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Abstract. The chemical composition and sources of ambi- mestic heating systems. Average particle number concentra-

ent fine particulate matter (PMover a period of 2.5 years tions (Ng_g2snm) from 5/11/2010 to 01/06/2011 and from

for a regional background site in the western Mediterraneari.5/10/2011 to 18/12/2011 reached 3097 éafive emission

are presented in this work. Furthermore, sub-micron parti-sources of particle of sub-micron particles were determined

cle number concentrations and the sources of these partby Principal Component Analysis (PCA); industrialtraf-

cles are also presented. The mean;Rdncentration for fic + biomass burning, new particle formatiep growth,

the measurement period was 8.9 pginwith organic mat-  secondary sulphate fuel oil combustion, crustal material

ter (OM) and sulphate comprising most of the mass (3.2and secondary nitrate. The new particle formatiogrowth

and 1.5 ug m? respectively). Six sources were identified in source dominated the particle number concentration (56 % of

PM; by Positive Matrix Factorisation (PMF): secondary or- total particle number concentration), especially for particles

ganic aerosol, secondary nitrate, industrial, traffibiomass < 100 nm, followed by industriat traffic + biomass burn-

burning, fuel oil combustion and secondary sulphate. Typ-ing (13 %). Secondary sulphatefuel oil combustion (8 %),

ically anthropogenic sources displayed elevated concentranitrate (9 %) and crustal material (2%) were dominant for

tions during the week with reductions at weekends. Nitrateparticles of larger diameter-(100 nm) and thus did not in-

levels were elevated in winter and negligible in summer, fluence the particle number concentration significantly.

whereas secondary sulphate levels underwent a contrasting

seasonal evolution with highest concentrations in summer,

similar to the fuel oil combustion source. The SOA source

was influenced by episodes of sustained pollution as a result Introduction

of anticyclonic conditions occurring during winter, giving

rise to thermal inversions and the accumulation of pollutantsThe negative impacts of particulate matter (PM) on human

in the mixing layer. Increased levels in summer were owinghealth have been well established in literature (Pope and

to higher biogenic emissions and regional recirculation of airDockery, 2006). Furthermore, the ability of ambient PM to

masses. The industrial source decreased in August due to dgnpact the Earth’s climate (IPCC, 2007), visibility and nat-

creased emissions during the vacation period. Increases in theral ecosystems has made it the focus of intensive study for

traffic + biomass burning source were recorded in Januarymany decades now. Current legislation in Europe enforces

April and October, which were attributed to the occurrencecontrols on emissions and ambient levels of fgNparticles

of the aforementioned pollution episodes and local biomas®f diameter< 10 um) and PMs (< 2.5 pm), such as the Eu-

burning emission sources, which include agriculture and do+opean Directive 2008/50/EC. Particle size is an important
factor when considering the ability of particles to penetrate

Published by Copernicus Publications on behalf of the European Geosciences Union.



5174 M. Cusack et al.: Source apportionment of PM and sub-micron particles

into the human respiratory system (Lighty et al, 2000) and2 Methodology
the fine fraction (PM) and sub-micron particle number con-

centration may be more detrimental to human health owing> 1 Sampling site
to their capacity to penetrate deeper into the lungs. Despite

this fact, the fine PM fraction and its chemical composi- Regular sampling of PMfor gravimetric analysis was per-

tion remain relatively understudied, especially outside urbanformed at a regional background (RB) site in the North East

areas. In recent years much attention has been focused W the Iberian Peninsula. The site Montseny (MSYe4@ N

the aerosol sub-micron particle number concentration, Whichb2021, E, 720m.a.s.l.) is located in the Montseny natural

has taeen shown to have an inverse reIation;hjp W.ith masBark, 40km from the greater urbanised area of Barcelona
(Rodngu_ez et al., 2907; Pey et al., 2008)' This implies that nd 25km from the Mediterranean coast. The mountain-
a reduction of ambient PM concentrations, as encourage us region in which the site is located is sparsely popu-

by pol]ution abatemt_ant strategies, might aqtually increasqated and densely forested, but pollution from the region af-
sub-micrometer particle number concentrations. Thus, UN3octs the area regularly, which is especially influenced by

gi;Stigd'ngb ::|e rc:emlrctiall coimf)/ﬁs:tlt())r} tr;ndf sxu;czf of f"r“?nesoscale and synoptic meteorology. The cyclical nature
andsu cron particles 1S vital. € rew Studies per ¢ prevailing mountain and sea breezes can transport urban

formed on PM, most are concerned with the urban envi- and industrial emissions from the densely populated valleys

ronment, and were characterised during short measureme%thd depressions below MSY to the site. Furthermore, MSY

campaigns (Vecchi et al., 2008; Richard et al., 2011). COZICcan be subjected to sustained episodes of pollution during

et al. (2008) published results on organic and inorganic com- . . . . : )
pounds in PM for 7 years at a high alpine site in Switzer- winter (winter anticyclonic episodes; WAE), whereby calm

. . i weather creates a stagnant air mass and the accumulation of
land (Jgngfrauloch). Bourmer_ et _a_l. (2012) studied;Radn- ._aerosols, increasing pollutant levels substantially. These pol-
centrations and seasonal variability over one year at the hig

. . . lution episodes (associated with anticyclonic pressure sys-
altitude site of puy de Bme in France. However, of the stud- P ( y P y

. : . tems) tend to persist until removed by less calm weather
ies mentioned, source apportionment was only performed for

. . . such as strong winds which disperse the air mass. In summer,
PM; at urban sites by Vecchi et al. (2008) and Richard et . . . ; -
al. (2011). Minguilbn et al. (2012) performed source ap- high pressure systems and insolation create regional recircu

! o ) lation of air masses, causing the aging and recirculation of
portionment of PM at a rural site in Switzerland but only 9 ging

for short measurement campaians during summer and Win<::1ir masses containing aerosols, particularly ammonium sul-
ter. Source apportionment stpd'gs are 'mgortant to hel .denphate, over a larger area. Furthermore, episodes of Saharan
ef. source apportior udi 'mp : P 19€NG st intrusions are more frequent in summer, although they
tify the major pollution sources affecting ambient PM and

article number concentrations. The characterisation of th can occur year-round. Lower rainfall in summer also pro-
P ' fnotes the resuspension of soils and intensified solar radiation

sources of sub-micron particles has been performed in urbanmreases biogenic emissions and photochemical reactions of

environments using Principal Component Analysis (Pey et .
- ! . . rosol I, 2011). Th f r mbined resul
al., 2009b) and Positive Matrix Factorisation (Harrison et al. aerosols (Seco et al., 2011) ese factors combined result

2011 'in generally higher aerosol levels across the region for the
Th). mulation of a relatively lon . f PV summer months. Winter time levels are comparatively lower
e accumulation of a relatively long series of Phv- owing to higher precipitation and Atlantic advection, except

els and chemical composition data in this study (Septembe\rNhen anticyclonic conditions prevail. For further informa-

2009 to January 2012) has allowed for the investigation of; i heri .
. SN . o PM
the daily and seasonal variation in Rl&ind the identification tion and details on atmospheric dynamics and trends at

of a number of sources affecting RMit a regional back- El;/:S(\ggleZe)lérez etal. (2008), Pey etal. (2010) and Cusack et

ground site in the western Mediterranean. Furthermore, in

the present study a large number of parameters, including

PM; chemical components, gaseous pollutants and meteore?-2 Measurements

logical variables have been combined with particle number

size distribution in order to identify and quantify the contri- Samples of PM were collected on quartz fibre filters

bution of various sources to atmospheric sub-micron particlgPallflex) consecutively every four days from Septem-

concentrations. To the author’'s knowledge, no similar studyber 2009 to January 2012 with high volume samplers

exists in the literature for regional background sites. (30 h~1) DIGITEL-DHS80, equipped with a PMcut-off
inlet (also DIGITEL). 182 samples were collected in total.
Filter pre-treatment consisted of oven-baking the filters at
200°C for 4 h to remove impurities, followed by condition-
ing for 24 h at 20—28C and 25-30 % relative humidity. Fol-
lowing sampling, the filters were weighed three times on
three consecutive days. PM mass concentrations were de-
termined by standard gravimetric procedures, and complete
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chemical analysis for all filters was performed following the aerosol flow was maintained at 1| mihat the inlet and the
procedures described by Querol et al. (2001). dried sheath air flow was maintained at 5| min

Chemical analysis was performed by a range of instru- Black Carbon (BC) concentrations were measured contin-
mental techniques to determine concentrations of various eltously using a Multi Angle Absorption Photometer (MAAP,
ements and components. Acid digestion (HF:HNGCIO4) model 5012, Thermo). Real time measurements Hf\D,
of %20f each filter was carried out and subsequently analNO,, CO and SQ were obtained on-site, supplied by the
ysed by Inductively Coupled Plasma Atomic Emission Department of the Environment of the Autonomous Gov-
Spectroscopy, ICP-AES (IRIS Advantage TJA solutions, ernment of Catalonia. Hourly levels of wind direction, wind
THERMO) to determine concentrations of major compo- speed, solar radiation, temperature, relative humidity and
nents (Al, Ca, Na, Mg, Fe, K). Trace element concentrationsprecipitation were recorded in real-time on site. SéeeP
were determined by means of Inductively Coupled Plasmeet al. (2008) for further details. Solar radiation is presented
Mass Spectroscopy, ICP-MS (X Series Il, THERMO). ¥4 of in this work as the sum of hourly averages of solar radiation.
the filter was analysed for water soluble ions2SONO3, _
NH; and CI" and analysed by lon Chromatography HPLC 2.3 Source apportionment
(High Performance Liquid Chromatography) using a WA-
TERS IC-pakTM anion column and WATERS 432 conduc-
tvity detector_. NFI was determined by an ion specific elec- Source apportionment analysis was performed on the data set
trode. Organ!c and Elemgqtal Carbon (O.C and EC) WEr€ot PM; using Positive Matrix Factorisation (PMF) by means
measured using the remaining % of each filter by a thermal-Of EPA PME v3.0 software. PMF is a multivariate tool used

g%'é?:l ;\rar]sm|ss_|rohn Eﬁgmﬁz usw;g al Sunset I_Iabo(rjator)fo determine source profiles by decomposing a matrix of data
nhalyser. 1he protocoiwas empioye (ascomposed of chemical species into two matrices — factor con-

outlined by Cavalli etal., 2010). Organic Matter (OM) is cal- tributions and factor profiles. The method employed in this

culated from OC by multiplying by a factor of 2.1 as sug- work is based on that described b
: i . y Paatero and Taper (1994).
gested by Turpin et al. (2001) and Aken et al., (2005).510 Individual estimates of the uncertainty associated with each

;’:md qu V\I/ere Irdlzrggtlly d:termlnled fr(;)m emplrflcal formu- data value are required as PMF is a weighted least-squares
as (Querol et al., )- A complete dataset of major Com- o The individual estimates of uncertainty in the data

ponents (OC, EC, ND, soj ' NHZ’ CI” Al Ca, N.a, Mg, set were determined following the methodology described
Fe and K) and trace elements (Ti, V, Cr, Mn, Ni, Cu, Zn, by Amato et al. (2009). This methodology is similar to that
A.S’ Rb, Sr, Cd, Sn, .Sb’ La, Pb, among others) was thus COM3escribed by Thompson and Howarth (1976), but also con-
piled. Qrustal material was deteimmed from the sum of CON5iders the uncertainty associated with blank filter subtraction
centrations of AdCQ3' SIC,, CO% , Ca, K, Mg and Fe. Sea from each sample. Elements used in this study (OCf,‘SO
spray was determined from the sum of Nand CI-. The NO; NHI EC, Al, Ca, K, Na, Mg, Fe, Mn, Ti, V, Cr, Ni

combined sum of the determined chemical components aCCu, Zn, As, Rb, Sr, Cd, Sn, Sb, Pb and La) were selected ac-
counted for almost 70 % of the total PM mass. For each set_ ' . T ; . :
cording to their signal to noise ratio (S/N), whereby species

of ten filters, nine were sampled and one was reserved for ith S/N < 2 were defined as weak, and species with S/

blank analysis. The corresponding blank filter was analysed, .. . : .
. . defined as strong. These criteria resulted in 12 strong species
using the same procedures described for OC/EC, water solu- . .
. ) . .~ "and 15 weak species. The total PMoncentration was set
ble ions and for major/minor elements. Blank concentrations p X , : .
: as the “total variable” and thus automatically categorised as

were subtracted from the total concentration measured foy, o . : . .
weak”, increasing the uncertainty of this variable by a fac-

each sample, thus giving ambient concentrations. .
by gving : o tor of three so as not to affect the PMF solution. In total, the
Sub-micron particle number size distribution was mea- L .
. - . . . matrix included 182 cases. After a variety of factor numbers
sured using a mobility particle size spectrometer operated in : ) .
. . : were tested, it was observed that a 6 factor solution provided
the scanning mode. In the following article, we call the sys-

tem a Scanning Mobility Particle Sizer (SMPS). The SMPSthe most meaningful results, with a correlation coefficient

2 .
system comprises a Differential Mobility Analyzer (DMA) (R?) of 0.71 between the modelled and experimental, PM

connected to a Condensation Particle Counter (CPC, Mode‘j.(l_)rr:;e)nté?:?;;ﬁ{ixtzo(gﬁ\i/g;uﬁ;g SS&S eéiorgzzt()allzgdaigss
TSI 3772). The DMA system was designed and manufac- '

tured in the framework of EUSAAR project at the Leibniz In- measured concentrations for OC, sulphate and nitrate were

) . ) L 0.97, 0.95 and 0.99 respectively. These Q values were inves-
stitute for Tropospheric Research (IfT) in Leipzig, Germany. tigated for different FPEFTAK valliles with SPEAK 0 found

The SMPS system provided a complete particle number Siz?o be the most reasonable. 100 bootstrap runs with a mini-
distribution of the number of particles between 9 and 825nm 2 ' :
mum R< of 0.6 were also performed to test the uncertainty

(No-g25), and completed one scan every five minutes. Prior e oo eq profiles, with all 6 factors being mapped, ver-
to sampling, the aerosol is dried using a nafion dryer in or-._ . i
ifying the stability of the results.

der to maintain a relative humidity below 40 %. The sampled

2.3.1 Positive Matrix Factorisation

www.atmos-chem-phys.net/13/5173/2013/ Atmos. Chem. Phys., 13, 55487, 2013
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2.3.2 Principal component analysis PM,: 8.9 ug m?3
Principal component analysis (PCA) was performed using Unaccounted, 2.7,
the software STATISTICA v4.2. The orthogonal transforma- 31% OM, 3.2, 37%

tion method with Varimax rotation was employed, retaining
principal components with eigenvalues greater than one. The
dataset used for PCA was comprised of the;Rbal mass
and its constituents OC, EC, ADs3, Ca, Fe, K, Mg, Na, Tace elements.
SOLZ[, NO3, NH;, Ti, V, Mn, Ni, Cu, Zn, As, Cd, Sn, Sb, 0.02, >1%
La, Ce and Ph. The following variables were also included: sea spray, 0.3, 3%
NOy, SOy, BC, temperature, solar radiation and wind speed. Crustal material,
Particle number concentrations were calculated for differ- 0.3, 3%
ent size bins; M_30, N3g-50, N5o-100, N100-300, N30o-500, Ammonium, 0.5, 5%
Nsoo_g2s Days whereby simultaneous measurements of par-
ticle number size distribution and chemical analysis were
performed were included for PCA analysis, which totalled 61 Fig. 1. Chemical composition of PMat MSY from 24/09/2009 to
cases, from 05/11/2010 to 01/06/2011 and from 15/10/201111/01/2012.
to 18/12/2011 (the instrument was under repair from June
to October 2011). A typical robust PCA analysis requires a
large dataset{ 100 cases), which is significantly more than and is associated with power generation, industrial and ship-
presented in this work, and therefore the reduced dataset maying emissions, followed by ammonium (0.5 pg#n 5 %)
propose a limitation in the data analysis presented. This techand nitrate (0.2 ug m?; 3%). Nitrate concentrations are sig-
nique allows for the identification of potential sources (prin- nificantly elevated in winter and much lower in summer ow-
cipal components) with respect to the particle number con-ng to its thermal instability (Harrison and Pio, 1983, Querol
centration in different size ranges. Furthermore, a multilinearet al, 2001). Ammonium nitrate can be volatilised in the at-
regression analysis (MLRA) allows for the calculation of the mosphere in warmer conditions associated with the Mediter-
daily contribution of each source to the particle number con-ranean climate, especially in summer. However, a negative
centration following the methodology proposed by Thurstonartefact may also account for the reduced concentrations
and Spengler (1985) and Pey at al. (2009b). MLRA was ap-measured in summer, due to the volatilisation of ammonium
plied to the data set using the particle number concentrationsitrate from the filter during and after sampling. Crustal ma-
in each of the aforementioned size bins as the dependent varierial, sea spray and EC (from traffic and biomass burning
ables and the principal component factor scores as the indeemissions) make up the remainder of the major components
pendent variables. The comparison between the experimentalf PM;, with concentrations of 0.3, 0.3 and 0.21 pg
number concentration and the modelled concentration prorespectively. The sum of trace element concentrations is
vided good correlationk? = 0.86). 0.02 ugnrs.

Long term PM measurements at RB sites are relatively

scarce in literature. Long term measurements of; Riére

EC, 0.21, 2%

Sulphate, 1.5, 16%

Nitrate, 0.2, 3%

3 Results and Discussion performed at a high altitude site (Jungfraujoch, 3580 m.a.s.l.)
in Switzerland (Cozic et al., 2008). A clear seasonality for
3.1 PM concentrations and composition chemical components was observed at the site with low con-

centrations during winter owing to the residence of the site
The average PM concentrations (arithmetic mean) for in the free troposphere, and higher concentrations in sum-
the entire measurement period (24/09/2009 t011/01/2012iner owing to enhanced vertical transport of boundary layer
were 8.9+4pugms3. PM; concentrations at MSY undergo pollutants. A similar seasonality was observed for Pat
a clear seasonality with minimum concentrations in win- puy de bme (1465 m.a.s.l.) with higher summer concentra-
ter (6.6 ug m3), followed by autumn (7.6 ugmn¥), spring  tions and a winter minimum (Bourcier et al., 2012). Both
(9.4ugnT3) and summer (11.2 ugni). OM is the largest  these sites are high altitude sites, at higher altitudes than
component of PM (3.2 pg nT3; 37 %), as shown in Fig. 1. MSY (720 m.a.s.l.), and are considerably more influenced by
OM sources at MSY are varied, but are mostly attributedfree tropospheric air, although MSY exhibits a similar sea-
to secondary organic aerosol (SOA) produced from an-sonal trend. Spindler et al. (2010) reported average concen-
thropogenic volatile organic compounds (VOCs) emittedtrations of 12—13 ug P of PM; for a RB site in Germany
from industry and road traffic, mixed anthropogenic/natural (Melpitz). A study by Minguilbn et al. (2012) compared
sources such as biomass burning, and natural sources such@bl; concentrations at a RB site in Switzerland (Payerne) for
biogenic emissions (Seco et al., 2011). Sulphate is the semne month in winter and in summer. The concentrations of
ond most abundant compound in PNL.5pgnt3; 16%)  PM; at this site were 12 pgnt and 6 pg ne in winter and

Atmos. Chem. Phys., 13, 5173187 2013 www.atmos-chem-phys.net/13/5173/2013/
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Experimental PM,:

Legend: W % of Species .
Secondary Sulphate B = Cone of Spesies g!g(:‘zer:_fM“ Unaccounted. 0.27 8.9 ygm3
1 ,0.27,
10’ H M 3% i
| H i Cuelof Industrial, 0.39, 4%
:gj_. Hﬂﬂﬂﬂ Mo ot Tt n,t Wil combustion, 1.46,
Secondary Organic Aerosol 17% s ?eﬁotndazr)és
) — ulphate, 2.65,
e Ao 30%
o 5 - 5 o _° . D & Traffic + Biomass
L B A T T B R | H I ) burning, 1.12, 13%
Fuel oil combustion
5 o] . H oo Nitrate, 0.44, 5%
2 ' . o *
S sl N W, o= . . . - d u nS
f;j ol H A fnf:in:a,m < 1] H P SOA, 2.47, 28%
'g Traffic + Biomass burning §.
g 13?‘ il o Fig. 3. Average contribution of each source (ug?r) to PM; ob-
g 'wj- S . " " H N » tained by PMF.
3;;('“ H Rlo» [ I N I . 0
Industrial
12 l . . R such as WAE, whereby calm, cold, sunny weather favours the
ol H H H H . . - H o o O, I stagnation of air masses and accumulation of pollutants over
1 Eana gmndawmt:ﬂe & e tedo several days (Pey et al., 2010). During these episodes, pol-
B _ lution that has accumulated around the industrialised and ur-
o H»BU banised valleys below MSY is carried to the site by mountain
“L 1. H H A, breezes during the day, with cleaner tropospheric air present
FIsx2gL5r>0258 2853582358588 at night when the breeze retreats.

Fig. 2. Source profiles (ug/ug) identified for Aheasured at MSY. 3.2 Source contribution to ambient PM levels

All available PM; samples (182) were used. The mass of each L —
species apportioned to the factor (blue bar, left axis) and the per-3'2'l Identification of emission sources by PMF

cent of each species apportioned to each factor (red square, right . . . . . .
axis) is shown. Twenty six PM, chemical species with a signal to noise ra-

tion (S/N) greater than 0.2 were used in order to identify var-
ious sources. Six PiMsources were identified by PMF analy-
sis. Figure 2 shows the source profiles and the percentages of
summer respectively (overall mean of 9 pg#n The winter  ambient species concentration apportioned by each source.
maximum at Payerne is a result of increased biomass burn- The six PM sources, in order of contribution to the M
ing emissions and intense thermal inversions, causing thenass (Fig. 3) were: secondary sulphate (2.63+2.85T®)m
accumulation of pollutants in populated valleys. These seasecondary organic aerosol (SOA; 2.47 +1.84 pgm fuel
sonal concentrations are in contrast to MSY, whereby win-oil combustion (1.46 +1.41 ugnd), traffic + biomass burn-
ter concentrations are lower (6.6 pg® than in summer ing (1.12+0.83 ugmd), industrial (0.39 +0.33 ug ) and
(11.2 pg n73). At MSY, all components give the lowest con- secondary nitrate (0.44+1.13 ugm. Although OM was
centrations in winter and highest in summer, except for ni-identified as the major component of PMSOA was not
trate and sea spray (Table 1). EC concentrations were alsfound to explain the largest variance in PMprobably be-
lowest in summer but highest in the autumn. cause OC levels were consistently high (and less variable)
This winter to summer increase in RMan be attributedto  compared to other components, thus reducing the explained
the year-round dominance of SOand OM concentrations variance of PM by the SOA source. Thus, the secondary
on the overall mass. Sulphate and OM levels are higher dursulphate source accounted for the largest variance in PM
ing summer owing to; enhanced photochemistry associate{®8 %). Secondary sulphate is characterised mostly by am-
with more intense solar radiation, lower air mass renovationmonium sulphate, and accounts for 55 % of the variance of
on a regional scale (Rodjuez et al., 2003), and the increase ammonium. Ammonium sulphate is associated with pollu-
of the mixing layer height giving higher regional transport tion across the region, when atmospheric recirculation causes
that favours the regional mixing of polluted air masses (Peythe accumulation and aging of pollutants, especially in sum-
et al.,, 2009a). Furthermore, biogenic emissions from surmer (Fig. 4). It is also characterised by many other compo-
rounding vegetation at MSY in summer are considerably in-nents associated with both crustal elements (Al, Ca, La, Mg,
creased, affecting OM concentrations (Seco et al., 2011). Fe) and anthropogenic emissions (EC, As, Sb), highlighting
Increased levels of sulphate, ammonium, OM, EC and ni-the regional nature of this factor. A crustal source was not
trate can also occur under specific atmospheric conditionspecifically identified by PMF analysis, but the presence of

www.atmos-chem-phys.net/13/5173/2013/ Atmos. Chem. Phys., 13, 55487, 2013
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Table 1.Mean annual and seasonal concentrations for major components;cittfWBY, and sum of concentrations of trace elements (TE),
; —3
in pg m—2.

PM; Crustal SeaSpray SO NO; NHf EC OM Y. TE

Annual 8.9 0.3 0.3 15 0.2 0.5 0.21 32 0.021
Spring 9.4 0.3 0.2 13 0.2 0.4 0.22 29 0.018
Summer 11.2 0.4 0.4 2.4 0.1 0.7 0.16 3.8 0.028
Autumn 7.6 0.3 0.2 1.4 0.1 0.5 0.24 3.2 0.020
Winter 6.6 0.2 0.5 0.6 0.6 0.4 0.22 28 0.016

Secondary
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Fig. 4. Daily contribution of each source to total RMnass concentration (ugTi) and temperature®C) for 24/09/2009 to 19/12/2010
(above) and 20/01/2011 to 11/01/2012 (below). Intense winter pollution episodes are marked by black arrows.

crustal material was observed in both the secondary sulphatiations of SOA and nitrate were recorded at the beginning
source and the SOA source. This is likely due to seasonabf 2011. (2) The observed increasing summer trend can be
and meteorological influences, as soil resuspension and Sattributed to increased biogenic emissions from local vege-
haran dust intrusions are most common in summeérdgP tation, and enhanced photochemical reactions (Seco et al.,
et al., 2008), also when secondary sulphate and SOA ar@012). A study performed by Mingudih et al. (2011) re-
more abundant. In verification of this theory, the secondaryported that the fraction of OC attributed to biomass burn-
sulphate source also explains 19 % of the variance in OCing at MSY in winter was 17-21% and only 12% in sum-
This is probably due to the influence of summer recircula-mer. In the same study, it was found that the fraction of OC
tion episodes and more intense solar radiation, as emissiorettributed to fossil fuel consumption (mainly traffic emis-
of OC and sulphate are likely to be independent of each othersions) was 34 £4 % and 31 +4 % for winter and summer re-
Elevated levels of the secondary sulphate source also occlgpectively. Considering the clear seasonality of this source
during episodes of pollution in winter such as WAE, as indi- with elevated concentrations in summer, the low contribu-
cated by the arrows in Fig. 4. tion of biomass burning to OC concentrations reported by
The source titled SOA is the second most important sourceMinguillon et al. (2011), the absence of EC in this source
concerning PM mass concentrations, comprising 28 % of and the prohibition of open burning of agricultural biomass
the total mass. It is mostly characterised by OC (explainingduring summer (Spanish Decreto 64/1995), it can be reason-
43 % of the total variance in OC). The annual variation of ably assumed that this source is SOA with negligible input
this source is mostly driven by two processes; (1) as is evfrom biomass burning. As observed for the secondary sul-
ident in Fig. 4, this source undergoes increased levels durphate source, some typical crustal elements such as La, Rb,
ing prolonged episodes of winter pollution, mainly as a re-Ti, Ca, Al, Mg, Fe and Sr are present, for the same reasons
sult of SOA produced from anthropogenic VOC and possiblyalready described.
biomass burning emissions. For example, elevated concen-
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The third most important source in terms of contribution study by Vecchi et al. (2008), PMF was performed oniPM
to the PM mass is fuel oil combustion (17 %). This source samples from three different urban areas across Italy, but ma-
is characterised by typical tracers V, Ni, and Sn (Pandolfi etjor chemical components such as OC, EC,jNhhd N
al., 2011), and accounts for 19 % of the variance in sulphatevere not included. Minguifin et al. (2012) identified five
and 24 % of ammonium, indicating that there is some overlapsources during two month-long (summer and winter) mea-
between the secondary sulphate source, specifically ammaurement campaigns at a rural site in Switzerland, which
nium sulphate, and the fuel oil combustion source. Querol etvere ammonium nitrate, ammonium sulphateK + road
al. (2009) reported that concentrations of V are elevated irtraffic, industrial, road traffic and background V, Ni and Fe.
the Mediterranean region owing to increased consumption off his current study is the first of its kind to perform source ap-
fuel oil for power generation, shipping and industrial emis- portionment studies on PMand particle number concentra-
sions. The separation of this factor from that of secondarytions at a RB site that comprises a large database of chemical
sulphate may give an indication of the age of the aerosolspecies with long term measurements.

SO, emissions from fuel oil combustion, emitted alongside V

and Ni, may not be oxidised to ﬁo before reaching MSY, 3.2.2 Daily and monthly variation

whereas the secondary sulphate source is older and represen-

tative of emissions across the region. This behaviour has alsBigure 5 shows the daily variation of each source. The sec-
been observed in the Eastern Mediterrandanti(rk et al.,  ondary sulphate source is generally elevated during the week
2012). The presence of Na and Mg, typical marine aerosolswith a decreasing trend at weekends. It undergoes an unusual
in the fuel oil combustion source may indicate the influ- weekly cycle in that concentrations decrease on Tuesday and
ence of shipping emissions. A source apportionment study ofMednesday, which may be a result of some seasonal fluc-
PM;o and PM 5 for the MSY site was performed by Pey et tuations rather than reflecting the true nature of the weekly
al. (2009a). In that study, the secondary sulphate and fuel oitrend. Episodes of regional pollution which most influence
combustion sources were not separated, but correlation wasulphate concentrations, especially in summer, induce the ac-
observed for secondary sulphate and sea spray emissions, inumulation of pollutants from across the region over time,
dicating some influence of shipping emissions. Furthermorejndependent of the time of emission, which would affect
it was shown that sea spray concentrations were considerablyne weekly cycle. However, a weekend decrease is observed,
higher in summer at MSY owing to the increased sea breez@robably owing to lower S@emissions on weekends. SOA
circulation over the coastal area (25 km from MSY). does not undergo any discernible weekly pattern, as a large

The source of traffie- biomass burning (13 % of variance proportion of this source is natural, especially in summer. As
in PMy) is identified from the presence of typical traffic trac- stated previously, this source can be associated with anthro-
ers EC, OC, Sb and Sn (Amato et al., 2009; Minguilet al.,  pogenic activities in winter, but such seasonality is obviously
2012). This source explains 78 % of the variance in EC. Min-not reflected in the weekly trend.
guillon et al. (2011) reported that 66—79 % of EC measured Conversely, sources identified as trafficbiomass burn-
at MSY had a fossil origin, with the remainder attributed to ing, fuel oil combustion and industrial all undergo a marked
biomass burning. The influence of biomass burning is high-weekly evolution with increasing concentrations throughout
lighted by the presence of K, a known biomass burning tracethe week followed by a considerable reduction at weekends,
(Pio et al., 2008). An industrial source was identified, char-when traffic flow and industrial activity would be diminished.
acterised by typical industrial tracers such as Pb, As, Cd, Snf-inally, the nitrate source undergoes a similar variation to
Cu, Zn, Cr, Fe and Mn (Viana et al., 2006; Belis et al., 2013).that of traffic+ biomass burning and the industrial source,
This source does not contribute substantially to the total PMwith increasing concentrations during the week followed by
mass (4 %) as it is mostly comprised of trace elements. minimum values at weekends.

Finally, a secondary nitrate source was identified and was The monthly variation of each source highlights the in-
characterised to a very small extent by EC (3% of the totalfluence of meteorology and anthropogenic activities on each
variance of EC) and K (7 %), probably as a result of mixing source (Fig. 6). The secondary sulphate source undergoes a
with aged traffic and biomass burning emissions. Some fracelear monthly variation with highest concentrations recorded
tion of nitrate in PM at MSY can exist as potassium nitrate, in summer, owing to the aforementioned regional pollution
especially during WAE. Nitrate is most abundant in winter episodes and more intense insolation. Secondary sulphate
when temperatures are lower, and negligible in summer, asoncentrations in winter are reduced, when nitrate concen-
shown in Fig. 4. Thus, nitrate comprises little of the total trations are at their highest, highlighting the thermal instabil-
PM; mass on a yearly basis (5 %), but its contribution to theity of particulate nitrate. Traffie- biomass burning is high-
mass increases to 19 % in winter. est in January, April and October. Traffic emissions through-

To the author's knowledge, there are few existing sourceout the year should remain relatively constant, thus the ob-
apportionment studies on fine PM, especially at RB sitesserved variation must be due to other variable factors such
Most existing studies were performed at urban sites, such aas the aforementioned WAE and the influence of local mete-
that of Vecchi et al. (2008) and Richard et al. (2011). In the orology (mountain breezes, thermal inversions), and also to
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Fig. 5. Average daily concentrations (ugT) of each source. entire measurement period (5/11/2010 to 01/06/2011 and
from 15/10/2011 to 18/12/2011) were 3097 cmWhile me-
dian values or geometric means are normally considered bet-
some extent emissions from biomass burning. The peak obter suited for analysis of particle number size distributions
served in January may be directly related to local emissiongo avoid giving too much weight to outlier values, arithmetic
from domestic heating systems. The peakS observed in Apriheans are used here because; RMd its chemical compo-
and October may be explained by controlled biomass burnnents are daily averages, and outlier values occurring during
ing from local agriculture, which is common during these 24 hr sampling can affect these concentrations similarly. For
months. The impact of this factor is reduced at the height ofthjs reason, arithmetic mean particle number concentrations
summer (July and August), when biomass burning is prohib-gre reported in order to include, for example, short-lived or
ited to minimise risk of uncontrolled forest fires, and a re- sudden changes in concentrations that would similarly affect
duction in traffic emissions occurs due to the vacation periodpM, concentrations, BC, gaseous pollutants etc.
in July/August. This also impacts the industrial source which  The Aitken mode (Mo_100) is the dominant particle mode
is lowest in August. FinaIIy, the fuel oil combustion source with average concentrations of 1601t§nf0||0wed by the
undergoes a similar variation to that of secondary sulphatezccumulation mode (Mo_g25) at 881cnt3. The nucle-
as this source would be influenced by the same factors. Furation mode (N_30) registered the lowest concentrations of
thermore, as noted previously, sea breeze circulation is subg16 cn3. A comparison of particle number concentrations
stantially more influential during the summer months (Peymeasured at various sites across Europe found mean levels
et al., 2009a). Therefore, shipping emissions are likely to beo range from 2000-10 000 cr? for continental boundary
more influential owing to the enhanced sea breezes and mayyer sites (Spracklen et al., 2010). Comparisons with par-
provide some explanation of the seasonality observed for thgicle number concentrations reported in that study suggest
fuel oil combustion source. Furthermore, the presence of sulthat levels at MSY most closely reflect those measured in
phate (19 % of the variance) and ammonium (24 %) in thisSchauinsland, Germany (2772¢#), which is a mid-level
source likely accounts for some of the seasonal variation obmountain station affected by regional pollution under cer-
served in the fuel oil combustion source. tain conditions, similarly to MSY. Data was not available
to include in this study from June to October, but there is
evidence to suggest that summer concentrations of particles
are substantially higher in summer at MSY. Thus, the mean
annual particle number concentration given in this study is
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likely to be underestimated due to the omission of summersequent growth into particles of larger diameter. A negative
measurements. This should be taken into consideration whefactor loading is also observed for relative humidity (RH; —
comparing particle number concentrations with other sites. 0.18), as RH is believed to have an inverse relationship with
NPF (Hamed et al., 2011). The negative association with ni-
3.4 Source contribution to ambient sub-micron number  trate could indicate two alternative processes; (1) nitrate is

concentration most abundant when temperatures are lower, while on the
other hand the component NRFG bears some positive re-
3.4.1 Identification of emission sources by PCA lationship with temperature, as evidenced in Table 2. There-

fore, opposite meteorological conditions favour either the ni-

The measurement of particle number concentrations andrate source or the NP¥ G source. (2) In addition, the pres-
their size distribution (9-825nm) in tandem with detailed ence of coarse nitrate particles would act as a condensation
chemical composition of PMhave also allowed for the iden- sink and scavenge the gaseous precursors necessary for NPF.
tification of various sources affecting particle number con-Fig. 7 highlights the opposing variation of nitrate concen-
centrations. Similar studies have been performed with PM trations and particle number concentrations in the nucleation
chemical constituents in an urban environment (Pey et al.mode.
2009), but few, if any, have been performed usingFist Secondary sulphate fuel oil combustion is marked by
a RB site. The application of PCA to the database explainedigh factor loadings of ammonium sulphate and V and ex-
71 % of the variance of the data and allowed for the identi-plains 10 % of the variance in particle number concentration.
fication of five principal components, as shown in Table 2, As previously observed with PMF analysis, this factor also
which are: industrial+ traffic + biomass burning, new par- strongly influences PM concentrations, and exists across
ticle formation+ growth (NPF+ G), secondary sulphatg all size ranges (100—-825nm). The association with temper-
fuel oil combustion, crustal material and secondary nitrate.ature/solar radiation is further indicative of this factor being
These sources reflect the sources described previously fanost abundant under regional pollution episodes most typi-
PMF, but the significantly reduced dataset used in the PCAcal in warmer seasons.
analysis (61 daily samples) compared to PMF analysis (182 The component titled crustal material (10 % of the total
daily samples) resulted in the merging of some of the emis-variance) exhibits high factor loadings of Ce, La, Fe, Ni and
sion factors described in PMF, such as occurs for industrialAl ,03. This source contributes very little to the particle num-
+ traffic + biomass burning, and secondary sulphattiel ber concentration, as it most likely contributes to particles
oil combustion. Unfortunately SOA was not identified by between 825nm and 1 um and coarse PM (not included in
PCA, probably also as a result of the reduced dataset and irthis study). Finally, nitrate is, similarly to that observed for
complete summer measurements. A larger dataset with morBMF, characterised by ND K and to a lesser extent NH
cases (typically more than 100 cases for a robust analysisin the range of 300—-825 nm. The presence of K may suggest
may allow for the separation of these sources, or indeed theome influence of biomass burning in this factor. Temper-
identification of new sources. ature is negatively correlated with this source as expected.

The principal component of industria traffic + biomass  This component explains the least amount of variance of all
burning (34% of the total variance) exhibits high factor the sources (5%). Attention must be drawn to the presence
loadings for variables typically associated with traffic emis- of Ng_30 in this component (factor loading of 0.18), as this
sions (EC, BC, OC, N@ Sn, Sb), industrial emissions (Pb, is in stark contrast to the theory that the presence of nitrate
Zn, Cd, Mn, Cu) and biomass burning (OC, EC, BC, K). adversely affects NPF. As highlighted in Fig. 7, nitrate and
This component is closely associated with particles of 100-Ng_3¢ are, for the most part, anti-correlated. However, sit-
300 nm and 500-825 nm in diameter, suggesting this sourceations arise (indicated by the blue arrow) whereby their
mostly influences aerosol number concentrations in theseariation in the time series are similar, especially when ni-
two diameter ranges. Fresh emissions that are transported toate concentrations are very low, and thus, PCA has identi-
MSY relatively quickly after emission would be expected to fied these two variables as bearing some relationship. Rather
be smaller (Noo-300). Enduring regional pollution episodes, than the nitrate source actually contributing to the nucleation
such as those that occur in winter, would promote the conmode (as suggested in Fig. 9; top graph), this is simply a
densation of smaller particles onto the surface of larger parlimitation of PCA, whereby two variables that undergo sim-
ticles within the aged air mass, and give rise to higher con-lar variations coincidentally are considered to be related. It
centrations of larger particles §db_g2s). may also be hypothesised that NPF is occurring before the

The second component (12 % of the total variance) ex-arrival of the polluted breeze (containing nitrate), however
ists almost exclusively in the ultrafine mode {00nm) in  this seems unlikely as, if this were the case, the other sources
terms of concentration, and is not associated with any comsuch as industriat traffic + biomass burning or secondary
ponent of PM or gaseous pollutant. However some relation- sulphate would also be present. This highlights the disadvan-
ship exists with temperature and solar radiation, suggestingage of using 24 h PMchemical component concentrations
this source is a result of photochemical nucleation and subfather than, ideally, hourly concentrations.
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Table 2. Factors/sources and factor loadings() identified by applying Principal Component Analysis on a dataset composed pf PM
chemical components, particle number concentration for different size ranges, gaseous pollutant concentrations and some meteorologica
variables.

Industrial + Traffic New particle formation| Secondary Sulphate Crustal Secondary

+ Biomass burning + growth (NPF + G) | + Fuel oil combustion material Nitrate
BC 0.90 | Ng_go5 0.88 SO}‘ 0.85 Ce 0.91 K 0.56
Pb 0.89| Ns3p_50 0.92 NH;lIr 0.84 La 0.85 NO3 0.51
EC 0.86| Ng_30 0.75 N300-500 0.64 Ni 0.72 SR -0.41
Zn 0.84 | Nso-100 0.74 PMy 0.74 Al,03 0.63 T —-0.40
NO» 0.81 T 0.61 \% 0.59 Fe 0.46 | N3po_500 0.39
Cd 0.80 SR 0.42 N100-300 0.40 N5oo_g25 0.18 | N5gp_gos  0.33
oC 0.76 | N100-300 0.39 Ns500-825 0.36 NHI 0.33
N100-300 0.74 NO; —-0.34 T 0.39 Ng_30 0.18
N500_825 0.72 RH -0.18 SR 0.34
Sn 0.72
Mn 0.65
K 0.64
Cu 0.55
Sb 0.53
NO3 0.51
Eigenvalues 11. 4.3 3.8 3.4 2.1
% total var. exp. 341 12 10 10 5

ticle number concentration with 1715 + 1724 Tt(56 %).

As stated previously, this factor is not related to any known
emission source. It is probable that the source of these
particles is from new particle formation and growth, ei-
ther occurring in situ or being transported to the site. The
component industriak- traffic + biomass burning is the
second most influential factor in terms of particle number

3.4.2 Contribution of each source to particle number
concentration

The application of MLRA allowed for the determination of
the contribution of each factor to the total particle num-
ber concentration. As shown in Fig. 8, the component ti-
tled NPF+ G comprises the largest part of the total par-
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Total: 3097 cm™3 EPC-1: Industrial + Traffic + ing that transport of ultrafine particles, possibly emitted by
Blomass buming traffic and biomass burning, may also be of influence here.
376,12% 409,13% BPC-2NPF +G SOA is also abundant in the mass concentration, indicating
that SOA may be influential in NP¥ G. Two episodes of nu-
202, 9% BPC3: Secondary suphate + cleation are highlighted by the red arrows in Fig. 9. The first,

occurring on 7/12/2010, coincides with elevated concentra-
tions of SOA and relatively little contribution from the other

53,2% [ PC-4: Crustal material

253, 8%

OPC-5: Nitrate sources. The second, on the 28/05/2011, coincides with ele-
vated concentrations of SOA, secondary sulphate ang, PM
1715, 56% O Unaccounted indicating that nucleation can occur at this site even in the

. . o presence of high concentrations of background coarse parti-
Fig. 8. Mean daily contribution to B_ggg (cm—2 and %) for the cles.

different factors identified by PCA analysis. An episode of regional pollution during the warmer pe-

riod is highlighted in red (D; mean temperature of°’C3 in
Fig. 9, when sulphate particles are at their highest concen-

concentration (409 +654 cni; 13 %), followed by the ni- trations. Particle number concentrations are generally very
trate source (292 +344 cm; 9%). As outlined previously, low, and particles of diameter 300 mm dominate as a re-
the contribution of nitrate to the particle number concentra-sult of particle interaction through coagulation and conden-
tion may be overestimated. Finally, the source secondary sulsation within the air mass. PMconcentrations are high and
phate+ fuel oil combustion contributes 8 % to the total par- PM; is also comprised significantly of the secondary sul-
ticle number concentration (253 +378ch), followed by  phate source. Once again, NRFG is negligible owing to
crustal material (53 +91 cn¥; 2 %). the high background concentrations of larger sulphate parti-

Figure 9 displays the mean daily contribution of each fac-cles.
tor to the particle number concentration for different size Figure 10 displays the mean particle number size distribu-
ranges. Furthermore, specific episodes of interest are hightion recorded over the measurement period, with the majority
lighted. Episodes of pollution (WAE) are highlighted in blue, of particles existing in the Aitken mode §dl100). Further-
occurring from 20/01/2011 to 13/02/2011 (A), and from more, the mean contribution of each component to the parti-
22/03/2011 to 26/03/2011 (B). These episodes are charaele number concentration for various size bins is also shown.
terised by increased solar radiation with cool temperatureBeginning with the smallest particles §Nsg), the NPF+
(mean of 5.2C and 9.4C for A and B, respectively), and G source contributes the majority of particles in this range.
high concentrations of Ngand PM. During episode A, par-  The nitrate source, as observed in Fig. 8, contributes a signif-
ticles of diameter- 50nm dominate, with the industriat icant number of particles to this mode, owing to an artefact
traffic + biomass burning and nitrate sources being most sig-caused by the limitation of the current analysis, as described
nificant. Interestingly, the traffig- biomass burning source previously. In a similar way, the component called crustal
identified by PMF (Fig. 9; bottom graph) does not influence material was also found to artificially contribute particles to
the PM; mass to the same extent as particle number concerthis mode. One would expect crustal material to contribute
trations. The nitrate source does influence both the mass arldtle to particle number concentration as it mostly found in
particle number concentration during this episode, and SOAhe coarse mode and only contributes 3 % to;Rivass. As
is also substantial in the PMnass. The second episode (B) observed during PMF analysis, a significant proportion of
differs from A in that it is dominated by the secondary sul- crustal material was identified in the source SOA, owing to
phate source for both particle number concentrations of di-meteorological conditions which favour increased concentra-
ameter> 100 nm and also the PMmass. The warmer tem- tions of both SOA and crustal material. Although SOA was
peratures result in increased sulphate and reduced nitrateot identified by PCA to contribute to particle number con-
concentrations. centration, the presence of crustal material in the nucleation

As is evidenced by Fig. 9, the component titted NPF  mode may be related to the fact that SOA and crustal ma-
G undergoes a clear seasonality with levels increasing as sderial are controlled by similar conditions, and SOA could
lar radiation intensity and temperatures increase, such as ocontribute to the growth of nucleating particles (O’'Dowd et
curs in April (C; highlighted in green) suggesting the sourcesal., 2002b). NPF+ G dominates particle number concentra-
of these particles have some relationship with photochemitions below 100 nm and, to a lesser extent proportionally, to
cal reactions. Sulphate and nitrate related particles are ngtarticles between 100-300 nm, as continued growth into par-
significant, as they would scavenge the gaseous precursot&les of this size is less likely. The influence of transport
necessary for new particle formation through condensatiorof nanoparticles may be influential; especially considering
and coagulation processes. The source of industrithf- that the highest particle number concentrations for NPG
fic + biomass burning is present in the accumulation modewere recorded for Bb_100, indicating that this source is not
however, along with elevated NQoncentrations, suggest- just from local NPF, but also from transport of newly formed
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Fig. 9. Mean daily contribution of each source to the particle number concentration in various size ragggss(dm—3)) identified by

PCA analysis. Specific aerosol episodes are highlighted: blue (A, B; WAE), green (C; NPF), red (D; summer regional recirculation). The
bottom graph shows the source contribution of factors identified by PMF for the same days. Occurrence of intense NPF are highlighted by
the red arrow.

particles to the site. Industriaf traffic + biomass burning 4 Conclusions

begins to emerge in the size ranges No and its influence

increases with increasing diameter. As expected, secondaryhe levels and chemical composition of PMecorded at

sulphate and nitrate particles are present in the larger rangetf)e RB site of MSY over a period of almost 2.5 years are

contributing much less to the overall particle number, but sig-presented in this work. PMmass at MSY is dominated

nificantly to the mass. by OM and secondary sulphate. Concentrations of chemi-
cal components were found to undergo a clear seasonality
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with highest concentrations recorded in summer for OM, sul-April and October, as a result of local biomass burning emis-
phate, ammonium and crustal material owing to the regionakions and winter pollution episodes. An industrial source was
recirculation of air masses and, in the case of OM, fromidentified by the presence of typical tracers associated with
higher biogenic emissions. Nitrate concentrations were atndustrial emissions such as Pb, As, Cd, Sn, Cu, Zn, Cr, Fe
their highest in winter, as was the marine aerosol. The idenand Mn. This factor contributed little mass to PMccount-
tification of emission sources that contribute to Piere  ing for only 4 % of the total variance. A decrease in industrial
identified using PMF. Six sources were identified, namely;emissions was observed in August owing to reduced indus-
secondary sulphate, traffi¢: biomass burning, industrial, trial activity during the vacation period. Finally, a fuel oil
SOA, secondary nitrate and fuel oil combustion. The sec-combustion source was easily identifiable by the presence of
ondary sulphate source accounted for the largest varianc¥ and Ni which are known emissions specific to fuel oil com-
in PMz (32%), and was characterised by sulphate and ambustion.

monium. This source was most abundant in summer owing Average particle number concentrations at MSY for the
to higher insolation and air mass recirculation across the reperiod 05/11/2010 to 01/06/2011 and from 15/10/2011
gion, favouring the accumulation of pollutants emitted over ato 18/12/2011 were 3097 crd, with the Aitken mode
larger area. The SOA source was the second most importarfiN3o_100) being the dominant mode (52 % of the total parti-
source in terms of mass, accounting for 28 % of the total vari-cle number concentration). Principle Component Analysis of
ance, and was identified by the presence of OC (explaininghe particle number concentration for various size bins, cou-
43 % of the variance in OC). SOA can be from both a naturalpled with chemical speciation data, gaseous pollutant con-
source, such as biogenic emissions, or from anthropogenicentrations and a range of meteorological data allowed for
emissions which are most influential during winter anticy- the identification of 5 factors affecting ambient particle num-
clonic pollution episodes. Species associated with crustaber concentrations. These five factors reflected those identi-
material were found in both the secondary sulphate and SOA4ied by PMF, but some of the sources merged owing to the
sources, as the meteorological conditions that favour theseeduced data set. The five principal components identified
sources would also favour elevated levels of crustal materialwere; industriak- traffic + biomass burning, NPKF G, sec-
Secondary nitrate was identified as a source with most in-ondary sulphate- fuel oil combustion, crustal material and
fluence on PM during winter, with highest concentrations in nitrate. The source of industriat traffic + biomass burn-
January and February. The trafficbiomass burning source ing explained 34 % of the variance and was characterised
was identified by the presence of typical traffic tracers (EC,by tracers associated with traffic emissions (EC, BC, OC,
OC, Sb and Sn) and biomass burning tracer K. This factoNO2, Sn, Sb), industrial emissions (Pb, Zn, Cd, Mn, Cu)
accounted for 78 % of the total variance of EC and 26 % ofand biomass burning (OC, EC, BC, K). The second most im-
K. Concentrations were observed to be highest in Januaryportant component (12 % of the total variance) was NPF
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