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Abstract. Measurements of submicron aerosol chemicalparticular, given that the factor does not correlate with com-
composition were made over the central Arctic Ocean from 5mon tracers of continental influence, we cannot rule out that
August to 8 September 2008 as a part of the Arctic Summethe organic factor arises from a primary marine source.
Cloud Ocean Study (ASCOS) using an aerosol mass spec-
trometer (AMS). The median levels of sulphate and organ-
ics for the entire study were 0.051 and 0.055 pigrmespec-
tively. Positive matrix factorisation was performed on the
entire mass spectral time series and this enabled marine bi

1 Introduction

. i X gfhe sources and chemical composition of Arctic aerosol are
genic and continental sources of particles to be separated., . . . .
gtlll poorly represented in models. In a recent intercompatri-

These factors accounted for 33 % and 36 % of the sample : .
. . Son study of 13 models that predict transported Arctic aerosol
ambient aerosol mass, respectively, and they were both pre- .
. . sulphate and black carbon mass, the majority of the models
dominantly composed of sulphate, with 47 % of the sulphate . .
. ) . . -did not compare well to aerosol loadings observed at three
apportioned to marine biogenic sources and 48 % to conti; ; :
i : . . land sites $hindell et al. 2008. In general, the models

nental sources, by mass. Within the marine biogenic factor

the ratio of methane sulphonate to sulphate was£.2%2, had trouble captgnpg the seasqnallty of the observed aergsol
. mass, underpredicting for the winter months and overpredict-

consistent with values reported in the literature. The organic
ing for the summer months.

component of the continental factor was more oxidised than L .
P The observed seasonal behaviour is driven by Arctic haze,

that of the marine biogenic factor, suggesting that it had a hich i h that tak | during the wi
longer photochemical lifetime than the organics in the marine.  'C1! 1S @ phenomenon that takes place during the win-
er and early spring and has been observed in the northern

biogenic factor. The remaining ambient aerosol mass wa%

apportioned to an organic-rich factor that could have arisenat"mdeS of North America ar!d Euro_pe. During this t'm.e’
from a combination of marine and continental sources. Inaerosol loadings are 10-40 times higher than summertime

values, with sulphate and black carbon making up the prin-
cipal identified component8@rrie, 1986 Heintzenberg and
Leck, 1994 Quinn et al, 2007). Models show that these par-

Correspondence tal. P. D. Abbatt ticles are transported mainly from the lower latitudes of Eura-
m (jabbatt@chem.utoronto.ca) sia, with a small contribution from North America, into the
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central Arctic Gong et al. 2010 and are lost more slowly (Hawkins and Russegl2010. Depending on the location and
because strong temperature inversions lead to reduced preiaethod, these aerosol have been observed to be both water
cipitation. As sunlight returns to the Arctic in the spring, the soluble Hawkins and Russel201Q Russell et al.2010 and
atmospheric stability is reduced and the particles can be loshsoluble Bigg and Leck 2008 Ceburnis et a).2008 Fac-

with deposition (summarised b@uinn et al, 2007). chini et al, 2008 Hawkins and Russel201Q O’'Dowd et al,

In contrast, during the summer, air passes over open ocea®004). The chemical nature of these compounds has been re-
in the North Atlantic and Pacific Oceans before arriving in ported to be similar to lipopolysaccharides, based on nuclear
the Arctic. Because the air is less stable and travels morenagnetic resonance spectfa¢chini et al.2008); similar to
slowly with more frequent precipitation, aerosol mass trans-simple biological sugars, based on fourier transform infrared
ported from lower latitudes is less compared to the winterspectra Russell et al.2010; and originating from proteins,
(Law and Stohl2007). Low summertime aerosol number amino acids and micro-organisms, based on scanning trans-
concentrations have been observed, for example, over Greemission X-ray microscopy with near-edge X-ray absorption
land Megaw and Flyger1973, on SpitsbergenHeintzen-  fine structure flawkins and Russel2010. A detailed sum-
berg and Leck1994 and over the central Arctic Ocean mary of marine organic aerosol can be founéiewkins and
(Covert et al. 1996. Under these conditions, local aerosol Russell(2010.
sources become much more important because the concen-There is also evidence of secondary organic products in
trations of transported aerosol are so low. Arctic aerosol, with the oxidation products of isoprene iden-

A series of three previous international ice-breaker expe-ified in aerosol collected at Alert, Canada {88 62° W)
ditions to the central Arctic Ocean (north of°@§) during (Fu et al, 2009, which could have originated from local ma-
the summers of 1991 (IAOE-91) €ck et al, 1996, 1996  rine organisms emitting isoprene. Aerosol growth observed
(AOE-96) (Leck et al, 2007) and 2001 (AOE-2001)Leck at Summit, Greenland has also been attributed to organics
et al, 2004 Tjernstbm, 2005 has greatly contributed to originating from the snowZiemba et al. 2010. Overall,
our knowledge of aerosol sources and composition at thesthe level of scientific understanding of the biological contri-
northern latitudes. For example, it was observed duringbutions to organic aerosol in the Arctic, as well as aerosol
IAOE-91 that submicron sulphur-containing particles over sources in general, is still low due to the limited amount of
the Arctic pack ice are efficiently scavenged by fogs andobservational data.
low clouds and have average residence times20 h (Nils- These findings complement the better understood biogenic
son and Leck2002. This was corroborated by observations contributions to marine aerosol, including over the Arc-
from AOE-96 which found cloud condensation nuclei (CCN) tic pack ice, of dimethyl sulphide (DMS) oxidation prod-
concentrations to decrease as the transport time over pack iaects. DMS is produced through the planktonic food web
reached 36 hRigg and Leck2001), consistent with loss due and emitted from the ocean into the air where it is oxi-
to wet deposition. However, this latter study also observeddised to ultimately form, among other products, sulphuric
an increase in CCN concentration in air that had travelledacid and methane sulphonic aciMir{ et al., 1990ab), both
over the pack ice foe-36 h. Transport from the free tropo- of which can end up in the condensed phaseeidenweis
sphere was ruled ouB{gg and Leck200]) and it has been et al, 1991). Local marine biogenic sources of sulphur in
hypothesised that a local source directly emits water insolu-aerosol have been observed at various Arctic sites such as
ble organic components from the surface microlayer of operover the Arctic pack iceKerminen and Leck200% Leck
leads by bubble bursting (e.8igg et al, 2004 Bigg and  and Perssqri996, at Alert, Canadal( and Barrig 1993ab;
Leck, 2008 Leck et al, 2002k Leck and Bigg2010. These  Norman et al. 1999, at Nyv&lesund, Spitsbergen (79,
organics are suggested to be exopolymer secretions which2® E) (Heintzenberg and Le¢k 994 and at Barrow, USA
are microcolloids and their geld éck and Bigg 20053. (as summarised byQuinn et al, 2009. It has been pro-
They can be viewed as three-dimensional biopolymer netposed that in the central Arctic Ocean, after the sulphur-
works containing polysaccharides and/or monosaccharidesontaining particles have been lost to wet depositidiisson
(carbohydrates), with peptides and proteins attached to thand Leck 2002, DMS oxidation products formed further
network. These biopolymers are inter-bridged with divalentover the pack ice condense on the locally produced organic
cations (such as G&) which result in a gel-like consistency particles formed from bubble burstinggck et al, 2002h

(Chin et al, 1998. Leck and Bigg 2005h.
Open leads have been observed in the past to be a source The physical and chemical properties of aerosol particles
of particles in the Canadian Arctic springigaitch et al, determine whether they can act as CCN and nucleate cloud

1994). In addition, observations of an organic aerosol frac-droplets. As such, the particle sources and aging processes
tion originating from the ocean have been made at lower latin the Arctic are important since they can affect their CCN-
itudes such as Barrow, USA (7N, 156 W) and the Arctic  activity. Clouds at low- to mid-latitudes have a net cooling
Ocean Hawkins and RusselP01Q Russell et al.2010, the  effect. At these locations, an increase in particle number con-
North Atlantic OceanCeburnis et a).2008 Facchini et al. centration can result in an increase in the number of parti-
2008 O’'Dowd et al, 20049, as well as the southeast Pacific cles that act as CCN, leading to an increase in cloud droplet
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concentration and further cooling of the surfadav¢mey;

1977. In the Arctic, however, because of high surface albe- P, 815

dos and low levels of solar radiation, longwave emissions _

from clouds can dominate and the clouds instead warm the |~ 87.4 Y
surface during most of the yea®ljupe and Intrieyi2004 4 i
Tjernstdm, 2009. Furthermore, for thin clouds under pris- c e R

tine conditions, as often found in the Arctic, increased par-
ticle concentrations due to pollution can lead to clouds that .
increase surface warming from longwave emissiGarfett 8.1 0 8 % 4 2 o
et al, 2002 Garrett and Zhad006 Mauritsen et al.2011). o ' L
Whether Arctic clouds have a net warming or cooling effect .
depends on the time of year and locati@afrett et al.2002 o o
Garrett and Zhao2006 Lubin and Vogelmann2007, Sed- 4 .
lar et al, 201Q Shupe and Intrieri2004 Tjernstm, 2005 0 ]
Wang and Key2003. As such, it is important that cloud PoETIRE \
forcing, formation and dispersion are well understood such / . T Svalbard
that the effects of future increases in temperature and parti- | = A
cle concentration on Arctic low-level clouds and their effects |+ ¢ g o
on polar climate can be projected. i i ; B
This paper presents measurements of aerosol chemicas
composition _made_ over th_e central Arctic Ocean and use‘I':fig. 1. Map of the ASCOS cruise track (pink) with ice-drift pe-
them to elucidate information about aerosol sources to con-

. . . riod highlighted (red) and shown in detail with the start of the drift
tribute to our understanding of low-level stratiorm cloud for- marked by the circle (inset). The ice edge for the start of the drift

mation within the boundary layer over the pack ice. Theseperiod on 12 August 2008 is shown in the dashed blue line (courtesy
measurements were made as a part of the Arctic Summess |. Brooks).

Cloud Ocean Study (ASCOS), the overall purpose of which

was to study the formation, structure, and dispersion of low-

level stratiform clouds during the biologically-active period 2 Description of measurements

of the central Arctic summer and transition to autumn freeze-

up conditions. This question is multifaceted and the interdis-2-1 Arctic summer cloud ocean study

ciplinary team included meteorologists, oceanographers, at-

mospheric chemists, aerosol scientists and marine biologists-l.—he ASCOS expeditionvww.ascos.sgtook place on the

ASCOS continues observations made in the central ArcticsweOIiSh icebreake@den from 2 August to 9 September
Ocean from IAOE-91, AOE-96 and AOE-2001. 2008 (day of year, DOY 215—_253). The_ researcr_l cruise be-
The primary measurements presented here were mad@2n at Longyearbyen on Spitsbergen island, with an open

with an aerosol mass spectrometer (AMS), which quantifiesVater station (OW1) on 3 August 2008 0:00 to 12:00 (DOY

chemical composition of the submicron non-refractory com-216_216'5) (78:2N, 7.5'E) followed by a 24h station in

ponent at high time-resolution from mass spectra. This ex-the marginal ice zone (MIZ1) starting 4 August 2008 12:00

pands on previous studies in the high Arctic and central Arc—(DOrT 2hl7.5)h(7ﬁ.9;" 6_'105)' Aftedrv_vf?rds, theks_hip hea;ded
tic Ocean which relied on filter or impactor measurementsnMth through the Arctic Ocean drifting pac 'Cﬁ as far as
collected over hours to weeks (eHjllamo et al, 2002, Leck 87.# N, 1.5 W on 12 August 2008 (DOY 225) when an ice

and Perssqril996 Li and Barrie 1993a Xie et al, 2006. C"’:jmp O‘I"’,";‘S deSt"?‘%”SEeq on fa“g "”é x6km Oilcs floe. dThe ,
Although surface AMS measurements have been made atElj:-) endrifted with the ice for 21 days and departed on
reka, Canada (80N, 86° W) (Kuhn et al, 2010, this site Septembgr 2Q08 (Doy 24_6) to return southwards. A sec-
is primarily influenced by the free troposphere and to ourgnd marg|nal.|ce zone stat|onb(MIZZ) took place 6 Septem-
knowledge, this is the first time that AMS measurements er 2008, 09:00 to 7 S.eptem. er 2008, 04:00 (DO.Y 250.4-
251.2) (80.7 N, 8.9 E) immediately followed by a final 12

have been made in the boundary layer of the central Arc- . .
tic Ocean. These boundary layer data can also be compar open water station (OW2) ending 7 September 2008, 16:00
E). All times are reported in co-

to free tropospheric measurements made during other Intel(DdQY 25;'7)_(80'8':\1_' lo.lfJTC 0 Il th . di
national Polar Year campaigns where biomass burning wa?r inated universal time ( )- Overall, the cruise ranged in

found to dominate the aerosol loadi ck et al, 2017). ocation from 77.9t0 87.3 Nand 11.1 W t0 9.6 E. A map
"o ) of the route with the ice drift magnified is shown in Fig.

87.2
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2.2 Aerosol mass spectrometer measured. This was the average of values obtained by two
methods. The first method compared the total mass mea-

A compact time-of-flight (C-ToF) aerosol mass spectrometersured by the AMS with mass calculated from the number dis-
(Aerodyne Research Inc.) measured the submicron aerosetibutions measured by a differential mobility particle sizer,
non-refractory chemical composition. The instrument wasalso sampling from the Pl inlet, and correcting them for
located in the aerosol container on the 4th deck of@den  transmission efficiencies in the AMS accordingLia et al.
and sampled from an inlet with an impactor whose 50 % cut-(2007. A collection efficiency of 0.4 gave the best agree-
off diameter was 10 um (Ph). The inlet was locatee25  ment using this method, assuming that the density of sul-
m above sea level and the total flow through this 9 cm innerphate, nitrate, MSA and organic are 1770, 1730, 1480 and
diameter pipe was-1100ImirrL. This resulted in a resi- 1500 kgnt3, respectively (east et al. 1983 Kostenidou
dence time of<1.4 s and a Reynolds number ®21000. et al, 2007). The second approach compared the AMS mea-
The turbulent flow in the main inlet ensured that the air wassurements of sulphate and MSA with the submicron stages
well-mixed when sampled by the numerous isokinetic sec-of cascade impactor€pang et al.2011), also on the Py
ondary lines. The AMS sampled directly from a secondaryinlet, which resulted in a collection efficiency of 0.8. How-
line (10 mm ODx7 m) that had a residence timeefisand  ever, since the uncertainties from both methods were large,
a Reynolds number e£1400. The room temperature was at a standard collection efficiency of 0.5 was used such that
least 20 K warmer than ambient, resultinginan RH80%  our results have the same uncertainties as results reported by
in the lines. It is possible that the aerosol had insufficientother AMS studies. Note that because the mass comparison
time to effloresce, shifting the range of dry particle diame- between the AMS and the other instruments did not system-
ters sampled by the AMS to smaller sizes. TheigMlet  atically change at any point during the study, the value of the
was identical to the one used during IAOE-91, AOE-96 andcollection efficiency does not affect the factor analysis pre-
AOE-2001 and details on its position and design on board theented below since only the relative values are important.
Odenare further described ibeck et al.(2007).

Particles enter the AMS through a 100 um critical orifice 2.3  Proton-transfer-reaction time-of-flight
at 2 torr and pass through a series of aerodynamic lenses  mass spectrometer
which both focus the particles into a beam and accelerate
them into a vacuum chamber. Particles impact on a resisDMS, acetonitrile, toluene and benzene were measured us-
tively heated ceramic oven, which flash vapourises the noning a proton-transfer-reaction time-of-flight mass spectrom-
refractory components of the aerosol at 870 K and’16rr. eter (PTR-TOF) built at Innsbruck University. The PTR-MS
The resulting gaseous compounds are ionised by electron imtechnique is a well-established method for fast online volatile
pact (70 eV) and detected with a unit mass resolution time-organic compound (VOC) analysikifdinger et al, 1998
of-flight mass spectrometer. The results presented here arge Gouw and Warnek&007 in the atmosphere. The in-
for the average bulk aerosol composition, which was averstrument used in this study (employing a TOF-MS instead
aged over 5min intervals. Further details on the generabf a quadrupole mass analyser) was described in detail by
operation of the AMS can be found in the literatu@afa-  Graus et al(2010. The PTR-TOF was calibrated by apply-
garatna et al2007 Drewnick et al, 2005 Jayne eta)200Q ing a dynamically diluted VOC gas standard (Apel & Riemer
Jimenez et al2003. Environmenal Inc); zero-calibrations were performed every

The fragmentation table, used to identify the different con-2—6 h using catalytically scrubbed air. The PTR-TOF co-
tributors to the mass spectrum, was modified from the stansampled next to the aerosol inlet through a Teflon filter and
dard table Allan et al, 2004 according toLangley et al.  a heated 6.4 mm Sulfinert® (Restek Performance Coating)
(2010 to include methane sulphonate (MSA). Although the tubing with a residence time ef3s. The PTR-TOF spectra
fragmentation of MSA in the AMS is dependent on temper- were analysed as described®saus et al(2010 andMdiller
ature Zorn et al, 2008, we used the same instrument at et al.(2010.
the same oven temperature lzangley et al.(2010, reduc-
ing the effects of temperature on our results. The airbean?.4 Radon 222
was corrected to the signal at mass-to-charge rati@ 40
due to non-linearities in the signal at/z28. An ionisa-  222Rn is often used as a tracer for air that was in contact with
tion efficiency calibration with ammonium nitrate was per- land and was measured every hour on the 7th deck of the
formed at least once each week. The sample flow rate wa®denusing a U.S. Department of Homeland Security, En-
~100cn?min~t (STP) and was calibrated throughout the vironmental Measurements Laboratory instrument based on
study with a bubble flow meter. Finally, a filter was put the in-growth and subsequent alpha counting of short-lived
in line twice every day for blank measurements and the air?22Rn progeny. The sample air was pumped through a HEPA
peaks adjusted accordingly. filter which removed all the radionuclides, including short-

A collection efficiency of 0.6 0.2 was calculated to cor- lived 2°Rn progeny attached to aerosol particles. However,
rect for particles that bounce in the vapouriser and are no£22Rn, being a noble gas, passed through this filter. Next the
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air entered a 5001 delay chamber where part of 4&n mass spectrum and compared to the solutions from the entire
decayed to its short-lived daughter nuclides. These nuclidesnass spectrum. However, because the organic components
are heavy metals and were trapped by a second filter. The abf the ambient factors tend to resemble oxygenated organic

pha particles emitted by the collected daughter nuclides wer@aerosol (OOA), the results did not yield as much information

then counted with a scintillation detectéftter et al, 1995. and the solution is generally in agreement with the results
from PMF of the entire mass spectrum.
25 Lead?210 The PMF2 programRaaterp1997 was used to analyse

21001 o o these data in robust mode with an outlier distance of 4 and
Pb is a radioactive decay product 6FRn and can be 4 model error. The PMF evaluation tool kit (PET)lrich

used to indicate the age of the air since it was last in con al, 20093 was used to prepare the data and error, execute

tact with land. High-volume aerosol samples were collectedppE and evaluate the results. The data matrix was calcu-
onto glass fibre filters (M_unktell MGA) on th?ﬁ?tﬁldeck of |ated by taking the entire aerosol mass spectrum (“All") and
the Oden The sample air flow rate was140mvh™ and g piracting species that were 1) not of interest (i.e. air and

the sampling time 24 h. In the laboratory the exposed fiItersWater) and 2) unreliable due to high background and low sig-
and the field blanks were assayed #¢#Pb six months after 4 e chloride and ammonium). The error mateix | was

the sampling with an automatic alpha/beta analyMats-  cajculated by adding in quadrature the errors calculated for

son et al.1996. 2-1opb activity content of the filters was cal- e entire aerosol mass spectrum with those calculated for
culated from the_ln—growﬁloPo activity which was assayed e subtracted speciesllan et al, 2003 and a minimum
with alpha counting. counting error of one ion was applied, as describedJby
brich et al.(20093. All of these calculations were done in
nitrate equivalent mass. In total, 168z ranging from 13

to 200, were included in the analysis, with peaks removed
due to known interference (e.g. 18, 28, 32); being constantly

1997 Paatero and Tappet994. It uses a bilinear model negative, which the algorithm would be unable to fit (e.g. 33,

X =GF+E, whereX is a matrix of the measured values, and 34); or due to difficulty fitting (e.9. 35, 36).
G andF are matrices computed by the model and represen . _ :
the scores and loading, respectively. For AMS data, each rové 7 Potential source contribution function
in X is a mass spectrum measured at a given time, with th
columns representing the signal at a ginefz In this case
represents the time series d@nthe profile mass spectrum for

2.6 Positive matrix factorisation

Positive matrix factorisation (PMF) is a statistical model that
uses weighted least-square fitting for factor analyR&afero

o identify potential source areas of the observed aerosol
chemical mass at the location of the ice breaker a receptor

. , _ del called potential tribution function (PSCF
the p factors computed by the algorithr&.is the difference model called potential source contribution function ( )

bet th d sianal and that tructed b twas used Ashbaugh et al.1985. The PSCF model com-
etween the measured signal and that reconstructed by rl?lnes meteorological information with the AMS data to pro-
product ofG andF and is made up of the elemenig. The

) X _ _ ity fields f N ; o Pre
model adjust& andF in order to reduce the object function duce probability fields for potential source regions for the
(Q), where observed data.

To reconstruct the air parcel movement, three dimensional
back trajectory data were calculated from the re-analysis data
Q=ZZ(eij/0ij)2, library usir)g the HYbrid Single-Particle Lagrangian Inte-

e grated Trajectory (HYSPLIT4) modeDgaxler and Rolph
201Q Rolph 2010. The data originated from the National
ando;; is the uncertainty for each element in the maifix Weather Service's National Centers for Environmental Pre-

For AMS measurements in continental regions, where thediction’s (NCEP) Global Data Assimilation System (GDAS).
sources of inorganic aerosol are well understood, PMF is typ- Five-day back trajectories from 5 August to 8 September
ically only performed on the organic aerosol mass spectrunm2008 were re-calculated hourly during the expedition arriv-
(e.g.Lanz et al, 2007 Ulbrich et al, 20093 in order to learn  ing in the boundary layer, 100 m abo@sleris position. Air
more about the sources and transformation processes of oparcel movement was described by the co-ordinates of the
ganic aerosol. However, in the Arctic, our understanding ofendpoint of each hourly-segment of the trajectory. Then, to
both the inorganic and organic aerosol sources are limitedproduce the PSCF analyses, each trajectory and its associ-
In particular, sulphate, which is an anthropogenic constituentited segment endpoints were associated with the measured
in continental regions, also has a biogenic source in marindkh-median AMS aerosol or factor data.
areas. PMF was performed on the entire aerosol mass spec- In this study, the northern hemisphere was divided into
trum in order to gain understanding on the sources and proi8° x 2.5° grid cells. Trajectories with segment endpoints in
cesses of the entire aerosol. This also allowed us to assaellij were counted ag;; and assumed to collect the chemi-
ciate organic fractions to both continental and marine bio-cal mass emitted from that cell. The probability that air from
genic aerosol. PMF was also performed on only the organia particular grid had been transported along the trajectory to
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Oderis position is then given by;; (A) = ”Wf whereN isthe  tions yields the simulated mixing ratios of the passive and
total number of trajectory segment endpoints. If the aerosolerosol-like tracers along the ship track. For emission infor-
sample connected to the trajectory has a concentration highenation, the EDGAR V3.2FT2000 anthropogenic emissions
than a selected criterion value (here the 50th percentile of thénventory Qlivier and Berdowski2001) was used outside
measured aerosol mass concentration is used) it is set as higbf North America and Europe where regional emission in-
and all segments of this trajectory are considered to be highformation was used. Emissions from biomass burning were
The probability that air from a particular grigjj, has a high  modelled as described [8tohl et al.(2007) using fire loca-
aerosol concentration;;, is then given byP;;(B) = % tions detected by the moderate-resolution imaging spectrom-
The conditional probability that the air passing through theeter (MODIS) on the Aqua and Terra satellites and a land-
ij-th cell had a high aerosol concentration when arriving tocover vegetation classification.
Odenis then given by the ratio of these two probabilities
PSCF;j = % - ”'l'_j/ 2.9 Contamination from research activities

To avoid errors when the total number of segment end-
points in a cell is low, only cells with at least 10 segment
endpoints or more are used, and the PSCF values are mult
plied with a weighting function

Possible contamination events from local emissions
Le.g. ship, helicopter, snowmobile) were determined by
particle number concentrations measured by an ultrafine
condensation particle counter (TSI 3025), toluene mixing
W (n;;) = 1.0 when 50< n;; levels measured by the PTR-TOF, wind direction (contami-
0.8 when 10< n;j < 50 nation suspected if 7@ 290, relative to the bow) and wind
- speed (contamination suspected<®ms! or variable).
These are excluded from the general AMS results presented

Similar approaches have been used in other PSCF studidi€!ow but included in the PMF analysis. This allowed
(Hopke et al, 1995 Yli-Tuomi et al, 2003 Zhang et al. the PMF algorithm to identify a Ship Emission factor and

0 whenn;; <10.

2010. resulted in clearer separation between the factors than simply
deleting suspected contamination times. However, in order
2.8 FLEXPART to avoid these contamination events from overweighting

the solutions, times when the total AMS mass exceeded

The study of air mass transport to the ship and identifica-1 pgnm2 were removed.
tion of aerosol source regions was based on simulations with
the Lagrangian particle dispersion model FLEXPARSTahI
etal, 1998 2005 in backward mode. So-called retro-plumes 3 Results and discussion
(see Stohl et al, 2003 were initialised at hourly time inter-
vals or when the ship had changed position by more tharB.1 General AMS results
0.2 longitude or latitude since the last calculation. The sim-
ulations are based on operational data from ECMWF withMass concentrations for the non-refractory components of
a horizontal resolution of 0%5and a time resolution of 3 h. aerosol measured by the AMS are shown in Rigwith the
Each simulation consists of the trajectories of 60000 “vir- shaded areas showing the times of the stations. These data
tual” particles released in the volume of air sampled andhave been corrected to STP using room temperature and pres-
tracked for 20 days backward in time. Stochastic fluctua-sure measurements. Talilshows basic descriptive statistics
tions, obtained by solving Langevin equations, are superimfor the study as well as median values for the stations dur-
posed on the grid-scale winds to represent transport by turbung which the AMS measured. Due to technical difficulties,
lent eddies $tohl et al, 2005. A convection scheme is used the AMS was not operational during OW1. Detection limits
to represent convective transpdrofster et al.2007). were calculated for each blank filter measurement as 3 times

The backward simulations yield an emission sensitivity the standard deviation for each constituent, and the average
which is proportional to the residence times of the air parcelsof these values was used as the detection limit for the entire
in a particular 3-D grid cell. It was calculated for a passive campaign. These are also included in TahleAmmonium
tracer and the value of this emission sensitivity is a measurds not included since it was below its detection limit of 0.04
for the simulated mixing ratio in the receptor volume that pgn 3 86 % of the time, although it was still included in the
a source of unit strength in the respective grid cell would fragmentation table. This occasionally affected the organic
produce. The emission sensitivity of the passive tracer camnass concentration, causing it to be negative.
also be used to display the transport history. By multiply- On average, sulphate and organics contributed 45 and
ing the emission sensitivity near the ground with an emis-43 % of the aerosol mass detected by the AMS, respectively,
sion flux from an appropriate inventory, maps of source con-with an average MSA contribution of 8 %. The values for sul-
tributions are obtained, which can be used to identify pol-phate reported in this study are of non-sea salt sulphate, since
lution sources. Spatial integration of the source contribu-sodium sulphate, found in sea salt, has a melting point of

Atmos. Chem. Phys., 11, 106183636 2011 www.atmos-chem-phys.net/11/10619/2011/
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Table 1. 1st, 2nd and 3rd quartiles of AMS measurements, median concentrations for the four stations (see text) and detection limits. All
units in ugnt 3.

Q Q Qs Mzl IF MIZ2 OW2 Det. Lim.
Organic  0.018 0.055 0.097 0.13 0.043 0.10 0.043 0.03
Sulphate  0.020 0.051 0.099 0.084 0.044 0.012 0.060 0.008
MSA 0.004 0.008 0.015 0.019 0.007 0.018 0.010 0.01
Nitrate ~ 0.0051 0.0043 0.0072 0.005 0.004 0.009 0.006 0.007

Table 2. Summertime sulphate and MSA concentrations at various polar locations.

Location Sulphate MSA MSA/S§7 Reference

or Study (ngnT3) (ugnT3)  (mol/mol)

IAOE-91 0.0027-0.66  0.0002-0.13 0.22Leck and Perssof1996

AOE-96 0.0036-1.185  0.002-0.104 Kerminen and Leck2001)

Alert, Canada 0.03-0.05 ®.3 Liand Barrie(19933
0.03-0.22 0.320.21 Norman et al(1999

Ny-,&lesund, Spitsburgen 0.39 0.018 Heintzenberg and Lecld 994

Palmer Station <0.1 0.0001-0.065 0.61 Berresheim et all1999

Halley Station 0.075 0.042 0.68.13 Read et al(2008

ASCOS <0.008-0.42 <0.01-0.08 0.250.02 This study

1150 K (Weast et a].1983 and would be refractory (i.e. un- Day of Year

220 224 228 232 236 240 244 248 252

detected) in the AMS. In addition, based on cascade im-
pactor measurements, submicron sea salt sulphate concen-
trations were negligibleGhang et al.2011), consistent with
past studies in the pack ice (elgeck and Perssqri996.
The range of sulphate<Q.006 — 0.35pgm3) and MSA
(<0.008-0.07 pgmd) in this study is generally in agreement
with values measured at other polar sites as summarised in § °° — Nirate
Table2. o4 - Sulhare
In general, the two MIZ stations had higher aerosol load-
ings in all constituents than both the IF and OW2 stations, 01
consistent with past Arctic Ocean expeditiohslg¢son and 00
Leck, 2002. Aerosol MSA mass was measured during the omg  1ihm  16Aw  2iAu 26Au lAug Sses
MIZ2 station at the beginning of September, suggesting that Date (UTC)
marine biology was still active at this time. Care should be
taken in interpreting statistics from the non-ice floe stations
since the sampling time at the two MIZ stations and the OWduring ASCOS. Blue, yellow and gray regions represent marginal

§tati0n were 'Iimited tav3% and 1% of the total sampling ;.o ;one (M1Z), ice floe (IF) and open water stations (OW), respec-
time, respectively. tively.

-3,

Mass (ug m )

Fig. 2. Organic, sulphate, methane sulphonate (MSA) and nitrate
mass concentrations (solid lines) and detection limits (dashed lines)

3.2 PMF results

A four-factor solution was chosen to best represent the vari-These factors will be described in more detail in subsequent
ations in the aerosol mass for this data set. The time seriegections.

and profiles of the factors are shown in Figgnd4, respec- Finding the best PMF solution for a data set can be sub-
tively. In this solution, there are three factors that describe thgective. The number of factors in the solution, the robustness
ambient air in the central Arctic Ocean: a Marine Biogenic of these factors, and rotational ambiguities, all affect how
factor, a Continental factor, and an Organic factor. In addi-well the variations are represented. The rotational ambigui-
tion, a fourth factor describes emissions from contaminationties will be discussed here, while the details describing other

www.atmos-chem-phys.net/11/10619/2011/ Atmos. Chem. Phys., 11, 108335-2011
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Table 3. Composition and % contribution of factors by mass from the four-factor solution féPeakof —0.75. See Figs. S2 and S3 for
uncertainties. O/C calculated using the equation fAdken et al.(2008.

F1:Marine Biogenic F2: Continental F3: Organic  F4: Ship Emission
Organic (%) 15 35 88 97
Sulphate (%) 65 60 5 1
MSA (%) 16 3 3 2
Nitrate (%) 4 2 5 <1
F44 0.09 0.25 0.17 <0.01
o/C 0.42 1.1 0.71 <0.08
% of ambient air 33 36 31 -
Table 4. Correlation coefficient of factor time series with external time traces.
F1:Marine Biogenic  F2: Continental F3: Organic

DMS (entire study) 0.06 0.23 0.09

DMS (excluding last week) 0.36 -0.17 —0.05

222Rn —0.04 0.15 0.18

210pp -0.20 0.66 0.23

solutions and robustness can be found in the Supplement.
Rotational ambiguity in PMF solutions can be explored
Day of Year

220 225 230 235 240 245 250

0.6 7 F4: Sh|p Emlssmns

0.4

0.2 4 J

00 A d bl

0.25 4

0.20 F3: Organlc

0.15 4

008 »‘ u MJ‘

0.05 ‘L M
0.00 M_
0:25

0.10

0.05 * ! ! t

0.00 —*

0.25

0.10

0.05 ‘

0.00

F2 Continental

Nitrate Equivalent Mass (ug m‘3)

0.20
0.15
0.20
0.15

F1:Marine Biogenic

0.25
0.15
0.10
0.05
0.00 === ot

6Aug 11 Aug 16Aug 21 Aug 26Aug 31Aug 5Sep
Date (UTC)

by varying thefPeakparameter. In this analysis, because the
entire mass spectrum is used and because compared to con-
tinental studies there are few external time traces with which
to corroborate the time series for a certain PMF solution, the
bestfPeakcan be difficult to determine. Instead, a range of
fPeakvalues (1.5 to 0) was found to give physically reason-
able mass spectra and time series, while remaining reason-
ably robust. As such, the results shown here are fdPaak

of —0.75, with the minimum and maximum of this range in-
cluded to show uncertainties in the solution. In general, this
uncertainty was greater than that from the robustness runs,
and is considered to be more representative of the overall un-
certainties.

The composition of the factors was determined by apply-
ing the fragmentation table to the profile mass spectrum of
each factor. Values for afffeakof —0.75 are shown in Ta-
ble 3, and the range due to changegmPeakfrom —1.5 to O
can be found in the Supplement. This calculation was cor-
rected for the relative ionisation efficiencies of the different
species but not to STP or for collection efficiency. It also
assumes that there are no other components in the aerosol
besides organics, sulphate, MSA and nitrate, and does not
account for any organonitrogen or organosulphur compounds
that may be present. The overall contribution of each factor,

Fig. 3. Time series of the PMF factors when performed on the entireexcluding the Ship Emission factor, is also given in Tedle

mass spectrum. The solid trace is the solution fofRaakof -0.75

and the shaded regions the rangefRgaksof —1.5 to O.

Atmos. Chem. Phys., 11, 106183636 2011

We see that the three ambient factors contributed approxi-
mately equally throughout the study. The next sections de-
scribe the characteristics of each factor.

www.atmos-chem-phys.net/11/10619/2011/



R. Y.-W. Chang et al.: ASCOS particle composition and sources

F4:Ship Emissions
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Fig. 4. Mass spectra of the PMF factors when performed on the
entire mass spectrum. The circle represents the solution f@eak
of —0.75, and the light and solid bars the rangeffeeaksof —1.5
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1996, and 71 % of the MSA mass was found in this factor,
the inorganic component was attributed to secondary marine
biogenic sources. The time series correlates to some degree
with that of DMS (see Fig5 and Table4), and improves

if we exclude the last week of the study when tBden
neared the marginal ice zone and open watets@.36, in-

set of Fig.5). It is not to be expected that the particulate
and gas phase products of biological activity correlate very
tightly since DMS is a precursor for both sulphate and MSA
and the loss processes over the pack ice are expected to be
slower for DMS ¢ ~3d) than particulate sulphate and MSA

(r ~1d) (Nilsson and Leck2002. While the concentration

of DMS and its oxidation product S{behave similarly on

a seasonal and synoptic time scale, correlation on shorter
time scales is not necessarily expectkdrfninen and Leck
200)). Furthermore, previous studies in the Antarctic have
found no correlation between DMS and its oxidation prod-
ucts Berresheim et al.1998 Read et a].2008. We spec-
ulate that the measured air passed over productive waters
that had both gas phase DMS and intermediate species which
eventually oxidised to MSA and sulphate and condensed by
the time they reached the measurement site, but that DMS
had insufficient time to entirely react away. This is consis-
tent with DMS concentrations increasing in the last week of
the study while the time trace of the Marine Biogenic factor
only increases slightly. As th@denneared the open water
source region, the particulate MSA and sulphate would not

to 0. The signal is adjusted so that the sum of the signal for eac’@ve had enough time to form from recent DMS emissions

mass spectrum is one.

Day of Year
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Fig. 5. Time series of the Marine Biogenic factor and DMS. The

(Karl et al, 2007 Kerminen and Leck2001).

In particular, analysis of 10 and 11 August (DOY 223,
224) showed that the air had passed over the open eetdn
before reaching th®&den Figure6 shows the footprint po-
tential emission sensitivity from FLEXPART for 11 August
(DOY 224) and suggests that the air originated from the Bar-
ents sea, which, during August 2008, was ice free and biolog-
ically productive (up to 3 mg of chlorophyll am Feldman
and McClain 2008. This was generalised using PSCF anal-
ysis for this factor (Fig7), which shows that this factor was
high when the air originated from the Barents and Kara seas.

The MSA/SG~ mole ratio calculated from the Marine
Biogenic factor was 0.2% 0.02, with the uncertainties cal-
culated from changes in the PMPeak Table2 shows that
our value is similar to other summertime values measured in
polar regions such as that calculated from submicron filter

inset is a scatter plot of these two quantities, with the black pointsmeasurements during IAOE-9lldck and Perssqii 996 for
eXClUding the last week of the Study and the red pOintS Only repreTnarine blogen|c tlmes1 exclud|ng the influence of fog (022)

senting the last week of the study.

3.2.1 Marine biogenic factor

This factor was dominated by sulphate peak&{8, 64, 80,
81, 98) as well as MSA peaks(z79 and 96). Since MSA
is only significantly formed via the photo-oxidation of DMS,
which mainly originates from biological activityChin et al,

www.atmos-chem-phys.net/11/10619/2011/

It is also within the lower bounds of uncertainty found by
Norman et al(1999 for Alert, Canada in July and August
of 1993 and 1994 (0.32 0.21), although lower than the 10
year record reported Hyi and Barrie(19933 in August also

at Alert (0.6+0.3). Finally, it is within the range of val-
ues calculated from a box model for conditions from AOE-
96 (0.32 meanKarl et al, 2007, although lower than that
predicted by a chemical transport model (0.38-0G&ndwe

et al, 2009. Higher MSA / SCﬁ‘ ratios have previously

Atmos. Chem. Phys., 11, 108335-2011
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Table 5. Correlation coefficient of factor mass spectra with reference mass spectra.

F1: F2: F3: F4: Reference
Marine Cont Org Ship

OOA 0.64 0.75 0.87 0.32 Zhang et al(20053

HOA 0.46 0.14 0.37 0.98 Zhang et al(20053

Lubricating Oil 0.39 0.13 0.30 0.99 Canagaratna et g2004
Mace Head — Organic 0.78 0.97 0.90 0.18vadnevaite et a(201])
ICEALOT — OOA 0.08 0.49 0.92 0.08 Frossard et al2011)

ICEALOT - F3 0.19 0.38 0.84 0.50 Frossard et a(201])

Glucose 0.22 0.30 0.80 0.33Russelletal(2010

Sucrose 0.23 0.27 0.79 0.39Russell et al(2010

been observed in the coarse mode compared to the fine mod Footprint Sensitivity: AIRTRACER

in the Antarctic {efferson et al.1998 Read et al.2008

. . . . . Rel Start: 2008-08-11 04:02:01, Rell End: 2008-08-11 04:32:01
and in the PacificRhinney et a].2006, which is thought to cloase Start clease =n

occur because sulphuric acid nucleates to form the smaller **| a

particles, causing methane sulphonic acid, a weaker acic i
to condense on the neutral coarse mode aerdsdiefson siowl os3 | Jeso
et al, 1999. This would be consistent with the higher ra-  “™ ™ 0.27 |]1s00
tios measured at Alert, which are of total suspended par- 013 |l43s0
ticles, whereas our measurements are for submicron parti- 1zow 0.086 | 11200
cles. However, some Arctic measurements do not see a size :::‘2 1050
dependent MSA/S§7 (Leck and Perssqri996. The vari- ow o.0081l0°°°
ability in MSA/SCG;~ shown in Table2 reflects the ratio’s 0.00a [§7°
dependence on temperature, latitude and chemiBayohe _} 0.002 [ 600
etal, 1995 Bates et a].1992 Hynes et al.1986 Leck et al, sowfs o.00 Taso
20023 Turnipseed et a11996. Approximately 50 % of the '

total sulphate mass was apportioned to this factor, with the ; e

remaining 50 % apportioned to the Continental factor. e R

It is interesting to note that the Marine Biogenic aerosol Fig. 6. FLEXPART modelled footprint potential emission sensitiv-
had an organic component that was approximately equal iy for 11 August 2008, 03:20 (DOY 224.14). Ti@deris position
mass to the amount of MSA in the aerosol. The degree ofs marked by the white cross and the numbers show that the air was
oxygenation of the organic component of this factor is quiteinfluenced by the Barents sea for 6 days before arriving adthen
variable, with the fraction of the organic signal ratfz 44
(F44) ranging from 0-0.12, depending on fReakused (see
Supplement). Although at continental sites a higher F44 is2009h Zhang et al.20053. Based on this analysis alone, it
interpreted as an organic component formed from secondaris not possible to conclude whether this organic component
processes, it is possible that in polar marine environmentsis formed from secondary processes (e.g. oxidation of iso-
this organic mass is emitted as a primary aerosol that is alprene emitted from phytoplankton) or whether it is emitted
ready oxygenated, such as a mono or polysaccharielek(  directly from the ocean through a mechanism such as bubble
and Bigg 2007 Russell et al.2010. Table5 shows that  bursting.
the mass spectrum of the organic component of this factor
(see Fig.8) correlates well with organic aerosol measured 3.2.2 Continental factor
at Mace Head, Ireland during a biologically-productive pe-
riod (r = 0.78) when the aerosol were thought to be primary The main feature of the time series of this factor is high signal
marine in nature@vadnevaite et gl201]) although it cor-  between 26—-30 August (DOY 239-243, see B)gvhich ac-
relates poorly with laboratory glucose and sucrose standardounted for~ 1/3 of the entire mass of this factor. Through-
solutions ¢ =0.22 and 0.23, respectivelyR(ssell et al.  out this period the boundary layer alternated between peri-
2010. The organic mass spectrum also correlates reasonablgds where it was vertically well-mixed throughout the full
with the OOA factor thought to be secondary in nature oftenboundary layer depth, and periods where the upper boundary
identified at continental urban sites=£ 0.64) (Ulbrich et al, layer, containing stratocumulus clouds, was decoupled from

Atmos. Chem. Phys., 11, 106183636 2011 www.atmos-chem-phys.net/11/10619/2011/
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Fig. 9. Time series of the Continental Factor &34Pb. Inset shows

scatterplot of these two quantities.

Fig. 7. PSCF analysis of the Marine Biogenic Factor.
files, and turbulence profiles made from a tethered balloon.

We speculate that the surface air that mixed with the up-
prebia b b s b b per part of the boundary layer was influenced by continental
combustion (average acetonitrile mixing ratio of 0.080 pptv
compared to campaign-long average of 0.048 pptv) and high

0.10
0.08

F4: Ship Emissions

particle masses. As seen in Fig. the time series corre-
lates with thé?1%Pb signal £ = 0.66), which is a radioactive
decay product of??Rn, lending strong support that the air
originated from a continental source. Furthermore, the com-
= position of this factor, 60 % sulphate and 35 % organic (see
% i Table3), is similar to typical aerosol measured in continen-
= . _,‘L'm‘- PR tal regions Zhang et al.2007). Finally, this factor contains
2 only 3% MSA, suggesting that it was uninfluenced by ma-
« 0.16 .
5 rine sources.
§ 012 F2: Continental ; : ; ;
S 0.08 There was less correlation between the time series of this
g os factor and???Rn (- = 0.15, see Fig10 and Tabled), which
0.00 . has a half-life of approximately 3.8 day#/¢ast et a].1983,
0.04 suggesting that this factor represents air that had not been
0.03 F1: Marine Biogenic in contact with land for at least a week. This is supported

by the FLEXPART analysis which shows that the air during
this time was primarily influenced by the Lincoln Sea north
of Ellesmere and Baffin Islands. Similarly, the PSCF anal-
20 40 60 80 ysis shows the greatest contribution from the northern part
miz of Greenland (Figll). The organic component of this fac-
tor is aged, with an F44 of 0.25, which is comparable to the
Fig. 8. Mass spectra of the organic components of the PMF factorslargest value previously reported for continentally-influenced
The circle represents the solution for #ireakof —0.75, and the  air (Ng et al, 2010, consistent with aerosol that has been
light and solid bars the range ffiteals of —1.5 and 0. The signalis  extensively oxidised in the atmosphere with a long residence
adjusted so that the sum of the entire signal for each mass spectrurfme. Although the correlation of the organic component of
not only the organics, is one. this factor is greatest with primary marine organic aerosol
from Mace Head (see Tabl), this is driven by the dom-
inant signal of this factor am/z 28 and 44 £ = 0.81 ex-
the surface by a stably stratified layer. It was decoupled on 2&luding these two peaks). The organic mass spectrum cor-
and 28 August, with a shallow(100 m deep) surface-based relates slightly less with OOA factors from continental sites
mixed layer, recoupling on 27 and 29 August. This mixing (r = 0.75) (Ulbrich et al, 2009h Zhang et al. 20053 and
state can be clearly identified in the 6-hourly radiosonde pro-qualitatively resembles that of aged biomass burn®®apes

www.atmos-chem-phys.net/11/10619/2011/ Atmos. Chem. Phys., 11, 108335-2011
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resembles both that of general oxygenated organic aerosol
(OOA) often found from factor analysis of organic aerosol
at continental sites as well as the organic mass spectrum of
marine organic aerosol (see Tablfor comparisons). In par-
ticular, the mass spectrum is similar to the primary marine
organic aerosol measured at Mace Heae: 0.90) (Ovad-
nevaite et al.2011). Similar to the Marine Biogenic fac-
tor, the organic component of this factor is fairly oxidised,
with an F44 of 0.17, and its mass spectrum is similar to that
of simple sugars such as glucose and sucrese(80 and
0.79, respectively)Russell et a|.2010, consistent with pri-
mary marine organic aerosol that are oxygenated, such as
mono and polysaccharidekdgck and Bigg 2007 Russell

et al, 2010. Although the correlation with chloride in parti-
cles< 10pm diameter measured by cascade impactors is low
(r=—0.12, unpublished data), it is possible that submicron
primary marine organic aerosol are unassociated with sea salt
(Leck and Bigg 2005a Bigg and Leck 2008. However,
other studies have found it difficult to conclusively identify

and the modelled biomass burning contribution of CO on the mea-primary marine organic aerosol with an AMSr¢ssard et al.

surements (top panel).

Fig. 11. PSCF analysis of the Continental factor.

0.7

06

40.5

02

0.1

2011 Hawkins et al.2010.

The other possible source of this aerosol is from conti-
nents. Figurel0 shows the???Rn and the Organic Factor,
both on a one hour time scale. There is good agreement at
the end of the study (4—6 September, DOY 248-250), sug-
gesting that as the ship approached the MIZ, the aerosol was
more likely influenced by continental sources. In particular,
comparison with the time series of the CO fire tracer from
FLEXPART (Fig.10), which models the impact of biomass
burning on the air sampled by ti@@den would suggest that
the sampled air was influenced by biomass burning in Europe
(Fig. 12where red dots represent fires detected by MODIS).
The mass spectrum of this factor is consistent with that of
aged biomass burning aerosol, which is similar to that of
OOA (Capes et al.2008 Grieshop et a).2009. However,
acetonitrile, which is often used as a fire tracer and was mea-
sured by the PTR-TOF, did not peak at this time. In addition,
the agreement is not as good for the remainder of the study,
suggesting other sources.

The mass spectrum of this factor is similar to that of the
continentally-influenced OOA identified during ICEALOT
in the North Atlantic Oceanr(=0.92) as well as the uniden-

et al, 2008. In general, the chemical composition of this tified F3 ¢ =0.84) Frossard et al2011]). Itis also similar to
factor is consistent with very aged continentally-influenced ©OA from urban locations-(=0.87) Ulbrich et al, 2009h

air that has been transported to the central Arctic in the sumZhang et al.20053. OOA factors identified at continental
mer, although the transport pathway is unclear at this time. sites typically form from the chemical aging of gaseous emis-

3.2.3 Organic factor

sions originating from anthropogenic sources (8lg.et al,
201Q Zhang et al. 2007 or biogenic sources (e.@Chen
et al, 2009 Slowik et al, 2010 that condense onto patrticles.

This factor was thus named because it is 71-88 % organic. IPSCF analysis shows contribution from northern Europe in
is robust, being present in the factor solution when there areddition to contribution from west of the Queen Elizabeth Is-
at least three factors. However, the time series does not cotands, north of the Beaufort sea, as well as the area around the
relate very well with any measured external tracers, makingkara sea (see Fig.3). At this time, the source of this aerosol

its source difficult to identify. The mass spectrum of the en-is unclear and it is possible that it is a combination of various

tire factor, and in particular the organic component (18ig.

Atmos. Chem. Phys., 11, 106183636 2011

sources transported to the Arctic and whose original sources
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can no longer be separated. Overall, this factor has very lit-
tle inorganic component, demonstrating that there is a source Footprint Sensitivity: AIRTRACER

of Arctic organic aerosol that is not associated with sulphate.  geiease start: 2008-09-04 12:37:00, Release End: 2008-09-04 13:07:01
In particular, if the aerosol had arisen from a purely biogenic

30°N\ \, . o \‘.‘ ,/‘T ) ' Y
continental region or from highly aged biomass burning, then Y G sensitivity _altitude
it is conceivable that it would have little sulphate, nitrate, etc. (nella) )
That being said, the lack of a correlation with such typical "4~ 43 ::::
continental tracers makes it tempting to believe this factor ;:7 2400
has a primary marine organic source. 120w[[F il Hozr | 2000
: L o 1600
3.2.4 Ship emission factor : 0041 | oo
100°W [+ 0.016
. . . . . . 0.0064 |l 800
The time series for this factor is characterised by low sig- 0.0025 [l 400
nals for most of this campaign with intermittent periods of  aon| 0.001
high loading which coincide with times when the polluton ~ **"
record, comprised of toluene, benzene and particle concen: SRy,
trations, indicated that the air was at risk of being contam- 30N~ . ./ M S0 I
60°W 40°N 40°W 20°W 0° 40°N  20°E 30°N

inated by ship exhaust. The mass spectrum (8jqyuali-
tatively resembles that of ship fumigation periods measured
by Phinney et al(2006, as well as hydrocarbon-like organic
aerosol from urban sites & 0.93) (Lanz et al, 2007 Ul- Fig. 12. FLEXPART modelled footprint potential emission sensitiv-
brich et al, 2009h Zhang et al.20050 which are thoughtto ity for 4 September 2008, 12:37 (DOY 248.5). Thders position

be primary aerosol emitted from vehicular traffic and whoseis marked by the blue cross and the red dots represent fires detected
mass spectra are similar to that of lubricating oi(0.98) by MODIS.

(Canagaratna et aR004 Ulbrich et al, 20098. This factor
helped identify when the aerosol was affected by ship emis-
sions and by excluding it, allows us to consider the ambient

central Arctic Ocean aerosol without interference. There are D'?

some spikes in the Continental and Organic factors that coin- i

cide with signal in the Ship Emission factor, showing that the '

separation between these factors was not perfect. Howevet

given that the signal of the Ship Emission factor was at times o=

20 times greater than the signal from the ambient factors, the

spikes are< 2 % of the mass in either of these factors, and 104

the structure of the time series is still distinct, the impact on

the ambient factors was considered insignificant. 103
0.2

4 Conclusions

From 5 August to 8 September 2008, non-refractory submi-
cron aerosol particles in the central Arctic Ocean were com-
posed of approximately equal amounts of organic and sul-
phate components. These particles were influenced by bothig. 13. PSCF analysis of the Organic factor.

marine biogenic and continental sources (33 % and 36 % of

the sampled ambient aerosol mass, respectively), as deter-

mined using PMF. Aerosol from both of these sources weretypical continental tracers and the similarity of the spectrum
predominantly composed of sulphate, and 47 % of the totato primary organic aerosol measured at Mace Hé&ah(l-
sulphate was apportioned to marine biogenic sources whil@evaite et al.2011) suggest a marine origin, although con-
48 % was apportioned to continental sources. There also apgfibutions from aged continental origins cannot be ruled out.
pears to be aerosol that was almost purely organic (31 % ofrhese results show that up to 1/3 to 2/3 of the summer Arc-
the sampled ambient aerosol mass), although it was not pogic submicron aerosol mass is formed from marine sources
sible to conclusively identify a single source for this aerosolin the central Arctic basin including the pack ice, MIZ and
at this time, with primary marine and/or aged continental surrounding open ocean, and that Arctic models that only
origins possible. The combination of poor correlations toinclude aerosol transport from anthropogenic sources in the
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summer could be neglecting a significant mass. This is inEdited by: I. Brooks

contrast to other measurements in the central Arctic free
troposphere which at times can be heavily influenced by
biomass burningBrock et al, 20117).

In general, the organic components of all ambient aerosoﬁeferences
measured were as oxidised as, if not more than, the OOAAiken, A. C., Decarlo, P. E., Kroll, J. H., Worsnop, D. R., Huffman,

component from ground-based continental sites, with an av-
erage F44 of 0.1& 0.05. The organic component of air in-

fluenced by continental sources was also found to be more

oxidised than that of marine biogenic sources. This is consis-
tent with long range transport of these particles. Although the
degree of oxygenation of the organic component of the Ma-
rine Biogenic and Organic factors would normally be inter-

J. A., Docherty, K. S., Ulbrich, I. M., Mohr, C., Kimmel, J. R.,
Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway, M., Zie-
mann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarra, M. R.,
Prevot, A. S. H., Dommen, J., J., D., Metzger, A., Baltensperger,
U., and Jimenez, J. L.: O/C and OM/OC ratios of primary, sec-
ondary, and ambient organic aerosols with high-resolution time-
of-flight aerosol mass spectrometry, Environ. Sci. Technol., 42,

preted as being atmospherically processed, it is possible that 4478-4485, 2008.

in polar marine environments, primary oxygenated organic

aerosol particles are emitted directly into the atmosphere, as

suggested by previous findings over the pack leeck and
Bigg, 20053. The similarity of the three ambient factors

Allan, J. D., Jimenez, J. L., Williams, P. I., Alfarra, M. R., Bower,

K. N., Jayne, J. T., Coe, H., and Worsnop, D. R.: Quantitative
sampling using an Aerodyne aerosol mass spectrometer 1. Tech-
nigues of data interpretation and error analysis, J. Geophys. Res.,
108, 40904d0i:10.1029/2002JD002358003.

with both primary marine organic aerosol and OOA from ajjan, J. D., Delia, A. E., Coe, H., Bower, K. N., Alfarra, M. R.,
continental sites highlights the fact that the aerosol measured Jimenez, J. L., Middlebrook, A. M., Drewnick, F., Onasch, T. B.,

in marine environments is oxygenated. In contrast to previ-
ous analyses of AMS observations, this study used PMF on
the entire mass spectrum, which allowed the inorganics from

Canagaratna, M. R., Jayne, J. T., and Worsnop, D. R.: A gen-
eralised method for the extraction of chemically resolved mass
spectra from Aerodyne aerosol mass spectrometer data, J. Aeros.

different sources to be separated, along with their associated Sc¢i., 35, 909-922, 2004.

organic component.
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