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Abstract

During three summer campaigns in January/February 2000, 2001 and 2002 the ionic compo-
sition of the aerosol at the EPICA deep-drilling site at Kohnen Station was measured in daily
resolution. In 2000 and 2002 we observed mean (+std) non-sea salt sulfate (nss-SO,*) con-
centrations of 353+100 ng m™ and 320+250 ng m™, as well as methane sulfonate (MS) con-
centrations of 59+36 ng m™ and 74+80 ng m™, respectively. For the summer campaign in
2001, significantly lower nss-SO4> and MS levels of 164+150 ng m~ and 19+12 ng m>,
respectively, were typical. The mean MS/nss-SO4> ratio ranged from about 0.1 to 0.2. MS
and nss-SO,” concentrations and their variability were roughly comparable to coastal stations
at summer. Supported by air mass back trajectory analyses this finding documented an effi-
cient long-range transport to Kohnen via the free troposphere. MS/nss-SO4” ratios exhibited a
strong dependence on the MS concentration with systematically higher ratios at higher MS

concentrations, a peculiarity which is also evident in a firn core drilled at this site.
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1. Introduction

Secondary aerosol formation by biogenic precursors like algae derived dimethyl sulfide
(DMS) [Gondwe et al., 2003] or other volatile organic compounds emitted by terrestrial and
marine flora [Kavouras et al., 1998; O’Dowd et al., 2002; Claeys et al., 2004] play an impor-
tant and decisive role in determining the Earths albedo. This is especially true for the South-
ern Hemisphere, where the emission of manmade aerosol is still much less dominant com-
pared to the Northern Hemisphere [Bates et al., 1992; Spiro et al., 1992; Curran and Jones,
2000]. Considering the naturally derived aerosol load of the Southern Hemisphere, the atmos-
pheric photo-oxidation of DMS leading to the final reaction products methane sulfonic acid
(MSA) and sulfuric acid [Yin et al., 1990; Koga and Tanaka, 1999; Lucas and Prinn, 2002] is
believed to be the most important process [Clarke et al., 1998; Gondwe et al., 2003], although
the contribution of secondary organic aerosol formation seems to be higher than previously
assumed [Kavouras et al., 1998; O’Dowd et al., 2002].

Addressing the coupling between climate and biogeochemical cycles, polar ice cores pro-
vide an unique archive of climate proxies from which information about past changes of
temperature, snow accumulation rate and atmospheric composition can be derived in adequate
temporal resolution [e.g. Legrand and Mayewski, 1997]. In contrast to deposited sulfate,
which comprises a composite signal of marine biogenic, sea salt, terrestrial, and volcanic
sources, MSA is believed to be exclusively formed by photo-oxidation of algae derived DMS
and, to a minor part, dimethyl disulfide [Yin et al, 1990]. Recently, Meinardi et al. [2003]
identified DMS emission by biomass burning, but this process seems to be negligible com-
pared to the marine source. Volcanic sulfate signals in ice cores have proven to be invaluable
in assessing the climatic impact of large volcanic eruptions [e.g. Robock and Free, 1995;
Robock, 2000] and in establishing a framework of time horizons [e.g. Palmer et al., 2001].

Concerning the marine biogenic tracer MSA, extensive long-term aerosol measurements at
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coastal stations revealed that the main source region is primarily located south of 50°S with
increasing contribution from more local sources south of 60°S [Minikin et al., 1998]. Accord-
ingly, methane sulfonate (MS) changes retrieved from Antarctic ice cores have been used to
assess past bio-productivity of the southern ocean and the impact of El Nino events [Legrand
and Feniet-Saigne, 1991] as well as to reconstruct past see ice extension [Welch et al., 1993;
Curran et al., 2003]. However, the interpretation of MSA signals in ice cores is still ambigu-
ous. This is due to the highly complex mechanisms controlling DMS emission from algae
[Andreae, 1990; Saltzman, 1995; Simé and Pedros-Alid, 1999; Sim6 and Dachs, 2002; Toole
and Siegel, 2004], variable MSA yields from DMS photo-oxidation [Ayers et al., 1996; Koga
and Tanaka, 1999; Gondwe et al., 2004], and finally post depositional losses and migration of
MSA signals within annual firn layers [Minikin et al., 1994; Pasteur and Mulvaney 2000;
Delmas et al., 2003; Weller et al., 2004].

For a better understanding of non-sea salt sulfate (nss-SO4>) and methane sulfonate (MS)
records in central Antarctic ice cores in terms of atmospheric changes, investigating of their
atmospheric concentrations of these compounds at the relevant ice core-drilling site is needed
(e.g. in view of the present deep ice core drilling activities on Amundsenisen in the frame
work of the European Project for Ice Coring in Antarctica (EPICA)). A basic motivation for
aerosol studies is to elucidate whether the MS and biogenic sulfate signal at the drilling site is
representative for the local polar South Atlantic or the sub polar Southern Ocean. Up to now,
only very few and sporadic atmospheric measurements of sulfate and MS are available from
continental Antarctica [Tuncel et al., 1989; de Mora et al., 1997; Harder et al., 2000; Arimoto
et al., 2001 and 2004; Udisti et al., 2004]. Here we present results from the first extensive
aerosol-measuring program carried out during three summer campaigns at the EPICA drilling
site in Dronning Maud Land (EDML, Kohnen Station). In evaluating the atmospheric vari-

ability of ionic aerosol species, we will focus on the Antarctic nss-SO,> source apportionment
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and atmospheric sulfur transport to Kohnen. Based on a firn core retrieved at this site
[Traufetter et al., 2004], we address then the implication of our atmospheric findings on the
interpretation of nss-SO4> and MS profiles archived in firn and ice cores mainly with respect

to the relevance of observed MS/nss-SO42' ratios.

2. Measurement Techniques

2.1. Measurement Site and Meteorological Conditions

Within the EPICA project an air chemistry program was conducted during 3 summer sea-
sons at Kohnen Station, the deep drilling location in Dronning Maud Land (75°S, 0°E, 2892
m a.s.l., air pressure 672-675 hPa, Figure 1). The sampling campaigns cover the periods from
6 January to 6 February 2000 (EPICA V), from 11 January to 4 February 2001 (EPICA VI),
and finally from 8 January to 11 February 2002 (EPICA VII) [Piel, 2004]. A relatively low
snow accumulation rate of 71+21 kg m™ yr' [Oerter et al., 1999] and an annual mean tem-
perature of —46°C characterize the sampling site. The mean wind speed and direction being
about 4.6 m/s and 60°, respectively [Reijmer, 2001] characterize the glacio-meteorological
condition of the sampling site. During the sampling periods, the temperature varied between
-11°C and -42°C. In the present study, we rely on three dimensional five-day back trajectories
calculated by the German Weather Service (Deutscher Wetterdienst, DWD) which are essen-
tially based on the global model of the European Centre for Medium-Range Weather Fore-
casts (ECMWF).

During EPICA V, a battery driven aerosol sampler, supported by solar panels was set up,
while during the following campaigns we used two specially designed line-powered samplers
(ISAP® 1050, Schulze Automatisierungstechnik, Germany). The former sampler was

equipped with a simple open-end filter holder, positioned face down about 2 m above ground,
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while the latter was operated with a PM filter holder mounted 2.2 m above the firn surface.
One of the ISAP® 1050 samplers was provided with a small meteorological mast equipped
with sensors for air pressure, wind velocity, wind direction and relative humidity. In order to
minimize the impact of local pollution by vehicles and the base itself, the aerosol sampling
experiment was set up about 300 m north-east of the main station. Because the main wind
direction was within 60°+£30° at >90% persistency, contamination from the base could be
excluded for most of the time. The power supply for both ISAP® 1050 (2.5 kW) was provided
by a cable from the main station, thus no fuel driven generator was operated in the immediate
vicinity of the samplers. Contamination-free sampling was controlled by the permanently
recorded wind velocity and wind direction. Potential impact of contamination, indicated by
wind directions outside the 330° to 150° sector, and/or the wind velocities <1.0 m s initiated
an automatic instant interrupt of the sampling procedure, which was restarted after recurrence

of clean air conditions.

2.2. Aerosol Sampling Methods and Analysis

During all three field campaigns, aerosol was sampled using a 2-stage filter system, consist-
ing of a teflon and a nylon (Nylasorb) filter (all 1um pore size) connected in series [Piel,
2004]. Roughly 40 m® (STP) of ambient air was probed over a typical collection period of 24
hours. The teflon filter collected all particulate compounds with efficiencies higher than 95%
but allowed gaseous (acidic) species like HC1, HNOj to pass through to the nylon filter, where
HCI and HNOs were collected with efficiencies of 70-80% and 90%, respectively. To investi-
gate the amount of such acidic gases more accurately, we occasionally carried out with the
same sampling system denuder experiments (eight samples collected from 8 Jan. to 9 Feb.
2002) during EPICA VII parallel to the above mentioned aerosol experiments. The denuder

set-up consisted of two annular denuder tubes (ChemSpec company, USA) in series, followed
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by a teflon made cyclone (aerodynamic cut-off: 2.5 um) and finally the commonly used tef-
lon-nylon filter stack. The denuder tubes were coated with Na,COs (1 g Na,COs dissolved in
1 g glycerol, 50 ml milliQ-water, and 50 ml methanol). The so treated tubes were dried by a
helium flow and subsequently capped and sealed in polythene bags. This coating trapped any
acidic gas, such as HCI, HNOs, and gaseous methane sulfonic acid (MSA) ahead of the filter
stack. To achieve laminar flow conditions within the annular denuder, the airflow has to be
reduced from 2 m* h™ to 0.9 m® h™' whereas the sampling period was increased to 2-3 days to
improve the detection limit. For HCI and HNOs; the denuder results agreed by about +15%
with the results from the nylon back-up filters of the coinciding aerosol filter samples, while
for MSA the situation was different and will be discussed below.

Filters were pre-cleaned before arrival in Antarctica by successive washings in milliQ water
(ie. 18.2 MQ cm™), dried under vacuum, stored in airtight polyethylene (PE) beakers and
finally sealed in polythene bags. After collection, the filters were placed directly into pre-
cleaned, airtight sample vials, and were extracted and analysed using ion chromatography
(IC) in our home laboratory in the Bremerhaven laboratory. Nylon filters were extracted with
~20 ml milliQ water by soaking, shaking, followed by ultrasonic treatment for 3-5 minutes.
Teflon filters were first wetted with isopropyl alcohol (less than 200 ul) and then extracted in
the same way as the nylon filters. Blank determinations were performed regularly throughout
the campaigns. In general, samples were analyzed for methane sulfonate (MS), CI', NOs,
SO,, Na*, NH,", K, Mg*", and Ca®" by ion chromatographic (IC) analysis. For details con-
cerning IC set up, accuracy and detection limit see GOktas [2002] and Piel [2004]. Extracts
from denuder samples were highly loaded with carbonate which has to be removed by ion
exchange cartridges (on-guard-H® cartridges, Dionex) to attain an appropriate analytical
performance allowing these samples to be analyzed for anions only. Errors were determined

from the blank variability, the typical IC error (calibration error and baseline noise), and the
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error from the sample air volume. In short, the combined uncertainty was approximately
+10% to £15% for the main components MS, CI', NOs’, SO4*, Na', and between +20% and
+30% for the minor species NH,', K, Mg2+, and Ca*". The accuracy of the HCI, HNO; and
MSA ascertainment from the denuder experiments was +£20%, +£25%, and £40%, respectively.

Non-sea salt sulfate (nss-SO4>) concentrations were calculated by subtracting the concen-
tration of the sea salt derived sulfate from the total SO,* concentration (in ng g'), using Na"
as sea salt reference species and the sulfate to sodium ratio in bulk sea water of dgyifae =

0.252,1.e.:
(nss-SO42') = (8042_) = Olsulfate X (Na+) ()

On average, the sea salt sulfate contribution was only about 8% of the total sulfate concentra-
tions. Due to the fact that our campaigns took place in austral summer and because of gener-
ally low sea salt contribution we did not consider the impact of sea salt fractionation by frost
flower formation leading to significantly lower oy value (Wagenbach et al. [1998] and
Rankin et al. [2000]). In a similar way the non-sea salt contribution of the cations Mg, K,
and Ca>" was calculated using equation (1) with the standard mean ocean water (smow) ratios
ong =0.1206, ok = 0.03595, and aca = 0.03791.

The possibility of exchange reactions like mobilization of particle bound nitrate, chloride
and potentially MS by sulfuric acid aerosol into the corresponding volatile acids must be
considered when making filter measurements:

H' +NOs (CI', CH3;S05") -> HNO; (HCI, CH3;SO;H)
We found for all samples collected via the denuder/filter stack combination, that within the
denoted uncertainties essentially no HNOs3;, HCl, or MSA appeared on the nylon back up
filters, indicating that the exchange reaction was not a problem for our samples. Additionally,

the impact of a further potential exchange reaction (with A"=HSO,4’, NO;", MS):
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NaCl (s) + HA (g) -> NaA (s) + HCl (g)
could not be observed, most probably due to the relatively minor sea salt fraction(< 8% by
mass) present in our samples.

In addition, high volume filters were independently sampled at a typical resolution of 2-3
days as dedicated to the study of air firn transfer of the cosmogenic and terrigenic radioiso-
topes 'Be, '*Be *°Cl and ?'°Pb, respectively. In the present work, we use the atmospheric 'Be
data to identify at DML the varying influence of air masses from the higher troposphere or
lower stratosphere, respectively. 'Be- analyses were performed at the University Heidelberg
by y-spectroscopy along with IC-analyses of the ion content following the procedure given by
Wagenbach et al. [1988] for aerosol filters from the Neumayer Station. Mainly depending on
the sampled air volume and the decay time before analyses, relative uncertainties range from
5-15% for 'Be, whereas the analytical sulfate and MS uncertainties remained typically below
10%. An identical high volume sampling and analyses technique has been deployed during
concurrent summer campaigns at the Antarctic Dome C drilling site, from which mean nss-

SO4> and MS values are reported here for inter-site comparison.

3. Results

3.1. Overview on the chemical aerosol composition of at Kohnen Station

First, we present a brief synopsis of our aerosol measurements performed during three
summer campaigns at Kohnen Station. Table 1 lists the chemical composition of the aerosol
samples. For each campaign the mean values + standard deviation (std) of the corresponding
ionic concentrations are given. Obviously, nss-SO4> accounted for the main component of the
aerosol mass (70%), followed by MS (12.9%), nitrate (7.4%), and NH,;" (2.8%). Due to the

continental character of the sampling site, the sea salt contribution (i.e. the sum of CI', Na,
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sea salt-K", -Mg”", and -Ca®"), which constitutes nearly half of the total acrosol mass at
coastal stations like Halley, Dumont d’Urville and NM, [Wagenbach et al., 1998] contributed
barely 8% to the total aerosol mass at Kohnen. The high acidity of the aerosol with H" ac-
counting for about 77+4% of the total cation equivalents (Table 1) was found to be a charac-
teristic feature. The H' concentration was calculated from the measured ion balance assuming
that the difference between the anion and the cation equivalents corresponds roughly to the H"

equivalents ([ion]. is given in peq g™') as:
[H']e = [MSA]+{CI]e+[NO5 Te+{SO4™ Je-[Na Je-[NHy Je-[K - [Mg* Te-[Ca® e

Accordingly the results from the Nylon back-up filters and the denuder samples revealed that
between 33% and 76% of the total nitrate and between 71% and 88% of total chloride were
present as free acids HC1 and HNO3, respectively. The fractions of non-sea salt Mg®", -K " and
-Ca”" were roughly about 50% of their total amounts, indicating a significant terrestrial origin.
However, absolute concentrations of these cations were often close to the analytical detection

limit and clearly constituted only a minor fraction of the total aerosol mass.

3.2. Methane Sulfonate and Nss-Sulfate Data Presentation

Figures 2 to 4 show nss—SO42' and MS concentrations as well as the molar ratio MS/nss-
SO4” (Bus) derived from teflon/nylon filter samples demonstrating their high variability with
standard deviations in the order of the mean values (see also Table 1). Nevertheless, during
EPICA VI atmospheric nss-SO,> and MS levels where about 50-70% lower compared to
preceding and subsequent campaign. This inter annual variability was also evident in our data
from Dome C and Neumayer measured during January 2000, 2001 and 2002. The hatched
area in Figure 4 marks an extraordinary meteorological situation from 10-11 January 2002.

During this period, a distinct low-pressure system entered central Dronning Maud Land asso-
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ciated with a heavy snowstorm and the highest ever-measured temperatures at this site of
-11°C.
MS is virtually exclusively of marine biogenic origin, while nss-SO,4> can also have vol-

canic, stratospheric or terrestrial sources. In our case, the strong linear correlation between

MS and nss-SO4> (regression coefficient r* = 0.84, Figure 5) would point to a common major

Fig.5

(i.e. biogenic) source for both sulfur components. Because neither MS nor nss-SO4> can be
assumed as independent variable, a bivariate regression is necessary [Ayers, 2001]. We used
the so-called reduced major axis (RMA) regression as recommended by Davis [1986]. At first
glance, the y-axis intercept €gyifae 0f 14115 ng m> suggests a significant fraction of back-
ground, non-biogenic nss-SO4>". In fact, Pus was strongly dependent on the MS concentration,
showing higher values at higher MS concentrations (Figure 5b). An exponential fit through
the data yielded the regression function Bys = 0.027x[MS]’*. Interestingly, MS and nss-SO4>
data from Neumayer for the month January combined over the period 1983-2003 also showed
a distinct dependency of Bys on the MS concentration with an empirical regression function
Bums(NM) = 0.064x[MS]°7.

In addition, our denuder experiments revealed that an apparently constant amount of MS
corresponding to 5.5+2.9 ng m™ (i.e. 4%-52% of the total MS signal) could be found in the
extracts of the denuder tubes, indicating the existence of gaseous MSA in the atmosphere.
Apart from the volatile acids HNOs and HCl, we detected no other components in these ex-
tracts, supporting the assumption that particle deposition and thus fake MSA on the denuder
walls should be negligible. In contrast to HNO; and HCI, however, we could not observe

MSA on the nylon back-up filters of our teflon-nylon filter combinations.
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4. Discussion

4.1. MS and nss-SO,” at Coastal and Continental Antarctic Sites

Comparing our measured MS and nss-SO,” concentrations with values typically found at
coastal and continental Antarctic sites during summer, the following picture emerges. Gener-
ally, nss-SO4> levels observed at Kohnen were comparable to coastal stations like NM, Maw-
son, Palmer, Marsh, and Dumont d’Urville (a detailed representation can be found in Minikin
et al., [1998]). From Neumayer (NM), a continuous MS and nss-SO,4” record is available
from 1983-1993 in 10-14 days resolution and from 1994 on in weekly resolution. At this site
the January mean of the nss-SO4> concentration (+std) for the years 1983-2002 was 385+170
ng m>. Table 2 presents a summary of acrosol MS and nss-SO4> concentrations measured so
far in continental Antarctica. Nss-SO4> concentrations found at South Pole and Dome C
during austral summer appear not consistent showing values roughly comparable to EDML
[Harder et al., 2000; Arimoto et al. 2001], or significantly lower [Tuncel et al., 1989; Arimoto
et al., 2004; Udisti et al., 2004]. The latter findings compare to results from the East Antarctic
Plateau (78°S, 139°E) during summer by de Mora et al. [1997]. Concerning MS, coastal
stations showed again comparable concentrations to Kohnen during summer, except NM
where the January MS concentration (£std) for the years 1983-2002 was as high as 165+112
ng m™. In contrast, conspicuously lower MS levels around 7-31 ng m™ were generally ob-
served at all sites in continental Antarctica [de Mora et al., 1997; Arimoto et al., 2001 and
2004; Udisti et al., 2004] (Table 2).

Figure 6 shows the frequency distribution of MS and nss-SO,4> concentrations measured at
Kohnen (n = 98 samples) and in January at NM for the years 1983-2002 (n = 66). Obviously,
the MS concentration distribution at NM appears much broader with a mean at higher values,
while the results for nss-SO42' look similar. Furthermore for NM the relative standard devia-

tion oy = std/mean is higher for MS (o (MS) = 0.7) compared to nss-SO4> (Grel(SO42') =
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0.44) but analogous at Kohnen (c,(MS) = 0.77, and 6(SO4>) = 0.66). According to the
empirical relation between atmospheric lifetime and o, by Junge [1974], this finding indi-
cates a correspondingly shorter atmospheric residence time for MS in the polar marine tropo-
sphere during austral summer. A comparison of nss-SO4> and MS concentrations measured
simultaneously at NM and at Kohnen revealed that a linear regression, which was based on
weekly averages corresponding to the sampling period at NM, explained only about 26% of
the observed variance for both compounds. As expected, a correlation on this time scale is
barely significant, but altogether at least the nss-SO4> budget (i.e. mean and scatter of the
concentrations) at Kohnen during summer was rather similar to coastal than to central Antarc-

tic sites. Interestingly, our limited data set showed a consistent inter annual variability of MS

and nss-SO4>” summer levels at Kohnen, Dome C and NM for the years 2000, 2001 and 2002

(Figure 7). We infer that in this case, transport processes could hardly be responsible for the

Fig. 7

low sulfur levels observed during austral summer 2001, but most probably the lower strength
of the marine biogenic source of the Southern Ocean. However, one has to keep in mind that
aerosol measurements from continental Antarctica are still extremely scarce and mostly lim-
ited to summer. Consequently, our implications are preliminary and need verification particu-

larly by year-round measurements.

4.2. Origin of Atmospheric Sulfur at Kohnen Station
4.2.1. Air mass history

In the following section, we evaluate the striking variability of the recorded nss-SO,* and
MS time series using the available 5-day back trajectory analyses. The most outstanding
feature in these records occurred between 1 and 4 February 2001 and particularly between 10
and 15 January 2002. In the latter case both, the nss—SO42' and MS concentrations increased

by more than an order of magnitude within two days. These elevated MS and nss-SO,> levels
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persisted for about two days and covered around 27% of the total atmospheric MS and 17% of
the nss- SO4> budget observed during EPICA VII. A vigorous frontal activity preceded the

event in January 2002. Trajectory analyses document an air masses intrusion from the marine

boundary layer (Figure 8). Although one might expect high biogenic sulfur levels in such air

Fig. 8

masses during summer, efficient removal of aerosols by wet deposition en route and below-
cloud precipitation scavenging above the measuring site were the most plausible reasons for
the observed low MS and nss-SO4> concentrations during this event. After passage of the
frontal system, the source region of the air masses changed to the free troposphere above
continental Antarctica (Figure 8) accompanied by a coeval increase of MS and nss-SO4*
concentrations. Concerning the MS and nss-SO,4> concentrations peak in 2001, a distinct
change of air mass origin from marine to continental regions was also indicated, though no
preceding passage of a frontal system happened. Moreover, a specific examination of all five
days back trajectories calculated for EPICA VII revealed that in case of MS concentrations
above the mean value of 74.5 ng m™, air mass origins were largely within the free troposphere

above the Antarctic continent (pressure level <700 hPa or at least 80 hPa lower than the corre-

sponding surface pressure; Figure 9a). Lower MS concentration were typically associated

Fig. 9

with air mass advection from the marine boundary layer (pressure level >750 hPa, Figure 9b).
In addition, we calculated covariance ellipses of the corresponding trajectory positions (longi-
tude and latitude) five and three days before arrival at Kohnen (Figure 9¢ and 9d) according to
Kottmeier and Fay [1998]. Covariance ellipses are based on a two dimensional normal distri-
bution of the trajectory longitudinal (y-coordinate) and latitudinal (x-coordinate) positions.
The semi-major axes describe the spread of the coordinates in North-South (standard devia-
tion o) and East-West (oy) direction around a common mean position. The angle ¢ between
the major axis and the x-axis is defined by the covariance coefficient (pxy = (Cxy/(0xOy)) =

tan¢). For a two-dimensional normal distribution of the coordinates, the area enclosed by the
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covariance ellipses comprises 68% of the data (in our case about 50-60% of the respecting
trajectory ensemble). Concerning EPICA V and VI an analogous analysis turned out to be
barely conclusive, except during the described event in early February 2001. At least for
EPICA VI we assign the lacking correlation to relatively constant and low sulfur levels. Nev-
ertheless, our evaluation suggests a rather effective long-range transport mechanism of sulfur
compounds via the free troposphere to Dronning Maud Land. This finding is consistent with
results from the SCATE campaign conducted at Palmer Station in austral summer 1993/1994:
Photo-oxidation of a large part of algae derived DMS occurred in the so-called buffer layer
just above the marine boundary layer [Davis et al. 1998, Jefferson et al., 1998]. Low aerosol
concentrations within the buffer layer favour gas phase reaction pathways of the DMS photo-
oxidation mechanism, decrease depositional removal of the reaction products [Davis et al.,
1998; Jefferson et al., 1998], and consequently potentiate effective long range transport of
reaction products like DMSO and SO,.

Nevertheless, the ultimate source region of biogenic sulfur is the marine boundary layer and
the observed correlation of high MS concentrations with 5 days back trajectory originating in
the continental free troposphere would indicate a long-range transport to DML via the free
troposphere. The 'Be concentrations (see Figures 2-4) which are expected to be strongly
enhanced in higher tropospheric or lower stratospheric air masses, exhibited at Kohnen a
significant anti-correlation with MS, nss—SO42' and Bys values (correlation coefficients -0.44,
-0.37, -0.52, respectively). This may substantiate the marine boundary layer properties of air
parcels typically made up by relatively high biogenic sulfur and low 'Be burdens. However,
during the frontal passage of January 10-12, (displayed in Figure 4) trajectory evaluations
assigned the origin of the associated air masses to the coastal marine boundary layer, but
surprisingly, high 'Be and exceptionally low biogenic sulfur levels prevailed during that

episode at DML. This observation seems to contradict the above general picture, but during
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such frontal passages, intense small-scale uplifts of air masses are typical, which may not be
adequately described by trajectory calculations. Thus, caution has to be taken when deriving
air mass histories for this site by back trajectories during such extreme general weather situa-

tions.

4.2.2. Gaseous precursors and local MS and sulfate production.

Davis et al. [1998] estimated the atmospheric residence time of SO, in the marine boundary
layer during summer to be around 8-24 hours, mostly due to removal by heterogeneous reac-
tions. Within the free troposphere, the reaction OH + SO, is most probably the only relevant
SO, loss process. Assuming an OH concentration of around 10° cm™ and a reaction rate coef-
ficient ko[M] = 1.2x10™"" cm’ s (taken from Sander et al. [2003] for p = 680 mbar and T =
243 K) photochemical lifetime of SO, would increase to 8-9 days. OH-measurements at South
Pole indicate that within a flat inversion layer, OH concentrations typically reached average
values around 2x10° cm™ during polar day [Mauldin 11 et al., 2001 and 2004]. Consequently,
down mixing of SO, from the free troposphere to the inversion layer above continental Ant-
arctica could cause a photo-oxidation of SO, within less than a day. Hence, efficient long-
range transport of SO, via the free troposphere and subsequent rapid photo-oxidation within
the continental inversion layer might be a potential in situ sulfate source for central Antarc-
tica. Observations by Mauldin 111 et al. [2004] indicated the occurrence of such processes
during ISCAT 2000. Nevertheless, this campaign revealed that locally generated H,SO,4 did
not contribute significantly to nss-SO,>. Unfortunately, SO, measurements during ISCAT
2000 were equivocal, suggesting values around 1 pptv [Huey et al., 2004]. At Dumont
d’Urville about 1.240.9 nmol m~ were observed during January/February [Jourdain and

Legrand, 2001], which would potentially correspond to 115+90 ng m™ sulfate.
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In addition, investigations at Dumont d’Urville revealed that air masses from central Ant-
arctica, advected by catabatic winds showed enhanced concentrations of dimethyl sulfoxide
(DMSO), an intermediate of the gas phase photo-oxidation of DMS [Jourdain and Legrand,
2001; Legrand et al., 2001]. As mentioned above, we found gas phase (MSA), concentrations
of around 5.5£2.9 ng m™ (mixing ratio 1.3+0.7 parts per 10'? by volume, pptv) in our denuder
experiments. Compared to (MSA), mixing ratios obtained by chemical ionization mass spec-
trometry during the SCATE (around 0.04 pptv, [Jefferson et al., 1998]) and both ISCAT
campaigns (around 0.005 pptv [Mauldin Il et al., 2001 and 2004]), our value was about two
orders of magnitude higher. Again, results from ISCAT 2000 indicated that locally generated
MSA did not contribute significantly to particulate MS [Mauldin et al., 2004]. However, in
the marine troposphere over the tropical/subtropical Pacific (MSA), mixing ratios up to 4
pptv could be detected [Jefferson et al., 1998; Mauldin 111 et al., 2003]. Although there were
no indications of possible experimental problems in the denuder experiments, our preliminary
(MSA), results are of restricted significance and clearly need farther verification.

Furthermore, part of MS budget could potentially be supplied by re-emitted (MSA), from
the firn layer. According to Weller et al. [2004], about 51%, i.e. 9.6£6 ng g of the once
deposited MS was lost at this site by MSA emissions from all annual snow layers younger
than roughly about 5 years. In an equivalent manner, we can assume that all the loss occurred
in the uppermost annual layer within one year. Following this approach and using an annual
snow accumulation of 71 kg m> [Oerter et al., 1999], yielded a MSA emission flux ®,(MS)
of (22+12)x10 ng m? s, Bergin et al. [1995] measured a dry deposition velocity of
0.024+0.023 cm s™ for MS at Summit (Greenland) during summer. With an overall mean MS
concentration of 45+37 ng m™ at Kohnen during austral summer, the dry deposition flux of

MS, ®4(MS), should be around (10.8+10)x10” ng m™ s, comparable to the estimated emis-

sion flux ®m(MS). Consequently, recycled atmospheric MS by MSA emissions from the firn
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layer could potentially account for a significant fraction of the atmospheric MS budget during

summer.

4.3. Non-Biogenic Sulfur and Variability of MS/nss-Sulfate Ratios

In assessing the amount and nature of non-DMS derived nss-SO,> in Antarctica, Minikin et
al. [1998] used the radioisotopes '°Be, ‘Be, and *'°Pb, as well as crustal Mn along with nss-
SO,” in the coastal aerosol body at NM-Station. Thereby they arrived at a summer back-
ground level of around 25 ng m™, which was dominated by long-range transport of continen-
tal nss-SO4>, whereas stratospheric air mass subsidence contributed only by 2 ng m™. Since
the radioisotope levels at Kohnen were found to be not much different from typical summer
values at NM (though being slightly higher), we may expect also some tens ng m™ of back-
ground nss-SO,4” at DML. Unfortunately, the impact of non-eruptive volcanic sulfate from
the only currently active Antarctic volcano Mt. Erebus remains highly uncertain, although a
minor contribution corresponding to 10-30 ng m™ has been estimated [Radke, 1982; Rose et
al., 1985; Chuang et al., 1986]. From *'°Po tracer measurements Arimoto et al. [2004] cau-
tiously suggested that Mt. Erebus accounted for about 15-30% of nss-SO,> at South Pole, but
emphasized the large uncertainties of this estimate. Thus, unless the Mt. Erebus contribution
can be safely quantified, the non-DMS derived nss-SO,”> background of some tens ng m™
expected for DML should be regarded as a lower limit. As already stated, Bms is strongly
dependent on the MS concentration (Figure 5b) and a simple appraisal of non-biogenic nss-
SO,” contribution by extrapolating a linear regression of the MS versus. nss-SO,” data as
shown in Figure 5a is inappropriate and would result in a unrealistically high non-biogenic
nss-SO,4” values of around 140 ng m”™.

MS/nss-sulfate ratios >0.2 (typically between 0.3 and 0.4) are characteristic for coastal Ant-

arctic Stations during January (a detailed survey is given by Legrand and Pasteur, [1998] and
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recently Gondwe et al., [2004] presented a global analysis), while results from field measure-
ments in continental Antarctica manifested values below 0.2 [Arimoto et al., 2004; de Mora et
al., 1997]. Generally, the correlation between MS and nss-SO4> seems only significant for the
summer months at coastal stations [Legrand and Pasteur, 1998] when Antarctic sulfur budget
becomes dominated by the biogenic source and an uncertain correction for fractionation of sea
salt sulfate by frost flower formation [Wagenbach et al., 1998] is not necessary. There are at
least two main reasons causing the observed high variability and partly poor correlation be-
tween MS and nss-SO42': Temperature dependence of Bys and fractionation of MS and nss-
SO,” by chemical and deposition processes.

Previous investigations suggested an empirical relation between temperature and Bys [Bates
et al., 1992; Hewitt and Davison, 1997] with higher Bus values at lower temperature. Model-
ling studies demonstrated that the temperature dependence of the reaction rate coefficients of
the complex gas phase photo-oxidation mechanism of DMS could partly be responsible for
the observed empirical relation [Ayers et al., 1996; Koga and Tanaka, 1999]. This simple
temperature - Pys relation may hold for sites where local MS and nss-SO,> production by
photo-oxidation dominates over advection of these compounds. The seasonality of Bys meas-
ured in the southern Indian Ocean [Baboukas et al., 2004] and at coastal Antarctic stations
[Legrand and Pasteur, 1998], however, is clearly reverse to the predicted temperature - Bys
relation. For coastal Antarctica this indicates that during polar summer the dominant source
region should be south of 60°S, while during spring and fall long range transport from warmer
areas north of 50°S prevail [Legrand and Pasteur, 1998]. For Kohnen this would mean that
the sub polar Southern Ocean north of 60°S should be the dominant source region even during

summer.
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However, a possible fractionation of MS and nss-SO,*" by deposition processes may com-
plicate the situation. Although MS and nss-SO4> showed a similar mass size distribution in
coastal Antarctica [Teinila et al., 2000; Rankin and Wolff, 2003], higher MS/nss-SO,4” ratios
were typically found in the coarse mode [Berresheim et al., 1998; Teinila et al., 2000; Rankin
and Wolff, 2003], implying a preferred loss of MS by dry deposition during long-range trans-
port. In particular, the results gained from the SCATE campaign indicated a different impact
of gas phase and liquid phase reaction mechanisms within the marine boundary layer and the
buffer layer on Bms [Davis et al., 1998; Jefferson et al., 1998]. Finally, as suggested before,
part of the nss-SO,> signal in summertime continental Antarctica might be the result of SO,
photo-oxidation within the inversion layer. This process would entail low Bys values, given
that MSA and its precursors are less efficiently transported into continental Antarctica.

Obviously, Bus is not a conservative factor as already pointed out by Legrand and Pasteur
[1998]. Consequently, neither the amount of non-biogenic nss-SO4> nor the source region of
biogenic sulfur can be reliably derived from MSA/nss-SO,” relation. In case of Dumont
d’Urville and Vostok, recent atmospheric circulation model results based on the method of
tracer retro-transport revealed that the prevailing meridional origin of MS and nss-SO4>
should be between 55°-60°S [Cosme et al., 2005], consistent with our finding. However,
similar model efforts would be necessary to clarify the main source region of biogenic sulfur

for EDML.

4.4. Implication for Interpretation of MS and nss-SO,* Signals in Firn Cores

In this chapter, we will briefly discuss our findings along with results derived from firn core
B32-DMLO0S5 we retrieved at this site in the year 2000. This core has a total length of about
150 m and covers the period from 2000 to 165 AD in annual resolution. The upper section of

the core (until 1951 AD) was actually sampled in sub-annual resolution. Goktas et al. [2002]
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and Traufetter et al. [2004] thoroughly described the glacio-chemical characterization of the
core as well as annual accumulation rates, dating and subtraction of volcanic sulfate signals.
In contrast to aerosol data obtained during austral summer, there was virtually no correlation
between MS and nss-SO4> (teor = 0.08) in agreement with results from the East Antarctic
Plateau [de Mora et al., 1997]. Again, Bys was strongly dependent on the MS concentration
(linear regression r* = 0.44, Figure 10).

Apart from depositional and post-depositional processes, which are described by Goktas et
al. [2002], Traufetter et al. [2004], and Weller et al, [2004] for this site, the seasonality of MS
and sulfate deposition can be asserted for the lack of correlation between MS and nss—SO42' n
the firn core. Results from a high-resolution snow pit excavated at Kohnen in 2000 revealed
that MS and sulfate concentration maxima frequently occurred in late summer/fall [Goktas et
al., 2002]. We cautiously conclude that MS and nss—SO42' profiles retrieved from ice cores
drilled in Dronning Maud Land do not necessarily represent typical summer values and
document the importance of long-range transport from sub-polar oceanic regions to this site.
Thus, lacking correlation between MS and nss-SO4> is probably the result of depositional
processes as well as fractionation during long-range transport and not an indication for the

prominence of non-biogenic sulfate.

5. Conclusion

Due to the lack of regional sources, the sulfur budget at Kohnen is entirely dominated by
long-range transport of photo-oxidation products of DMS from marine areas and background
non-biogenic sulfate. This is in contrast to the situation typical for coastal Antarctic stations,
where at least during austral summer regional sources become more relevant. Our aerosol

measurements carried out for the first time at Kohnen showed the consequences of this condi-

Version 27.10.2005

Fig. 10




ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 21

tion. First, MS and nss-SO4* concentrations and their variability were virtually comparable to
coastal stations and thus documented an efficient long-range transport to Kohnen, which is in
strong contrast to sea salt compounds. We conclude that different transport mechanisms to
Kohnen and different photo-oxidation processes of the corresponding precursors en route
caused the variability MS and nss-SO4> concentrations as well as the variability of Pys. High
MS concentrations were typically associated with elevated MS/nss-SO4” ratios and air mass
origins from the free troposphere over continental Antarctica. Their ultimate source region
was the marine boundary layer, as farther supported by the overall anti-correlation between
"Be and MS or nss-SO4>. We speculate that in these cases, DMS photo-oxidation products
were most probably immediately lifted above the buffer layer and efficiently advected via the
free troposphere to continental Antarctica. Vice versa, low values of Bus were typically asso-
ciated with low MS and nss-SO4> concentrations and advection of air masses within the
marine boundary layer, where depositional removal dominated. From radionuclide measure-
ments we infer for Kohnen during summer a non-biogenic nss-SO,* contingent of some tens
ng m™ with a stratospheric contribution of about 2 ng m™.

We strongly point out that caution has to be taken when using MS or nss-SO4*” concentra-
tion profiles from ice cores drilled at this site as proxies for marine bio-productivity. Atmos-
pheric transport efficiency of the compounds as well as seasonal and annual variations in
snow accumulation and post depositional processes most probably dominate the concentration
variability archived in firn and ice at this site. Even the seasonality of sulfur deposition is so
far not yet established. We emphasize the need for long-term year-round aerosol and fresh
snow measurements at the drilling site to clarify the seasonality of sulfur deposition, to exam-
ine whether the inter-annual variability of the compounds in aerosol are finally mirrored in
firn. To meet this aim, we installed an automated aerosol sampler for year-round measure-

ments at Kohnen Station.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 22

Acknowledgements

This work is a contribution to the "European Project for Ice Coring in Antarctica" (EPICA),
a joint ESF (European Science Foundation)/EC scientific program, funded by the European
Commission and by national contributions from Belgium, Denmark, France, Germany, Italy,
the Netherlands, Norway, Sweden, Switzerland, and the United Kingdom. Special thanks for
excellent support go to the technicians and scientists of the Kohnen summer campaign crews.
We also acknowledge the helpful comments of an anonymous referee. This is EPICA publica-

tion no. 131.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 23

References

Andreae, M. (1990), Ocean-atmosphere interactions in the global biogeochemical sulfur
cycle, Mar. Chem., 30, 1-29.

Arimoto, R., A.S. Nottingham, J. Webb, C.A. Schloesslin, D.D.Davis (2001), Non-Sea Salt
Sulfate and Other Aerosol Constituents at the South Pole during ISCAT, Geophys. Res.
Lett., 28(19), 3645-3648.

Arimoto, R., A. Hogan, P. Grube, D. Davis, J. Webb, C. Schloesslin, S. Sage, F. Raccah
(2004), Major ions and radionuclides in aerosol particles from the South Pole during
ISCAT-2000, Atmos. Environ., 38, 5473-5484.

Ayers, G.P. (2001), Comment on regression analysis of air quality data, Atmos. Environ., 35,
2423-2425.

Ayers, G.P., .M. Cainey, H. Granek, and C. Leck (1996), Dimethylsulfide Oxidation and the
Ratio of Methanesulfonate to Non Sea salt Sulfate in the Marine Aerosol, J. Atmos. Chem.,
25, 307-325.

Baboukas, E., J. Sciare, and N. Mihalopoulos (2004), Spatial, Temporal and Interannual
Variability of Methanesulfonate and Non-Sea-Salt Sulfate in Rainwater in the Southern In-

dian Ocean (Amsterdam, Crozet and Kerguelen Islands), J. Atmos. Chem., 48, 35-57.

Bates, T.S., J.A.Calhoun, P.K. Quinn (1992), Variations in the Methanesulfonate to Sulfate
Molar Ratio in Submicrometer Marine Aerosol Particles Over the South Pacific Ocean, J.
Geophys. Res., 97(D9), 9859-9865.

Bergin, M.H., J.L. Jaffrezo, C.I. Davidson, J.E. Dibb, S.N. Pandis, R. Hillamo, W. Maenhaut,
H.D. Kuhns, and T. Makela (1995), The contribution of snow, fog and dry deposition to
the summer flux of anions and cations at Summit, Greenland, J. Geophys. Res., 100(D8),

16,275-16,288.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 24

Berresheim, H., J.W. Huey, R.P. Thorn, F.L. Eisele, D.J. Tanner, and A. Jefferson (1998),
Measurements of dimethyl sulfide, dimethyl sulfoxide, dimethyl sulfone, and aerosol ions
at Palmer Station, Antarctica, J. Geophys. Res., 103(D1), 1629-1637.

Chuang, R.L., J. Palais, and W.I. Rose (1986), Fluxes, sizes, morphology and compositions of
particles in the Mt. Erebus volcanic plume, December, 1983, J. Atmos. Chem., 4, 467-477.

Claeys, M. et al. (2004), Formation of Secondary Organic Aerosols Through Photooxidation
of Isoprene, Science, 303, 1173-1176.

Clarke, A.D. et al. (1998), Particle Nucleation in the Tropical Boundary Layer and Its Cou-
pling to Marine Sulfur Sources, Science, 282, 89-92.

Cosme, E., F. Hourdin, C. Genthon, and P. Martinerie (2005), Origin of dimethylsulfide, non-
sea-salt sulfate, and methanesulfonic acid in eastern Antarctica, J. Geophys. Res., 110,
D03302, doi:10.1029/2004JD004881.

Curran, M.A.J. and G.B. Jones (2000), Dimethyl sulfide in the Southern Ocean: Seasonality
and flux, J. Geophys. Res., 105(D16), 20,451-20,459.

Curran, M.A.J., T.D. van Ommen, V.I. Morgan, K.L. Phillips, A.S. Palmer (2003), Ice Core

Evidence for Antarctic Sea Ice Decline Since the 1950s, Science, 302, 1203-1206.

Davis, J.C. (1986), Statistics and data analysis in geology, 2™ ed., 200 pp., John Wiley &
Sons, New York.

Davis, D., G. Chen, P. Kasibhatla, A. Jefferson, D. Tanner, F. Eisele, D. Lenschow, W. Neff,
and H. Berresheim (1998), DMS oxidation in the Antarctic marine boundary layer: Com-
parison of model simulations and field observations of DMS, DMSO, DMSO,, H,SOu4(g),
MSA(g), and MSA(p), J. Geophys. Res., 103(D1), 1657-1678.

Delmas, R.J., P. Wagnon, K. Goto-Azuma, K. Kamiyama, and O. Watanabe (2003), Evidence
for the loss of snow-deposited MSA to the interstitial gaseous phase in central Antarctic

firn, Tellus, 55B, 71-79.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 25

Goktas, F. (2002), Characterisation of glacio-chemical and glacio-meteorological parameters
on Amundsenisen, Dronning Maud Land, Antarctica, in Reports on Polar and Marine Re-
search, 425, edited by F. Riemann, Alfred-Wegener-Inst. for Polar and Marine Res.,
Bremerhaven.

Goktas, F., H. Fischer, H. Oerter, R. Weller, S. Sommer, and H. Miller (2002), A glacio-
chemical characterisation of the new deep drilling site on Amundsenisen, Dronning Maud
Land, Antarctica, Ann. Glaciol., 35, 347-354.

Gondwe, M., M. Krol, W. Gieskes, W. Klaassen, and H. de Baar (2003), The contribution of
ocean-leaving DMS to the global atmospheric burdens of DMS, MSA, SO,, and NSS
SO, ", Global Biogeochem. Cycles, 17(2), 1056, doi:10.1029/2002GB001937.

Gondwe, M., M. Krol, W. Klaassen, W. Gieskes, and H. de Baar (2004), Comparison of
modelled versus measured MSA:NSS SO, ratios: A global analysis, Global Biogeochem.
Cycles, 18, GB2006, doi:10.1029/2003GB002144.

Harder, S., S.G. Warren, and R.J. Charlson (2000), Sulfate in air and snow at the South Pole:
Implications for transport and deposition at sites with low snow accumulation, J. Geophys.
Res., 105(D18), 22,825-22,832.

Hewitt, C.N. and B. Davison (1997), Field measurements of dimethyl sulphide and its oxida-
tion products in the atmosphere, Philos. Trans. R. Soc. London, Ser. B, 352, 183-189.

Huey, L.G. et al. (2004), CIMS measurements of HNO3 and SO, at the South Pole during
ISCAT 2000, Atmos. Environ., 38, 5411-5421.

Jefferson, A., D.J. Tanner, F.L. Eisele, D.D. Davis, G. Chen, J. Crawford, J.W. Huey, A.L.
Torres, and H. Berresheim (1998), OH photochemistry and methane sulfonic acid forma-
tion in the coastal Antarctic boundary layer, J. Geophys. Res., 103(D1), 1647-1656.

Jourdain, B. and M. Legrand (2001), Seasonal variations of atmospheric dimethylsulfide,

dimethylsulfoxide, sulfur dioxide, methanesulfonate, and non-sea salt sulfate aerosol at

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 26

Dumont d’Urville (coastal Antarctica) (December 1998 to July 1999), J. Geophys. Res.,
106 (D13), 14,391-14,408.

Junge, C.E. (1974), Residence time and variability of tropospheric trace gases, Tellus, XXVI,
4,477-487.

Kavouras, I.G., N. Mihalopoulos, and E.G. Stephanou (1998), Formation of atmospheric
particles from organic acids produced by forests, Nature, 395, 683-686.

Koga, S. and H. Tanaka (1999), Modeling the methanesulfonate to non-sea salt sulfate molar
ratio and dimethylsulfide oxidation in the atmosphere, J. Geophys. Res., 104(D11), 13,735-
13,747.

Kottmeier, C. and B. Fay (1998), Trajectories in the Antarctic lower troposphere, J. Geophys.
Res., 103(D9), 10,947-10,959.

Legrand, M. and C. Feniet-Saigne (1991), Methanesulfonic acid in South Polar layers: A
record of strong EI Nino? Geophys. Res. Lett., 18(2), 187-190.

Legrand, M. and P. Mayewski (1997), Glaciochemistry of polar ice cores: a review, Rev.
Geophys., 35, 219-243.

Legrand, M. and E.C. Pasteur (1998), Methane sulfonic acid to non-sea salt sulfate ratio in
coastal Antarctic aerosol and surface snow, J. Geophys. Res., 103(D9), 10,991-11,006.

Legrand, M., J. Sciare, B. Jourdain, and C. Genthon (2001), Subdaily variations of atmos-
pheric dimethylsulfide, dimethylsulfoxide, methanesulfonate, and non-sea salt sulfate aero-
sol in the atmospheric boundary layer at Dumont d’Urville (coastal Antarctica) during
summer, J. Geophys. Res., 106(D13), 14,409-14,422.

Lucas, D.D. and R.G. Prinn (2002), Mechanistic studies of dimethylsulfide oxidation products

using an observationally constrained model, J. Geophys. Res., 107(D14), 0148,

doi:1029/2001JD000843.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 27

Mauldin III, R.L. et al. (2001), Measurements of OH, H,SO4, and MSA at the South Pole
during ISCAT, Geophys. Res. Lett., 28, 3629-3632.

Mauldin III, R.L. et al. (2003), Highlights of OH, H,SO4, and methane sulfonic acid meas-
urements made aboard the NASA P-3B during Transport and Chemical Evolution over the
Pacific, J. Geophys. Res., 108(D20), 8796, doi:10.1029/2003JD003410.

Mauldin III, R.L. et al. (2004), Measurements of OH, HO,+RO,, H,SO4, and MSA at the
South Pole during ISCAT 2000, Atmos. Environ,. 38, 5423-5437.

Meinardi, S., I.J. Simpson, N.J. Blake, D.R. Blake, and F. Sherwood Rowland (2003), Di-
methyl disulfide (DMDS) and dimethyl sulphide (DMS) emissions from biomass burning
in Australia, Geophys. Res. Lett, 30(9), 1454, do0i:10.1029/2003GL016967.

Minikin, A., D. Wagenbach, W. Graf, and J. Kipfstuhl (1994), Spatial and seasonal variations
of the snow chemistry at the central Fichner-Ronne Ice Shelf, Anartica, Ann. Glaciol., 20,
283-290.

Minikin, A., M. Legrand, J. Hall, D. Wagenbach, C. Kleefeld, E. Wolff, E.C. Pasteur, and F.
Ducroz (1998), Sulfur-containing species (sulfate and methanesulfonate) in coastal Antarc-
tic aerosol and precipitation, J. Geophys. Res., 103(D9), 10,975-10,990.

Mora, S.J. de, D.J. Wylie, and A.L. Dick (1997), Methanesulphonate and non-sea salt sulfate
in aerosol, snow, and ice on the east Antarctic plateau, Antarctic Science, 9 (1), 46-55.

O’Dowd, C.D., J.L. Jimenez, R. Bahreini, R.C. Flagan, J.H. Seinfeld, K. Hameri, L. Pirjola,
M. Kulmala, S.G. Jennings, T. Hoffmann (2002), Marine aerosol formation from biogenic
1odine emissions, Nature, 417, 632-636.

Oerter, H., W. Graf, F. Wilhelms, A. Minikin, and H. Miller (1999), Accumulation studies on
Amundsenisen, Dronning Maud Land, Antarctica, by means of tritium, dielectric profiling
and stable-isotope measurements: first results from the 1995-96 and 1996-97 field seasons,

Ann. Glaciol., 29, 1-9.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 28

Palmer, A.S., T.D. van Ommen, M.A.J. Curran, V. Morgan, J.M. Souney, and P.A. Mayewski
(2001), High-precision dating of volcanic events (A.D. 1301-1995) using ice cores from
Law Dome, Antarctica, J. Geophys. Res., 106(D22), 28,089-28,095.

Pasteur, E.C. and R. Mulvaney (2000), Migration of methane sulphonate in Antarctic firn and
ice, J. Geophys. Res., 105, 11,525-11,543.

Piel, C. (2004), Variabilitit physikalischer und chemischer Parameter des Aerosols in der
antarktischen Troposphére, in Reports on Polar and Marine Research, 476, edited by F.
Riemann, Alfred-Wegener-Inst. for Polar and Marine Res., Bremerhaven.

Radke, L.F. (1982), Sulfur and sulfate from Mt Erebus, Nature, 299, 710-712.

Rankin, A.M., V. Auld, and E.W. Wolff (2000), Frost flowers as a source of fractionated sea
salt aerosol in the polar regions, Geophysical Research Letters, 27(21), 3469-3472.

Rankin, A.M. and E.W. Wolff (2003), A year-long record of size-segregated aerosol composi-
tion at Halley, Antarctica, J. Geophys. Res., 108(D24), 4775, doi:10.1029/2003JD003993.
Reijmer, C.H. (2001), Antarctic Meteorology — A study with Automatic Weather Stations,

PhD-Thesis, University of Utrecht, 1-159.

Robock, A. (2000),Volcanic eruptions and climate. Rev. Geophys., 38 (2), 191-219.

Robock, A. and M. Free (1995), Ice cores as an index of global volcanism from 1850 to the
present. J. Geophys. Res., 100(D6), 11,549-11,567.

Rose, W.I., R.L. Chuan, and P.R. Kyle (1985), Rate of sulfur dioxide emission from Erebus
volcano, Antarctica, December 1983, Nature, 316, 710-712.

Sander, S.P. et al. (2003), Chemical Kinetics and Photochemical Data for Use in Atmospheric
Studies, Evaluation Number 14, JPL Publ., 02-25.

Saltzman, E.S. (1995), Ocean/atmosphere cycling of dimethylsulfide, in Ice Core Studies of
Global Biogeochemical Cycles, NATO ASI Ser., Vol. I 30, edited by Robert J. Delmas, pp.

65-89, Springer-Verlag, Berlin Heidelberg.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 29

Sim6, R. and J. Dachs (2002), Global ocean emission of dimethylsulfide predicted from bio-
geophysical data, Global Biochem. Cycles, 16(4), 1078, doi:10.1029/2001GB001829.

Simo, R. and C. Pedrés-Alid (1999), Role of vertical mixing in controlling the oceanic pro-
duction of dimethyl sulphide, Nature, 402, 396-399.

Spiro, P.A., D.J. Jacob, and J.A. Logan (1992), Global inventory of sulfur emissions with
1’x1’ resolution, J. Geophys. Res., 97, 6023-6036.

Teinild, K., V.-M. Kerminen, and R. Hillamo (2000), A study of size-segregated aerosol
chemistry in the Antarctic atmosphere, J. Geophys. Res., 105(D3), 3893-3904.

Toole, D.A. and D.A. Siegel (2004), Light-driven cycling of dimethylsulfide (DMS) in the
Sargasso  Sea: Closing the loop, Geophys. Res. Lett., 31, L09308,
doi:10.1029/2004GL019581.

Traufetter, F., H. Oerter, H. Fischer, R. Weller, and H. Miller (2004), Spatio-temporal vari-
ability in volcanic sulphate deposition over the past 2 kyr in snow pits and firn cores from
Amundsenisen, Antarctica, J. Glaciol.,50, 137-146.

Tuncel, G., N.K. Aras, and W.H. Zoller (1989), Temporal variations and sources of elements
in the South Pole Aatmosphere, 1. Nonenriched and moderately enriched elements, J. Geo-
phys. Res., 94, 13,025-13,038.

Udisti, R., S. Becagli, S. Benassai, E. Castellano, I. Fattori, M. Innocenti, A. Migliori, R.
Traversi (2004), Atmosphere — snow interaction by a comparison between aerosol and up-
permost snow layers composition at Dome C (East Antartica), Ann. Glaciol., 39, 53-61.

Wagenbach, D., U. Gorlach, K. Moser, and K.O. Miinnich (1988), Coastal Antarctic aerosol:
the seasonal pattern of its chemical composition and radionuclide content, Tellus, 40B,

426-436.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 30

Wagenbach, D., F. Ducroz, R. Mulvaney, L. Keck, A. Minikin, M. Legrand, J.S. Hall, and
E.W. Wolff (1998), Sea salt acrosol in coastal Antarctic regions, J. Geophys. Res., 103
(D9), 10,961-10,974.

Welch, K.A., P.A. Mayewski, and S.I. Whitlow (1993), Methanesulfonic acid in coastal
Antarctic snow related to sea-ice extent, Geophys. Res. Lett., 20 (6), 443-446.

Weller, R., F. Traufetter, H. Fischer, H. Oerter, C. Piel, and H. Miller (2004), Post deposi-
tional losses of methane sulfonate, nitrate, and chloride at the EPICA deep-drilling site in
Dronning Maud Land, Antarctica, J. Geophys. Res., 109, D07301, D07301,
doi:10.1029/2003/J1D004189.

Yin, F., D. Grosjean, R.C. Flagan, and J.H. Seinfeld (1990), Photooxidation of dimethyl

sulfide and dimethyl disulfide: Mechanisms evaluation, J. Atmos. Chem, 11, 365-399.

Version 27.10.2005



ATMOSPHERIC SULFUR IN DRONNING MAUD LAND, ANTARCTICA 31

Table 1. Summary of the ionic composition of the aerosol measured during three summer
campaigns at Kohnen Station. Atmospheric concentrations (+std) refer to standard pressure
(1013 hPa) and 273.16K. Total-NOj;™ and total-CI" are the sum of the concentrations from the

teflon and nylon filter samples.

Ionic component EPICAV EPICA VI EPICA VII
6 Jan. to 6 Feb. 2000 11 Jan. to 4 Feb. 2001 8 Jan. to 11 Feb. 2002
SO, [ng m™] 353+100 164+150 3204250
nss-SO,> 99.2% 99.6% 99.5%
MS [ng m™] 59.0+36 19.0<£12 74.5+80
MS/nss-SO,* 0.156+0.06 0.103+0.080 0.203+0.08
total-NO; [ng m™] 29.3+18 52.7426 20.3+10
HNO; [ng m™] 22.2+18 17.6£15 10.5+6.3
total-CI" [ng m™] 28.3+21 4.343.1 9.7+7.4
HCI [ng m™] 24.9+16 3.7+1.8 6.9+4.3
Na' [ng m™] 12.0+£6.7 2.4+1.9 5.9+5.3
CI'/Na" 2.6+1.8 2.6+1.5 1.6+0.95
NH;" [ng m™] 10.5+7.8 14.8+9.8 9.249.3
Mg*" [ng m™] 1.120.5 0.5+0.5 1.7+1.7
nss-Mg?** 6.4% 41.5% 48.2%
K" [ng m?] 2.1+0.8 0.5+0.3 0.4+0.3
nss-K* 68% 73% 39.4%
Ca* [ngm™] 2.4£2.5 2.1£1.9 3.8+4
nss-Ca*" 81% 96% 87%
H 81.5% 72.8% 76.9%
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Table 2. Compendium of mean aerosol nss-SO,* and MS concentrations (range in parentheses) measured in continental Antarctica.

site MS [ng m™] nss-SO,% [ng m™] Bus = MS/nss-SO,* month/season reference
EDML 59 (13-168) 353 (198-631) 0.156 (0.060-0.270) Jan./Feb. 2000
(75°S, 0°E) 19 (4-108) 164 (117-247) 0.103 (0.039-0.393) Jan./Feb. 2001 this work
74.5 (14-362) 320 (130-1150) 0.203 (0.078-0.460) Jan./Feb. 2002
South Pole 4.4 (1-12) 98 (40-150) 0.08 Nov. 2000/Jan. 2001 Arimoto et al., 2004
12 (6.8-23) 212 (140-300) 0.059 Dec.1998/Jan.1999 Arimoto et al., 2001
- 50-280 - Nov./Dec. 1992 Harder et al., 2000
- 2-50 - Jul.-Nov. 1992 Harder et al., 2000
- 124+108° - summer 1979-83° Tuncel et al., 1989
- 18.8+11° - winter 1979-83" Tuncel et al., 1989
East Antarctic Plateau 21 (8.6-41.3) 88 (64.7-129) 0.187 (0.127-0.325) Dec.1990/Jan.1991 De Mora et al., 1997
(78°S, 139°E)
Dome C 28.1 (11.5-107) 246 (182-459) 0.094 (0.048-0.234) Jan.2000 this work
(75°S, 123°E) 7.1 (3.3-15.7) 148 (108-177) 0.052 (0.024-0.144)  Dec.2000/Jan.2001 this work
46 (4-204) 306 (169-207) 0.15 (0.022-0.525) Dec.2001/Jan.2002 this work
3.1(1.6-8.5) 110.3 (69.1-207) 0.028 Dec.2000/Jan.2001 Udisti et al., 2004

®Data (+std) corrected for sea salt contribution according to equation (1), for winter ouyit.e = 0.07 was taken [Wagenbach et al., 1998].
*average summer and winter values, respectively, are given for the sampling period 1979-1983.
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FIGURES

Figure 1: Area of investigation in Dronning Maud Land, Antarctica.

Figure 2: MS (diamonds) and nss-SO,” (circles) concentrations measured during EPICA V
along with the calculated MS/nss-SO4” ratio Bys (triangles, top trace) and 'Be activity (bold
grey line, top trace). Error bars represent the estimated analytical accuracy; grey lines repre-

sent cubic spline fits through the data to guide the eye.
Figure 3: Same diagram as shown in Figure 2 for EPICA VI.

Figure 4: Same diagram as shown in Figure 2 for EPICA VII. The hatched area marks the

period influenced by the passage of an intense low-pressure system.

Figure 5: Correlation of MS with nss-SO4> concentrations (a) and MS versus MS/nss-SO,4*
ratio Bys (b). Results from all three summer campaign are combined (m = slope, b = intercept

from RMA-regression). The line in (b) is an exponential fit with the given parameters.

Figure 6: Frequency distribution of the measured MS (a) and nss-SO,> (b) concentrations.
Grey bars represent NM data, open bars the results from Kohnen. The drawn lines are fitted
lognormal probability density functions (pdf) to the corresponding data sets; in (b) the
hatched line represents the fit for the Kohnen data. Parameters for the pdf are: psa = 129,
omsa = 102 for NM; pvsa = 33, omsa = 32 for Kohnen; pgyifae = 334, Osuifae = 230 for NM;
Usutfate = 250, Osuifate = 116 for Kohnen (p and ¢ are mean and standard deviation for the log-

normal pdf).
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Figure 7: Notched box plots of the MS and nss-SO4*” concentrations measured during Janu-
ary and February at Kohnen, Neumayer, and Dome C. Lines in the middle of the boxes repre-
sent sample medians (values are given aside), lower and upper lines of the boxes are the 25"
and 75™ percentiles, whiskers show the range of the sample values while outliers are marked

by “+” signs. The widths of the notches indicate the confidence interval of the median.

Figure 8: Surface 5-day back trajectories during passage of the low-pressure system (arrival
date of the air mass at Kohnen: 10 January 2002, (a), 11 January 2002, (b)) and during the
nss-SO4> and MS peak at 14 January 2002 (arrival time at Kohnen: 00:00, (c), 12:00, (d)).

The pressure level of the trajectories arrived at Kohnen was between 670 and 650 hPa.

Figure 9: Origin of surface 5-day back trajectories during EPICA VII representative for MS
levels above 74.5 ng m~, n=60 (a) and below 74.5 ng m™, n=150 (b). Also shown are the
corresponding mean trajectories covariance ellipses (¢) and (d), relating to air mass origin five

days (plain) and three days (grey) before arrival at Kohnen.

Figure 10: MS versus MS/ nss—SO42' ratio Bums measured in firn core B32-DMLOS.
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Figure 1: Area of investigation in Dronning Maud Land. Antarctica.
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Figure 2: MS (diamonds) and nss-SO,* (circles) concentrations measured
during EPICA V along with the calculated MS/nss-SO,* ratio By (triangles,
top trace) and the "Be activity (bold grey line, top trace). Error bars represent the
estimated analytical accuracy; grey lines represent cubic spline fits through the

data to guide the eye.
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Figure 3: Same diagram as shown in Figure 2 for EPICA VI.
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Figure 4: Same diagram as shown in Figure 2 for EPICA VII. The
hatched area marks the period influenced by the passage of an intense low

pressure system.
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Figure 5: Correlation of MS with nss-SO,?- concentrations (a) and MS versus
MS/nss-SO,% ratio by,s (b). Results from all three summer campaign are
combined (m = slope, € = intercept from RMA-regression ). The line in (b) is

an exponential fit with the given parameters.
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Figure 6: Frequency distribution of the measured MS (a) and nss-SO,> (b)
concentrations. Grey bars represent NM data, open bars the results from Kohnen. The
drawn lines are fitted lognormal probability density functions (pdf) to the corresponding
data sets; in (b) the hatched line represents the fit for the Kohnen data. Parameters for
the pdf are: pysa = 129, opsa = 102 for NM; pysa = 33, opsa = 32 for Kohnen; pgieaee =
334, 6 ifae = 230 for NM; pgyirae = 250, Ggyare = 116 for Kohnen (u and o are mean and
standard deviation for the lognormal pdf).



Figure 7: Notched box plots of the MS and nss-SO,> concentrations measured
during January and February at Kohnen, Neumayer, and Dome C. Lines in the
middle of the boxes represent sample medians (values are given aside), lower and
upper lines of the boxes are the 25" and 75" percentiles, whiskers show the range
of the sample values while outliers are marked by “+” signs. The widths of the
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Figure 8: Surface 5-day back trajectories during passage of the low pressure
system (arrival date of the air mass at Kohnen: 10 January 2002, (a), 11 January
2002, (b)) and during the nss-SO,% and MS peak at 14 January 2002 (arrival
time at Kohnen: 00:00, (c), 12:00, (d)). The pressure level of the trajectories

arrived at Kohnen was between 670 and 650 hPa.
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Figure 9: Origin of 5-day back trajctories during EPICA VII representative
for MS levels above 74.5 ng m3, n=60 (a) and below 74.5 ng m, n=150 (b).

Also shown are the corresponding mean trajectories covariance ellipses (c)
and (d). Covariance ellipses relate to air mass origin 5 days (plain) and 3

days (grey) before arrival at Kohnen.
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Figure 10: MS versus MS/nss-SO,> ratio by, measured in firn core B32-
DMLOS.





