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Abstract. An aerosol time-of-flight mass spectrometer 1 Introduction

(ATOFMS) was deployed for the measurement of the size

resolved chemical composition of single particles at a site inAmbient particulate matter (PM) is known to adversely af-
Cork Harbour, Ireland for three weeks in August 2008. Thefect human health, and long-term exposure to ultrafine (less
ATOFMS was co-located with a suite of semi-continuous in- than 100 nm diameter) ambient particles is expected to lead
strumentation for the measurement of particle number, eleto irreversible changes in lung structure and function (Maier
mental carbon (EC), organic carbon (OC), sulfate and particet al., 2008). PM also affects climate, both directly by scat-
ulate matter smaller than 2.5 um in diameter g The  tering and absorbing solar radiation, and indirectly by act-
temporality of the ambient ATOFMS particle classes wasing as cloud condensation nuclei (IPCC, 2001). Identifica-
subsequently used in conjunction with the semi-continuoudion of the various sources of anthropogenic PM in urban
measurements to apportion BMmass using positive ma- environments has received considerable attention with traf-
trix factorisation. The synergy of the single particle classi- fic, biomass burning and industrial processes typically con-
fication procedure and positive matrix factorisation allowed tributing significantly to mass concentrations of PMCas-

for the identification of six factors, corresponding to vehicu- tanho and Artaxo, 2001; Kim and Hopke, 2008; Godoy et al.,
lar traffic, marine, long-range transport, various combustion,2009; Karanasiou et al., 2009; Mugica et al., 2009; Heo et
domestic solid fuel combustion and shipping traffic with es- al., 2009). However, refined apportionment of £Ms often
timated contributions to the measured Pdvmass of 23%, hindered by the low temporal resolution of off-line analysis
14%, 13%, 11%, 5% and 1.5% respectively. Shipping trafficand a lack of knowledge of the mixing state of the particles
was found to contribute 18% of the measured particle numbecollected.

(20—-600 nm mobility diameter), and thus may have impor- Single particle mass spectrometry allows the simultaneous
tant implications for human health considering the size anddetection of internally mixed primary and secondary compo-
composition of ship exhaust particles. The positive matrixnents of ambient PM including elemental and organic car-
factorisation procedure enabled a more refined interpretatioon, trace metals and ionic species with high temporal reso-
of the single particle results by providing source contribu- lution (Sullivan and Prather, 2005). The internal mixing state
tions to PM 5 mass, while the single particle data enabled of individual particles arising from specific anthropogenic
the identification of additional factors not possible with typi- and natural processes is often unique, and thus useful for
cal semi-continuous measurements, including local shippingdentifying sources when combined with meteorological data
traffic. (Reinard et al., 2007). Aerosol time-of-flight mass spectrom-
etry (ATOFMS) and other single particle mass spectrom-
etry techniques have been employed in several field stud-

Correspondence taR. M. Healy ies to identify point sources of PA including steel man-
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(Reinard et al., 2007; Snyder et al., 2009; Liu et al., 2003;ever, no corresponding PM mass concentration or semi-
Bein et al., 2007; Pekney et al., 2006a; Bein et al., 2006).continuous quantitative data was included or apportioned in
More spatiotemporally diffuse sources, such as light andthat case. More recently, sources of organic aerosol in Wilm-
heavy duty vehicular traffic and biomass burning, have alsangton, Delaware, were apportioned using a photoionisation
been identified using unique ATOFMS mass spectral signaaerosol mass spectrometer (PIAMS) (Dreyfus et al., 2009).
tures (Spencer et al., 2006; Silva et al., 1999; Moffet et al.,The mass spectral data was modelled using PMF and these
2008). More recently, ship exhaust particles arising from theresults were combined with quantitative EC/OC data. Vehic-
combustion of residual fuel oil have also been successfullyular traffic was found to account for approximately two thirds
identified and characterised using ATOFMS. Freshly emit-of the organic carbon measured over an 18 day period.
ted and regionally transported particles associated with this The aim of this study was to identify and apportion local
source containing internally mixed vanadium, nickel, iron and regional sources of P in Cork Harbour using a com-
and sulfate have been detected in Cork Harbour and in thination of ATOFMS data and quantitative semi-continuous
Port of Los Angeles (Healy et al., 2009; Ault et al., 2009, measurements of particle number, Pdvimass, EC/OC and
2010). sulfate. ATOFMS mass spectral signatures for peat, coal and
The positive matrix factorisation (PMF) (Hopke, 2003) ap- wood combustion particles were also obtained separately in
proach to source apportionment has recently been employedrder to apportion these sources more accurately in the am-
in the interpretation of data from aerosol mass spectrometerbient dataset. A PMF approach similar to that of Eatough et
(Lanz et al., 2007; Dreyfus et al., 2009; Ulbrich et al., 2009; al. (2008) was employed for quantitative source apportion-
Allan et al., 2010) and has also been applied to a combinament based on the ATOFMS data collected.
tion of data from an aerosol mass spectrometer and an aerosol
time-of-flight mass spectrometer (Eatough et al., 2008). The
latter study involved combining ATOFMS and time of flight 2 Methodology
aerosol mass spectrometry (ToF-AMS) data with continuous
on-line and off-line quantitative measurements ofR\sul- 2.1 Sampling site and equipment
fate, nitrate, black carbon and several gas phase species in
Riverside, California. PMF was performed with and without The sampling site is located at Tivoli Docks in the Port of
the mass spectral data, and the number of factors obtaine@ork (51°545N, 82438 W), approximately 3km east of
rose from six to sixteen once the data was included. The ad€ork City centre (Fig. 1). Shipping berths are located 400—
ditional factors introduced contributions from various local 600 m to the southwest and west-southwest. The prevailing
and regional sources including shipping activity, thus demon-winds are southwesterly, and therefore the site is ideally po-
strating the value of on-line measurements of particle compositioned for the detection of ship plumes. The main road car-
sition. A detailed campaign performed in Pittsburgh, Penn-rying traffic east out of the city and towards Dublin lies to
sylvania, focused on the identification of sources of PM us-the north of the site. Residential areas surround the site on
ing a single particle mass spectrometer and off-line analysisll sides except the north and northeast. A suite of semi-
of high-volume and micro-orifice uniform-deposit impactor continuous instrumentation was located at the site for the
(MOUDI) samples of PM using inductively coupled plasma- duration of the campaign; particulate $Owas monitored
mass spectrometry (ICP-MS) (Pekney et al., 2006a; Bein etsing a Thermo Electron model 5020 SPA instrument and
al., 2006, 2007; Pekney et al., 2006b). In that case PMF analEC/OC mass concentrations were measured using a thermal-
ysis was performed using the ICP-MS trace metal data, quaneptical carbon analyser (Sunset Laboratory Inc., 3rd gener-
titative measurements of nitrate, sulfate and EC/OC in or-ation field model) fitted with a cyclone to remove particles
der to apportion PMls, but without including single particle larger than 2.5 um in diameter. A scanning mobility particle
data. Factors were generated corresponding to traffic, crustaizer (SMPS, TSI model 3081) measured the size distribu-
material, regional transport, secondary nitrate, cooking andion of particle number in the range 20-600 nm (mobility di-
wood burning, steel production, and a gallium-rich factor ameter) every 3min. A TEOM (tapered element oscillating
was associated with coal burning. Several coal-fired powemicrobalance, Thermo Electron model 1400a) was located
stations surrounding the site were identified as point sourcesn-site for the measurement of B mass concentrations
of PM2 5, with gallium identified as a possible tracer for coal (averaged every 30 min). The ATOFMS (TSI model 3800)
combustion, although this source was estimated to contributevas fitted with an aerodynamic lens (TSI model AFL100) for
only 3% to the total PMs mass. PMF of temporal trends the measurement of particles in the size range 100-3000 nm.
of various single particle classes generated using laser ablaFhe instrument is described in detail elsewhere (Dall'Osto et
tion mass spectrometry (LAMS) has been performed previ-al., 2004). In short, particles are sampled through an orifice
ously to identify sources of PM in Toronto, Canada (Owegaand accelerated through the aerodynamic lens to the sizing
etal., 2004). Factors were obtained corresponding to sourca®gion of the instrument. Here, the aerodynamic diameter of
of locally emitted and Saharan dust, road salt, wood burn-particles is calculated based on their time of flight between
ing, organic nitrates and aluminium-fluoride particles. How- two continuous wave lasers (Nd:YAG, 532 nm). Particles are

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/



R. M. Healy et al.: Source apportionment of Pin Cork Harbour 9595

270 90
005 01 015 0.2

180 m

Fig. 1. Left panel: map of sampling site and surrounding area. Cork city lies 3 km to the west. The site (X) is positioned to the northeast of
the nearby shipping berths (B) in the Port of Cork (yellow), surrounded by residential areas (blue), a shipping lane (green) and a main road
(red). Right panel: Windrose for 7-28 August 2008.

then transmitted to the mass spectrometry region of the inthrough Intelligent Data Analysis), a freeware single parti-
strument and ionised using a Nd:YAG laser (266 nm). Thecle data analysis software package (Gross et al., 2010) and
resulting positive and negative ions are finally analysed usinglustered using th& -means algorithm (MacQueen, 1967),
two collinear time-of-flight mass spectrometers. Wind speed (K = 50). ENCHILADA has been previously used to clas-
wind direction, temperature, humidity and rainfall were mon- sify ATOFMS mass spectra generated from ambient particles
itored using a Casella NOMAD weather station. All in- at sites in Switzerland and East St. Louis, lllinois (Herich
struments sampled air through stainless steel tubing from &t al., 2008; Snyder et al., 2009). Inhomogeneous clusters
height of 4 m above ground level. Every instrument was lo-were clustered again usirk-means when necessary in order
cated on site for three weeks from 7—28 August 2008, excepto refine particle classification. Those clusters with similar
for the SMPS which was on site from 14—-28 August 2008. mass spectra and temporality were recombined to generate
the following 14 particle classes; Coal, Peat, Wood, Sea salt,

2.2 Combustion experiment Shipping, Ca-traffic, EC-traffic, EC-phos, EC-MSA, EC-

] i domestic, EC-background, EC-oil, ECOC, and Oligomer.
Mass spectral signatures were obtained for coal, “smokeTnese classes account for 94% of the particle mass spectra
less” coal, peat and wood by burning each in turn for ap-generated. The EC-phos and EC-MSA classes were gener-
proximately 1 h in an outdoor stove and measuring the freshyiad from a single bimodal cluster that could not be sepa-
combustion particles by ATOFMS. Each fuel was purchased sied further using -means analysis. The two modes, which
Ioca]ly in order to be rgpresentative of typical do'meStic OUt- exhibited completely different temporalities, were thus sep-
put in the area. Specifically, commercially available com- 4rated by size. Particles of aerodynamic diameter less than
pacted peat briquettes, bltumlr_mus coal, smokeles_s coal angho nm were classified as EC-phos and particles of aerody-
ash wood were used. Peat is commonly used in Irelang,gmic diameter between 300 and 1000 nm were classified as
for domestic space heating. Ash wood was used since it igc-MSA. Hourly summed particle counts of each final parti-
widely available for sale in retail outlets in Cork City. 16 118 ¢je class were subsequently used for positive matrix factori-
single particle mass spectra were generated during the expegyiion. Particle subclasses containing increased or additional
iment and clustered using the-means algorithmK =10)  gjgnals for secondary species such as ammonium and nitrate
as described in Sect. 2.4 (MacQueen, 1967). Coal, peat anflere combined with their freshly emitted analogues during
wood burning particles were effectively clustered into sepa-ihis analysis since they originate from the same source. In
rate classes although coal and smokeless coal did not exhibjhe apsence of coincident aerodynamic particle sizer (APS)
sufficiently different mass spectra to be separated. Thesgaia and knowledge of density and shape factor for the vari-
spectra were subsquently used to confirm the identification) ;5 classes, scaling procedures were not employed here (Qin
of classes in the ambient dataset. et al., 2006). However, unscaled ATOFMS counts per hour
were deemed suitable for PMF, as the size distributions of
the various particle classes were not observed to shift sig-
nificantly during the measurement period, which would alter
@eir position along the transmission efficiency curve of the

erodynamic lens.

2.3 ATOFMS data analysis

During the three week campaign 558 740 ATOFMS sin-
gle particle mass spectra were generated and subsequen
imported into ENCHILADA (Environmental Chemistry

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010
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2.4 Positive Matrix Factorisation (PMF) 50

‘— PM, s — SO,” oc — EC

The identification of factors using PMF can be improved by 2 =-|
the inclusion of single particle classes that have been un- ]
equivocally assigned to a source through their unique mass
spectra (Eatough et al., 2008). As with the study of Eatough :
et al. (2008), the factorisation procedure has been applied to
the previously clustered single particle mass spectra obtained_ ZO;

by ATOFMS in this work. The clustering procedure provides = WMWW/VWM
hourly counts of identified particle classes that are treated as  °°-
independent variables alongside hourly averages of measured
EC, OC, SQ and PM s mass concentrations. Total SMPS
counts in the size range 20—-600 nm (mobility diameter) were
integrated for each hour of the campaign and also included abig. 2. Concentration-time profiles for P, Sofl‘*, organic
avariable. By combining this information it is possible to ap- carbori* and elemental carbéh for 7-28 August 2008* Hourly
portion PM mass and particle number in a quantitative man-averaged mass concentratioff. Bihourly averaged mass concen-
ner. Specific markers such as the ATOFMS classes used heftion.

are particularly useful for apportioning sources that are char-

acterised by brief and/or irregular events or long-range emis-

sions that bear no correlation to local events. The PMF modeP'49 and 9.67 ug m, respectively. Unfortunately, no mass

was developed using the USEPA PMF 3.0 software packagé:]pncentratlons were available for nitrate, chloride, ammo-

available awww.epa.gov/scram001/receptorindex.hifine ium or crustal material, which are expected to all contribute

. ) . . 0 PMx5 mass. However, ATOFMS data for single parti-
uncertainty matrix associated with the data was calculate L . . .
. . . Cles containing these species has been included for PMF in-
based on the instrumental level of detection and uncertaint

(error fraction) as given by the manufacturer's documenta?étead' Concentration-time profiles for the semi-continuous
measurements are given in Fig. 2. These values are broadly

tion. The uncertainty used to describe the ATOFMS data,

was+15% as in Eatough et al. (2008). For concentrations:c?olrﬁiUYIH]ALhOUSSet ;ggir(erig (;taT dégg;e)ntszliér:];(\)/;kri;:gn
less than or equal to the method detection limit (MDL) pro- y-Aug N )

. . . . . of these variables has been discussed in detail in a previous
vided, the uncertainty was calculated using the relationship_ . . S .
(Polissar et al., 1998): article (Hellebust et al., 2010). Wind dlrecuon was predomi-

N ’ nantly southwesterly for the first and third weeks of the cam-
paign and predominantly northwesterly from 14-23 August
2008. The average wind speed, air temperature and relative
humidity were 4.7 ms!, 16°C and 80% respectively. Rain-
fall was observed between 9-12 August 2008, 15-18 August
2008 and on 23 August 2008. Air mass back trajectories
were calculated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) dispersion model (Draxler
Experimentation with the number of factors was performed@nd Rolph, 2003). The first seventeen days of the campaign
until the most reasonable results were obtained. Six-, severVere characterised by clean North Atlantic and subarctic air
and eight-factor solutions were explored, with the six factor Masses, while air masses originating in North America influ-
solution providing the most satisfactory result, as no useful®nced the site from 24-28 August 2008.
information was gained by increasing the number of factors3 2 ATOEMS icle cl
further. Estimation of the contribution of each factor to the - particle classes
total PMp 5 mass was subsequently performed by scaling thes 21 Peat
PMF factor contributions against measured J/2Mnass by o
regression (Maykut et al., 2003; Shi et al., 2009).

\ I A h i
| A at )\ iy
A \ AN M Gy A
AW M v\ JW“"’%W Uﬂuﬁh’“‘w W ww‘%‘\‘ I ! \n)| »Jﬁ"[ W

. 5
Uncertainty= r MDL (1)

If the concentration was greater than the MDL provided, an
alternative relationship was employed as follows:

Uncertainty= \/(error fraction uncertainty? + (MDL)? (2)

Coal, peat and wood combustion particles accounted for
41%, 10% and 9% of the total particles successfully ionised
3 Results and discussion and detected by the ATOFMS, and were observed almost

exclusively in the submicron size range. Although parti-
3.1 Semi-continuous measurements and meteorology ~ cle counts have not been scaled for size-related transmis-

sion efficiency through the aerodynamic lens or composition-
The mean ambient mass concentrations of organic carbodependent ionisation efficiency, the results indicate that even
(OC), elemental carbon (EC), sulfate and Pvmeasured during the summer months, domestic solid fuel combustion
at the site for the duration of the campaign were 1.13, 0.61js a source of PMs in Cork Harbour. Ambient domestic

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/
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Table 1. lons observed in mass spectra for each ATOFMS patrticle class, represented by shaded areas.

Coal-fresh
Coal-amm-nit
Peat-fresh
Wood-fresh
Wood-nit
EC-domestic
EC-background
EC-oil

Sea salt
EC-traffic

Coal-amm
Peat-nit
Shipping
Ca-traffic
EC-phos
EC-MSA
ECOC
Oligomer

[Col /[CaHA]"
[C]
[CN]/[CNOY
[C.Hs0]"
[HCOOT
[CH;COO]
[COOHCOOT
[Na]®

[NaZO] +/[Na20H]+
[Na,CI]*/[NaCl,]
Mg]"

KT

[KoCI*

[Ca]"
[CaO]/[CaOH]*
[Ca20]+
[vI'/[vor
[Ni]*

[Fe]”

[SO.I
[SO3]/[HSOs]
[SO4 /[HSO4]
[CH3SOs]
[NO2]/[NOsJ
[CI]
[NHs]"/[NH4]*
[PO,]

[PO;]

[PO,]

combustion particles were identified based on their similar-cation of single particles formed through the combustion of
ity to particles generated from each fuel during the combus-peat, widely used as a domestic fuel not only in Ireland but
tion experiment. Figures 3—5 compare average dual ion masalso in parts of Northern Europe (Orru et al., 2009). The av-
spectra for the freshly emitted ambient “Peat”, “Coal” and erage dependence of Peat, Coal and Wood patrticles on time
“Wood” classes with those generated during the experimentof day is shown in Fig. 6. The average diurnal profile for
The prominent ions detected for the various classes are alseach particle class is very similar, increasing sharply from
included in Table 1. Peat particles are characterised by sig18:00 to 21:00, and decreasing rapidly after 22:00, with a
nals for sodium and potassium which dominate the positiveminimum during daytime hours. The periods of increasing
ion mass spectra, along with carbon ions and hydrocarbomnd decreasing particle number can be explained by the local
fragment ions (Fig. 3). Negative ion mass spectra for Peapopulation lighting fires and allowing them to extinguish re-
particles contain many of the same ions observed for Coapectively. While very strongly dependent upon time of day,
but at very different relative intensities, with Peat particle none of the domestic combustion classes exhibited an obvi-
spectra exhibiting additional signals for chloride and muchous dependence on wind direction due to the abundance of
lower signals for sulfate. This is the first reported identifi- residential areas surrounding the site (Fig. 1). The clustering

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010
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Fig. 3. Average dual ion mass spectra of ambient particles classified as “Peat” (left) and particles sampled during the peat combustion
experiment (right).
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Fig. 4. Average dual ion mass spectra of ambient particles classified as “Coal” (left) and particles sampled during the coal combustion
experiment (right).

procedure enabled the separation of freshly emitted and ageaidducts, nitrate, and sulfate. Although none of these ions are
domestic combustion particles into subclasses based on theindividually unique to the combustion of coal, there is a very
secondary composition, as described below. However, thesstrong similarity in the relative ion intensities of coal com-
subclasses were recombined for PMF as they originate fronfbustion particles detected during the combustion experiment

the same source. and ambient coal combustion particles as shown in Fig. 4.
Particles attributed to coal-fired power generation facili-
3.2.2 Coal ties have been detected by single particle mass spectrometry

in previous studies (Liu et al., 2003; Pekney et al., 2006a;
Coal positive ion mass spectra are characterised by typicaBein et al., 2007), however the single particle mass spec-
hydrocarbon fragment ions and a relatively low signal for tra observed in this work are quite different. In the study
sodium and potassium. Negative ion mass spectra contaiof Liu et al. (2003), particles from coal-fired power gener-
peaks corresponding to elemental carbon, carbon-nitrogeation facilities in Atlanta, GA were much larger in diameter

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/
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Fig. 5. Average dual ion mass spectra of ambient particles classified as “Wood” (left) and particles sampled during the wood combustion
experiment (right).

exhibiting signals for lithium and iron that were not observed —coal —peat —wood
in our case, along with a comparatively low signal for sulfate. ™ “
These inorganic particles arise from efficient conversion of
carbonaceous material to G@t high temperatures while the / ”

smaller domestic coal combustion particles observed in Corks J E
contain carbonaceous material due to inefficient lower tem- £ T T~— / \ 2
perature combustion. In the comprehensive study of Bein g“"’ P p g
et al. (2007), gallium-containing particles internally mixed gaoo » 3

with sodium, potassium, silicon, iron and lead detected in ,, ~T
Pittsburgh, Pennsylvania were attributed to coal-fired power
generation facilities. Particles measured by ATOFMS in an

1 1 0
aerosol outflow from Asia that were assigned to coal burn- ey % Y e e e o

ing exhibited different spectra to those observed in this work, Time

sharing many of the same positive ions but with an additional

signal for lithium (Guazzotti et al., 2003). However no dis- Fig. 6. Average diurnal trend for Coal, Peat and Wood ATOFMS

cernible signal for lithium or gallium was observed in the particle counts for 7-28 August 2008.

coal combustion particles detected in this work (Fig. 4), in-

dicating that while these metals may represent useful tracers

for locally mined coal (Bein et al., 2007), they are not nec-3.2.3 Wood

essarily useful tracers for domestic combustion of coal of a

different origin. Single particle mass spectra generated with aVood positive ion mass spectra are dominated by potassium

single particle analysis and sizing system (SPASS) containatomic ions while signals for hydrocarbon fragments are al-

ing signals for carbon but not sulfate, were attributed to amost completely suppressed. Signals are observed for chlo-

fresh domestic coal combustion source in a recent study peride, carbon-nitrogen adducts, nitrate, sulfate, and often for

formed in Krakow, Poland (Mira-Salama et al., 2008). In potassium chlorident/z113, 115, [KCI]™) (Fig. 5). Simi-

that case, however, no combustion spectra were generatddr ATOFMS mass spectra are commonly observed for par-

to confirm the source. In this work, a strong signal for sul- ticles arising from the combustion of biomass (Gard et al.,

fate was consistently observed even in freshly emitted coall997; Silva et al., 1999; Guazzotti et al., 2003; Moffet et al.,

combustion particles, demonstrating the value of collecting2008; Friedman et al., 2009). Compared to ambient “Wood”

“standard” mass spectra where possible (Fig. 4). particles, those generated during the combustion experiment
contain much higher signals at/z—43 and—59, probably
corresponding to the oxidised organic carbon fragment ions
[C2oH30]~ and [CHCOOQO] respectively (Silva et al., 1999;

100

N —

o

&
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Silva and Prather, 2000; Guazzotti et al., 2003). It is possible — Coal-amm-nit ——Peat-nit  ——Wood-nit ~——Wind speed

that semi-volatile oxidised organics in the combustion exper- " ’
iment particles may undergo evaporation in transit, or that a . s
combination of different species of wood are burned in the - L
local area resulting in these differences in negative ion massz
spectra. 3

1500

1000

Wind speed m s

ATOFMS count:

3.2.4 Peat, coal and wood subclasses

After the clustering procedure was performed for the ambient M i
dataset, two aged coal particle subclasses were observed; or ol M s o S WL d 8 mssa AT

: %»A‘—AJ—L 0
oy . . “ O G Qe T s e e e S R Sy S B S %
exhibiting an additional signal for ammonium termed “Coal- %, %, %, %, ;’,,ej,,e@e %, %, %, %, %, %, %, e, %, %, .
” .. . . D % % B B B B % B % B B B B B B B B B B B %G
amm”, and another containing a signal for ammonium and Dot

an increased signal for nitrate termed “Coal-amm-nit”. Sim-
ilarly, aged peat, “Peat-nit”, and wood, “Wood-nit”, particle Fig. 7. Hourly integrated ATOFMS particle counts for the Coal-
subclasses were also observed which exhibited higher signasmm-nit, Peat-nit and Wood-nit subclasses and hourly averaged
for nitrate but no additional signal for ammonium (Table 1). wind speed values for 7-28 August 2008.
Cork City is surrounded by agricultural land and gas phase
ammonia is expected to be ubiquitous. The absence of am-
monium molecular ions in aged Peat and Wood mass spectrale number does not decrease after this source is expected to
could be due to the presence of increased levels of potassiulpe “switched off”. In fact, a clear increase in SMPS particle
and sodium causing a suppression of ammonium signals courumber concentrations is observed between 23:00 and 03:00
pled with the relatively low sensitivity of ATOFMS for am-  (Fig. 8). Although no obvious growth in particle diameter is
monium (Spencer et al., 2006; Gross et al., 2000). However ibbserved, the average signal for nitrate (B1Q m/z—62)
is also possible that coal combustion particles, which contairper particle detected by ATOFMS is observed to steadily in-
much more sulfate than those produced by peat or wood comerease at night, reaching a plateau at around 03:00 (Fig. 8).
bustion (Figs. 3-5), undergo heterogeneous reaction with gahe average signal is used here because this is corrected for
phase ammonia more readily. This is supported by the facparticle number, which is also increasing most likely due to
that there is little or no delay between the appearance of fresimeteorology. A simultaneous decrease is observed for the
domestic coal particles and the Coal-amm subclass, indicataverage potassium chloride signal {8 ", m/z113), indi-
ing rapid uptake of ammonia. cating that for Wood particles, heterogeneous displacement
The nitrated subclasses exhibit a dependence on latedf chloride with nitrate is at least partially responsible for ni-
evening and early morning hours, indicating that they aretrate accumulation. Single particle analysis of biomass burn-
aged and require more time to accumulate nitrate. The highing particles of increasing age sampled in southern Africa
est numbers of nitrated coal, peat and wood combustion parhas clearly demonstrated the replacement of chloride with
ticles were observed during four distinct events beginning onnitrate and sulfate, probably through reaction with nitric acid
the evenings of the 11, 13, 14 and 22 August 2008. Eacrand sulfuric acid respectively (Li et al., 2003).
event coincided with a drop in wind speed to levels below The average signal for nitrate observed over the four low
1mstas shown in Fig. 7. It is important to note that mete- wind speed events for the three domestic combustion classes
orology such as this; low wind speed with possible nocturnalis given in Fig. 9. All three classes exhibit simultaneous el-
inversion, may result in a concentration enhancement of gagvated signals at night, reaching a maximum between 01:00
phase pollutants and particle number. and 06:00. Wood particles accumulate the most nitrate on av-
The low wind speed event of the evening of 22 August erage, followed closely by coal particles. Unexpectedly, peat
2008 and early morning of 23 August 2008 is examinedparticles accumulate approximately half this amount. Peri-
in detail in Fig. 8. The vast majority of particles present ods of low wind speed allow locally emitted combustion par-
between 20:00 and 06:00 are known to arise from domesticles to undergo prolonged mixing with gas phase,NOn-
tic peat, coal and wood combustion from the correspondingder these conditions N{ran be oxidised to yield nitric acid
ATOFMS mass spectra. Between 06:00 and 07:00 trafficon particle surfaces. In the presence of particle phase water,
particles with smaller diameters dominate, before the windN>Os and NG can also be hydrolysed to form nitric acid,
speed increases again, dramatically reducing particle numpossibly an important pathway considering the high relative
ber. A ship plume from the nearby berths can also be ob-humidity observed at the site during these events (Mogili et
served between 08:00 and 09:00. This overnight period isl., 2006; Wang et al., 2009). Gas phase nitric acid or pre-
also characterised by high relative humidity (87-99%) and aexisting ammonium nitrate can also be directly taken up by
temperature drop of approximately’@. Domestic fires are  particles, with partitioning to the particle phase enhanced at
expected to be mostly extinguished by 00:00, however partifower temperatures (Sullivan et al., 2007). These processes
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Fig. 8. Top panel: hourly integrated size resolved SMPS particle counts. Middle panel: hourly averaged ATOFMS signagfor 4N®

[KCl5] T, hourly averaged mixing ratios for NGand G;. Bottom panel

most likely explain the accumulation of nitrate by domestic
combustion particles, with additional input from heteroge-
neous chloride displacement in the case of Wood. While in-
teresting in itself, this night-time processing is not expected
to be a significant source of particulate nitrate in Cork, at

least during the summer months, as the SMPS data does nc

reveal any obvious growth in mobility diameter. Hourly in-
tegrated ATOFMS size distributions for the Peat, Coal and

Wood classes scaled to the SMPS data using an assume}

density of 1.7 gcm?® and shape factor of 1 (Reinard et al.,

2007), also did not demonstrate obvious growth during this

period. However, during the winter months, lower temper-

atures combined with elevated concentrations of domestic

combustion particle numbers and N@ay have a more pro-
nounced effect on particle size.

3.2.5 Seasalt

. hourly averaged wind speed, relative humidity and temperature.
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Fig. 9. Hourly averaged signal for nitrate for the Coal, Peat and
Wood ATOFMS classes for the 4 low wind speed events (11-12
August 2008, 13-15 August 2008 and 22—23 August 2008).

Sea salt particles did not exhibit a strong dependence on
time of day, although a slight dependence on westerly and; 5 g Shipping
southwesterly wind direction was observed, and exhibited

a monomodal size distribution peaking at approximately

700 nm. These particles were characterised by the presenc%h i N X
Jvest-southwesterly wind direction but little or no depen-

1998: Dall'Osto etdence on time of day (Healy et al., 2009). These particles

of sodium, chloride, magnesium and calcium atomic ions a
per previous studies (Fig. 10) (Gard et al.,
al., 2004).

www.atmos-chem-phys.net/10/9593/2010/

ipping particles exhibited a very strong dependence on

contain tracers for residual fuel oil and were observed in
short, sharp events that could be directly attributed to ships
entering and departing from the nearby shipping berths. This
was confirmed in every case through comparison with the
Port of Cork shipping logs (Healy et al., 2009). The mass
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Fig. 10. Average dual ion mass spectra of ATOFMS patrticle claggesSea salt(B) Shipping,(C) Ca-traffic,(D) EC-traffic.

spectra are characterised by the presence of organic and el Fig. 11; Ca-traffic, EC-traffic and EC-phos. These classes
mental carbon, sodium, calcium, iron, and nickel, along with peak on average between 08:00 and 17:00 and decrease dra-
a strong signal for sulfate (Fig. 10). These spectra are verynatically between 00:00 and 06:00, as expected for vehicular
similar to those recently measured using ATOFMS and at-activity. An additional increase is observed between 20:00
tributed to ship exhaust in the Port of Los Angeles, howeverand 22:00 for EC-traffic although this may be partly due to
in that case a second class of ship exhaust soot particles wascorrect classification of some domestic solid fuel combus-
also identified that did not contain residual fuel oil tracerstion particles (EC-domestic), which exhibit almost identi-
such as vanadium and nickel and was thus attributed to theal negative ion mass spectra (Figs. 10 and 12). All three
combustion of distillate fuel (Ault et al., 2009, 2010). Resid- classes are commonly observed in roadside and dynamome-
ual fuel oil combustion markers were observed in particleter ATOFMS studies (Spencer et al., 2006; Suess and Prather,
mass spectra for every ship plume measured in this work. 2002; Shields et al., 2007; Sodeman et al., 2005; Toner et al.,
2006; Toner et al., 2008).

The EC-domestic class is characterised by positive ion
mass spectra containing high signals for sodium and potas-
Three particle classes were observed that exhibited an obvisium (Fig. 12). As shown in Fig. 11, this class exhibits a sim-
ous dependence on daytime vehicular traffic hours as showilar diurnal variation to those observed for the Peat, Coal and

3.2.7 Elemental carbon and traffic classes

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/
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—Cadraffic —EC-traffic —EC-phos hibit a strong dependence on wind direction or time of day.
These particles exhibit positive ion mass spectra with signals
for carbon, sodium, potassium and calcium (Fig. 13). Neg-
ative ion mass spectra are dominated by a large signal for
phosphate. Similar particles have been observed in heavy

N /\\ duty vehicle exhaust using ATOFMS but without a signal for
\ \ | /N — potassium, indicating that this class may contain some incor-
| —V rectly classified domestic combustion particles and thus have
more than one source (Toner et al., 2006).

2500

2000
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1000

ATOFMS counts (h)

\\—_

/ — NN
\/ =

500

3.2.8 EC-MSA

Time EC-MSA particles are approximately 300-1000 nm in diam-
—EC-domestic — Oligomer eter, peaking at 550 nm and have very similar positive ion
mass spectra to EC-phos particles but do not contain any
signal for [PQ]~ (Fig. 12). However, a strong signal is
observed instead ab/z —95, assigned to methanesulfonate
(MSA) (Silva and Prather, 2000; Gaston et al., 2010). MSA
is a well-established tracer for marine phytoplankton activity
(Andreae and Crutzen, 1997; Hallquist et al., 2009; Gaston et
— / al., 2010), and indicates that the EC-MSA patrticle class has
% undergone transport over at least part of the Atlantic Ocean.
Interestingly, none of the other particle classes observed in
this work are internally mixed with MSA, except possibly
%y, %, %0, %, %0 By oy Py %, X P,y P Py Py Py s ¥ ¥ 2,y the Sea salt class which appears to have an artificially higher
Time relative intensity atm/z—95 than expected from the isotopic
distribution of NaCJ (Fig. 10). Although a wide range of
Fig. 11. Average diurnal trend for (top) Ca-traffic, EC-traffic and jnorganic and carbonaceous particle classes transported from
EC-phos and (bottom) EC-domestic and Oligomer particle countsthe coast of California were found to be internally mixed with
for 7-28 August 200_8._ EC-phos and EC-domestic partlc!e num-psA by the time they were detected by ATOFMS in River-
bers have_ been multiplied by a factor of 3 and 1.5 respectively forside (Gaston et al., 2010), EC-MSA is the only carbonaceous
comparative purposes. single particle class in this work that contains this species. In
the case of Gaston et al. (2010), vanadium-containing parti-
] ) ) cles were observed to be enriched with MSA relative to the
Wood classes. This temporality, coupled with the presenceyer classes, indicating that vanadium might represent a cat-
of sodium and potassium atomic ions that are also ot.)servegb,St for MSA production. However, vanadium-rich shipping
for Peat and Coal (Figs. 3 and 4), indicate that domestic comy 3 ticles observed in this work were not internally mixed
bustion is the most likely source of these particles. A nitrated,, ;, MSA, presumably because they are emitted so close to
subclass is not observed for this particle class, however, ang},, sampling site (400-600 m) (Healy et al., 2009). EC-MSA
is most likely explained by the poor hygroscopic growth fac- ghectra also exhibit an intense signal for sulfate relative to the
tor of elemental carbon particles (Weingartner et al., 1997). hegative elemental carbon ions and an additional signal cor-
EC-background particles exhibit a bimodal size distribu- responding to oxalater(/z—89, [COOHCOOY). This sug-
tion in the range 100-1000 nm, peaking at 250 and 500 nmgests that uptake of sulfate and oxalic acid may have occurred
and are characterised by higher order elemental carbon ionguring transport, a process previously observed for trans-
than any of the other classes. These particles do not exhibi§orted mineral dust particles in Asia (Sullivan and Prather,
any dependence on wind direction or time of day, suggestin®007). Oxalic acid has also been detected in single particles
multiple sources. There was no obvious difference in relativearising from biomass and fossil fuel combustion processes in
ion intensity for the mass spectra of the two modes. Simi-Mexico City and Shanghai, and may be directly emitted at
lar single particle mass spectra have been collected using théource or formed through the oxidation of biogenic and an-
LAMPAS-2 instrument in Germany (Vogt et al., 2003) and thropogenic volatile organic compounds (VOCSs) in the gas
using ATOFMS in Athens, Greece (Dall'Osto and Harrison, or aqueous phases (Moffet et al., 2008; Carlton et al., 2007;
2006) and attributed to diesel exhaust and fossil fuel com-Hallquist et al., 2009; Yang et al., 2009). EC-MSA parti-
bustion, respectively. cles do not appear in any significant number until the last 4
EC-oil particles exhibit diameters in the range 150- days of the campaign (24—28 August 2008), during which el-
1000 nm, peaking at approximately 250 nm and do not ex-evated counts are consistently observed as shown in Fig. 14.
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Fig. 12. Average dual ion mass spectra of ATOFMS particle claggesEC-phos(B) EC-MSA, (C) EC-domesti¢D) EC-background.

These patrticles do not exhibit any dependence on time of dayAult et al., 2010). While it seems unlikely that many anthro-
but are strongly dependent on west-southwesterly wind difpogenic particles would survive deposition processes during
rection. 5 day air mass back-trajectories, calculated usingntercontinental transport over the Atlantic Ocean, transport
the HYSPLIT dispersion model (Draxler and Rolph, 2003), to Europe of black carbon and boreal forest fire particles and
demonstrate that air masses arriving at 500, 1000 and 2000 mnthropogenic trace gases including GO, NQ, and VOCs
above the site during this 4 day period originated in North originating in North America has been previously reported
America (Fig. 15, right panel), while for the rest of the cam- (Jennings et al., 1996; Forster et al., 2001; Stohl et al., 2003;
paign (7—23 August 2008) similar 5 day back-trajectoriesSingh et al., 2006).

show that air masses consistently originated in the North At-

lantic and Arctic Oceans (Fig. 15, left and middle panels).3.2.9 ECOC and oligomer

Back-trajectories for air masses arriving at 100 and 200 m

above ground level were also calculated yielding similar re-The ECOC class is characterised by hydrocarbon fragment
sults. It may be possible that these particles are emitted byons, sulfate and although less obvious in Fig. 13 due to
ships in the Atlantic Ocean, however no tracers for residuatheir relatively low signals, peaks are also consistently ob-
fuel oil were observed, indicating that if ships emit these par-served for ammonium and oxidised organic carbmriz@3,

ticles they must arise from the combustion of distillate fuel [C2H3O]™). This class was previously tentatively identified
by Healy et al. (2009) as transported ship exhaust particles

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/
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due to their similarity to particles detected in San Diego us- —EC-phos —EC-MSA
ing ATOFMS (Ault et al., 2009). However, the absence of ™
any useful marker ions coupled with a lack of dependence **
on time of day or wind direction suggests multiple sources =
may emit these particles locally. PMF helps to resolve the
sources of this class, as outlined below. A similar class was §
also observed in Athens during a previous ATOFMS study, £
but due to a lack of dependence upon time of day could not <
be attributed to specific sources in that case (Dall’Osto and

ts (h)
.
15
8

OFM!

Harrison, 2006). 2
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The Oligomer class exhibits a very similar diurnal varia- % % %0 s % Ve P e
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tion to the Coal, Peat and Wood combustion classes (Fig. 11). Y e e e s B B T e T e B Ty R By T e T

Date

Analogous to the aged domestic combustion classes, the

::)I \?vhv?/?r: dpgglecelz Egrr?dk?t?;isforOt:;gI]Sor(;ifsp:rrt?cllb;e;\slgdss;g[?%g' 14. I_—|our|y integrated particle counts for EC-phos and EC-
- . R S SPeClrgysa particles for 7-28 August 2008.

exhibit little or no signal for positive ions. When positive ion

signals are present they correspond to carbon atomic ions,

oxidised carbon fragment ions, sodium and potassium atomic

ions, which are also associated with domestic combustionsities (Fig. 13). ATOFMS particle mass spectra containing

Negative ions are consistently observed for oxidised organicimilar high mass negative ion signals have been identified

carbon, carbon-nitrogen adducts, chloride, nitrate and sulas oligomer-containing, both in simulation chamber experi-

fate (Fig. 13). Higher mass negative ion signals are alsaments and in ambient datasets (Gross et al., 2006; Denken-

observed up tan/z—400, but at much lower relative inten- berger et al., 2007). In the latter study, several different aged

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010
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Fig. 15.5 day back-trajectories for air masses arriving at Cork Harbour at 00:00 on 10 (left), 14 (middle) and 26 August 2008 (right).

particle types were found to contain oligomers, including ing data points were increased significantly (to a value of
vanadium-rich, amine-rich, organic carbon, and internally 100); EC-oil on 21 August 2008 at 22:00 and 23:00 and EC-
mixed organic/elemental carbon particles. Biomass burninglomestic on 21 August 2008 at 08:00. This is an increase of
particles did not contain any oligomeric species in that casea factor of 50 compared to the average uncertainty for these
lons that are typically used to identify significantly aged am- two variables and ensures that these particular data points
bient particles by ATOFMS includa/z—125 andn/z—195,  do not exert any influence on the resulting factors resolved,
corresponding to [H(N@)2]~ and [(bSO/HSOy]~ respec-  as they will be significantly down-weighted compared to the
tively (Moffet et al., 2008; Denkenberger et al., 2007). Theseremaining measurements (Paatero, 1999). Six-, seven- and
ions are absent for the Oligomer class identified in this work,eight-factor solutions were explored. The six-factor solution
suggesting that these particles may be relatively fresh comappears to be the most appropriate to describe the data as no
pared to those observed by Denkenberger et al. (2007). Thaseful information is gained by further increasing the num-
rate of formation of detectable oligomers in secondary or-ber of factors. The estimated contributions of each factor to
ganic aerosol simulation chamber studies is typically of thethe measured Py mass and each variable are given in Ta-
order of hours (Kalberer et al., 2004; Gross et al., 2006), al-ble 2. Identification of further independent factors by PMF is
though studies performed in the absence of seed aerosol adependent on having appropriate markers for specific source
often characterised by long induction periods while oxidationgroups with a variance that is not explained by the factors
products reach high enough concentrations to induce nuclealready identified. Therefore it is difficult to speculate as to
ation (Dommen et al., 2006; Gross et al., 2006; Healy et al. which emission sources are not identified as long as the vari-
2008). In the case of Denkenberger et al. (2007), increasednce in the measured variables is satisfactorily explained by
particle acidity was observed to accelerate oligomer forma-+the existing factors.

tion. Thus, in this work oligomer-containing particles may

arise from accelerated accretion/oligomerisation reactions or3.3.1  Traffic

relatively acidic particles such as the coal-fresh class (Jang

et al., 2002; Barsanti and Pankow, 2004, 2005; Liggio et al..;The Traffic factor makes the largest contribution to ambient
2005). The fact that the highest concentrations are observeg, . mass (23%) and also contributes significantly to par-
during low wind speed events suggests that these particles rgje number (42%), EC mass (43%), and the Ca-traffic and
quire a period of mixing with gas phase reactants that can b%C—phos ATOFMS particle classes (83% and 82% respec-
taken up through oligomerisation reactions (Kalberer et al-’tively). The high contributions to the ATOFMS classes in-
2004; Denkenberger et al., 2007). dicate that their classification as traffic exhaust particles is
correct. The contribution to EC-traffic is lower at 59%, and
3.3 Source apportionment the Domestic solid fuel combustion factor contributes 25%
to the EC-traffic class. This can be explained by the simi-
PMF analysis was performed using the ATOFMS particle larity of EC-traffic and EC-domestic negative ion mass spec-
classes and quantitative EC/OC, sulfate, particle numbetra (Figs. 10 and 12). During the clustering procedure this
and PM s data. Uncertainties were estimated as describedsimilarity leads to an incomplete separation of particles from
above, but some data points were given higher uncertaintywo different sources, and although the multiple other sin-
values based on assessment of their temporal trends in thgle particle classes arising from these sources can be isolated
context of all variables. The uncertainties for the follow- efficiently these two classes cannot be completely separated

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/
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Table 2. Percentage variable contributions to the six factor PMF model and estimated percentage contribution of each factor to the measured
ambient PM 5 mass.* Mobility diameter range 20—600 nm.

Traffic  Marine Long-range Various combustion Domestic combustion  Shipping

Quantitative measurements

OC mass 20.65 19.93 18.05 16.16 20.90 4.31
EC mass 43.27 4,58 10.73 18.35 19.52 3.55
Sulfate mass 8.84 23.41 15.28 39.84 10.50 2.14
Particle number  41.81 6.42 6.77 13.08 14.00 17.91
ATOFMS classes

Coal 4,78 2.87 7.32 29.84 51.73 3.45
Peat 3.29 2.33 3.17 4,96 84.26 1.98
Wood 11.39 13.17 6.09 5.28 62.96 1.10
Sea salt 1.32 86.14 9.70 1.72 0.15 0.97
Shipping 0 0 0 0 0 100
Ca-traffic 82.76 4.42 8.47 0 0 4.35
EC-traffic 58.84 0.91 2.74 6.07 25.46 5.97
EC-phos 81.85 0 6.10 2.64 9.21 0.20
EC-MSA 0.83 5.92 89.89 3.04 0.31 0
EC-domestic 0 0 1.97 0 90.56 7.47
EC-background 27.57 1.35 11.45 35.38 17.79 6.47
EC-oil 51.98 0.64 0 23.70 23.67 0
ECOC 0 0 30.57 69.06 0 0.37
Oligomer 0.17 14.71 0 8.01 76.19 0.91
PMs 5 22.92 13.68 12.68 10.68 4.87 1.49

using the methodology described. However, the PMF analat the same site in Cork Harbour using both principal com-
ysis enables this limitation to be observed, highlighting theponent analysis (PCA) and PMF on semi-continuous data
value of the combined use of single particle mass spectromebut without ATOFMS particle speciation (Hellebust et al.,
try and PMF. The high traffic contribution to B in this 2010). That study utilised measurements of NO,2NOs,
work demonstrates the dominance of local sources and iSOy, EC/OC, SC}‘ and PM 5, in combination with tempo-
comparatively higher than that observed in the Pittsburghral and wind averaging to estimate major sources of PMm
study (11%), although this can be explained by the domi-Cork Harbour. The data was collected over a longer period
nance of regionally transported BM in that case (Pekney (May—August 2008), and only three factors corresponding
et al., 2006b). Traffic is typically a dominant factor in PMF to traffic, domestic combustion and power generation were
studies of urban Pl (Castanho and Artaxo, 2001; Godoy identified and estimated to contribute 19%, 14% and 31% to

et al., 2009; Mugica et al., 2009; Dreyfus et al., 2009). the measured Pk mass, respectively. The absence of sin-
gle particle composition and mixing state data led to a far
3.3.2 Marine less refined source apportionment in that case. The contribu-

tion of domestic solid fuel combustion to the measuregEM
The Marine factor makes the |argeSt contribution to themass in th|s Work iS |Ower, as expected Considering the sea-
ATOFMS Sea salt class as expected (86%), and contributegon and introduction of three new factors (Table 2). This is
14% to the PM s mass. Interestingly, this factor also has the analogous to the work of Eatough et al. (2008), who also ob-
second highest contribution to OC mass (20%), indicatingserved additional factors when ATOFMS and AMS datasets

that biological activity in the Atlantic Ocean is contributing were added to existing real-time monitoring data.
to PMy, 5 in Cork Harbour. There is no additional ATOFMS

class that is covariant with sea salt, however there may be 8.3.3 Long-range transport

contribution from internally mixed MSA in the sea salt mass

spectra aim/z —95 (Fig. 10). MSA has recently been de- The Long-range transport factor was not resolved in the pre-
tected internally mixed with several types of carbonaceousvious Cork Harbour study, due to the absence of ATOFMS
and inorganic single particle classes in California (Gaston emass spectral data (Hellebust et al., 2010). A very high con-
al., 2010). This factor was not observed in a previous studytribution to the EC-MSA class was observed for this factor

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010



9608 R. M. Healy et al.: Source apportionment of #4Mn Cork Harbour

indicating that it represents PM that has undergone transpof3.3.6  Shipping

through a marine environment. Contributions of 18%, 11%

and 15% to OC, EC and sulfate mass respectively were obThe shipping factor identified in this work was not identified
served. Although this regional episode only persisted for 4in the previous study in Cork Harbour, due to the absence of
days out of the total measurement period of 21 days it is esecomplementary ATOFMS data in that case (Hellebust et al.,
timated to contribute 13% to the P} mass measured over 2010). A contribution of 100% is observed for the ATOFMS
the entire campaign. However, a considerable fraction of thisShipping class for this factor. This is expected, as these
mass is expected to be due to sea salt. This factor also acmique residual fuel oil combustion particles are emitted ex-
counts for 10% and 31% of the contribution to the Sea saltclusively from container and liquid bulk vessels arriving and

and ECOC ATOFMS classes, respectively. departing from the nearby shipping berths, with no input
_ . from other sources (Healy et al., 2009). Factors for residual
3.3.4 Various combustion oil combustion were not observed in either the Pittsburgh or

Toronto PMF studies where single particle instruments were

The Various combustion factor exhibits contributions of employed (Pekney et al., 2006b:; Owega et al., 2004). How-
16%, 18% and 40% to OC, EC and sulfate mass, respectivelyayer 4 factor for residual fuel oil was observed in Riverside,

This factor is estimated to contribute 11% to the measured-gjifornia using PMF of ATOFMS, AMS and other semi-

PMz 5 mass. A power generation facility lies to the southeast ., ntinyous data and attributed to possible shipping or oil re-
of the sa_\mplmg site, d|r_ectly across the harbour, which bl_Jrnsﬂning in the Los Angeles Harbour (Eatough et al., 2008),

diesel oil during peak times. A factor for power generation 4jihough the contribution to Pk mass in that case was es-

has been associated with this facility in the previous studyjimated to be negligible compared to other local and regional
performed at the same site (Hellebust et al., 2010). In thag,rces. Residual fuel oil combustion factors are often ob-
case, the factor was characterised by contributions to sulfatg,ed in PME studies that include trace metal analysis and
and OC, but not EC, consistent with high temperature cOmyyengified using Ni and V (Godoy et al., 2009: Castanho and

bustion of fossil fuels. However, the dataset used spanned agt5vo 2001: Kim and Hopke, 2008). However, the relative
entire year, and wind was often observed from the southeastqrinytion of oil combustion particles from refining, indus-

In this work, very few instances of southeasterly wind were qomestic heating and shipping can be difficult to separate
observed .(Flg. 1). Thus, the power generation facility IS €X-(1sakson et al., 2001; Kim and Hopke, 2008; Eatough et al.,
pected toinfluence Phk mass to amuch lesser extent during »40g: viana et al., 2009). Although shipping traffic is es-
this field stL_de. Intergstlngly, a very high co_ntnbqun to the timated to contribute only 1.5% to the ambient Pdmass
ECOC particle class is observed (69%). This ATOFMS classyeasured in this work, it contributes 18% to the total number
exhibits signatures for internally mixed organic carbon andg particles detected by the SMPS. This value is second only
sulfate, particle phase species that could arise from high temg, t-affic with a contribution of 42%. Thus it appears that
perature fossil fuel combustion (Fig. 13). However, EC masSjoc4| shipping traffic can contribute significantly to local am-

and the ATOFMS classes EC-oil, Coal and EC-backgroundyient particle number in the size range 20-600 nm (mobility
which also have contributions from this factor cannot be ex'diameter) in Cork Harbour. It is important to note that while

plained by this source. Thus it appears that this factor is in

o X ‘vehicular emissions are highly regulated, emissions arising
fluenced by contributions from other combustion sources.

from the combustion of residual fuel oil by ocean-going ves-
sels are not (Fridell et al., 2008). The effect of regionally
transported shipping emissions on air quality and health in

This factor is characterised by contributions of 52%, 849, coastal areas has come to the fore recently, with an estimated

and 63% to the Coal. Peat and Wood ATOEMS classes re80 000 deaths per annum attributed to this source, a num-
spectively. The lower values for Coal and Wood suggestsper expected to rise over the next decade with an increase

that other sources are producing particles with mass spectrd 9lobal shipping activity (Corbett et al., 2007). A recent

similar to those generated by domestic coal and wood comMmodelling study estimated that ship emissions could soon be-

bustion. Peat spectra are sufficiently unique to be almost exc0me one of the major sources of air pollution in Southern

clusively attributed to domestic combustion. High contribu- California, with some regions subject to a threefold increase
tions to the EC-domestic and Oligomer particle classes ar

3.3.5 Domestic solid fuel combustion

dn contribution to ambient Pk mass concentrations from

also observed (91% and 76% respectively). This provideéhis source between 2002 and 2020 (Vutukuru and Dabdub,

further support to indicate that oligomers are present in rela-2008). However, in-port ship emissions also need to be con-

tively fresh domestic combustion particles. This factor con-Sidered, in particular for cities with substantial shipping ac-
tributes 21% and 20% to the organic and elemental carbofVity (Symeonidis et al.,, 2004; Ault et al., 2009; Tzannatos,

measured, and is estimated to contribute 5% to the measured?09; Viana et al., 2009; Pey et al., 2009, 2010). A recent
PM, 5 mass. study involving PMF of trace metal and EC/OC data esti-

mates that the contribution of shipping to PMmass con-
centrations in Melilla, Spain is 14% using V/Ni ratios (Viana

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/



R. M. Healy et al.: Source apportionment of Pin Cork Harbour 9609

et al., 2009). PMF of similar data collected at five sites in AcknowledgementsThe authors would like to acknowledge the
Seattle, estimates a contribution to Pmass of 4-6% from  Port of Cork for providing a suitable sampling site and Dar-
residual oil combustion, with the Port of Seattle identified asius Ceburnis (National University of Ireland Galway) for useful
the most likely source (Kim and Hopke, 2008). Although the discussions regarding intercqntinental transport. This research
relative contribution of shipping to ambient BMis lower has been funded by the _ngher_ Education Authorny, Ireland
in our case, freshly emitted ship exhaust particle numbers I,el_mder PRTLI cycle IV, the Irish Environmental Protection Agency

. . . . . _(STRIVE programme, 2006-EH-MS-49, 2007-PhD-EH6 and
side predominantly in the ultrafine mode (Fridell etal., 2008; g, e A)a 04 Science Foundation Ireland (07/RFP/CHEF520).

Healy et al., 2009; Ault et al., 2010), and epidemiological Finally, the authors would also like to thank the anonymous

researc.:h suggests that fine or ultrafine particle pumber COl¥eviewers for their constructive input which helped to improve the
centrations may represent a more accurate metric tharsPM quality of the final version of this manuscript.

mass concentrations when estimating the health impacts of

anthropogenic particulate sources (Ibald-Mulli et al., 2002; Edited by: N. Riemer

Kreyling et al., 2006; Hoek et al., 2010). Several recent arti-

cles have focused on estimating the regional and global im-

pact of emissions from shipping (Eyring et al., 2007; PetzoldReferences

et al., 2008; Jalkanen et al., 2009; Marmer et al., 2009; VlanaA”an, 3.D.. Williams, P. 1., Morgan, W. T., Martin, C. L., Flynn,

etal,, .2009’ Peyetal, 2.010)’ hlghllghtlng the need for corre- M. J., Lee, J., Nemitz, E., Phillips, G. J., Gallagher, M. W., and
Spo”?"”g source apportionment of PM in Iocguons |m-pac.ted Coe, H.: Contributions from transport, solid fuel burning and
by this source. Thus, knowledge of the relative contribution  ¢4oking to primary organic aerosols in two UK cities, Atmos.
of fresh ship exhaust particles of unregulated composition to  chem. Phys., 10, 647668, doi:10.5194/acp-10-647-2010, 2010.
air quality in a port environment is of particular importance Andreae, M. O. and Crutzen, P. J.: Atmospheric Aerosols: Biogeo-
considering the growth of shipping activity worldwide, and  chemical Sources and Role in Atmospheric Chemistry, Science,
the expected resultant effect on human health (Winebrake et 276, 1052-1058, doi:10.1126/science.276.5315.1052, 1997.
al., 2009; Dalsgren et al., 2010). Ault, A. P., Moore, M. J., Furutani, H., and Prather, K. A.: Impact of
Emissions from the Los Angeles Port Region on San Diego Air
Quality during Regional Transport Events, Environ. Sci. Tech-
4 Conclusions nol., 43, 3500-3506, doi:10.1021/es8018918, 2009.
Ault, A. P., Gaston, C. J., Wang, Y., Dominguez, G., Thiemens,
The contribution of various local and regional sources to am- M. H., and Prather, K. A.: Characterization of the Single Parti-
bient levels of PM5 in Cork Harbour have been estimated cle Mixing State of Individual Ship Plume Events Measured at
using positive matrix factorisation and the identified sources the Port of Los Angeles, Environ. Sci. Technol,, 44, 1954-1961,
are estimated to account for 66% of the measurecp M _ d0i:10.1021/es902985h, 2010'. _
mass. The combination of pre-clustered ATOFMS classe£2rsanti K. C. and Pankow, J. F.: Thermodynamics of the forma-
with PMF allows for the identification of more sources than tion of atmospheric organic particulate matter by accretion re-
. . L . . . actions — Part 1: aldehydes and ketones, Atmos. Environ., 38,
previous real-time monitoring or traditional off-line chemi- 4221 4355 2004.
cal analysis studies in Cork Harbour. The uptake of nitrate bygarsanti, K. C and Pankow, J. F.: Thermodynamics of the forma-
domestic combustion particles was enhanced at night during tion of atmospheric organic particulate matter by accretion re-
low wind speed events, with heterogeneous reaction of nitric  actions - 2. Dialdehydes, methylglyoxal, and diketones, Atmos.
acid with potassium chloride also playing a role in the case Environ., 39, 6597-6607, 2005.
of wood-burning particles. One class of carbonaceous partiBein, K. J., Zhao, Y., Pekney, N. J., Davidson, C. I., Johnston, M. V.,
cles containing methanesulfonic acid, a tracer for marine bi- and Wexler, A. S.: Identification of sources of atmospheric PM
ological activity, is attributed to long range transport over the &t the Pittsburgh Supersite — Part Il: Quantitative comparisons of
Atlantic Ocean, possibly originating in North America, al- single part|c_le, particle number, and particle mass measurements,
though this source is not expected to have a significantimpact Atmos. Environ., 40, 424-444, 2006. . .
upon air quality in Ireland. While local vehicular traffic was ein, K. J., Zhao, ., Johnston, M. V, and Wexler, A. S.. Identifi-
. : cation of sources of atmospheric PM at the Pittsburgh Supersite
the_largeSt Sourc_e of amb'em _B-M_mass 'n Cork .Harbour. — Part Ill: Source characterization, Atmos. Environ., 41, 3974—
during the sampling period, shipping traffic contributed sig- 3992 2007.
nificantly to ambient particle number concentrations (18%).cariton, A. G., Turpin, B. J., Altieri, K. E., Seitzinger, S., Reff, A.,
Considering that fresh ship exhaust particles reside predomi- Lim, H.-J., and Ervens, B.: Atmospheric oxalic acid and SOA
nantly in the ultrafine mode and contain polycyclic aromatic  production from glyoxal: Results of aqueous photooxidation ex-
hydrocarbons and transition metals with known toxicological periments, Atmos. Environ., 41, 7588-7602, 2007.
effects, this source may have implications for human healthCastanho, A. D. A. and Artaxo, P.: Wintertime and summertime
in the area (Lippmann et al., 2006; Peltier et al., 2008; Mur- S0 Paulo aerosol source apportionment study, Atmos. Environ.,

phy et al., 2009; Healy et al., 2009; Sodeau et al., 2009). 35, 4889-4902, 2001. )
Corbett, J. J., Winebrake, J. J., Green, E. H., Kasibhatla, P.,

Eyring, V., and Lauer, A.: Mortality from Ship Emissions:

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010



9610

A Global Assessment, Environ. Sci. Technol., 41, 8512-8518,
doi:10.1021/es071686z, 2007.

R. M. Healy et al.: Source apportionment of #4Mn Cork Harbour

mance of a Portable ATOFMS, Anal. Chem., 69, 4083-4091,
do0i:10.1021/ac970540n, 1997.

Dall'Osto, M., Beddows, D. C. S., Kinnersley, R. P, Harrison, R. Gard, E. E., Kleeman, M. J., Gross, D. S., Hughes, L. S., Allen, J.

M., Donovan, R. J., and Heal, M. R.: Characterization of in-
dividual airborne particles by using aerosol time-of-flight mass

spectrometry at Mace Head, Ireland, J. Geophys. Res. Atmos.,

109, D21302, d0i:21310.21029/22004JD004747, 2004.

0., Morrical, B. D., Fergenson, D. P., Dienes, T., Galli, M. E.,
Johnson, R. J., Cass, G. R., and Prather, K. A.: Direct observa-
tion of heterogeneous chemistry in the atmosphere, Science, 279,
1184-1187, 1998.

Dall'Osto, M. and Harrison, R. M.: Chemical characterisation of Gaston, C. J., Pratt, K. A., Qin, X., and Prather, K. A.: Real-Time

single airborne particles in Athens (Greece) by ATOFMS, At-
mos. Environ., 40, 7614-7631, 2006.

Dalsgren, S. B., Eide, M. S., Myhre, G., Endresen, @., Isak-
sen, I. S. A., and Fuglestvedt, J. S.: Impacts of the Large In-

Detection and Mixing State of Methanesulfonate in Single Parti-

cles at an Inland Urban Location during a Phytoplankton Bloom,

Environ. Sci. Technol., 44, 1566—-1572, doi:10.1021/es902069d,
2010.

crease in International Ship Traffic 2000-2007 on TroposphericGodoy, M. L. D. P., Godoy, J. M., Raoéw, L. A., Soluri, D. S., and

Ozone and Methane, Environ. Sci. Technol., 44, 2482-2489,
doi:10.1021/es902628e, 2010.
Denkenberger, K. A., Moffet, R. C., Holecek, J. C., Rebotier, T. P.,

Donagemma, R. A.: Coarse and fine aerosol source apportion-
ment in Rio de Janeiro, Brazil, Atmos. Environ., 43, 2366-2374,
20009.

and Prather, K. A.: Real-time, single-particle measurements ofGross, D. S., Galli, M. E., Silva, P. J., and Prather, K. A.: Rela-

oligomers in aged ambient aerosol particles, Environ. Sci. Tech-
nol., 41, 5439-5446, doi:10.1021/es070329I, 2007.
Dommen, J., Metzger, A., Duplissy, J., Kalberer, M., Alfarra, M.

tive Sensitivity Factors for Alkali Metal and Ammonium Cations
in Single-Particle Aerosol Time-of-Flight Mass Spectra, Anal.
Chem., 72, 416-422, 2000.

R., Gascho, A., Weingartner, E., Prevot, A. S. H., Vlerheggen, B.,Gross, D. S., Galli, M. E., Kalberer, M., Prevot, A. S. H., Dom-

and Baltensperger, U.: Laboratory observation of oligomers in
the aerosol from isoprene/NOx photooxidation, Geophys. Res.
Lett., 33, L13805, doi:10.1029/2006GL026523, 2006.

Draxler, R. R. and Rolph, G. D.: HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model v 4.9, NOAA Air Re-
source Laboratory, Silver Spring MD, available &ttp://www.
arl.noaa.gov/ready/hysplit4.htn2003.

Dreyfus, M. A., Adou, K., Zucker, S. M., and Johnston, M.
V.. Organic aerosol source apportionment from highly time-
resolved molecular composition measurements, Atmos. Envi-
ron., 43, 2901-2910, 2009.

men, J., Alfarra, M. R., Duplissy, J., Gaeggeler, K., Gascho, A.,
Metzger, A., and Baltensperger, U.: Real-time measurement of
oligomeric species in secondary organic aerosol with the aerosol
time-of-flight mass spectrometer, Anal. Chem., 78, 2130-2137,
2006.

Gross, D. S., Atlas, R., Rzeszotarski, J., Turetsky, E., Christensen,

J., Benzaid, S., Olsen, J., Smith, T., Steinberg, L., Sulman, J.,
Ritz, A., Anderson, B., Nelson, C., Musicant, D. R., Chen,
L., Snyder, D. C., and Schauer, J. J.: Environmental chemistry
through intelligent atmospheric data analysis, Environ. Modell.
Softw., 25, 760-769, doi:10.1016/j.envsoft.2009.12.001, 2010.

Eatough, D. J., Grover, B. D., Woolwine, W. R., Eatough, N. L., Guazzotti, S. A., Suess, D. T., Coffee, K. R., Quinn, P. K., Bates,

Long, R., and Farber, R.: Source apportionment of 1 h semi-
continuous data during the 2005 Study of Organic Aerosols in
Riverside (SOAR) using positive matrix factorization, Atmos.
Environ., 42, 2706-2719, 2008.

Eyring, V., Stevenson, D. S., Lauer, A., Dentener, F. J., Butler, T.,

T. S., Wisthaler, A., Hansel, A., Ball, W. P., Dickerson, R. R.,
Neusi3, C., Crutzen, P. J., and Prather, K. A.: Characteriza-
tion of carbonaceous aerosols outflow from India and Arabia:
Biomass/biofuel burning and fossil fuel combustion, J. Geophys.
Res., 108, 4485, doi:10.1029/2002jd003277, 2003.

Collins, W. J., Ellingsen, K., Gauss, M., Hauglustaine, D. A., Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-

Isaksen, I. S. A., Lawrence, M. G., Richter, A., Rodriguez, J.
M., Sanderson, M., Strahan, S. E., Sudo, K., Szopa, S., van
Noije, T. P. C., and Wild, O.: Multi-model simulations of the
impact of international shipping on Atmospheric Chemistry and
Climate in 2000 and 2030, Atmos. Chem. Phys., 7, 757-780,
doi:10.5194/acp-7-757-2007, 2007.

Forster, C., Wandinger, U., Wotawa, G., James, P., Mattis, I.,
Althausen, D., Simmonds, P., O'Doherty, S., Jennings, S. G.,
Kleefeld, C., Schneider, J., Trickl, T., Kreipl, S., Jager, H., and

son, D., Claeys, M., Dommen, J., Donahue, N. M., George,
C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoff-
mann, T., linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L.,
Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, Th.
F., Monod, A., Pewt, A. S. H., Seinfeld, J. H., Surratt, J. D.,
Szmigielski, R., and Wildt, J.: The formation, properties and
impact of secondary organic aerosol: current and emerging is-
sues, Atmos. Chem. Phys., 9, 5155-5236, doi:10.5194/acp-9-
5155-2009, 2009.

Stohl, A.: Transport of boreal forest fire emissions from CanadaHealy, R. M., Wenger, J. C., Metzger, A., Duplissy, J., Kalberer,

to Europe, J. Geophys. Res., 106, 22887-22906, 2001.

Fridell, E., Steen, E., and Peterson, K.: Primary particles in ship
emissions, Atmos. Environ., 42, 1160-1168, 2008.

Friedman, B., Herich, H., Kammermann, L., Gross, D. S., Arneth,

M., and Dommen, J.: Gas/particle partitioning of carbonyls in
the photooxidation of isoprene and 1,3,5-trimethylbenzene, At-
mos. Chem. Phys., 8, 3215-3230, doi:10.5194/acp-8-3215-2008,
2008.

A., Holst, T., and Cziczo, D. J.: Subarctic atmospheric aerosolHealy, R. M., O’Connor, I. P., Hellebust, S., Allanic, A., Sodeau, J.

composition: 1. Ambient aerosol characterization, J. Geophys.
Res., 114, D13203, doi:10.1029/2009jd011772, 2009.

R., and Wenger, J. C.: Characterisation of single particles from
in-port ship emissions, Atmos. Environ., 43, 6408-6414, 2009.

Gard, E., Mayer, J. E., Morrical, B. D., Dienes, T., Fergen- Hellebust, S., Allanic, A., O’'Connor, |. P., Wenger, J. C., and

son, D. P, and Prather, K. A.: Real-Time Analysis of In-
dividual Atmospheric Aerosol Particles: Design and Perfor-

Atmos. Chem. Phys., 10, 9593613 2010

Sodeau, J. R.: The use of real-time monitoring data to evaluate
major sources of airborne particulate matter, Atmos. Environ.,

www.atmos-chem-phys.net/10/9593/2010/


http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html

R. M. Healy et al.: Source apportionment of Pin Cork Harbour 9611

44, 1116-1125, 2010. cal modelling of aerosol mass spectra, Atmos. Chem. Phys., 7,

Heo, J.-B., Hopke, P. K., and Yi, S.-M.: Source apportionment 1503-1522, doi:10.5194/acp-7-1503-2007, 2007.
of PMy 5 in Seoul, Korea, Atmos. Chem. Phys., 9, 4957-4971, Li, J., PFosfai, M., Hobbs, P. V., and Buseck, P. R.: Individual aerosol
doi:10.5194/acp-9-4957-2009, 2009. particles from biomass burning in southern Africa: 2, Compo-

Herich, H., Kammermann, L., Gysel, M., Weingartner, E., Bal-  sitions and aging of inorganic particles, J. Geophys. Res., 108,
tensperger, U., Lohmann, U., and Cziczo, D. J.: In situ 8484, doi:10.1029/2002jd002310, 2003.
determination of atmospheric aerosol composition as a func-Liggio, J., Li, S. M., and McLaren, R.: Reactive uptake of glyoxal
tion of hygroscopic growth, J. Geophys. Res., 113, D16213, by particulate matter, J. Geophys. Res. Atmos., 110, D10304,
doi:10.1029/2008jd009954, 2008. doi:10.1029/2004JD005113, 2005.

Hoek, G., Boogaard, H., Knol, A., de Hartog, J., Slottje, P., Ayres, Lippmann, M., Ito, K., Hwang, J.-S., Maciejczyk, P., and Chen, L.-
J. G., Borm, P., Brunekreef, B., Donaldson, K., Forastiere, C.: Cardiovascular Effects of Nickel in Ambient Air, Environ.
F., Holgate, S., Kreyling, W. G., Nemery, B., Pekkanen, J., Health Perspectives, 114, 1662-1669, doi:10.1289/ehp.9150,
Stone, V., Wichmann, H. E., and van der Sluijs, J.: Con- 2006.
centration Response Functions for Ultrafine Particles and All-Liu, D.-Y., Wenzel, R. J., and Prather, K. A.: Aerosol time-
Cause Mortality and Hospital Admissions: Results of a European of-flight mass spectrometry during the Atlanta Supersite Ex-
Expert Panel Elicitation, Environ. Sci. Technol., 44, 476-482, periment: 1. Measurements, J. Geophys. Res., 108, 8426,

doi:10.1021/es9021393, 2010. doi:10.1029/2001jd001562, 2003.
Hopke, P. K.: The evolution of chemometrics, Analytica Chimica MacQueen, J.: Some methods for classification and analysis of mul-
Acta, 500, 365-377, 2003. tivariate observations, Fifth Berkeley Symposium on Mathemat-

Ibald-Mulli, A., Wichmann, H.-E., Kreyling, W., and Peters, ical Statistics and Probability, 1967.

A.: Epidemiological Evidence on Health Effects of Ultra- Maier, K. L., Alessandrini, F., Beck-Speier, I., Hofer, T. P. J., Dia-
fine Particles, Journal of Aerosol Medicine, 15, 189-201, bate, S., Bitterle, E., Stoger, T., Jakob, T., Behrendt, H., Horsch,
doi:10.1089/089426802320282310, 2002. M., Beckers, J., Ziesenis, A., Hultner, L., and Frankenberger, M.:

Intergovernmental Panel on Climate Change (IPCC): Climate Health effects of ambient particulate matter — Biological mecha-
Change: The Scientific Basis, Cambridge University Press, UK, nisms and inflammatory responses to in vitro and in vivo particle
2001. exposures, Inhal. Toxicol., 20, 319-337, 2008.

Isakson, J., Persson, T. A., and Selin Lindgren, E.: IdentificationMarmer, E., Dentener, F., Aardenne, J. v., Cavalli, F., Vignati, E.,
and assessment of ship emissions and their effects in the harbour Velchev, K., Hjorth, J., Boersma, F., Vinken, G., Mihalopoulos,
of Goteborg, Sweden, Atmos. Environ., 35, 3659-3666, 2001. N., and Raes, F.: What can we learn about ship emission invento-

Jalkanen, J.-P., Brink, A., Kalli, J., Pettersson, H., Kukkonen, J., ries from measurements of air pollutants over the Mediterranean
and Stipa, T.. A modelling system for the exhaust emissions Sea?, Atmos. Chem. Phys., 9, 6815-6831, doi:10.5194/acp-9-
of marine traffic and its application in the Baltic Sea area, At- 6815-2009, 2009.
mos. Chem. Phys., 9, 9209-9223, doi:10.5194/acp-9-9209-2009vaykut, N. N., Lewtas, J., Kim, E., and Larson, T. V.: Source
2009. Apportionment of PM2.5 at an Urban IMPROVE Site in

Jang, M. S., Czoschke, N. M., Lee, S., and Kamens, R. M.: Het- Seattle, Washington, Environ. Sci. Technol., 37, 5135-5142,
erogeneous atmospheric aerosol production by acid-catalyzed doi:10.1021/es030370y, 2003.
particle-phase reactions, Science, 298, 814-817, 2002. Mira-Salama, D., Gining, C., Jensen, N. R., Cavalli, P., Putaud,

Jennings, S. G., Spain, T. G., Doddridge, B. G., Maring, H., Kelly, J. P, Larsen, B. R., Raes, F., and Coe, H.: Source attribution of
B. P., and Hansen, A. D. A.: Concurrent measurements of black urban smog episodes caused by coal combustion, Atmos. Res.,
carbon aerosol and carbon monoxide at Mace Head, J. Geophys. 88, 294-304, 2008.

Res., 101, 19447-19454, doi:10.1029/96jd00614, 1996. Moffet, R. C., de Foy, B., Molina, L. T., Molina, M. J., and Prather,

Kalberer, M., Paulsen, D., Sax, M., Steinbacher, M., Dommen, J., K.A.: Measurement of ambient aerosols in northern Mexico City
Prevot, A. S. H., Fisseha, R., Weingartner, E., Frankevich, V., by single particle mass spectrometry, Atmos. Chem. Phys., 8,
Zenobi, R., and Baltensperger, U.: ldentification of polymers 4499-4516, doi:10.5194/acp-8-4499-2008, 2008.
as major components of atmospheric organic aerosols, Sciencéfogili, P. K., Kleiber, P. D., Young, M. A., and Grassian, V. H.:
303, 1659-1662, 2004. N2Os hydrolysis on the components of mineral dust and sea salt

Karanasiou, A. A., Siskos, P. A., and Eleftheriadis, K.: Assess- aerosol: Comparison study in an environmental aerosol reaction
ment of source apportionment by Positive Matrix Factorization chamber, Atmos. Environ., 40, 7401-7408, 2006.
analysis on fine and coarse urban aerosol size fractions, AtmosMugica, V., Ortiz, E., Molina, L., De Vizcaya-Ruiz, A., Nebot, A.,
Environ., 43, 3385-3395, 2009. Quintana, R., Aguilar, J., and Aatara, E.. PM composition

Kim, E. and Hopke, P. K.: Source characterization of ambient fine and source reconciliation in Mexico City, Atmos. Environ., 43,
particles at multiple sites in the Seattle area, Atmos. Environ., 5068-5074, 2009.

42, 6047-6056, 2008. Murphy, S. M., Agrawal, H., Sorooshian, A., Padro, L. T., Gates,
Kreyling, W. G., Semmler-Behnke, M., anddifer, W.: Ultrafine H., Hersey, S., Welch, W. A., Jung, H., Miller, J. W., Cocker,

Particle—Lung Interactions: Does Size Matter?, J. Aerosol Med., D. R., Nenes, A., Jonsson, H. H., Flagan, R. C., and Seinfeld, J.

19, 74-83, d0i:10.1089/jam.2006.19.74, 2006. H.: Comprehensive Simultaneous Shipboard and Airborne Char-
Lanz, V. A., Alfarra, M. R., Baltensperger, U., Buchmann, B., acterization of Exhaust from a Modern Container Ship at Sea,

Hueglin, C., and Fawt, A. S. H.: Source apportionment of Environ. Sci. Technol., 43, 4626-4640, doi:10.1021/es802413j,
submicron organic aerosols at an urban site by factor analyti- 2009.

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010



9612 R. M. Healy et al.: Source apportionment of #4Mn Cork Harbour

Orru, H., Kaasik, M., Merisalu, E., and Forsberg, B.: Health impact chemical characterization of individual particles resulting from
assessment in case of biofuel peat — Co-use of environmental biomass burning of local Southern California species, Environ.
scenarios and exposure-response functions, Biomass Bioenerg., Sci. Technol., 33, 3068-3076, 1999.

33, 1080-1086, 2009. Silva, P. J. and Prather, K. A.: Interpretation of mass spectra from

Owega, S., Khan, B.-U.-Z., D'Souza, R., Evans, G. J., Fila, M., organic compounds in aerosol time-of-flight mass spectrometry,
and Jervis, R. E.: Receptor Modeling of Toronto PM2.5 Charac- Anal. Chem., 72, 3553—-3562, 2000.
terized by Aerosol Laser Ablation Mass Spectrometry, Environ. Singh, H. B., Brune, W. H., Crawford, J. H., Jacob, D. J., and
Sci. Technol., 38, 5712-5720, doi:10.1021/es035177i, 2004. Russell, P. B.: Overview of the summer 2004 Intercontinental

Paatero, P.: The multilinear engine-a table-driven, least squares pro- Chemical Transport Experiment;North America (INTEX-A), J.
gram for solving multilinear problems, including the n-way par-  Geophys. Res., 111, D24S01, doi:10.1029/2006jd007905, 2006.
allel factor analysis model, J. Comput. Graph. Stat., 8, 854-888Snyder, D. C., Schauer, J. J., Gross, D. S., and Turner, J. R.: Es-
1999. timating the contribution of point sources to atmospheric met-

Pekney, N. J., Davidson, C. |., Bein, K. J., Wexler, A. S., and John-  als using single-particle mass spectrometry, Atmos. Environ., 43,
ston, M. V.: Identification of sources of atmospheric PM at the = 4033-4042, 2009.

Pittsburgh Supersite, Part I: Single particle analysis and filter-Sodeau, J., Hellebust, S., Allanic, A., O’'Connor, |., Healy, D.,
based positive matrix factorization, Atmos. Environ., 40, 411- Healy, R., and Wenger, J.: Airborne emissions in the harbour
423, 2006a. and port of Cork, Biomarkers, 14, 12-16, 2009.

Pekney, N. J., Davidson, C. I., Robinson, A., Zhou, L., Hopke, P.,,Sodeman, D. A., Toner, S. M., and Prather, K. A.: Determina-
Eatough, D., and Rogge, W. F.: Major Source Categories for tion of Single Particle Mass Spectral Signatures from Light-
PMa 5 in Pittsburgh using PMF and UNMIX, Aerosol Sci. Tech- Duty Vehicle Emissions, Environ. Sci. Technol., 39, 4569-4580,
nol., 40, 910-924, 2006b. doi:10.1021/es0489947, 2005.

Peltier, R. E., Hsu, S.-I., Lall, R., and Lippmann, M.: Residual oil Spencer, M. T., Shields, L. G., Sodeman, D. A., Toner, S. M., and
combustion: a major source of airborne nickel in New York City,  Prather, K. A.: Comparison of oil and fuel particle chemical sig-
J. Expos. Sci. Environ. Epidemiol., 19, 603-612, 2008. natures with particle emissions from heavy and light duty vehi-

Petzold, A., Hasselbach, J., Lauer, P., Baumann, R., Franke, K., cles, Atmos. Environ., 40, 5224-5235, 2006.

Gurk, C., Schlager, H., and Weingartner, E.: Experimental stud-Stohl, A., Forster, C., Eckhardt, S., Spichtinger, N., Huntrieser, H.,
ies on particle emissions from cruising ship, their characteris- Heland, J., Schlager, H., Wilhelm, S., Arnold, F., and Cooper, O.:
tic properties, transformation and atmospheric lifetime in the A backward modeling study of intercontinental pollution trans-
marine boundary layer, Atmos. Chem. Phys., 8, 2387-2403, port using aircraft measurements, J. Geophys. Res., 108, 4370,
doi:10.5194/acp-8-2387-2008, 2008. doi:10.1029/2002JD002862, 2003.

Pey, J., Querol, X., Alastuey, A., Rdduez, S., Putaud, J. P.,, and Suess, D. T. and Prather, K. A.: Reproducibility of Single Particle
Van Dingenen, R.: Source apportionment of urban fine and ultra- Chemical Composition during a Heavy Duty Diesel Truck Dy-
fine particle number concentration in a Western Mediterranean namometer Study, Aerosol Sci. Technol., 36, 1139-1141, 2002.
city, Atmos. Environ., 43, 4407-4415, 2009. Sullivan, R. C. and Prather, K. A.: Recent advances in our under-

Pey, J., Querol, X., and Alastuey, A.: Discriminating the regional  standing of atmospheric chemistry and climate made possible by
and urban contributions in the North-Western Mediterranean: on-line aerosol analysis instrumentation, Anal. Chem., 77, 3861—
PM levels and composition, Atmos. Environ., 44, 1587-1596, 3885, 2005.

2010. Sullivan, R. C., Guazzotti, S. A., Sodeman, D. A., and Prather,

Polissar, A. V., Hopke, P. K., Paatero, P., Malm, W. C., and Sisler, J. K. A.: Direct observations of the atmospheric processing
F.: Atmospheric aerosol over Alaska 2. Elemental composition of Asian mineral dust, Atmos. Chem. Phys., 7, 1213-1236,
and sources, J. Geophys. Res., 103, 19045-19057, 1998. doi:10.5194/acp-7-1213-2007, 2007.

Qin, X., Bhave, P. V., and Prather, K. A.: Comparison of Sullivan, R. C. and Prather, K. A.: Investigations of the diurnal cycle
Two Methods for Obtaining Quantitative Mass Concentrations and mixing state of oxalic acid in individual particles in Asian
from Aerosol Time-of-Flight Mass Spectrometry Measurements, aerosol outflow, Environ. Sci. Technol., 41, 8062—-8069, 2007.
Anal. Chem., 78, 6169-6178, d0i:10.1021/ac060395¢, 2006. = Symeonidis, P., Ziomas, |., and Proyou, A.: Development of an

Reinard, M. S., Adou, K., Martini, J. M., and Johnston, M. V.: emission inventory system from transport in Greece, Environ.
Source characterization and identification by real-time single Modell. Softw., 19, 413-421, 2004.
particle mass spectrometry, Atmos. Environ., 41, 9397-9409,Toner, S. M., Sodeman, D. A., and Prather, K. A.: Single Parti-
2007. cle Characterization of Ultrafine and Accumulation Mode Par-

Shi, G.-L., Li, X., Feng, Y.-C., Wang, Y.-Q., Wu, J.-H., Li, J., and ticles from Heavy Duty Diesel Vehicles Using Aerosol Time-
Zhu, T.: Combined source apportionment, using positive ma- of-Flight Mass Spectrometry, Environ. Sci. Technol., 40, 3912—
trix factorization-chemical mass balance and principal compo- 3921, 2006.
nent analysis/multiple linear regression-chemical mass balancdoner, S. M., Shields, L. G., Sodeman, D. A., and Prather, K. A.:
models, Atmos. Environ., 43, 2929-2937, 2009. Using mass spectral source signatures to apportion exhaust par-

Shields, L. G., Suess, D. T., and Prather, K. A.: Determination of ticles from gasoline and diesel powered vehicles in a freeway
single particle mass spectral signatures from heavy-duty diesel study using UF-ATOFMS, Atmos. Environ., 42, 568-581, 2008.
vehicle emissions for PM2.5 source apportionment, Atmos. En-Tzannatos, E.: Ship emissions and their externalities for the port of
viron., 41, 3841-3852, 2007. Piraeus — Greece, Atmos. Environ., 44, 400-407, 2009.

Silva, P. J., Liu, D. Y., Noble, C. A., and Prather, K. A.: Size and Ulbrich, I. M., Canagaratna, M. R., Zhang, Q., Worsnop, D. R., and

Atmos. Chem. Phys., 10, 9593613 2010 www.atmos-chem-phys.net/10/9593/2010/



R. M. Healy et al.: Source apportionment of Pin Cork Harbour 9613

Jimenez, J. L.: Interpretation of organic components from Posi-Weingartner, E., Burtscher, H., and Baltensperger, U.: Hygroscopic
tive Matrix Factorization of aerosol mass spectrometric data, At-  properties of carbon and diesel soot particles, Atmos. Environ.,
mos. Chem. Phys., 9, 2891-2918, doi:10.5194/acp-9-2891-2009, 31, 2311-2327, 1997.
20009. Winebrake, J. J., Corbett, J. J., Green, E. H., Lauer, A., and Eyring,
Viana, M., Amato, F., Alastuey, A. S., Querol, X., Moreno, T., V.: Mitigating the Health Impacts of Pollution from Oceango-
Garcia Dos Santos, S. |., Herce, M. A. D., and Fernandez- ing Shipping: An Assessment of Low-Sulfur Fuel Mandates,
Patier, R. A.: Chemical Tracers of Particulate Emissions from Environ. Sci. Technol., 43, 4776-4782, doi:10.1021/es803224q,
Commercial Shipping, Environ. Sci. Technol., 43, 7472-7477, 2009.
doi:10.1021/es901558t, 2009. Yang, F., Chen, H., Wang, X., Yang, X., Du, J., and Chen, J.: Single
Vogt, R., Kirchner, U., Scheer, V., Hinz, K. P., Trimborn, A., and particle mass spectrometry of oxalic acid in ambient aerosols in
Spengler, B.: Identification of diesel exhaust particles at an Au- Shanghai: Mixing state and formation mechanism, Atmos. Env-
tobahn, urban and rural location using single-particle mass spec- iron., 43, 3876-3882, 2009.
trometry, J. Aerosol Sci., 34, 319-337, 2003. Yin, J., Allen, A. G., Harrison, R. M., Jennings, S. G., Wright,
Vutukuru, S. and Dabdub, D.: Modeling the effects of ship emis- E., Fitzpatrick, M., Healy, T., Barry, E., Ceburnis, D., and Mc-
sions on coastal air quality: A case study of southern California, Cusker, D.: Major component composition of urban PM10 and
Atmos. Environ., 42, 3751-3764, 2008. PM2.5 in Ireland, Atmos. Res., 78, 149-165, 2005.
Wang, X., Zhang, Y., Chen, H., Yang, X., Chen, J., and Geng, F.:
Particulate Nitrate Formation in a Highly Polluted Urban Area:
A Case Study by Single-Particle Mass Spectrometry in Shanghai,
Environ. Sci. Technol., 43, 3061-3066, doi:10.1021/es8020155,
20009.

www.atmos-chem-phys.net/10/9593/2010/ Atmos. Chem. Phys., 10, 96832010



