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Abstract. Biogenic influences on the composition and char- and sulfate transported from South America. M-OOA was
acteristics of aerosol were investigated on Bird Islandthe dominant organic factor and found to be similar to ma-
(54°00' S, 3803 W) in the South Atlantic during Novem- rine OA observed at Mace Head, Ireland. An additional OA
ber and December 2010. This remote marine environment igactor highly correlated with sea spray aerosol was identified
characterised by large seabird and seal colonies. The chenfSS-OA). However, based on the available data the type of
ical composition of the submicron particles, measured bymixture, internal or external, could not be determined. Potas-
an aerosol mass spectrometer (AMS), was 21 % non-sea-sadtum was not associated with sea salt particles during 19 %
sulfate, 2 % nitrate, 8 % ammonium, 22 % organics and 47 %of the time, indicating the presence of biogenic particles in
sea saltincluding sea salt sulfate. A new method to isolate thaddition to the MSA-OA and AA-OA factors.

sea spray signature from the high-resolution AMS data was
applied. Generally, the aerosol was found to be less acidic

than in other marine environments due to the high availabil-

ity of ammonia, from local fauna emissions. By positive ma- 1  Introduction

trix factorisation five different organic aerosol (OA) profiles

could be isolated: an amino acid/amine factor (AA-OA, 18 % The marine environment represents one of the largest natural
of OA mass), a methanesulfonic acid OA factor (MSA-OA, aerosol sources (Rinaldi et al., 2010), driven by the emis-
25%), a marine oxygenated OA factor (M-OOA, 41 %), a sion of 133 Tgyr! submicron particulate matter from sea
sea spray OA fraction (SS-OA, 7 %) and locally produced SPray, including primary and secondary organic matter (to-
hydrocarbon-like OA (HOA, 9%). The AA-OA was domi- gether 13%) and sea salt (Vignati et al., 2010; Gantt et al.,
nant during the first two weeks of November and found to be2011). Marine aerosol systems are important as they exert a
related with the hatching of penguins in a nearby colony. Thissignificant influence on the Earth’s radiative balance through
factor, rich in nitrogen (N : C ratie= 0.13), has implications ~ Provision of a large number of cloud condensation nuclei
for the biogeochemical cycling of nitrogen in the area as par-(€-9- Meskhidze et al., 2011). At the same time, marine par-
ticulate matter is often transported over longer distances thaficulate matter plays a substantial role in biogeochemical cy-
gaseous N-rich compounds. The MSA-OA was mainly trans-cling of chemical elements and nutrients (O'Dowd and de
ported from more southerly latitudes where phytoplanktonL€€UWw, 2007). Numerous recent studies have been conducted
bloomed. The bloom was identified as one of three source$0 investigate the role of marine organic aerosol for these im-

for particulate sulfate on Bird Island, next to sea salt sulfatePortant functions. They have focused on the characterisation
and quantification of primary and secondary marine organic
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aerosol (Cavalli et al., 2004; Facchini et al., 2008b; Hawkinssulfate-rich marine aerosol. It was concluded that this effect
and Russell, 2010; Ceburnis et al., 2011; Decesari et al.was due to the ammonia partitioning from the gas phase into
2011; Gantt et al., 2011; Lapina et al., 2011; Ovadnevaitethe particulate phase. Blackall et al. (2007) estimated that
et al., 2011; Dall'Osto et al., 2012; Gantt and Meskhidze, seabird emissions add about 20 % to the oceanic ammonia
2013) and the production of primary organic aerosol fromemissions south of 455, using a global seabird database
sea spray (Gantt et al., 2011; O’Dowd et al., 2008). Whilstcoupled to an emissions model. Calculations based on the
the emission of primary organic aerosol (POA) is associ-same model and database by Riddick et al. (2012) found that
ated with wave breaking and the bubble bursting process angenguins are responsible for about 80 % of the global seabird
hence related to wind speed (e.g. Blanchard and Woodcock\H3 emissions. Because such emissions are dominated by
1957; Russell et al., 2010; Gantt et al., 2011), the produc-‘hot spots”, i.e. densely populated colonies, they drive the
tion of secondary marine organic aerosol is associated withocal nitrogen cycle and will also affect the regional biogeo-
biologically driven emissions of volatile organic compounds chemistry by both gas emissions and aerosol chemistry. In
such as dimethyl sulfide from phytoplankton (e.g. Bates etaddition to ammonia, decomposition of ornithogenic soils
al., 1992). POA contains organic matter originating from theis thought to make a significant contribution to the organic
sea-surface micro layer consisting of immiscible substancesnatter contained in particulates through oxalate enrichments
such as colloids and aggregates from phytoplankton (FacfLegrand et al., 2012). Particles have slower deposition rates
chini et al., 2008b). However, despite such research effortsthan reactive gas-phase species, such as ammonia or cer-
many aspects of marine aerosol systems are not yet fully untain volatile organic species (Nemitz et al., 2009). Thus, gas-
derstood, particularly with respect to chemical composition,to-particle conversion enables transport of chemical species
sources, secondary particle formation processes and chenover longer distances and hence broadening the footprint of
ically resolved size distributions among other topics. A de-these large sources and potentially increasing the range of
tailed understanding of these aspects is essential to quantifynpacts on ecosystems.

the role of marine aerosol in the functioning of the Earth sys- In this paper we report measurements of the chemical and
tem more fully. microphysical characteristics of remote marine aerosol on

Further studies on the biogenic organic fraction of ma-Bird Island, to the west of South Georgia, a remote oceanic
rine aerosol are essential, as they may help distinguish armarchipelago south of the Antarctic Polar Front in the South
thropogenic from natural climate forcing in the marine at- Atlantic Ocean, and assess the influence of emissions from
mosphere. Biological components of marine organic aerosolocal fauna compared with regional sources. Measurements
(MOA) consist of whole viruses, bacteria and other micro- were conducted during austral spring, the peak time for bio-
biological organisms, biological debris and by-products in-logical activity. The island is densely populated by penguins
cluding proteins, amino acids and amines (Aller et al., 2005;and fur seals. It is estimated that there is about one seal and
Kuznetsova et al., 2005; O’Dowd et al., 2004; Facchini et al.,penguin for every 1.5 f This paper details the results from
2008a; Russell et al., 2010; Scalabrin et al., 2012). The physian aerosol mass spectrometer operated at the Bird Island re-
cal and chemical properties of these organic components wilkearch station of the British Antarctic Survey for eight weeks,
affect the radiative properties, cloud condensation and icewith other ancillary measurements made at several locations
nucleating abilities of the particulate matter (PM) they are on the island. This represents the first stationary deployment
part of. Modelling studies such as Burrows et al. (2013) haveof an aerosol mass spectrometer in the sub-Antarctic. The
looked at the role of biogenic ice nuclei in the marine envi- sources of organic aerosol were apportioned using positive
ronment and found that they are of particular importance inmatrix factorisation, and special emphasis was placed on the
the Southern Ocean, where the authors recommend condudtvestigation of biogenic contributions to particulate matter
ing field studies due to the lack of data. To date, few studiesand the sources of organic and inorganic nitrogen.
have been conducted on MOA in the remote middle- to high-
latitude Southern Hemisphere (Bates et al., 1998; Quinn et
al., 1998; Pasfai et al., 2003; Zorn et al., 2008; Sciare et al.2 Experimental and methods
2009; Claeys et al., 2010; Lapina et al., 2011), and even fewer
investigations of MOA source apportionment (Chang et al.,2.1 Measurement site
2011; Decesari et al., 2011) are available.

The perturbation of the composition of the remote south-Measurements were conducted at the research station on re-
ern hemispheric MOA by large animal colonies (e.g. mac-mote sub-Antarctic Bird Island (380 S, 3803 W) over an
aroni penguinEudyptes chrysolophugentoo penguirPy- 8-week period in November and December 2010. The island
goscelis papuand Antarctic fur sealrctocephalus gazelja is approximately 4 km long and 800 m wide, with a hilly
has been reported in a number of studies. For exampletopography and a maximum elevation of 350 m (see Fig. 1
Legrand et al. (1998) and Zhu et al. (2011) observed high amand details on the websitavw.antarctica.ac.uk/living_and_
monia emissions from penguin and seal excreta and colonyorking/research_stations/bird_islapd’he island is an im-
soils during the summer months associated with less-acidicportant breeding location for seabirds and seals in the austral
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deployment of the AMS has been extensively described in
the literature (DeCarlo et al., 2006; Canagaratna et al., 2007).
i On Bird Island the AMS was operated alternating between
- WA T TN the W- and V-modes. In W-mode, the ion path length in the
— 2 N . mass spectrometer is 2.9 m, leading to higher mass-to-charge
DB TE ‘ L parenk ratio resolution than the V-mode where the ions follow a path
) + bt szr*;ia of 1.3 m. However, in V-mode detection limits are lower (De-
R Carlo et al., 2006). Both W-mode and V-mode were averaged
- over 150 s each. In W-mode only mass spectra were recorded
P « ; and the sampling switched every 5s between the open and
s ol closed positions of the chopper. In V-mode, 60 % of the time
oA Mo e mass spectra were recorded at 15s in both open and closed
= e o chopper positions, while during 40 % of the time the parti-
reseachstaton and ocaton of - cle size distribution was measured. Only the V-mode spectra
fondGarionmnart; | leainbirs were used to derive the aerosol mass concentrations reported
+i§':{'(;}\,"3gMWW,,w,]gl,i,] ) ir! t_his wprk. W-mode spectra were only used to_identify in-
+ Naturat Arch Macaroni penguin N dividual ion fragments when the V-mode resolution was not
e e ooy = sufficient. The vaporiser was set to 60D. Mass concentra-
tions for particulate sulfate (abbreviated as ﬁSD, ammo-
Fig. 1. Map of Bird Island and zoom on the surroundings of the pjum (NHI)' organic matter (Org), nitrate (ND, chloride
research station (large red star), also showing the location of tWqc|—) and potassium (K) are reported. In addition, we re-

nearby gentoo penguin colonies (large green star and blue stary .t o estimation of sea salt submicron aerosol (for details
Small stars indicate other penguin colonies on Bird Island which in- ee Sect. 2.2.2)
fluenced the organic aerosol composition measured at the researc% e

station. The thick dark-red contours on the main map and inser . . . .
map indicate 100 m altitude steps (GIS map source: British Antarc-r2 2.1 Qfl\i/clziseg?;/alﬁnqsl({?gééﬂgr?t;%rg g?rlcl)er(;tls(ii%ation

tic Survey).

N Bird Island

All AMS data were analysed using standard analysis soft-
ware (SQUIRREL 1.51H and PIKA 1.10H; Sueper, 2012)
within Igor Pro 6.2 (Wavemetrics, Lake Oswego, OR, USA).

The reported mass concentrations 0£S@0rg, NG;, NH;,

d ClI= and K" were derived from the high-resolution data

spring. The largest assemblages of fauna on Bird Island ar
the colonies of macaroni penguBudyptes chrysolophus
gentoo penguiPygoscelis papuand Antarctic fur seahrc-

tocephalus gazellarhe immediate surroundings of the fiel .
station were inhabited by more than 3500 fur seals and 100(15’IKA analysis performed up ta/z 128.

penguins in spring and summer 2010/2011. The island as a Tdhe |on|sat||gt:1 (iﬁlgltenf:y (IE), with rekspgtcr;c fogom V- bil
whole is home to about 50000 breeding pairs of penguins,mo € was calibrated twice every Week wi nMm Mmoot
y diameter ¢mop) @ammonium nitrate particles at a pulsing

14000 pairs of albatrosses, 700000 nocturnal petrels ang X . . :
eriod of 25 ps for the extraction of ions into the mass spec-

65 000 breeding fur seals. Further large animal colonies ar(%’ ter. |E val qf ; K d
found on the neighbouring islands to the west, Willis Is- rometer. 1k values were averaged Tor every tWo Weeks an

lands, and to the east, South Georgia. The main researc%pp”t:‘\d o the data correspon(.jing to these measurement_ pe-
activities focus on seabird (penguins, albatross and petreIQOds' The W-mode |E was estimated to be the same fraction

among others) and seal population dynamics, feeding ecolQf th\? V—n&odlslISE "’.‘Sgs the V'\A/\;tmode '\ﬂlslg'r bﬁ;lmt_lntensrl]t'yr?f
ogy and reproduction statistics. The predominant mesoscalg“:? v-mode V> air beam. Alter each ' caibration a hign-
wind direction is from the west. However the local topogra- _efflClency part|c_ulate air (HEPA) particle f|It_er was installed

phy and the quasi-permanent winds lead to atmospheric twj_nofro_nt ofdthe |nhstrun;en;[hto dsa;mplt_a atmblenfttﬁlr (;)ettwien
bulence and hence to the mixing of aerosol produced locall min and one hour for the determination of the detection

by seabirds and seals, with air masses arriving with the preI_|m|ts. The limit of detection was calculated as three times

dominant westerlies. The Bird Island research station is Io_the'standa.rd deviation from the mean species concentration
uring all filter measurements (see Table 1). The relative IE

cated about 50 m from the shore in a sheltered bay on th . .
south side of the island (see red star in Fig. 1). RIE) for ammonium was found to agree with th_e defz_iult
value of 4, based on the mass spectrum ammonium nitrate
2.2 Aerosol mass spectrometer data from IE calibrations. The RIE for O was determined
by comparing the theoretical to measured mass concentra-
The chemical Composition of submicron aerosol was de.tion of sulfate in a solution of ammonium nitrate and ammo-
termined with a high-resolution time-of-flight (HR-ToF-) nium sulfate. The resulting Rifz;- was 1.14 (default value
aerosol mass spectrometer (AMS). The functioning and fieldl.2). Size calibrations were conducted twice, in the first and
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Table 1.Limit of detection (LOD) and statistical ion counting error on the correlation between SMPS and AMS data. Alterna-

(E1s)- tively, CE can be determined based on its dependency on
the NG; fraction (Crosier et al., 2007;, however Bird Is-
Species LOD (ugmd)  Ejg (ugm-3) land NG concentrations were invariably low, with approxi-
Sulfate 0.024 0.006& 0.001 mately 0.003 pg m3 (CE = 1) on average, and were thus not
Organics 0.06  0.0120.00 suitable for a method developed for urban aerosol. Based on
Nitrate 0.006 0.000.001 previous measurements in marine environments, it is known
Ammonium 0.02  0.02-0.002 that the CE of the acidic marine aerosol is near one due to
Chloride 0.012 0.0120.012 the high contribution of sulfuric acid and the prevailing lig-
Potassium 0.002  0.0690.002 uid phase of particles (Quinn et al., 2006; Matthew et al.,

2008; Zorn et al., 2008). However, Bird Island is charac-

terised by many large seabird colonies and Antarctic fur seal
last week of the campaign, using polystyrene latex spheregookeries that emit quantities of ammonia leading to ambient
(PSL). concentrations of up to 350 ugth (unpublished data), lead-

Due to the island’s unusual organic aerosol composition,ing mostly to neutralised aerosol (see Sect. 3.2) despite the
for the unit mass resolution mass spectral analysis, the fragstrong marine influence. Consequently, effloresced ammo-
mentation table had to be editedrafz 30 where the frag-  nium bisulfate and ammonium sulfate salts are formed which
ments CHO' and CHN' occasionally dominated over tend to bounce off the heating element in the AMS more fre-
NO*. Normally, frag_nitrate[30] is calculated a5’z 30 mi-  quently. In the absence of another instrument to which AMS
nus the contributions from air and organics at this mass—results could have been compared, the collection efficiency
to-charge ratio, where the latter is referenced to the orwas set to CE= 0.5, based on experiences from several ear-
ganic signal atn/z 29 (Allan et al., 2004b). However, since |ier field campaigns with this particular and other AMS in-
the organic contribution as assumed by the standard fragstruments (e.g. Allan et al., 2004a; Drewnick et al., 2005;
mentation table did not apply, the nitrate contribution at Hings et al., 2007). In addition to the uncertainties in aerosol
m/z 30 was set to be fixed to its contribution @y/z 46  mass concentration quantification due to the CE, there is also
(3.92*frag_nitrate[46]), based on the data from all IE cali- 3 statistical ion counting error (see Table 1).
brations. Thus, the organic massmtz 30 was calculated as
m/z 30 minus frag_air[30] and minus frag_nitrate[30]. 2.2.2 AMS sea salt detection and its influence on
The determination of the Bird Island ambient aerosol col- particulate organics and sulfate quantification

lection efficiency (CE), including losses due to incomplete
particle transmission in the instrument’s inlet system, mal-Formerly, sea salt was considered to be undetectable by the
focusing of non-spherical particles and bounce-off from theAMS due to the refractory nature of sea salt at a vaporisation
vaporiser (Huffman et al., 2005), was difficult for several rea- temperature of around 60C (Bahreini et al., 2003; Jimenez
sons. In theory, knowing the particle density, size distribu-et al., 2003). However, a recent study attempted to quan-
tions derived from AMS measurements can be compared tdify the sea salt mass concentrations detected by the AMS
scanning mobility particle sizer (SMPS) size distributions to (Ovadnevaite et al., 2012). Following the Bird Island field
yield the collection efficiency (CE). The AMS provides the campaign, additional laboratory measurements were under-
vacuum aerodynamic diametek4) of a particle, while the taken with a different AMS (compact time-of-flight aerosol
SMPS measures the mobility diametéigp). Diametersiy, mass spectrometer as described by Schmale et al., 2010) to
anddmop are related by the following equation after DeCarlo characterise the extent to which the AMS is capable of sea

et al. (2004): salt quantification and identify potential cross-sensitivities to
0 other AMS standard chemical species. These laboratory mea-
dva=dmob" S - p—z, (1)  surements are described in detail in the supplementary mate-

rial. Comparison of the results with other available literature
with S being the Jayne shape factpp, the particle density — suggests that AMS sea salt quantification needs more thor-
and pg the unit density. However, due to the significant in- ough investigation and might be highly dependent on specific
fluence of sea spray in the submicron particulates, the SMP$istruments. Zorn (2009) found a scaling factor for chloride
accounts for a larger number of particles than the AMS. Evernto sea salt between 150 and 220 in the South Atlantic, based
though the AMS sees a fraction of the submicron sea salt, ibn a comparison between measurements of an AMS and a
cannot be quantified (see Sect. 2.2.2). In addition, mass corparticle-into-liquid sampler (PILS; Zorn et al., 2008), as op-
centrations were rather low with 0.22 ugf(CE = 1) on posed to the method here applied based only on AM§ NO
average, so that AMS-derived size distributions were veryquantification which resulted in a scaling factor ranging be-
noisy. In addition, the flow split was not strictly isokinetic. tween of 3.15t 0.20 and 3.9% 0.14 across all experiments.
All factors would introduce too-large errors to calculate a Ovadnevaite et al. (2012) determined a scaling factor be-
reasonable CE. See the Supplement for more informatioween the NaCt reported by the AMS and the actual sea salt
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contained in PM (particulate matter with a diameter equal to Table 2.1on fragments considered within the sea salt family.
or smaller 1 um) of 51, while our experiments yielded a fac-
tor 13. lon fragment Exact mass lon fragment Exact mass

To be consistent with available data from the existing liter-

5
ature, mass-concentration-related data for sea salt reported in :I/Ia 22§ '3: s 72: gg'gi
this study have been determined on the basis of the intensity 259 ' 54:%.35 '
. Mg 24.98 S4FedCl 88.91
of m/z 57.95 (N&°CIT) and scaled up using the factor of 51, 2601 508 7r 89.90
as suggested by Ovadnevaite et al. (2012). NaMg 46' 97 F&5¢] 90 ;30
In addition, to the question whether submicron sea salt 54.'94 Fa7c 92:90
can be quantified by the AMS, the potential influence of the 5 5496 947y 93.91
presence of ambient sea salt particles on the quantification 5593 Mg5Cl, 93.92
of other chemical species was investigated, assessing the va- 57.94 Mg’CI35cl 95.92
lidity of the standard fragmentation table. One observed sea 35¢) 57.96 25Mg37CI35C] 96.92
salt ion fragment is NgCI* at m/z 81, which is typically Mg35Cl 58.95 M@'Cl 97.92
interpreted as the HSDfragment of particulate sulfate in Na37Cl 59.96 25Mg37Cl, 98.92
the unit mass resolution spectrum. To correct for this inter-  \1437¢) 60.95 F&°Cl, 125.87
ference, the concentration of pal™ atm/z 81 in the HR Cl, 69.94 F&7cI35c 127.87
spectrum was correlated to/z 23 where only the Na frag- 37¢I35¢| 71.93

ment is observed. The linear regression yielded a correlation
coefficientR? of 0.99 and a slope of 0.036 across all data.

The fragmer_1tation table for the unit mass resolution (UMR) to AMS data, that the dataset can be divided into a number
data was edited as follows: of unvaried components, i.e. chemical mass spectra, which
frag_S0O481] = 81— frag_organi81] contribute with varying concentrations over time to the to-
tal organic matter measured. The problem is reduced to an
—0.036x frag_N4d23]. 2 . . X .
x frag_Ndz3] @ m x n matrix X as shown in Eq. (3) (wittn being the num-
The correction makes a difference on the order of 1 % for theber of rows, i.e. number of time steps, amthe number of

total particulate S§T . mass-to-charge ratios):
The presence of sea salt particles is responsible for arte-
facts in the UMR organics spectrum. For example, tungstenX = GF +E. (3)

emitted from the filament in the ion source reacts with Cl . o . .
WCI, WOCI and WOCH isotopes betweem /z 214 and 276 F is ap x n matrix with p being the .number of factor. pro_flles,
and sea salt fragments as listed in Table 2 contribute to th&®: constant AMS mass spectf@,is anm x p matrix with
standard particulate organics quantification. To avoid overesthe rgspectlvg mass spectra CO”.”'b”t'O”S:E."'E,’them xn
timation of organics due to this effect, only mass—to—chargematr'x of _re5|duaIsG andG are fitted to minimise the sum
ratios up to 232 were considered, as non-organic peaks con?—f the weighted squared residugls

pletely dominated the mass above this threshold. Laboratory m_n

experiments indicate that the quantification of particulate or-Q = Zz(eif/aij)z’ (4)
ganics with mass-to-charge ratios smaller than 232 might i=1j=1

also be influenced by the amount of sea salt present. How- i i , .
ever, no clear pattern could be isolated. Deriving the organicVith ¢ being the residual not fitted by the model foyz j

mass concentration from the PIKA HR analysis however cir-at time ;tep‘, and‘?"i being an element d. i
cumvents this potential UMR problem. The input matrices were prepared following the recom-

mendations by Ulbrich et al. (2009) and Zhang et al. (2011),
2.2.3 Positive matrix factorisation and comprised a range of mass-to-charge ratios between 12

and 232 at a time resolution of 5 minutes. PMF was run to
Positive matrix factorisation (PMF; Paatero and Tapper,explore solutions between 1 and 8 factors, ffigaks(rota-
1994; Lanz et al., 2007) was applied to the V-mode UMR tions) between-1 and 1 (in steps of 0.2), arsedgstarting
organic spectra obtained by the AMS, to investigate the varguesses) between 0 and 50 (in steps of 2). It is recommended
ious source contributions to the submicron aerosol organic¢o run PMF for a range of fpeaks so that the range of val-
matter (PMF v2.04 based on Ulbrich et al., 2009). Detailsues forQ/Qexp is at least 3 % above the minimu@®/ Qexp
of the mathematical model behind the algorithm, its appli- (Zhang et al., 2011). As this was not the case for running
cation, the result evaluation and the interpretation have beefpeaks betweer-1 and 1, we explored solutions of fpeaks
described elsewhere (e.g. Lanz et al., 2007; Ulbrich et al.petween-5 and 5 (in steps of 1); see the Supplement for fur-
2009; Ng et al., 2010; Zhang et al., 2011). Briefly, the un-ther details. Fpeaks is a rotational forcing parameter for ex-
derlying assumption of this bilinear problem is, with respect ploring the rotational freedom of the chosen solution. Fpeaks

www.atmos-chem-phys.net/13/8669/2013/ Atmos. Chem. Phys., 13, 8&@&94 2013
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= 0 results in the most central solution. Seeds are randonintervals. Due to diffusion losses in the long inlet line, par-
initial values where the algorithm’s iterations are started.  ticles below approximately 25 nm were not detected, as can

The detailed criteria for the final selection of factor profiles be clearly seen in the individual size distributions for each
are discussed in the Results section and in the supplementascan. As described in Sect. 2.4, the particle size distributions
material, following the same steps as indicated in Zhang etnd the resultant calculated total number concentrations were
al. (2011). Zhang et al. (2011) suggest downweighting thecorrected for the estimated transmission losses of the inlet.
signals atn/z with a low signal to noise ratio anet/z 44 Super-micron particles in the range between 0.5 and 20 um
and associategh /z that contain repetitive information (see aerodynamic diameted4) were detected in 53 discrete size
step 2d and e, Table 1 in Zhang et al., 2011). For this studybins by a TSI aerodynamic particle sizer (APS) model 3321,
m/z 29 was also downweighted, as a potential leak in the in-which determines the particle size via the time of flight be-
strument’s vacuum chamber was likely to be the major sourcdween two 633 nm He-Ne lasers. The particle counting ef-
of variation in the signal at that /z. We refer the reader to ficiency decreases below 100 %dt< 0.7 um, and concen-
the Supplement, where the influencengfz 29 is elaborated trations below this threshold should be interpreted as lower
upon. limit (Peters and Leith, 2003). The inlet flow was 5L min

The statistical uncertainty of each factor’s mass spectrurmmand split into 1 L mim sample and 4 L min! sheath flow.
and time series was determined through bootstrapping (UlTo minimise losses of super-micron particles in the inlet line,
brich et al., 2009). For that purpose PMF was run on the fullsize distribution measurements were recorded at a time reso-
dataset once, and a series of 100 variations. In each variatiolution of 300 s on the communications tower of the research
a subset of the original rows (mass spectra) was randomlgtation, approximately 5m to the south of the building at a
replaced by other rows from the original input. The result height of 10 m above ground. The approximate air-line dis-
yields the b-standard deviation from the mean mass spec-tance to the AMS/SMPS inlet was 15m. The aerosol was
tra and time series of the bootstrapped solutions. Results argampled via a 15cm stainless steel inlet line (1.3cm ID)
shown in Table S2 in the Supplement. Generally, the statistopped with an in-house TSP (total suspended particulate)
tical uncertainty ranged from 3 to 16 % for the mass spectrahead.
and 3 to 9% for the time series. Compared to other stud-
ies with higher mass loading these relative uncertainties areé 4
higher (e.g. Ulbrich et al., 2009). '

In addition, the uncertainties of the chosen PMF solutions
(mass spectra and time series) were calculated based on tienbient air was drawn through a 17.4 m-long copper inlet
variations of the results when fpeaks and seeds were variedine (6.4 mm internal diameter, flow rate 10.6 L mi) in-
Freutel et al. (2013) elaborate upon how the estimated uncerstalled across the rooftop of the research station at about
tainties for each data point, i.e. easliz and time step, were 5m above ground. The sampled air was then dried by
calculated. For each solution the average and the standard dpassing through a Nafidh single tube counterflow dryer
viation were determined. For the relative uncertainty of thewhose counterflow was dried additionally by a silica gel
mass spectra, the sum of the absolute standard deviations foaplumn. The average relative humidity of the sample flow
eachm/z was divided by the sum of the signal intensities of was 26+ 5%. After the dryer the flow was split to sup-
the average mass spectrum. For the relative uncertainties gfly parallel sample flow to the SMPS and the AMS at 0.3
the time series for each factor profile, the time series of theand 0.1 L min®, respectively. Since the length of the inlet
absolute standard deviation was divided by the average timéne and a long horizontal section of 7.8 m on the roof may
series. In general, varying seeds did not result in large uncerhave led to incomplete particle transmission due to diffu-
tainties (from 1 to 5% for mass spectra and below 1 % forsion, especially for particle sizes below 100 nm, the particle
time series), while varying fpeaks resulted in larger uncer-losses were calculated with the Particle Loss Calculator of
tainties (from 16 to 76 % for mass spectra and 15-130 % forvon der Weiden et al. (2009). From 13.7 nm (lower SMPS
time series). Full results are shown and discussed in Table S@ut-off diameter) to 100 nm particle mobility diameter, the

Inlet system for submicron aerosol measurements

in the Supplement. losses were estimated to decrease from 55 % to 9 %. Between
100 and 735nm (upper SMPS cut-off at 736.5nm), losses

2.3 Sub- and super-micron particle size distribution were estimated below 9%, with a minimum near 300 nm
measurements at 4%. For particle sizes greater than 735nm, losses were

estimated to increase to 14 % at 1000 nm. These estimated
The size distribution of submicron aerosol particles was meafosses were taken into account when calculating size distribu-
sured by an SMPS system (model 3936, TSI Inc., St. Paultions and total number concentrations from the SMPS mea-
MN, USA) composed of a long DMA model 3081 and an surements, since detailed information on the particle sizes
ultrafine condensation particle counter (model 3776). Thewere available. For the AMS-derived aerosol mass concen-
SMPS scanned for particles in the size range between 14 anttations, the particle loss correction could not be applied be-
737 nm mobility diameter in 112 discrete steps and in 300 scause, even though the AMS was set to measure particle size
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Table 3.Continuous measurements of aerosol parameters, ammonia and meteorological data at the Bird Island research station.

Parameter Instrument Time resolution  Start/end date
Ammonia AiRRmonia 15 min 16/11-30/12/2010
Particle size distribution Scanning Mobility Particle 300 sec 15/11/-28/12/2010
(11-624 nm) Sizer (SMPS)
Particle size distribution Aerodynamic Particle Sizer 300s 3/11-28/12/2010
(0.523-19.81 pm) (APS)
Non-refractory aerosol Aerodyne high-resolution 300s 3/11-28/12/2010
chemical composition time-of-flight aerosol mass
(submicron) spectrometer (HR-ToF-AMS,

AMS)
Meteorological data: wind British Antarctic Survey Bird 60 s continuous

speed, wind direction, relative Island meteorological station
humidity, pressure, minutes of
sunshine

distributions, the aerosol mass concentrations were mostijiave an uncertainty of 15-30 % of the distance between the

not high enough to derive a mass size distribution. start and end point.
Chlorophylla data provided by the MODIS Aqua satel-
2.5 Ammonia measurements lite were obtained from the NASA Earth Observatory web-

site (ttp://neo.sci.gsfc.nasa.gov/Search.html
Gas-phase ammonia was measured with an AiRRmonia wet
chemistry analyser (RR Mechatronics). The instrument is de-3 Results and discussion
signed for high time resolution continuous monitoring and
is based on the principle of sampling gaseoussNio @ 3 1 Gyeryiew of the Bird Island measurement results —
stripping solution through a gas permeable Teflon membrane, aerosol chemical composition
with subsequent analysis of the liquid phaseleHa con-
ductivity measurements. Particle-phasejNH not retained  Measurements were taken throughout November and De-
by the membrane. The system’s response time is between 1€ember 2010, when ambient temperatures started rising
and 15 min, the detection limit is 0.1 ugthand the accu-  above @°C. In Fig. 2 the basic meteorological data and to-
racy 3% (Norman et al., 2009). Ambient air was sampled attal submicron aerosol number and mass concentrations for
1L min~! through an insulated 2 m-long polythene tube inlet the measurement period are shown. Generally, the local wind
at a height of 2 m above ground. By comparison, the approxdirection was highly variable and only few periods with con-

imate air-line distance to the AMS/SMPS inlet was 4 m. stant conditions were observed. This is most likely due to the
Allinstruments including operation details are listed in Ta- influence of the local orography: the research station is sur-
ble 3. rounded by hills in all directions except towards the south
where it faces the ocean. The main wind directions, as mea-
2.6 Further resources sured at the met station, were betweef 80d 70, as well

as 200 and 240. NE winds were observed frequently due

Meteorological parameters, such as temperature, wind speeth funnelling by a col between two hills (see Fig. 1) which
wind direction, pressure, relative humidity and minutes of is located to the NE of the station. Winds from the SW are
sunshine, were provided by the British Antarctic Survey re-channelled through the opening of the bay and by the steep
search facility’s meteorological station at a time resolution slopes in the SE of the island. Locally measured wind speed
of 1 min (see Fig. 2). The meteorological station was locatedreached up to 13.6 nT$ with a median velocity of 4 ms'.
one metre above the APS on the communications tower. It snowed or rained nearly every day, with the exception of

Back trajectories 240 h in duration were calculated with the first two weeks of November, which were exceptionally
HYSPLIT (Draxler and Rolph, 2011) and started from the sunny and dry. The last day of the measurement period with
Bird Island research station at 54.0@ and 38.053W at a temperature below<® was 13 November.
00:00, 06:00, 12:00, and 18:00 UTC for the period between 3 Table 4 shows basic statistics for sub- and super-micron
November and 28 December 2010. Arrival altitudes were 10,aerosol. On average the mass concentration was 0.46 fig m
100 and 500 m. Note that air mass back trajectory locationsvith a median of 0.40 ug ¥, and 96 % of the data points
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Table 4. Basic statistics of submicron aerosol mass and nhumber concentrations and super-micron particle number concentration (based or
5-minute measurements).

Parameter 10th percentile  25th percentile Median  75th percentile  90th percentile  Average
Submicron aerosol mass 0.17 0.28 0.40 0.58 0.81 0.46
concentration (g m°)

Submicron aerosol number 214 278 386 512 827 956

concentration (cm3)

Super-micron number 1 3 8 14 19 9
concentration (cm?3)

wind
direction
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Fig. 2. (a—d)Meteorological data for Bird Island during the campaign from local measurements. The minutes of sunshine are accumulated
for each day(e) Super-micron aerosol number density measured by the &PSbmicron aerosol number density measured by a CPC and
SMPS andg) submicron aerosol mass concentration as derived by the AMS.

were <1.00pugmS. The submicron number density was the ss-Ct determination described in the Supplement. Large
much more variable, as shown by the large difference bevariations occurred during periods with strong methanesul-
tween the average (956 ct¥) and the median (386 cni) fonic acid (MSA) contribution, which are discussed further
concentrations. A total of 75 % of the 5 min data points werein Sect. 3.6. Organic matter contributed nearly 38 % to the
<530cnT3. Super-micron aerosol number density, mostmass, followed by NE{I (12%) and NQ (4 %); see Fig. 3a.
likely dominated by sea spray particles, was much lower withThe chemical makeup of the organic mass contribution is dis-
an average of 9 crre. cussed in detail in Sect. 3.4, where the results of the positive
Generally, the Bird Island aerosol detected by the AMSmatrix factorisation analysis are described. The nitrate con-
(i.e. the non-refractory PM was dominated by particulate centration was expected to be small, since the only sources
sulfate (46 %; see Fig. 3a) as expected based on earlier stuthat emitted NQ locally were the station’s power generator
ies (e.g. Quinn et al., 1998). It originated from three sourcesand the kitchen stove. NOcan be converted to nitric acid
sea salt, dimethylsulfid (DMS) and long-range transport, agHNO3), allowing nitrate to partition into the particle phase.
is elaborated upon in Sect. 3.9. Based on laboratory experiHowever, because of the slow timescale of this process this
ments with Sigma-Aldrich sea salt standard S9883 (in whichwould have affected local NDconcentrations only during
ss-S(j‘ corresponds to 13.8 % of sea salt chloride mass aceonditions of stagnant or re-circulating air. The relatively
cording to the composition data sheet), the AMS detected digh NHj,'r fraction was probably due to several sources:
ratio of particulate sea salt sulfate (ss%S(Dto chloride of  the open ocean itself has been observed to potentially be
63 %. For the aerosol on Bird Island, this implies that the both a sink and a source of ammonia at high southern lat-
median ss—SﬁT contribution to total PM particulate sulfate itudes (Johnson et al., 2008), but is likely close to equilib-
was 10.8 % (4.6—21.4 % within the inter-quartiles), based onrium and highly influenced by local biogeochemical cycles
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Fig. 3. (a) Average mass contribution of individual chemical species (the numbers in parentheses indicate the average mass concentration
in ug nm-3). (b) Average mass contribution of individual chemical species including sea salt, up-scaled from the Sir@ll based on
Ovadnevaite et al. (2012(c) Stacked time series of AMS-measured aerosol mass concentrgtipAserage mass concentration for three

time periods (3—12 November, 12—22 November, 22 November-28 December, indicated by the dashed vertical bars) and the respective
relative composition (the area of the pie charts reflects the overall concentration).

and long-range transport. Bird Island, South Georgia and the&oncentration correspond with low concentrations of aerosol
neighbouring rocky islands (e.g. Willis Island) are large local ammonium. Both species increase by a factor of 4.3 and 4.6,
ammonia sources due to the decomposition of uric acid in theespectively, between P1 and P2, and by factor of 5.4 and
excreta from fur seals and seabirds. Ornithogenic soils may.6 between P1 and P3. Another reason for the lower aerosol
also be a source at times (Legrand et al., 1998, 2012; Zhu anhass concentration is the smaller contribution by chloride
al., 2011). When accounting for sea salt based on the methodnd sea salt components leading to lower particulate sulfate
proposed by Ovadnevaite et al. (2012), concentrations in thenass concentrations as well. These species contribute by a
submicron aerosol composition change to 21 % ns%TSO factor 3.6—3.8 more during the later measurement periods,
2% NOj, 8% NH;, 22% Org and 47 % sea salt (including which may be related to the, on average, lower wind speeds

ss-S@"); see Fig. 3b. Diurnal patterns were not observed forduring P1 (see Fig. 2d). This is also reflected by the low
any aerosol species. super-micron particle number concentrations (see Fig. 2e).
Figure 3c shows the time series of the standard AMS
chemical components of Bird Island aerosol divided into 3.2 Aerosol acidity
three periods (P1: 3 to 12 November, P2: 13 to 22 Novem-
ber, P3: 23 November to 28 December). During P1, the avgjnce ambient Ngwas available in large concentrations (up
erage mass concentration was 0.20 lI@myhlle.du'rmg P2 {5 350 ugnT3 measured in the atmosphere at the research
and P3 it was 0.48 ugn (see Fig. 3d). This coincides with ~ g4tion (unpublished data), ammonium could partition into
a general change in temperature (see Fig. 2d) froMid.3 o particle phase to neutralise the sulfuric acid. Such high
on average during the first period to 3@ on average after ., entrations of ammonia (from 20 to 100 pgin were
November 12th. However, there is no clear indication thatalso measured in summer at the Dumont d'Urville site lo-
the temperature change and the aerosol mass concentratieq on the lle des Pétrels at the East Antarctic coasSp6
are related. The same three periods can also be differentiateg,ore 15000 breeding pairs of Adélie penguins are living
chemically. While particulate organics dominate during Pl(Legrand et al., 2012). It was assumed that chloride and
at 59 %, their contribution decreases to 35% and 19 % forss—SCi‘ were already neutralised by sea salt cations while
the later periods, respectively. By contrast, particulaté1 SO particulate nitrate and nss-%Owere neutralised by reac-
contribution is the opposite: accounting for 23% in P1 thention with gas-phase ammonia. To derive aerosol acidity, the
increasing to a contribution of 40% and finally 50%. The stochiometric ratio of ammoni.um and sulfate ions was 'cal—
lower aerosol mass concentration during the first period MaY, |ated where a ratio of 21 represents fully neutralised
be explained by a lower contribution from particulate sulfate (NHa) éO4 a ratio of 1: 1 reflects the formation of ammo-
(see Fig. 3d). The main source of this compoqent is pr.()b"’l_niurr;1 kfisulf,ate (NHHS(54), and a ratio of <1 1 means pres-
E}% I\ggfi\(,)dvgh?ssez C;gmg)uuggri\ggz \é?rlﬁ\:\?\/;:\)ladr?i(r;:lgttehitjll;:\teence of sulfuric acid. During the measurement period, on av-
e erage, during 12 % of the time particulate sulfate was fully
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neutralised, while during 79 % of the time sulfate particles one between 100 and 400 nm and a third one between 1 and
contained a mixture of ammonium sulfate and ammonium2 pum. The coarsest mode is associated with sea salt particles,
bisulfate, and during 9 % of the time particles contained sul-which are generally expected to be in the super-micron size
furic acid. This finding differs from other observations of ma- range (e.g. Cavalli et al., 2004).

rine aerosol. For example, Phinney et al. (2006) and Zorn et Even though the AMS chloride represents only the sub-
al. (2008) found that marine aerosol was rather acidic, withmicron fraction, this chemical species turns out to be a good
60 % of the sulfate in form of sulfuric acid, both in the sub- proxy for the super-micron sea salt mode: chloride concen-
Arctic and in sub-Antarctica, while Quinn et al. (2006) found trations co-vary with the super-micron particle number den-
marine aerosol with 78 % and 85 % of the sulfate in form of sity, confirming that at this site the AMS Clis dominated
sulfuric acid. For the coastal Antarctic site of Neumayer lo- by sea salt and not by Nf€l as is usually thought to be the
cated at 70S facing the South Atlantic ocean and free of case at more continental sites (Canagaratna et al., 2007).
penguin colonies, Legrand et al. (1988) reported a typical ra- The campaign average size distributions of particulate sul-
tio of ammonium to non-sea-salt sulfate close to 2 %, point-fate and ammonium derived from the AMS measurements
ing out the very acidic nature of non-sea-salt sulfate aerosolere calculated from 80 to 800 ndy, in 40 bins. The size

there. distributions indicate that ammonium was internally mixed
_ S with sulfate. When fitting the particulate sulfate mass distri-
3.3 Aerosol size distributions bution with a bimodal log-normal function, the mode diam-

. ) . ) ~ eterswere 278 2nm and 354t 8 nm, with geometric stan-
Figure 4 shows the time series of the number size distribuaq deviations of 1.3 1.0 and 1.2 1.0, respectively The
tions measured by the SMPS and the APS. For SMPS datgqj| towards the larger diameters might result from contri-
where the particle diameter is givendsob, it was assumed  ptions of larger sea salt sulfate particles and their slower
thatdmop is equivalent to the volume-equivalent diameter of ¢an0ration in the AMS. Size distributions for nitrate, organ-
the particles dve). APS size distributions are a function of o5 ‘and chioride could not be obtained from the AMS data
the aerodynamic diametep. Diameterda was converted 10 due to low signal to noise ratios. Instead, size distributions
dve according to Eq. (5), after DeCarlo et al. (2004): derived from SMPS measurements, related to individual OA

factors, were determined by the PMF analysis (see Sect. 3.4

de=da- |x- %, (5) for details).
S

with x = 1.00 shape factor of sea salt (DeCarlo et al., 2004);3.4 Speciated contributions of particulate organics to

po = 1 unit density in g cm3; andps = 2.17 g cnT2 density the marine aerosol — PMF results

of sodium chloride. The Cunningham slip correction factor

was assumed to be 1. The sea salt shape factor was set to 1.8@plication of the PMF method indicates that the organic

because we assume that the particles were close to sphericatrosol measured at Bird Island can be attributed to five spe-

since the APS sample flow was not dried. cific aerosol source types (factors). We refer the reader to
Three size modes were observed: one showing up in théhe supplementary material for a detailed discussion regard-

particle number size distribution df,op< 100 nm, a second ing the selection of the 5-factor solution which is presented
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OA mass. In addition, three further OA species were identi-
fied. Methanesulfonic acid organic aerosol (MSA-OA) con-

B MO trethanesulfonic Acid Organic Aerosol) tributed 25 % of the organic matter. Sulfur contained in the
5 “S”;’gﬁ(g“ii’?:,;1*{,%32;‘}?‘1\2{322.‘;’_*e“’s"" inorganic sulfate particles that also originate from MSA
SR e ke O Aees) emissions are not accounted for here. The third-largest sig-
nal, with 18%, was attributed to a factor called amino
acid/amine (AA), due to the nitrogen-containing marker ions
0.3
» o2 E — E - identified (ion fragment and exact mass in parentheses):
AT i i ; it - I
oo midociaidilt Uil B UuERI Bl A is dll 0 il b m/z 30 (CHyN™T, 30.03),m/z 42 (GH4NT, 42.03),m/z 58
02 (CsHgNT, 58.06) and 86 (§H1oN™, 86.10). The fragments
00 PPN OV PO S Y S R gy atm/z 30 and 42, in particular, have been identified as amino
~ 8 | — . acid makers before (Schneider et al., 2011). The other two
5 o Wbadn Lo e o s ion fragments have also been observed previously and are
g o ] Iso indicators for amines (Hildebrandt et al., 2011). The fifth
g 01— i also indicators for amines (Hildebrandt et al., . Thefi
0.10
5 0602*M A | EoE ey o OA source correlates with sea salt and contributed 7 % to the
02 o - organic aerosol mass. This was derived from the 5th iden-
o1 DAL A WOk, tified PMF factor, whose mass spectrum was found to still
0.0
11112010 21.11.2010 01122010 11.12.2010  21.12.2010 contain non-organic fragments that had not been accounted
) 008 . L for in the fragmentation table. These are listed in Table 3
§§§ = .A i iiil%uf. ‘Y anc_i includg, e.gm/z 58 (NaCl") and its isotope ah/z 60
020 e e e S e which dominate the mass spectrum. High-resolution analysis
§§§}7 Aﬁiﬁ—“ . 126 was used to separate these inorganic sea salt contributions
012+ — 4;| : : from the sea spray organics, as discussed in Sect. 3.7. So the
Rt I T T relative contributions as shown in the pie chart and the time
o 004 3 i
5 00 = T v - series in Fig. 5a and b only refer to organic sea spray aerosol
g o u‘ﬂlj o | mass (SS-0A) without inorganic salt ion fragments, whereas
£ o0 - !,5 B - : the mass spectrum (Fig. 5c) also represents the contributions
Portl I T i from sea salt in a different colour, as determined by the PMF
0.00 4 de L N ! analysis.

200 30 40 5 60 70 8 90 100 110 120 130
m/z

In addition, for all PMF factors average volume size distri-
butions were calculated based on the SMPS data, for time in-
Fig. 5. Suggested 5-factor PMF solution for Bird Island organic tervals when the respective factor dominated the mass spec-
aerosol{(a) pie chart of relative contributions per factor without salt trym, accounting for 66 to 85 % of the mass (with the excep-
ion fragments(b) time series anc) mass spectrum for each factor. i of sea spray at 50 %). The time intervals are marked in
The red Vert'.cal bars ".('b) indicate the time Pe”.OdS used fo.r HR red in Fig. 5b. The results are discussed in the respective sec-
PIKA analysis. The olive-coloured bars () indicatem/z with .
major inorganic contributions. tions for each PMF factor. For the fgctorg SS—OA, MSA—'OA
and AA super-micron total volume size distributions derived
from the APS for the same time intervals as marked in Fig. 5b
are shown for comparison (see Fig. 6 and Table 5). Adain

in Fig. 5. Table 6 summarises all correlations of mass specwas converted tdye.

tra and time series for the chosen factors that were used to

validate the solution. 3.5 Back trajectory analysis

The HOA (hydrocarbon-like organic aerosol) factor orig-
inated from the research station diesel generator and confo investigate the extent to which the different PMF factors
tributed on average 9 % to the OA mass. HOA aerosol frag-were related to local sources or long-range transported air
ments are frequently observed when there are fresh emisnasses, back trajectories were calculated for three arrival al-
sions of incomplete combustion (e.g. Zhang et al., 2005) titudes (10, 100, 500 m) as shown in Fig. 7a. The back trajec-
The diesel generator is the research facility's only powertories were then allocated to one of four trajectory clusters
supply and was thus continuously operated. It is located afAntarctica, Ocean, West, and South America), for which the
an angle between 24@nd 270 with an approximate dis- average mass concentrations, including one standard devia-
tance between the generator and the sampling inlet of 30 ntion, were calculated. Note that there is no significant dif-
Correlation with the average HOA mass spectrum from 15ference when attributing either the 240 h- or 120 h-long back
different measurements reported by Ng et al. (2011) wadrajectories to the clusters. The trajectories were attributed to
high with R? = 0.98. The M-OOA (marine oxygenated or- the four clusters as follows: in the cluster “Antarctica” the tra-
ganic aerosol) factor contributed on average 41% to thgectories originated from Antarctica and did not pass over any
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Table 5. Fit parameters of the log-normal volume size distributions for each PMF factor

Factor Vo dpy (Um) Ogo Vi dp, (Um) og, Vs dpg (Um) ogs
MSA-OA 2.61+0.04 0.38:0.01 1.56+1.01 0.18-0.02 0.72:0.01 1.0A41.01 26.03:0.37 7.28:0.08 1.90+0.42
AA 0.57+£0.12 0.29£0.01 1.32£1.07 9.84:6.91 0.741.61 1.28+0.63 34.6H-0.49 5414060 1.940.04

M-OOA 0.70+0.04 0.36:0.01 1.33:1.02 0.80:0.14 0.44:0.06 2.73:1.20
SS-OA 2.04:0.44 0.43t0.12 2.10+1.25 1.36:0.45 0.65:0.02 134106 54.50£1.53 4.96:£0.05 1.3:0.04
HOA 0.66+0.06 0.32:-0.01 1.45£1.07 1.29£0.06 0.55:0.01 1.38+:1.032

. od _ V; dp;
* Fit function: W‘gp) = ﬁ(”g,) -exp‘— (Z(In(a;’)>2) l

with V standing for volume (u%cm*3), dp for the particle aerodynamic diamet&yin um,dp; is the geometric mean diameter in um of the respective modeygrid the
geometric standard deviation of each mode.

Fit parameters with number indices (0 and 1) were fit to the SMPS size distributions while fit parameters with the index s where fit to the super-micron size distributions
measured by the APS.

other land surface. The “Ocean” cluster consisted of trajecto-
ries that spent most of their lifetime over the ocean, with no 2 |

s HOA

or only a short residence period over Antarctica. The cluster = 103 |—aso ;/ ‘\ 3

“West” included all trajectories that passed over South Amer-
ica between Cape Horn and Puerto Montt°(56 44 S), a
scarcely inhabited area, but with some mining activities. Fi-
nally, the cluster “South America” describes all trajectories
that passed over the continent north of Puerto Montt, a more
densely inhabited region than the West cluster. Figure 7b il-
lustrates the four cluster maps for an arrival height of 1000m. ‘ 1 22 A seTes 2 @

The numbers indicate the number of trajectories in each clus- diameter (um)

ter with the arrival height in parentheses. No significant dif- Fig. 6. Volume size distributions derived for individual PMF OA
ference between the three arrival heights was found. For the,cyors by the SMP&) and APS(b). The data were extracted from
HOA and sea spray factors, no clear pattern associated Witfhe time periods during which the respective factors dominated the
air mass origin could be isolated (Fig. 7a). This is not surpris-submicron organic mass (> 66 %, and 50 % for SS-OA), indicated
ing in the case of HOA, since this factor was identified as lo-by the red bars in Fig. 5b. The thinner lines represent the actual
cal pollution, as mentioned above. Figure 7c shows that HOAdata, while the thicker lines show the fits to the data (see Table 5).
was primarily observed when the wind came from the south-

west, with the grey area indicating the inter-quartiles of the

HOA concentration, while the boxes represent the mean conconcentration in the Antarctica and Ocean cluster air masses
centration in pg m>. The station’s generator was located at can be distinguished clearly. By contrast, concentrations of
about 258, and the kitchen’s chimney near 28@ny other ~ M-OOA appear to have been reduced in air masses originat-
potential sources, such as the nearest stationary generator ljvg from Antarctica, allowing for the possibility that anthro-
cated more than 150 km to the east on South Georgia or angogenic oxygenated aerosol may play a role, in addition to
ships present in the wider area, would not have produced thenarine oxygenated aerosol (see Sect. 3.9).

fresh HOA time series as observed. Signals from plumes of

passing or anchored ships near Bird Island were not observeg.6  Methanesulphonic acid organic aerosol

in the data.

For sea spray, the source is ubiquitous and is expected talthough the correlation coefficient with the AMS
be a function of wind speed and direction rather than due tajatabase ~MSA-OA laboratory reference  spectrum
long-range transport, as is shown in Sect. 3.7. For the aming._STD Q 027 _MSA) after Phinney et al. (2006),
acid/amine factor, long-range transport from a defined regiong2 = 0.14, and with the 600C spectrum reported by Zorn
can also be excluded. There may be a tendency for conceret al. (2008),R2 = 0.32, are rather low, this factor profile
trations to be elevated in oceanic air masses. This however igontains the typical MSA-OA marker fragments rat/z
not statistically significant, as is indicated by the error bars44.98 CHS, 47.00 CHS", 64.97 HSq, 77.98 CF&SO;*,
that represent one standard deviation (Fig. 7a). More detailg7 gg ChSQOJ, and 95.99 CHSO; (see Fig. 5¢). Three of
on the origin of the AA factor are discussed in Sect. 3.8.the marker ions are shown in high resolution in Fig. 8. The

MSA-OA, however, seems to have been transported from theoor correlation may be a result of comparing a laboratory
south (Antarctic region) towards Bird Island. The MSA-OA gtandard spectrum with ambient measurements.

dvdlog(dp)/cm3
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Table 6. Overview of correlations of mass spectra and time series for the five chosen PMF solutions as mentioned in this work.

PMF Mass spectra correlations Time series correlations
solutions
HOA HOA reference
spectrum (Ng
etal., 2011)
RZ= 0.98
MSA-OA L _STD_Q_ 600°C particulate particulate
027_MSA spectrum (Zorn sulfate sulfate and
(Phinney et al., etal. 2008) M-OAA
2006) <0.01 ug n2
RZ= 0.14 0.32 0.69 0.92
SS-OA particulate potassium
chloride
RZ= 0.64 0.61
AA-OA glycine valine glutamic acid alanine leucine proline all
laboratory laboratory laboratory laboratory laboratory laboratory chemical
spectrum spectrum spectrum spectrum spectrum spectrum species and
(Schneideret  (Schneideret  (Schneideret  (Schneideret  (Schneideret  (Schneideret | all basic
al., 2011) al., 2011) al., 2011) al., 2011) al., 2011) al., 2011) meteorological
parameters
R? = <0.01 0.55 0.22 0.18 0.16 0.16 <0.08
M-OO0A Mace Head Marine OA LV-OO0A refer- local wind particulate supermi-cron particulate sul-
(Ireland) ma- measured in ence spectrum, speed chloride particles fate only
rine OA Paris (Crippaet A_DEC_Q_017 for trajectories
(Ovadnevaite et al., 2013) (Ng etal., passing over
al., 2011) 2011) Latin America
RZ= 0.71 0.47 0.40 0.04 0.02 0.01 0.01
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Fig. 7. (a) Average mass concentration and standard deviation for each PMF factor sorted by back trajectoryiglistample at 100 m
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concentration in ug m3 while the boxes indicate the mean concentration.
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I B B B B A tion of the PMF M-OOA factor. The size of the marker represents

9595  96.00  96.05 the amount of sea salt. The red ellipse indicates a cluster of points

. ) . ) . that might be affected by long-range transport. The red line repre-

Fig. 8. Selection of high-resolution marker ion fragments for sents the linear regression between particulate sulfate and MSA-OA
methanesulfonic acid OA in the difference spectrum. when M-OOA <0.01 pg m° (slope= 5.3+ 0.03,R% = 0.92).

A further indication for this factor to represent MSA- gsfc.nasa.gov/Search.hjnds an indicator for phytoplank-
OA is the high correlation with the AMS particulate sulfate ton activity around Bird Island. The plankton bloom onset
measurement®y? = 0.69. When dimethyl sulfide is emitted in the 10 x 10° square around Bird Island (49-59 and
by phytoplankton, it is oxidised either to MSA or to sulfur 33-43 W) happened in late September 2010, where the av-
dioxide and sulfuric acid, which will in turn partition into erage chlorophyl concentration was 0.28 mgTh. During
the particulate phase (Seinfeld and Pandis, 2006). Thus, the AMS measurement period concentrations increased from
correlation between particulate MSA-OA and sulfate is ex-0.62 to 0.85 mgm? until 24 November and then decreased
pected as shown in Fig. 9. We used 8-day average chloroto 0.49 mg nT2 by 31 December. This indicates that the AMS
phyll a« observations from the Moderate Resolution Imag- measurements covered the seasonal peak in MSA emissions.
ing Spectroradiometer (MODIS) satellite daltdtp://neo.sci.  In addition, back trajectory analysis revealed that MSA-OA

Atmos. Chem. Phys., 13, 8668694 2013 www.atmos-chem-phys.net/13/8669/2013/
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a), | — b) — Cavalli et al., 2004; O’'Dowd et al., 2004; Facchini et al.,
5 14 oo | e | s 2008a; Russell et al., 2010; Gaston et al., 2011; Lapina et
.ol \ . / \ col — oo et ks al., 2011; Shank et al., 2012). To determine how much mass
£ e e W 13 e it aror o within the Bird Island sea spray organic aerosol factor can
SN S S .‘l‘ be attributed to organic components, HR PIKA analysis was

s70 5795 S0 829 830 831 applied to the total AMS spectrum during a period with dom-
h)“"- M o i{ \ ] inant PMF sea spray factor contribution on 24 December (see

£ / ot B i red bar in Fig. 5b). About 59 % of the mass of this factor is
ol Al oml | s 1o e ST | 4] ;C?”E‘;,N contributed by organic matter (SS-OA), while 41 % are as-
T IS T T sociated with inorganic salts. Figure 10 shows a selection of
w00 w005 oo 08 43 et HR fitted ion fragments that are representative for the sea

spray factor. Panel (a) shows the most dominant fragment
Fig. 10.HR ion fragment fits for two inorganic species and 3 organic (Na35C|+), while Panel (b) shows ain/z with an isotopo-
species of the sea spray PMF factor in the difference spectrum. logue (N§7CI+), together with a hydrocarbon-like organic

fragment (QHfl). Panel (c) shows a dominant oxygenated

ion (CH,O™"). Note that the NO ion is not accounted for
was primarily advected from the southern Antarctica clus-in the PMF analysis, as it is not part of the input matrix, but
ter including the region around South Georgia, a locationappears in the HR analysis of the whole spectrum. Panels
where plankton booms are often observed by satellite (Korlyd) and (e) indicate the presence of aliphatic organics and
and Whitehouse, 2004; Korb et al., 2004, 2008). The loweralso sulphur-containing fragments such as CHBased on
envelop of the relationship between sulfate and MSA-OAthe available data, it is not possible to state whether the sea
(Fig. 9) shows a slope close to 5.3 (i.e. a ratio of MSA-OA salt and the organic components are internally or externally
to particulate sulfate close to 19 %). This value of the MSA- mixed. Linear regression between the3R@l* and CHS,
to-sulfate ratio likely corresponds to air masses that were noC,H;01 and Q;H;r ion fragments resulted in low correla-
long-range transported and correspond to quasi-pure maringon coefficients ofR? = 0.21, R%2 = 0.03 andR2<0.01, re-
DMS oxidation in these regions. This value lies between thespectively. This suggests that the aerosol is more likely to
low values observed at low latitudes (less than 10 %; Saltzbe externally mixed, which is in agreement with findings by
man et al., 1983) and the higher ones observed at coast&@aston et al. (2011), who report on two aerosol subpopu-
Antarctic sites (30% at the Dumont d'Urville site; Jour- lations within sea spray aerosol. Comparable measurements
dain and Legrand, 2001). Other studies, such as by Sciare ¢ly Ceburnis et al. (2011) however suggest that this type of
al. (2009), have shown the importance of marine biologicalaerosol might be internally mixed. Based on a recent review
activity related to chlorophyll observations in organic aerosol (Gantt and Meskhidze, 2013) it is thought that particles with
before. smaller diameterd <200 nm) are more likely to be exter-

MSA-OA aerosol exhibits two volume size distribution nally mixed, while larger particles?(>1000 nm) are more

modes in the submicron particle fraction, with mode diam- ikely to be internally mixed. The sea spray organic aerosol
eters at 24@ 10 and 65Q: 10 nm and another mode in the factor observed here is associated with two submicron vol-

super-micron fraction at 7.280.08 um (see Fig. 6). ume size distribution modes with diameters of 30020 and
560+ 20 nm and one additional mode in the super-micron
3.7 Sea spray organic factor size range, at 3.0+ 0.03 um (see Fig. 6).

The PMF sea spray factor is highly correlated with par-
The qualitative PMF sea spray factor is dominatedibe ticulate chloride £2=0.64) and potassiumR?Z = 0.61).
57.96 and 59.96, which represent®R@l* and the isotopo-  All three aerosol species are similarly dependent on wind
logue N&’CI™, and which is characterised by a number speed, as shown in Fig. 11. This is indication for a common
of other inorganic ion fragments, such agz 90.90 FeCl,  source. Below wind speeds of 8 mls(measured at 10 m
125.87 FeGJ, and 127.87 FECICI (all marked in olive in  above ground), concentrations are almost invariably low in
Fig. 5c). The average ratio of the two sodium chloride iso-all three cases. Between 8 and 10mh €oncentrations in-
topologues measured throughout the campaign was 3.1, agease slightly, and at wind speeds greater than 10rthey
was expected for sea salt (De Laeter et al., 2003). The irofincrease roughly by a factor of three. Comparable observa-
chloride ions were most likely an artefact, a result of reac-tions have been made by Ovadnevaite et al. (2012). Because
tions of the AMS heater material with sea salt during unusu-vertical dilution is also enhanced at high wind speed, the de-
ally high exposure on Bird Island. Fragments such a$ Na pendence of the source function on wind speed is stronger
(m/z 22.98), Mg" (23.98) or K" (38.96) are not part of the than reflected in these concentration measurements. The frac-
spectrum, as they were not included in the input matrix.  tions of potassium originating from sea salt and other sources

Several studies reveal that sea spray aerosol contains oare discussed separately in Sect. 3.10.3.

ganic matter of different origins in the submicron mode (e.g.
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Figure 13 shows the correlation between the total number § < !
concentration of large particles measured by the APS (0.54 % 0

to 20 um) and the sea spray factor. Two branches are visi-
ble that are clearly distinguished by the concentration of the
amino acid/amine PMF factor (colour code). The AA con- Fig. 11.PMF sea spray factor, particulate potassium (total and non-
centration is smaller than 0.01 pgin the “high sea spray  sea salt) and chloride versus wind speed at 10 m above ground in
branch”, while it is larger than 0.01 pgTh in the “low sea  bins of 0.25 ms2. The markers indicate the median value while the
spray branch”. Both branches have a correlation coefficienshaded areas represent the inter-quartiles. The pentagons indicate
of R?=0.61. While it is expected that sea spray correlatesthe number of samples per bin.

with the super-micron particle fraction, the behaviour of the

amino acid/amine factor is described in detail in the next sec-

wind speed (m/s)

tion. nals can reliably be isolated from neighbouring ions the lin-
ear correlation betweenBisN and GHg (m/z 42), GHsN
3.8 Amino acids and amines and GH7 (m/z 55), GH7N and GHg (m/z 57), and GHgN

and GHg (m/z 56) were tested. AIR? are smaller than 0.2.

The amino acid and amine (AA) factor’s time series is unique The AA factor did not appear to be correlated with any
(see Fig. 5b) because it differs strongly from time series of allother chemical species measured by the AMS, nor with the
other measured parameters. It was observed from 3 until 2basic meteorological parameters, and all absolute values of
November, with a break between 12 and 15 November, andhe derived correlation coefficients are smaller thfh=
on 4 and 5 December. The maximum recorded concentratiof.08. This analysis is consistent with the factor’s time series
was 0.17 ug m® on 12 November. During the peak periods, optically being very different from all other time series (see
the average mass concentration was &@04, while for  Fig. 2a—d, Fig. 3b and Fig. 5b). Such an episodically char-
background conditions it was 0.0820.002 pg n13. acterised time series of amine-containing aerosol has been

Chemically, the AA factor was characterised by a seriesreported previously (Sun et al., 2012); it is however poorly
of nitrogen-containing ion fragments {(8,N.) that include  explained. This leads to the question regarding the source of
contributions at 44 different mass-to-charge ratios. In Fig. 12this OA type. Chemically, it has been shown that this factor
the five most dominant nitrogen-containing ion fragmentscontained amino acid and amine signatures (Hildebrandt et
are presented. In Table 7 the 10 most dominant fragmental., 2011; Schneider et al., 2011). Previous studies reported
are listed, which make up 78 % of thel&,N; series, to-  that protein signatures, free amino acids and amines were ob-
gether with their chemical formulae and exact mass, orderederved in the aerosol of the remote marine atmosphere (Aller
by their relative contribution. While this series contributed et al., 2005; Kuznetsova et al., 2005; Facchini et al., 2008a;
about 22% to the OA species, fragments that containedvitller et al., 2009; Dall’Osto et al., 2012; Scalabrin et al.,
both nitrogen and oxygen (E1,0,N) contributed only 1%.  2012). However, so far studies have indicated that the amine
Overall, singly oxygenated compounds (i.e.H;O) made  and amino acid sources were either related to secondary bi-

up 6%, while multiply oxygenated compounds,{,O.; ologically driven marine aerosol formation related to MSA
z > 1) contributed 40 %, with the Cpfragment account-  signatures (Facchini et al., 2008a; Mller et al., 2009) or pri-
ing for most of this series. Aliphatic fragments i€, con- mary aerosol production during bubble bursting (Kuznetsova

tributed 28 %, while ¢ corresponded to 3 % of the mass (see et al., 2005). Both sources can most likely be excluded in
Fig. 14a). To test whether the nitrogen-containing ion sig-this case, as no correlation with the MSA-OA factor nor with
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J. Schmale et al.: Sub-Antarctic marine aerosol 8685

a b) Ca*"ls"“ c) _ CsH,N
— 15— C4Hy 12+
g o] GO 8] Care
A
= 4 C3Hs0
2 5 4
9 | S
£ 0 o a4 0 deeA- ol
L L L BB L B I R B A i A i L B e o s o
¢ 4200 4205 4210 55.0 55.1 5705  57.10
) AN e) ‘ | CeHaN,
N 8 C4Hg 4 - CeHgO, C7/HuN
< 3| %% cho
> 712
B 4 CatlaO 2 CgH,N CeHis | — residuals
k9] _ 1 —— fit to individual peaks
£ = — = — oo = — H——F—0 A S | = sum offits to individual peaks
0 M 0 —&— raw data
W/ t;  peak height with error bars
LA L B e I e e e e
56.0 56.1 112.0 1121 1122

Fig. 12. Selection of high-resolution marker ion fragments for the AA-OA PMF factor in the difference spectrum.

sea spray were observed. Also, sources such as fires or vol- 000+

o I

’ = ] 0.10 o

S 30 = 0.15 a) ”0-4 A:“acc,w =3%

s o . J; 1 CH, =28%

S 254 L% = 0.084 ' CHO, ow |

g &%, ] 010 B 3 | Choiane S1n

£ 20+ - =] -7"’. 0.06 | | 1 GHN, =22%| |

e 0.05 & 5

c T . . Q

g1 Yoor m et 3, $ 0044 L

8 Ho 000 ~ g i |

gl - |

5 0.02 I N L

. : el b

] R R L L BTN DU s,

g " 10 20 30 40 50 60 70 80 90 100 110 120

o T T T m/z

g 0 20 40 60 80 :I_O()xj]_()r3 0.10 bl b bbbl b,

3 ) ; ; s
< SS-0A (“g m ) b) oo pink guano from Gentoo
1 C =2%

. ) < 0.08- | CH, s
Fig. 13.APS total number concentration versus the PMF factor sea  § Poho -1k
spray concentration; colour code refers to the concentration of the & %067 GhONDt St
amino acid/amine PMF factor. 5 0.04- L

< 0.02 | || I +
Ill Ll Il Al |II|I. il |||||.._...I|I.I...._..|| TICUPRRT I | PRV NP SR
10 2 0 60

canic eruptions, as identified by Scalabrin et al. (2012), can 0 0 3 40 S0 %700 80 100 M0 A0
be ruled out. T T AT P AT P AT AP ATN
Linear regressions with the individual amino acids, as se- c) it guano rom Gertoe

lected in Schneider et al. (2011), also measured by an AMS, § 0087 L ' -
yielded a significant correlation with valineR¢ = 0.55). 5 0.06 a— ~ L rmet e T
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(R? = 0.16) and proline g2 = 0.16) were the next mostcor- 3

related amino acids. The marker ionsratz 112 have not = 0027 | I| r
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spectrum of arginine from the Japanese spectral database for m/z

organic compqundsh(tp://rlodb01.|base.a|st.g(_))LpWhere_ Fig. 14. Speciated organic mass spectrum of the amino acid/amine
”_1/Z 112 Cpnmbl_‘ted 2%.0f the mass. The high contribu- PMF factor(a), pink guano from gento¢b) and white guano from
tion of amino acids to this factor suggests that the SourCgentoo(c). The percentages in the legend indicate the mass contri-
was of biological nature. Wedyan and Preson (2008) reporte@ution to the total organic matter spectrum.

that glycine and alanine were the most dominant amino acids

contained in remote Atlantic Ocean aerosol, originating from

the sea-surface micro layer (SSML). Correlation of the AA

factor with the glycine laboratory spectrum from Schneider
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Fig. 16. Total number concentration of aerosol particles between

etal. (2011) could not be observek< 0.01). This suggests 0-54 and 19.81 um versus the amino acid/amine factor. The large
that SSML is unlikely to have been the major source of thesduare markers indicate data points related to the Square Pond gen-

AA factor or that SSML constituents are significantly differ- too penguin colony, the large circles relate to data points from the
ent around Bird Island Landing Beach colony, the pentagons refer to the Natural Arch mac-

Laborat AMS ts of bohvdrat aroni colony, the triangles to the Middle macaronic colony, and the
aboratory measurements of pure carbohydrales,, squares represent all data points. The colour code indicates

(Schneider et al., 2011) showed the following typical frag- (e mass concentration of the PMF sea spray factor.
ments:mn/z 56 (GGH40™, 56.03),m/z 60 (GH40%, 60.02),
m/z 61 (GHsOF, 61.03),m/z 73 (GHs0*, 73.03), and
m/z 85 (4Hs07, 85.03). Figure 15 provides examples for Pond 460 nests were built and about 530 eggs laid, starting
m/z 56, 60 and 85 from Bird Island data, showing that from 3 October, with more than 75% of the eggs laid by
the intensity of the carbohydrate fragments was very low.10 October. Chicks started hatching after 35 days on aver-
Other fragments such assBgNT (Fig. 15a), Nd’CIt (b) age, which coincides with the AA factor observation period.
or CﬁH‘f3 (c) dominated the mass at these specific mass-toAt Landing Beach, the first egg was seen on 28 September
charge ratios. Overall, the five mentioned carbohydrate fragand the first chick hatched on 9 November. The number of
ments made up only about 0.1% of the AA aerosol massnests counted was 116, but there was no record of individ-
This leads to the conclusion that these particles most likelyual eggs. Based on the local wind direction measurements,
did not originate from typical bacterial cell fragments, which increased AA concentrations could be related to the Square
contain about 55 % proteins and amino acids and 10 % carPond (200-249Q SW, 800 m distance to station) and the
bohydrates (Watson et al., 2007). Landing Beach (135-165SE, 400 m to station) colonies.
This observation, together with the lack of correlation with Observations from the literature report that primary BAP
other time series associated with marine emissions such asoncentrations associated with larger particle sizes (Huffman
MSA-OA or sea spray, suggests that the ocean was not thet al., 2010; Pdschl et al., 2010). Figure 16 provides a strong
source of this biological aerosol particle (BAP) type, evenindication that the AA factor was related to the hatching pe-
though bacteria and viruses emitted through bubble burstriod at the two colonies. The figure shows a scatter plot of
ing processes in the sea-surface micro layer are known téotal aerosol number density measured by the APS versus the
be enriched in the aerosol phase (Aller et al., 2005). AAA factor mass concentration. As already shown in Fig. 13,
potential source for the observed BAP not associated withAA particles were correlated with the super-micron fraction
oceanic emissions was the local fauna on Bird Island. Dur-of aerosol particles. To prevent the large particles from being
ing the measurement period penguins, other seabirds and frssociated with sea spray aerosol, all data points are colour-
seals populated the island in large numbers. In the immeeoded by the PMF-derived sea spray factor. Data points re-
diate vicinity of the station, more than 3500 fur seals andlated to gentoo colonies at Square Pond and Landing Beach,
1000 penguins were present in early December. In Novemand macaroni colonies at Natural Arch and Middle Mac are
ber, when the AA factor was primarily observed, fur sealsindicated by the larger symbols (square, circle, pentagon, tri-
were just beginning to arrive at the island. Their peak pup-angle, respectively; see Fig. 1 for locations). The concen-
ping time is during December, so it can most likely be con-tration of the AA factor is typically below 0.015 pgTh
cluded that they were not contributing substantially to the AA during periods of elevated sea spray concentration. Above
particle source. Penguins, however, had already built theithis threshold the sea spray influence diminishes. A signif-
nests on the island when measurements started. The onigant number of these non-sea-spray super-micron particles
recorded fauna-related activity that coincided with the AA seem to have originated from the directions of the above-
factor observations was the hatching periodRyfgoscelis  listed colonies, while the relative contribution of these di-
papua(gentoo penguins) at the Square Pond and Landingections to the occurrences of large sea spray coarse aerosol
Beach colonies (see Fig. 1, green and blue stars). At Squareoncentrations was much smaller. Summing up all particles
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measured by the APS, when sea spray was not the dominamthite guano mass spectrum had almost no similarities with
species in the super-micron fraction (i.e. sea spray concentradhe AA mass spectrum, but it contained traces of carbohy-
tion <0.02 pug n3, and AA factor >0.015 pg m?), the frac-  drates f1/z 60.02, GH4OZ; m/z 73.03, GHsO™; andm /z
tion of the Square Pond penguin particles is 12 %, the largesgs.03, QHsOZ), oxalates #:/z 45.00, COOH andm/z
contribution among all considered colonies. Accounting only 46,00, Cl’iog), uric acid ¢n/z 43.00, CHNO ; m /z 125.02,
for APS-measured particles coming from this colony’s wind ¢,H3N307: 1 /7 54.03, GH4NT; andm/z 69.06, GH7N*)
direction (200-249) the AA particles made up 35% for the and other acids. The pink guano spectrum displayed the same
measurement period from November through December. Fojopy fragments and in addition a large number of nitrogen-
Landing Beach, AA particles account for 24 % of particles, containing compounds that resembled the series, bf, Gl
while at Middle Mac itis 19 %. The contribution of AA par-  gpserved in the AA spectrum that made up 12 % of the or-
ticles from the Natural Arch colony is 38 %. However, the ganic guano matter. &,0.N contributed 1 %. Simply oxy-
amino acid/amine concentrations coming from Square Pon‘genated compounds (€,0) made up 14 % (9 % more than
and Landing Beach are much higher (see Fig. 16). the AA factor), while GH,O. (z > 1) contributed 26 %,
The actual AA particle (super-micron aerosol) or precur- mostly via the CQ fragment. Aliphatic fragments &,
sor (submicron aerosol) emission process during hatchingqntributed 44 %, while € accounted for 2%. However,
could only be inferred based on available data and by excludyiven that there were no significant traces for uric acid, ox-
ing other potential sources. It seems plausible that & comajates or carbohydrates in the AA factor, it is unlikely that the
pound rich in proteins was released during egg laying andying-driven generation of guano aerosol was responsible for
hatching. In addition to the egg albumen, the cuticle of theine AA factor signal. The numbers of gentoo penguin chicks
egg and the inner and outer membranes consist of 85-87 %atching is small, but at present these appear to be the most

88-92% and 93-96 % proteins, respectively, containing thgjkely source of amino-acid-/amine-rich particles; further re-
amino acids glutamic acid, leucine, valine, proline and argi-gearch is needed to confirm this.

nine among others (Wedral et al., 1974). It is conceivable
that either primary particles were generated during egg lay3.9 Marine oxygenated organic aerosol
ing and/or hatching or that condensed evaporated compounds
from the wet hatched chicks led to amino acid signaturesMarine oxygenated organic aerosol (M-OOA) contributed
in ambient aerosol. Potentially, feather fragments could alsmn average 41 % to the organic aerosol mass and was con-
have been responsible for the observations, as they have tmuously present, in contrast to all other PMF-derived OA
similar chemical composition to the egg membranes or thespecies. Therefore it can be characterised as a background
albumen (Murphy et al., 1990). However, no elevated AA aerosol type whose source was most likely the ocean, as
concentrations were observed during periods (several hours)o other plausible source could be identified. Together with
when large numbers of scavenger birds fought over fur seaMSA-OA and the sea spray organics factors, it was the third
carcasses in close proximity to the research station’s labora®A species of marine origin identified by the PMF anal-
tory with the aerosol inlet. The association of the factor with ysis. By contrast to MSA-OA, M-OOA was mainly asso-
larger-sized particles suggests that some of the particles magiated with a north-westerly wind direction (see Fig. 17b)
have been of primary nature. However, the partially high con-and the back trajectory clusters West, Ocean, and South
centrations in the submicron aerosol suggest that the particldmerica (see Fig. 7). Figure 17a shows the HR analysis-
type was of secondary origin. Free amino acids have beederived mass spectrum from the time interval indicated in
found to be enriched in the accumulation mode particles inFig. 5b. The main contributions were associated with oxy-
Arctic aerosol (e.g. Scalabrin et al., 2012). In addition, an-genated compounds (61 % from€,0 and GH,0O,) and
imal husbandries are known sources of amines (Ge et alaliphatic compounds (30 %,E&l,). Nitrogen-containing ion
2011). It was also observed that the occurrence of the aminéragments made up around 4 %. Ovadnevaite et al. (2011)
acid/amine concentration was not related to wind speed. and Crippa et al. (2013) reported a comparable marine or-
Particle generation from bird guano could also have beerganic aerosol signature, where oxygenated compounds ac-
the source of the AA patrticles. It is known that ornithogenic counted for 63 % and 64 % and hydrocarbon-like compounds
soils emit significant quantities of ammonia, have a highfor 37 % and 33 % of the mass, respectively. The linear re-
N:C ratio (0.1, Beyer et al., 1997), and are characterisedgression correlation coefficient between the PMF Bird Island
by a high percentage of amino derivates from proteins,M-OOA and Mace Head (Ireland) marine OAwRS = 0.71
polysaccharides, urates, chitin, oxalates and nitrate, all com¢not accounting forn /z 28, 29, 43 and 44, which had sig-
ponents of penguin guano (Beyer et al., 1997; Legrand enificantly higher mass contributions and would have artifi-
al., 2012). On Bird Island two different guano samples from cially increased the correlation %2 = 0.88). The correla-
gentoo penguins, white (no krill in the diet) and pink (with tion with the Crippa et al. (2013) spectrum R = 0.47.
krill), were collected, dissolved in distilled water and nebu- In addition, the M-OOA spectrum appears to be similar to
lised, and the resulting aerosol dried and sampled with theéhe marine oxygenated organic aerosol PMF factor observed
AMS; see Fig. 14b, c. HR PIKA analysis revealed that theby Chang et al. (2011) in the Arctic Ocean which has a
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B U U A ratios of oxygen, hydrogen and nitrogen to carbon for each
m/z of the PMF-derived organic aerosol species. M-OOA was the

Fig. 17. (a) Speciated organic mass spectrum of M-OOA g most oxygenated species, v_vith an O: Cratio of 1.05. The_ red
wind rose of M-OOA mass concentrations in pg#n The blue ~ CrOSS denotes the O: C ratio, as reported by Ovadnevaite et

markers indicate the median concentration while the black lines de&l- (2011), which was lower at 0.6, while the white circle rep-
note the 25th and 75th percentiles. resents measurements by Crippa et al. (2013) with 0.57. The
HOA factor exhibited a rather high O: C ratio of 0.38 com-
pared with previous studies (Ng et al., 2010, and references
correlation coefficient oR? = 0.81 with the spectrum from therein). Sea spray organics had the second highest oxygen
Ovadnevaite et al. (2011) and &¥ of 0.63 with the Bird ~ content, with an O : C ratio of 0.51. H: C ratios were similar
Island M-OOA factor 2 would be 0.89 when including for most OA species, with MSA-OA having the highest ratio
m/z 28, 29, 43 and 44 in the regression). Based on theof 2.20. Again, the H: C ratio of M-OOA exceeded the ra-
unit mass resolution spectrum the contributiomof; 44 to  tio of the Mace Head plume (1.61 versus 1.25). The amino
the organic mass spectrunfis§) is 17 % for the Arctic M-  acid/amine factor exhibited the highest N: C ratio of 0.13,
OOA, while our M-OOA factor shows afiy4 of 22 %. Ovad-  followed by MSA-OA with 0.08.
nevaite et al. (2011) concluded that their observed plume
was most likely of primary origin, mainly due to relatively 3.10.2 Nitrogen
high wind speed, increased sea spray mass concentrations
and the anti-correlation with particulate nss&5ODespite  Nitrogen was contained in several different compounds in
the similarity in the organic mass spectrum, however, theBird Island aerosol. Inorganic species included nitrate and
Bird Island M-OOA is anti-correlated with local wind speed ammonium, while for the organic species nitrogen was pre-
(R? =0.04) and has very little correlation with particulate dominantly contained in the AA and MSA-OA factors (see
chloride (R%2=0.02), whose dominant source is sea salt. Fig. 18). Figure 19 shows the correlation between organic
Also, no significant correlation with super-micron particles aerosol nitrogen (OA-N) and approximated inorganic nitro-
was found 2 = 0.01). However, based on these observa-gen on Bird Island. The OA-N was calculated by multiply-
tions, a primary source of M-OOA linked to sea spray aerosoling the organic mass of each PMF-derived species by the
production could not be ruled out, as the sea salt and organiguotient of its ratios of N: C and OM: C. The inorganic ni-
aerosol particles could have been externally mixed (Gantfrogen was approximated stoichiometrically from particulate
and Meskhidze, 2013, and references therein). Subsequentlpitrate and ammonium. We refer to this as approximated in-
fresh marine organic aerosol, likely to have a low water sol-organic nitrogen, as parts of the nitrate and ammonium sig-
ubility (Hawkins and Russell, 2010), may have undergonenal may have been of organic origin. Two branches were ob-
chemical ageing during atmospheric transport, leading poserved that were associated with the amino acid/amine factor
tentially to a decoupling between water soluble, most likely and with MSA-OA, respectively. In the more vertically ori-
local sea spray signals and M-OOA observations. Decesari é@ntated branch, where inorganic nitrogen varied mainly be-
al. (2011) suggested that primary marine organic matter cafween 0.00 and 0.06 ugm, the organic nitrogen reached
be processed into OM resembling secondary OA, making thé& maximum because of high AA factor concentrations. In
two aerosol types hardly discernible. Also, sea spray aerosdhe other branch, there was a linear relationsifip £ 0.53,
organic matter has been found to decrease with increasinglope=0.03) between the increase of organic and inorganic
wind speeds (e.g. Gantt et al., 2011), a factor that may hav&itrogen when MSA-OA became more dominant. The reason

introduced high variability into the correlation between or- for the latter correlation was the co-formation of sulfur diox-
ganic matter and sea salt particles. ide from DMS oxidation and subsequent formation of sulfu-

ric acid, which pulled higher ammonium concentrations into
3.10 Sources and distribution of selected elements and the aerosol. This process was only possible due to the high
compounds in the particulate phase availability of ammonia from the Bird Island local fauna. It
was also observed that the molar ratio of particulate ammo-
In this section we discuss the contribution of chemical el- nium to sulfate increased from 1.160.35 in November to
ements to the Bird Island organic and inorganic aerosol,1.50+ 0.45 in December. Similar trends have been observed
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Fig. 18. Elemental ratios for each PMF-derived OA species based 00 o1 02 03 04
on HR PIKA analysis on the time interval as indicated in Fig. 5b. approximated inorganic-N (g m") from NH, and NO,

Fig. 19. Correlation between organic and approximated inorganic

previously in Antarctica, with ratios of 1.05 and 1.35, respeC_nitrogen on Bird Island. The green and rainbow colour codes repre-
tively, by Johnson and Bell (2008) in their study on coupling sent the mass concentrations of the amino acid/amine and MSA-OA

DMS emissions with ocean—atmosphere ammonia exchan (faactors, respectively. Circles indicate that the MSA-OA factor was
P 9%ominant over the AA factor (12-15 November, 21 November—4

December, and 5-29 December), while squares indicate the inverse
situation (compare Fig. 5). The red lines represent the linear regres-
. . . . . sion fits to both branches (slope 0.03+ 0.00, R? = 0.53 for the

As shown in Fig. 11, potassium was associated with they;sa_oa dominant branch, and slope0.27+0.00,R2 = 0.43 for

sea salt aerosol, as its concentration was a function of winghe AA-OA dominant branch).

speed, similar to chloride and the PMF sea spray factor. Note

that high wind speeds might also enhance emissions of potas-

sium from ornithogenic soils. Observations however indicatetential sources for sulfate, were low (see Fig. 9 red ellipse).
that sea salt was not the only source of potassium. To esThe correlation between M-OOA and the low volatile-OOA
timate the contribution of non-sea-salt potassium (n$3-K (LV-OOA) mass spectrum after Ng et al. (2011), represent-
sources, the ratio of potassium to chloride was determinedng aged anthropogenic OA, was moderate with= 0.40

for all data associated with a wind direction between 300(A_DEC_Q 017 in the AMS UMR mass spectrum reference
and 318, as both K and chloride arrived predominantly database). Therefore significant anthropogenic influences on
with north-westerly winds which coincided with their highest the background aerosol on remote Bird Island could be ruled
concentrations. The 90th percentile of this ratio was used asut.

a threshold to distinguish between nss-Katio> 0.71) and

sea salt potassium for all available data. Nineteen (19) % of ,

the data points exceed this threshold. This potassium could Conclusions

be of biogenic origin. High enrichment of potassium with This study reports the first stationary deployment of an

respect to sea s_alt n aerpsol_ has be_ze_n_found du”ng.thgerosol mass spectrometer (AMS) to a field site in the sub-
summer months in Antarctica in the vicinity of a penguin

S . Antarctic and presents a detailed characterisation of the par-
colony, originating from penguin nasal excreta (Legrand et

al., 1998). However, the link between the potential sourcetlcu.late composm(?n and size distribution for eight weeks
. - X . during the Antarctic summer, from November to December
and potassium-containing particles is not well understood.

2010. Sub- and super-micron particle measurements were
conducted on Bird Island in the South Atlantic Ocean to de-
termine the influence of biogenic sources, such as seabirds

Particulate sulfate had three potential sources on Bird Islang®nd marine mammals, on the characteristics of aerosol parti-

Firstly, about 10.7 % (median value) of the observed sulfateC'€S- ,

originated from sea salt, as discussed in Sect. 3.1.1. Sec- PM1 was composed of 21 % nss-sulfate, 2% nitrate, 8 %
ondly, particulate sulfate was associated with DMS oxida-2Mmonium, 22% organics and 47 % sea salt including ss-
tion, as the high correlationk€ = 0.69) between the PMF- sulfate. The observed aerosol was more neutralised than
derived MSA-OA factor and particulate sulfate suggests.found in other comparable studies, which is explained by
And thirdly, sulfate was potentially advected through long- the high availability of ammonia emitted by the fur seal and
range transport from the South American continent. EvenPird colonies. Three distinct sources of particulate sulfate
though the correlation between M-OOA, whose trajectoriesCOUId be determined on the remote island: sea salt sulfate,
have passed over the North American continent, and particSu!faté from DMS oxidation and long-range transported par-
ulate sulfate g2 = 0.01) was low, there were certain peri- ticles from South America. For potassium it was found that
ods when both particulate sulfate and M-OOA were elevatecd?P0ut 19 % of the mass was not of sea salt origin, most likely
and MSA-OA and sea salt mass concentrations, the other pdndicating the presence of biological aerosol particles.

3.10.3 Potassium

3.10.4 Sulfate
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In addition to the strong influence of biogenic ammonia fluencing precipitation patterns and the radiative balance at
emissions on the chemical composition of the submicronlarger geographical scales.
aerosol, specific organic compounds could also be linked
to biologically driven emissions. We attributed 18 % of the
organic mass fraction to a positive matrix factorisation pro- Supplementary material related to this article is
file dominated by fragments of amino acids and amine (AA available online athttp://www.atmos-chem-phys.net/13/
factor). The occurrence of this factor was most likely asso-8669/2013/acp-13-8669-2013-supplement.pdf
ciated with the hatching of gentoo penguins at two nearby
colonies (Square Pond and Landing Beach) during the first
half of November, as the signal was almost exclusively ob-
served during that period and influence from other seabirds
and fur seals could be excluded due to their breeding Chr0n0|AcknowledgementsThis work was supported through the NERC
ogy. Further work is needed to confirm the assumption thatAFI-CGS-069 project, the CEH Environmental Change Integrating
egg or feather components or volatiles emitted during hatch#und, and the Max Planck Institute for Chemistry.

ing were responsible for the signal. It may be possible tOThe authors thank the fabulous British Antarctic Survey and Bird

carry out an experiment with chicken eggs as proxies, as thgsjand crews as well as the three reviewers for their constructive
composition of penguin eggs and feathers is comparable t@omments.

those of chicken (Williams et al., 1982). In addition, a corre-

lation between this particle type and super-micron particlesThe service charges for this open access publication

measured by the APS has been found, suggesting that largenave been covered by the Max Planck Society.

sized bioparticles were also present. In addition, the AA

particle type (N : C ratio= 0.13) and its atmospheric trans- Edited by: A. Petzold

port are also relevant with respect to the local nitrogen bal-

ance, especially since particulate matter is known to exhibit

smaller deposition rates than reactive gas-phase compoundieferences

(Nemitz et al., 2009). Nitrogen-containing aerosol can be anAIIan 3. D., Bower, K. N., Coe, H., Boudries, H., Jayne, J. T
:;T;Z;)trct)fri]r’ltzga(;:;(;)rclgpt:itn;ﬁ’rlgglril)tlrogen cycle (Wedyan and Canagaratna, M. R., Millet, D. B., Goldstein, A. H., Quinn, P.

h h f th . f . isted K., Weber, R. J., and Worsnop, D. R.: Submicron aerosol com-
The other parts of the organic aerosol fraction consiste position at Trinidad Head, California, during ITCT 2K2: Its re-

of marine oxygenated organic aerosol (M-OOA, 41%), |ationship with gas phase volatile organic carbon and assess-

methanesulfonic acid fragments (25 %), sea spray organic ment of instrument performance, J. Geophys. Res., 109, D23s24,
fragments (7 %) and locally produced hydrocarbon-like OA  doi:10.1029/2003jd00420&004a.

(9 %). A special treatment of the sea salt contribution throughAllan, J. D., Delia, A. E., Coe, H., Bower, K. N., Alfarra, M. R.,
the identification of additional inorganic peaks in the AMS  Jimenez, J. L., Middlebrook, A. M., Drewnick, F., Onasch, T.
unit mass resolution and high-resolution fragmentation ta- B., Canagaratna, M. R., Jayne, J. T., and Worsnopf, D. R.: A
bles was developed and applied to the sea spray OA PMF generalised method for the extraction of chemically resolved
factor. The M-OOA aerosol type exhibited a strong correla- mass spectra from aerodyne aerosol mass spt_actrometer data, J.
tion with aged marine aerosol observed at Mace Head, Ire- 2\363550" Sci., 35, 909-922, daD.1016/}.jaerosci.2004.02.007
land (ngdnevalte etal., 2011.)' . Aller, J. Y., Kuznetsova, M. R., Jahns, C. J., and Kemp, P. F.
. The un'que dat‘f"set from Ef'rd Island deSC”beq here con- The sea surface microlayer as a source of viral and bacterial
firmed high organic contributions to remote marine aerosol  gnrichment in marine aerosols, J. Aerosol. Sci., 36, 801-812,
found in other recent studies through MSA-OA originating  doi:10.1016/}.jaerosci.2004.10.012005.

from phytoplankton decay processes. In addition, the dataahreini, R., Jimenez, J. L., Wang, J., Flagan, R. C., Seinfeld, J.
revealed new aspects, including the significant biogenic in- H., Jayne, J. T., and Worsnop, D. R.: Aircraft-based aerosol size
fluence of seabirds and seals on the chemical composition and composition measurements during ACE-Asia using an Aero-
of local aerosol, both via ammonia neutralisation and amino dyne aerosol mass spectrometer, J. Geophys. Res., 108, 22, 8645,
acid emission. The observation of biological particles is es- d0i:10.1029/2002jd00322@003. S

pecially interesting with respect to their potential ice nucle- Bates. T-S., Calhoun, J. A., and Quinn, P. K.: Variations in the con-
ating abilities (Poschl et al., 2010). Further investigations cent_ratlon ratio of methane-su_lfpnate to sulfate in marine aerosol
. . L particles over the South Pacific Ocean, J. Geophys. Res., 97,
including the exact determination of the source and the oc-

. . - -, 98599865, 1992.
currence at locations (e.g. near northern hemispheric seabirg o< T s Huebert B. J. Gras. J. L. Griffiths. E. B.. and Dur-

colonies) and model simulations for the export of these par-  yee, p. A.: International Global Atmospheric Chemistry (IGAC)
ticles out of the boundary layer could reveal whether marine  project's First Aerosol Characterization Experiment (ACE 1):
fauna is a source for ice nuclei in the marine aerosol, and Overview. J. Geophys. Res. Solid Earth, 103, 16297-16318,
whether this could have an impact on cloud properties, in- 1998.
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