at coastal
Antarctic sites MS™ covaries well with DMS emissions
from south of 62°S while sulfate corresponds to DMS
emissions from a broader scale (up to 58°S). Therefore,
and thought that postdepositional effects are not efficient at
coastal sites, we may expect good records of high southern
marine biota in coastal ice cores. On the other hand, the
relation between inland MS™ ice records and DMS emis-
sions appears far poorer than previously hypothesized since
postdeposition loss of MS™ act significantly at sites where
snow accumulation rate are lower than 100 kg m” a™'
[Weller et al., 2004]. This effect is likely a key process
at Concordia given the very low snow accumulation
rate permittin% a long time aging of fresh surface snow
(20-30 kg m* a~ ") but the involved process are not yet
elucidated (photochemical destruction of MS™ within the
firn layers or/and reemission of MSA from the firn layers to
the atmosphere). Anyway the poor correlation between
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atmospheric MS™ and nssSO3~ levels over the course of
spring-summer-fall, as a result of a different chemistry over
marine and inland regions, also greatly complicates the
relationship between MS™ and its gaseous DMS precursor.
Since sulfur isotopic studies have shown that except for
sporadic volcanic input, sulfate is mainly biogenic in origin
[Patris et al., 2000]; sulfate thus appears to be the best
tracer of marine DMS emissions of the austral ocean under
present-day atmospheric conditions. It remains still difficult
to extrapolate this statement for glacial climate conditions.
For example, the atmospheric meaning of sulfur ice core
records that have shown large increase of MS™ but not of
nssSO3~ during ice ages compared to present-day climate
[Legrand et al., 1991] remain unclear. Several factors may
have contributed to these differences including enhanced
marine DMS emissions, more limited lost of MS™ or far
more efficient heterogeneous chemistry acting in the buffer
layer leading to a faster production of MSA than the one of
SO, from DMSO due to the large increase of dust and sea
salt during the ice age.
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