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Abstract. While Antarctica is often described as a pristine largest with a population of around 1000 people during the
environment, there is an increasing awareness of the potenti@ustral summer (November to March) and of 250 during win-
threats from local pollution sources including tourist ships ter (April to October). The history of tourism in Antarctica
and emissions associated with scientific activities. Howeveralso dates back to the 1950s. In 2000 an international organi-
to date there has been no systematic attempt to model the inzation was created (IAATOxww.iaato.org to monitor and
pacts of such pollutants at the continental scale. Indeed, untilegulate tourist activity in the region. Their reports reveal a
very recently there was not even a sulphur emission budgestrongly increasing number of tourist visits from 12 248 to
available for Antarctica. Here we present the first compre-about 46 000 between the 2001/2002 and the 2007/2008 sea-
hensive study of atmospheric pollution in Antarctica using asons, with an anticipation of further growth. Most of the
limited area chemistry climate model, and a monthly emis-tourists (98%) are ship borne.

sions inventory for sulphur from maintenance of research Several prior studies have investigated pollution due to
stations, ground and air traffic, shipping and the active Eretesearch activity at stations. Rllabundance measured in
bus volcano. We find that ship emissions, both sulphurousMcMurdo during the austral summer routinely exceeds lev-
and black carbon, dominate anthropogenic pollution near theels found in remote coastal regions of the continent (Lu-
ground. Their prevalence is likely to rise dramatically if re- gar, 1993; Mazzera et al., 2001). Another study (Wolff
cent trends in tourism continue. and Cachier, 1998) conducted during 1992-1995 measured
Black Carbon (BC) at Halley research station and found
a mean background atmospheric level of approximately
1ng BC nT3, and spikes of several hundred ng BCh850—
400 m downwind of the generators. It was also suggested

The remote and mostly uninhabited continent of AntarcticatT:trtgneegnbnugilogg!ses ck))fuanci:nfr(i)thr:S ttr'(;mir::g i,?rlz)enarls trzok:je
was discovered in the late 18th century but forsaken excep‘f y 9 PICS, gly

for sporadic expeditions until the International Geophysicalmated by the efficiency of transport to Antarctica. In a more
Year in 1957/1958 when a number of permanent researcftueCent study Stohl and Sodemann (2010) assessed long-range

stations were established. Today, 37 year-round and 1ér ansport of BC towards Antarctica excluding any loss pro-
’ iclgesses along the transport path. They conclude that it is “un-

summer-only research bases operate in Antarctica, of WhICIlkel for air from these continents to reach Antarctica on
McMurdo (managed by the US Antarctic Program) is the . y .
time scales relevant for aerosols and many short-lived trace

gases”. This makes local sources of pollution especially rel-
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Table 1. Emissions from sulphur inventory (6) in Mg SO oxidises to S@ and, ultimately, to sulphate in the atmo-

month-1. sphere. Estimates of source strength range between 1.4 and
2.7TgSyr?! for the Southern Ocean (Berresheim, 1987;
Source Station Ship Aircraft Erebus Curran and Jones, 2000) but their transformation into other
. sulphur species and subsequent deposition is highly uncer-

April 4 - 2229 tain (Boucher et al., 2003). In any case, these sources by far
S/Iﬁ/e 421 -~ 22222299 exceed a_nthropogenic emissions qf sulphur species and mask
July 4 _ 2299 the c_ontr|but|on from anthropogenic sources. In orde_r 'to de-
August 4 _ 2229 termine the patterns of anthropogenic sulphur deposition we
September 4 _ 2229 therefore exclude DMS sources from our study. The mod-
October 4 - 2229 elled distributions of sulphur emissions may also be seen as
November 26 223 6.4 2229 giving a guide to the potential dispersal of other, potentially
December 26 1971 56 2229 more toxic chemical species that are emitted concurrently but
January 26 769 21.3 2229 not treated in our model.
February 26 693 212 2229 The weather and climate of Antarctica are dominated by
March 26 217 13 2229 strong katabatic winds blowing from the continent’s interior

towards the open ocean and by strong westerlies with embed-
ded synoptic storms encircling the continent betweeh50
and 40 S, making the region extremely windy, cloudy and
) . precipitation rich. Most human activity is concentrated in
Other pollutant sources include combustion of fuel for coastal areas with relatively easy access in summer, when
transport and energy production, sewage burning (banned afne prevailing weather conditions tend to hinder transport of

ter 1997) and accidental oil spills (Bargagli, 2008), for ex- ajrhorne pollutants towards the interior of the continent.
ample from shipping accidents such as befell the Antarctic

cruise vessel “Explorer” in 2007 or the “Bahia Paraiso” acci-
dentin 1989 where610° | of oil were spilled. Most of these 2 Emission inventory
studies concerned point measurements in the proximity of re-
search stations (for a comprehensive review on the effects ofVe Use a new emissions inventory (Shirsat and Graf, 2009) in
human presence in Antarctica see Tin et al., 2009), and wé model simulation of transport, chemical transformation and
are unaware of any study of continental scale contaminationdeposition of sulphur compounds and BC (from ship emis-
Only very recently was a first comprehensive emission in-Sions only) for the year 2004/2005. The emissions from each
ventory published for 2004/2005 (Shirsat and Graf, 2009). Source (station activity, ground transport, aviation, ships, and
Natural sources of pollution include Erebus volcano, €MiSsions from Erebus volcano) were tagged to allow com-
whose summit crater reaches 3794 m above sea level on Ro&2rison of their individual contributions to the total atmo-
Island, and which has probably been degassing continuousl§pheric abundance anq deposition. Station activi_ty including
from its active lava lake since at least its discovery in 19729round transport contributes 158 Mg of 5@r April 2004
(Giggenbach et al., 1973). Between 1992 and 2005, thd® March 2005, only 18 Mg more than an _earl|er es’qmate
average of all S@flux measurements for the volcano was (Boutron and Wolff, 1989). Aircrait operations contribute
61Mgd! (~1860 Mg monthl; Sweeney et al., 2008) very 56 Mg of SQ at varying altitudes but exclusively during the

similar to measurements made in 2006 (Boichu et al., 2010)Antarctic summer. . .
In December 2003, ultraviolet spectroscopy indicated that By far the highest anth.ropo_ge.nlc. source during the
Erebus volcano is also an important source ofxNOppen- 2004/2005 summer season is shipping: 3.873 Gg of 8@

heimer et al., 2005). This finding was substantiated by in14->Mg of BC. This is 40 times more $Qhan the esti-
situ sampling of the drifting plume with an instrumented air- mated total shipping source south of&in 1989 (Boutron

craft, which revealed significant abundances of volcanogeni(f’md Wolff, 1989)! Bond et al. (2007) as quoted_ bY Stohl
HNO;3 and HGNO; as well as 0zone depletion likely due to aqd Sodemann (201'0) estllmat.ed the toth.EC emission from
a combination of reactive halogen and NEhemistry (Op- ships south of 60S, mcludlng'flshery actmﬂgs, as 100 Mg
penheimer et al., 2010). Several sporadically active volcaP€l Year, an amount exceeding our BC emission data by a
noes are located in the outer South Sandwich and Shetlanf¢tor of ~7. The number of ship visits to Antarctica, in-

Islands, but their emissions have not been measured and th&Mding scientific m|ssmr)]ns, support of station operant:]s and
are not taken into account here. tourism, is rising. In the Antarctic summer (November to

. . . . March) 2004/2005, 65% of all ships carried tourists (Shir-
Oceanic and coastal biota (mainly penguins) also con-

tribute to atmospheric pollution as does the emission of NO sat and Graf, 2009) and their number rose from 210 trips in
from snow pack (Wang et al., 2008). Marine bioactivity 2004/2005 (our study period) to 301 trips in the 2007/2008

: o it
leads to the emission of dimethylsulphate (DMS), which austral summer, an increase of 43% within three years.
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Human activity on the continent is highly localised around driven at the lateral boundaries every 6 h by ECMWF ERA40
bases, with the highest populations found on the Antarcticreanalysis data (Uppala et al., 2005) after initialization at all
Peninsula, in the Ross Sea area (Ross Island and Terra Nowgid points on 1 April 2004. Gas phase RADM2 (Stockwell
Bay), Queen Maud Land and around the Amery Ice Shelf.et al., 1990) sulphur chemistry was included and both wet
Even though the sulphur emission of Erebus volcano is mordWalcek and Taylor, 1986) and dry (Wesley, 1989) deposition
than six times higher than all anthropogenic emissions, thevere calculated. We concentrate on anthropogenic effects
crater is~3800 m above sea level allowing winds to dilute from point and line sources (mainly stations and ships) and
and disperse the plume over a much greater area than therebus volcano and did not take into account the uncertain
near-ground emissions. background emissions and transformation pathways of DMS

Estimates of total emissions of S@om different source in our model study. The model was applied over Antarc-
types are shown in Table 1. They are based on emission fadica for the first time and so we checked winds and tem-
tors for different fuel types and fuel consumption. The latter peratures against observations and reanalysis data. Surface
guantity is either based on reported values or was estimatetemperatures from the model simulation were compared with
from gross data on a per capita basis. For a detailed descri@vailable observations at Halley, Syowa, Dumont d’Urville,
tion of the methods see Shirsat and Graf (2009). During theéNeumayer and McMurdo. Both temperatures agree within a
austral winter, station activity is reduced and ship operationgange of 2-3C. A comparison of three day mean temper-
and aviation cease. Station emissions were distributed to thatures from ECMWF reanalysis with our model data yields
base locations and, where known, to transport routes accordsorrelations between 0.8 and 0.9, while wind speeds are less
ing to available information. In many cases, only the sea-well correlated £=0.9 at the lateral boundaries of the model
sonal total of burned fuel was available. If one nation op-domain dropping ta=0.5 to 0.6 in the interior of the conti-
erates several stations, national total fuel use was then digient). Overall, the results showed good agreement and made
tributed on a per capita basis to the station locations. Ships confident that the model is a useful tool for our task.
routes and mooring times were obtained from a number of The mean lifetime of SPwas estimated from the model
different sources, including the on-line ship tracking systemcalculations as 2 weeks in summer and 3 weeks in win-
(www.sailwx.infg) and sea ice maps. Air operations peak ter, comparable to estimates for the Arctic (Barrie and Hoff,
in January and February when research activity is highest1984). Figure 1 shows atmospheric mixing ratios 0f2SO
They had to be estimated taking into account different modesn the lowest model level (ca. 50 m height above surface)
of operation during take-off, climb, approach and cruise us-for December 2004, the month with highest anthropogenic
ing data on travel route, number of flights (intercontinental emissions, originating from i) station activity and ground
and intra-continental) and fuel consumption by aircraft oper-traffic, (ii) ships and (iii) Erebus volcano. Clearly the high-
ations in Antarctica as obtained from COMNAP and personalest abundance of SGrom research activity is found where
communications. most of the stations are situated, i.e., around the largest sta-

As seen from Table 1, ship emissions dominate anthrotion (McMurdo) in the Ross Sea, and on Amery Ice Shelf
pogenic sources during the Antarctic summer. The busiand in Queen Maud Land, where clusters of bases oper-
est month is December when, in 2004, S@mnission was ate. Weather conditions over the Peninsula, where further re-
comparable to volcanic emissions. Considering the dramatiséearch bases are found, reduce the build up ef&@ndance
>40% increase in tourist activity between 2004 and 2007 itsince oxidation is faster here due to higher temperatures, at-
is possible that December ship emissions today exceed thoggospheric moisture and insolation. The rate of oxidation
from Erebus volcano. BC emissions were estimated only forof SO, into sulphate leads to a much smoother distribution
ships. They are based on an emission factor of Q118 3. It of sulphate in the lowest model level, but still the dominat-
remains unclear if the lower emission of BC in our inventory ing ship source can be traced. Once sulphate is formed it
compared to the numbers reported in Bond et al. (2007) ids quickly washed out from the atmosphere. The maximum
due to our rather conservative emission factor or comes frorm@nthropogenic sulphate (gas phase plus condensed) concen-
exclusion of fishery activities. Very possibly our estimates tration reaches 0.01 ppbv close to McMurdo and just north
represent a lower limit. of the tip of the Peninsula (Fig. 1d), where they contribute

less than 20% to volcanic plus anthropogenic atmospheric

concentration. Most tourist ships are bound for the Penin-
3 Model simulations sula region since its attractions are easier to access SO

abundances from ship operation are thus especially high in
To estimate the contribution of each source to the total dethis area, contributing at least ten times as much as research
position and atmospheric abundance of anthropogenic sulbases.
phur, we ran the 20 layer limited area model REMOTE Emissions from Erebus volcano reveal high surface SO
(Langmann, 2000) at O25resolution from April 2004 to  abundance extending from the crater Island to adjacent areas
March 2005. The model resolution smoothes the topograof the Ross Sea and Transantarctic Mountains. Because of
phy (especially steep slopes). The model meteorology washe high summit elevation, they are distributed more evenly
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Fig. 1. Monthly mean December 2004 mixing ratio in ppbv at lowest model I@)e50, from power generation and vehicle operation at
and between stationy) SO, from ship emissions anft) SO, from volcanic emissions, sulphate concentration from all these so(d¥es
and black carbon from shigg).
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Fig. 2. Annual deposition in kg km? of Black Carbon (BC) from ships (left) and of Sulphur from stations, volcano and ships (right).

and over a wider area than the near surface emissions fromprocesses and, hence, we will concentrate on cumulative ef-
ships and station activity. fects of deposition.

Clearly, even the highest simulated grid cell means of at- Melted snow is the exclusive source of fresh water in
mospheric S@ abundances from anthropogenic sources areAntarctica and therefore deposition of sulphur and BC is im-
well below observed local values elsewhere in the world,portant. Sulphur and BC deposition may also serve as an
including the Arctic. In Nuuk, Greenland, between Febru- indicator for the deposition of other, more toxic co-emitted
ary 2002 and August 2004, mean S@oncentrations of  substances including trace metals, especially from ship diesel
0.44ugnT3 were reported (Skov et al., 2006), an order engines. During melting or by evaporation from the snow
of magnitude higher than the maximum values we simu-pack, any pollutants become more concentrated enhancing
lated for Antarctica from emissions of research bases andhe potential to affect ecosystems.
ship operation (Peninsula 0.035g m—23 and Ross Island The total modelled deposition of sulphur (from Sénd
0.057 ugn3). Erebus volcano contributes significantly to SO;) and of BC from ship exhaust during the year 2004/2005
the S@Q abundance in the Ross Sea area, with a mixing ratias plotted in Fig. 2. Black carbon deposition reaches its high-
of ~0.020 ug n3 (~6.4 pptv). Aviation related atmospheric est rates at the outer Peninsula, where most shipping activ-
sulphur abundance remains several orders of magnitude béty takes place. The maximum local concentrations of BC
low all other sources. We have to keep in mind, however thatin snow just reach the order of 1 ngfyBC. The reduction
sulphur from the oceanic DMS source is excluded in the sim-in albedo of snow is~1.5% for 10ngg* of BC in snow
ulations and that the model results represent means for aregklansen and Nazarenko, 2004), so the present pollution can
of about 2500 krh and cannot, therefore, capture local max- only affect snow albedo marginally. However, with further
ima, especially in the vicinity of strong point sources. Obser-increases in shipping in the Peninsula region, significant ef-
vations (Wolff and Cachier, 1998) revealed an average SO fects on snow albedo may arise. Most of the deposition of
concentration of 0.74 pug$~250 pptv) near McMurdo Sta-  sulphur takes place into the Southern Ocean since the prevail-
tion during the austral summers 1995/1996 and 1996/1997ng winds blow the pollutants away from the continent. How-
and Eisele et al. (2008) reported SMeasurements at South ever, maximum deposition rates exceeding 0.4 kg Skare
Pole of about 10 pptv. This point measurement exceeds théound along the coast of Ross Sea (0.54 kg S&mand
Nuuk observations, and represents a much higher abundanatretching from the tip of the Antarctic Peninsula towards
than our model simulations yield for the area mean. Abun-the Southern Ocean (0.85kg Skf). The western hemi-
dances representative of the scale of our model are not avaibphere, where sources are concentrated, experiences gener-
able, but since all relevant emission sources are point or linally higher deposition rates and the interior of the continent
(cruising ships) sources, variations of one to two orders ofremains nearly unaffected due to the strong katabatic winds
magnitude can be expected within the model resolved griddirected towards the ocean.
cells. There are large differences between winter and summer

The only BC source considered in this study is shipping.deposition patterns resulting from the seasonal contribution
As seen in Fig. 1le, maximum mixing ratios at®.1pptv ~ from anthropogenic sources, but also due to seasonal dif-
even in the most contaminated areas around the Peninsuléerences in weather conditions and sulphur photochemistry
Such low concentrations do not significantly affect radiation (Fig. 3). Sulphur deposition is due mainly to dry deposition

www.atmos-chem-phys.net/10/2457/2010/ Atmos. Chem. Phys., 10, 24652010



2462 H.-F. Graf et al.: Continental scale Antarctic deposition of sulphur and black carbon

p . .vlj- =

0.2

0.1

0.08

0.08

0.04

0.02

0.01

0.008

0.006

0.004

0.02

0.01

0.008

0.006

0.004

0.002

0.001

0.0008

0.0006

0.0004

0.0002

0.0001

Fig. 3. Top: Sulphur deposition (wet + dry) in kg Kn& from Ships (left), Erebus volcano (middle) and station activity (right) in kg skm
during Antarctic summer. Bottom: Sulphur deposition (wet + dry) in kgRnfrom Erebus volcano (left) and station activity (right) in
kg SknT 2 during Antarctic winter.

of SO, and wet deposition of sulphate. From near surface Figure 4 summarizes contributions from all sources to
sources (ships and stations) £{3 deposited closer to the the total sulphur deposition at the outer Peninsule &5
source and the amounts follow the cycle of activity with very 65° W), Ross Island (77S, 168 E), Queen Maud Land
low values in winter and higher ones in summer. Erebus vol-(70° S, 1 E), Amery Ice Shelf (69S, 7P E), and South
cano’s emissions are distributed over a much wider area, buPole for winter and summer. While in winter, Erebus vol-
over the Royal Society mountain range considerable amountsano dominates S deposition at the Peninsula, Ross Island
of volcanic sulphur are deposited on snow by dry and wetand Amery Ice Shelf, it has practically no effect at South
processes. Since oxidation of 5@ sulphate is reduced at Pole and Queen Maud Land, where local station emissions
low temperatures and in the absence of sunlight, in winterdetermine the very small deposition rates of sulphur. Again
sulphate from Erebus is barely formed before it reaches latithe prevailing circulation is responsible for these features. In
tudes north of 69S, where it is then rapidly rained out over summer, except for South Pole, ship emissions make by far
the open ocean. During summer, ship emissions clearly domthe biggest contribution to sulphur deposition, with station
inate the deposition of sulphur both in the Ross Sea area anémissions also a relevant source. Erebus, the biggest single
to the north of the Peninsula as well as over large parts osulphur source is of relative importance only at South Pole,
the western Southern Ocean, wet deposition being the maiwhere deposition rates are very small, and on Ross Island.
process. We find two maxima, one over the Ross Sea an@verall, pollution levels in Antarctica do not yet exceed any
adjacent parts of the Southern Ocean, which originates froneritical thresholds, as is already the case in the Arctic, but
ship emissions and from Erebus volcano, and another stretchthe rapid growth of human activity, especially mass tourism,
ing from the northern tip of the Peninsula into the Southernmay change this in the foreseeable future.

Ocean, where 98% results from ships and station activity.

Aircraft do not contribute in any measurable way to surface

deposition of sulphur species.
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4 Conclusions Boutron, C. F. and Wolff, E. W.: Heavy metal and sulphur emissions
to the atmosphere from human activities in Antarctica, Atmos.

Model simulations for the year 2004/2005 indicate ships as Environ., 23(8), 1669-1675, 1989.

the most significant source of anthropogenic sulphur con-COMNAP: Council of Managers for National Antarctic Pro-

tamination during the austral summer, exceeding the naturaéug::?”ﬁsmgoﬁzae%agaﬁ ?Cgfnsfé}ﬁ;ngﬂ%ydioiioihe South
source, Erebus volcano. Sulphur originating from oceanic ern Ocean: seasonality and flux, J. Geophys. Res., 105, 20451—

DMS production is not included in this study. It generally 20459 2000

Willo!ominate the ove_rall atmpspheric concentration, thus Ot_)'EiseIe, F Davi-s, D. D., Helmig, C. D., Oltmans, S. J., Neff, W.,

scuring anthropogenic contribution. Currently a new study is Huey, G., Tanner, D., Chen, G., Crawford, J., Arimoto, R., Buhr,

being prepared considering this source and reports will be M., Mauldin, L., Hutterli, M., Dibb, J., Blake, D., Brooks, S.

reported later. Ships are the only source of BC considered B., Johnson, B., Roberts, J. M., Wang, Y., Tan, D., and Flocke,

here. Most of these ships are tourism related and the most F.: Antarctic tropospheric chemistry investigation (ANTCI) 2003

affected areas are the outer Antarctic Peninsula, a main desti- overview, Atmos. Environ. 42, 2749-2761, 2008.

nation of tourist cruises, and the Ross Sea, where the bigge§tiggenbach, W. F., Kyle, P. R., and Lyon, G. L.: Present volcanic

research station operates. While current atmospheric abun- activity on Mount Erebus, Ross Island, Antarctica, Geology, 1,

dances and deposition of anthropogenic sulphur and black 135-136, 1973. . _ _ _

carbon do not seem to be critical, they may serve as ingjfansen, J. .and Nazarenko, L. Soot climate forcing via

cators of contamination with other, more toxic substances, o .. and ice albedos, P. Natl Acad. Sci., 101, 423-428,

. . ! . ’doi:10.1073/pnas.2237157100, 2004.

including hea_vy metals, polycychc aroma_th hydrocqrbons IAATO: International Association of Antarctic Tour Operators,

and other toxic substances which are emitted especially to- www.iaato.orglast access: January 2010.

gether with BC, i.e. from ships. The simulated deposition Langmann, B.: Numerical modelling of regional scale transport and

patterns will help determine locations where snow samples photochemistry directly together with meteorological processes,

can be collected to analyze large scale pollution in more de- Atmos. Environ., 34, 3585-3589, 2000.

tail. Lugar, R. M.: Results of Plyy and TSP monitoring at McMurdo
station, Antarctica, US Department of Energy, May 1993.

Mazzera, D. M., Lowenthal, D. H., Chow, J. C., Watson, J. G., and
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