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Abstract

Abstract

Air pollution is currently an area of study of great interest owing to the health
implications of exposure to airborne contaminants and the effects of aerosols on global
climate change. Exposure to air pollution has been linked to 380,000 premature deaths
annually in the European Union alone. Since the industrial revolution in the 18"
century, it has been estimated that the average global temperature has increased 0.8°C as
a direct result of increased anthropogenic emissions. For these reasons, among others,
legislation at a national level and Directives at a European level have been introduced in
an effort to combat the negative effects associated with air pollution.

In order to accurately characterise long-term trends of aerosols and the influence of
synoptic features, regional background measurement sites are employed because they
represent pollution levels across a larger area and the influence of transport of pollution
is easier to identify.

The Western Mediterranean basin is characterised by complex atmospheric
dynamics and meteorological processes which largely govern the fate of atmospheric
aerosols after emission. The abrupt topography of the region, the recirculation of air
masses, low precipitation, intense solar radiation giving rise to photochemical reactions
and increased convective conditions favouring local soil resuspension, make the area
considerably different to other regions of Europe. These features combined with the
large atmospheric anthropogenic emissions produced along the Mediterranean coast
(from numerous urbanised areas, industrial estates, shipping lanes, agriculture,
construction, biomass burning, among others), and natural primary aerosol, high
secondary particle formation and transformation, and interactions between particles and
gaseous pollutants produce a complex aerosol phenomenology in the region.

A detailed study of the physical and chemical processes and sources affecting
atmospheric aerosols in Montseny (MSY) in the Western Mediterranean is presented in
this work, a region relatively under-studied in Europe. A long term time series of data of
PM, s (particulate matter of diameter less than 2.5 um) and chemical composition will
be analysed with the aim to identify the trends and fluctuations in concentrations, and
describe the possible causes for such fluctuations. This work also aims to identify the
emission sources of both PM; (PM of diameter less than 1 pum) and sub-micron

particles, to observe if the sources are similar or related, and to observe the daily and
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seasonal changes in the emission sources. As a final objective, an in-depth study of
particle number concentration and size distribution will be presented for the first time in
the Western Mediterranean regional background, with the aim of identifying
seasonality, the modality of particle size distributions, new particle formation processes
and possible particle evaporation, a process relatively underreported in literature.

Fine atmospheric particulate matter (PM; s and PM;) in the Western Mediterranean
regional background is comprised of (in order of concentration) organic matter,
sulphate, crustal material, ammonium, nitrate, marine aerosol, elemental carbon and
trace elements. Mean concentrations of PM, s (12.7 pg m; 2002-2010) for the site are
shown to be higher than other regional background sites in the rest of Spain,
Scandinavia and Western Europe, and lower than concentrations in Central Europe
(Northern Italy, Austria and Switzerland). Higher concentrations at the site are partially
attributed to the influence of anthropogenic emissions from across the region. A strong
seasonality for PM concentrations with elevated levels in summer is a consequence of
the predominance of organic matter and sulphate. PM concentrations are lowest in
winter due to higher precipitation and more frequent Atlantic advection that efficiently
remove aerosols. However, lower temperatures give rise to increased nitrate levels as a
consequence of the thermal instability of ammonium nitrate.

Trend analysis of long-term time series of PM; 5 (2002-2010) for various sites across
Spain and Europe show a statistically significant decreasing trend over the past decade.
Median reductions across Europe were around 35%, with reductions ranging from 7 to
49%. These reductions are mostly attributed to the effectiveness of pollution abatement
strategies employed by member states of the E.U., as enforced by E.U. Directives and
IPPC licensing. Variations around this decreasing trend are a result of large-scale
meteorology affecting much of the continent of Europe, although a decoupling of the
effects of the meteorological conditions between Northern and Southern Europe induces
different variations in pollutants. In winter, the North Atlantic Oscillation governs the
prevailing weather across the continent, and can govern the frequency of Saharan dust
intrusions to the Iberian Peninsula. A more pronounced reduction in certain countries
coinciding with the economic recession was also identified, and it is hypothesised that
this is a result of reduced anthropogenic emissions as a result of slower economic

activity.
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Long-term chemical speciation of PM; s shows that much of the reduction observed
in PM, s is a result of ongoing reductions in sulphate and organic carbon. For these
components, the reduction has been gradual and uniform with statistical significance.
The reduction in sulphate has likely been a result of the gradual replacement of fuel-oil
combustion in power plants in the region with natural gas throughout the past decade.
However, nitrate concentrations were relatively constant until the economic crisis and
drop significantly from 2008 onwards as a consequence of reduced road traffic and
possibly unusual meteorology occurring in the last two winters of measurements. Many
anthropogenic trace elements also undergo steep declines, specifically those targeted by
Directives such as Pb, As, Cd and Ni.

Source apportionment studies identified six emission sources affecting PM;,
including secondary sulphate, secondary organic aerosol, fuel oil combustion, traffic
and biomass burning, industrial and secondary nitrate. Secondary sulphate and
secondary organic aerosol concentrations are highest in summer as a result of enhanced
photochemistry, and in the case of organic matter, enhanced biogenic and biomass
burning emissions and forest fires. Secondary organic aerosol is also elevated during
winter as a result of anthropogenic organic emissions accumulating within the stagnant
mixing layer during sporadic intense pollution episodes. Fuel oil combustion is
identified by the presence of typical fuel-oil combustion tracers V, Ni and Sn. The
influence of shipping emissions is indicated by the presence of marine aerosol tracers
Mg and Na, and this source shows elevated concentrations in summer when on-shore
breezes are more active. A traffic and biomass burning source contributes the majority
of elemental carbon at the site (78%), and is also identifiable by typical traffic tracers
such as Sn, Sb and organic carbon which is emitted by both traffic and biomass burning.
An industrial source is characterised exclusively by trace elements (Pb, As, Cd, Sn, Cu,
Zn, Cr, Fe and Mn) and thus contributed little to the mass. Both the industrial source
and traffic and biomass burning source are minimum during the vacation periods in
summer. The secondary nitrate source is most abundant in winter. The direct influence
of anthropogenic activity is highlighted by the reduced concentrations of many sources
at weekends, such as the nitrate, industrial, traffic and biomass and fuel oil combustion.

Five sources of sub-micron particles were identified, namely industrial + traffic +
biomass burning, new particle formation and growth, secondary sulphate + fuel oil
combustion, crustal material and nitrate. The source entitled new particle formation and

growth was characterised by high particle concentrations in the ultrafine mode (particles
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less than 100 nm in diameter), contributing the majority of particles to this mode, and
solar radiation as a result of photochemical nucleation. The other sources typically
contribute particles to the accumulation mode, although the industrial + traffic +
biomass burning source can contribute particles to the ultrafine mode also. Meteorology
is an important influencing factor on particle number concentrations. Nitrate particles
are most abundant in winter, especially during sustained episodes of pollution, and
under such conditions nucleation mode particles are very low. Similarly, episodes of
pollution mostly characterised by sulphate particles during warmer periods also have
reduced nucleation mode particles.

Particle number concentrations undergo a similar seasonality to that of PM, with
elevated concentrations in the warmer months relative to winter. Daily variability of
particles is largely governed by local meteorology, whereby mountain breezes activated
in the morning by insolation carry polluted mixing layer air to MSY and increase
pollutant and particle levels significantly, most especially in winter. However, in the
absence of this breeze, nucleation and lower Aitken mode concentrations are elevated as
a result of new particle formation and growth processes in the absence of a high
background particle loading. During the warmer months, new particle formation and
growth is still an effective source of ultrafine particles even in the presence of high
levels of background particles. This is likely a result of enhanced photochemistry and
greater levels of condensable organic vapours produced from the photochemical
oxidation of secondary organic aerosol precursor gases and biogenic emissions in the
warmer months.

The ideal conditions for new particle formation are identified, which include a
source of sulphuric acid for forming nucleating clusters and elevated solar radiation for
photochemical reactions. In colder months, nucleation typically occurs under clean air
conditions, but can also occur under polluted conditions depending on the availability of
condensable organic aerosols which contribute to particle growth after nucleation.
Reductions in modal diameters, indicating particle shrinkage, can also occur and are
attributed to the evaporation of semi-volatile species from the particulate phase to the
gas phase. Evaporation appears to be favoured under warm temperatures, high solar

radiation, low relative humidity and atmospheric dilution.
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Resumen

La contaminacion del aire es un area de estudio de gran interés en la actualidad
debido a las implicaciones en la salud de la exposicion a los contaminantes aéreos y a
los efectos de los aerosoles atmosféricos en el clima. La exposicion humana a la
contaminacion atmosférica causa 380,000 muertos prematuros solo en la Unidon
Europea. Desde la revolucion industrial en el siglo XVIII, se ha estimado un aumento de
la temperatura media del mundo de 0.8°C como consecuencia del incremento de
emisiones antropogénicas. Por estas razones, se han implantado leyes y directivas a
escala nacional y europea para combatir los efectivos negativos asociados a la
contaminacion del aire.

Para poder identificar tendencias de aerosoles e investigar la influencia de la
meteorologia a escala sindptica es necesario utilizar estaciones de fondo regional que
son representativas de un area extensa y que permiten discriminar procesos de transporte
de contaminantes a larga distancia. La cuenca del Mediterraneo Occidental esta
caracterizada por una dindmica atmosférica y unos procesos meteorologicos complejos
que controlan el comportamiento de los aerosoles atmosféricos después de su emision.
La topografia abrupta de la region, la recirculacion de las masas de aire, el bajo volumen
de precipitacion, la intensa radiacion solar que favorece las reacciones fotoquimicas y
las condiciones convectivas que incrementan la resuspension local del suelo, le
confieren a esta region unas cualidades propias que la diferencian de otras zonas de
Europa. Estas caracteristicas, combinadas con otros factores como las elevadas tasas de
emisiones atmosféricas antropogénicas a lo largo la costa Mediterranea (emisiones
urbanas, poligonos industriales, barcos, agricultura, construccion y quema de biomasa,
entre otros), las elevadas concentraciones de aerosoles primarios de origen natural, la
importancia de los procesos de formacion y transformacion de particulas secundarias y
la interaccion entre particulas y contaminantes gaseosos, resultan en una compleja
fenomenologia de los aerosoles atmosféricos en la region.

En este trabajo se presenta un estudio detallado de los procesos fisicos y quimicos y
las fuentes que afectan a los aerosoles atmosféricos en un emplazamiento de fondo
regional situado en el Montseny (MSY) en el Mediterraneo Occidental. El objetivo de
esta tesis es identificar y caracterizar los procesos fisico-quimicos de los aerosoles

atmosféricos que tiene lugar en el fondo regional del Mediterraneo Occidental. Se ha
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analizado una serie larga de datos de niveles y composicion de PM, s (particulas de
diametro aerodinamico inferior a 2.5 um) con el fin de identificar tendencias y
fluctuaciones en las concentraciones y describir las posibles causas de estas
fluctuaciones. Por otra parte se han identificado las fuentes de emision con impacto en
los niveles de concentracidon en de masa particulas de didmetro aerodindmico inferior a
1 um (PM;) y en el namero de particulas sub-micronicas, con objeto de determinar si las
fuentes que afectan a estos dos pardmetros son similares o estan relacionadas y
determinar variaciones diarias y estacionales en estas fuentes de emision. El objetivo
final es realizar, por primera vez en el fondo regional del Mediterraneo Occidental, un
estudio en detalle de la concentracion y distribucion segin tamano del numero de
particulas ultrafinas, que ha permitido identificar la estacionalidad y la moda de la
distribucion granulométrica de particulas, los procesos de formaciéon de nuevas
particulas y posiblemente los procesos de evaporacion, estos tltimos poco frecuentes en
la literatura.

En el fondo regional del Mediterraneo Occidental, el material particulado
atmosférico fino (PMys y PM;) estd compuesto principalmente por (en orden de
concentracion) materia organica, sulfato, materia mineral, amonio, nitrato, aerosol
marino, carbono elemental y elementos traza. La concentracion media de PM; s obtenida
en la estacion de muestreo (12.7 pg m™; 2002-2010) es mas elevada que las registradas
en otras estaciones de fondo regional de Espana, Escandinavia y Europa Occidental, y
mas baja que las concentraciones determinadas en zonas de Europa Central (el Norte de
Italia, Austria y Suiza). Los niveles relativamente altos de PM; s en la zona de estudio
estan parcialmente atribuidos a la influencia de las emisiones de origen antropogénico
en la region. El predominio de la materia orgénica y del sulfato se refleja en una
marcada estacionalidad de los niveles de PM, caracterizados por mdaximos de
concentracion en verano. Las concentraciones de PM son mds bajas en invierno debido
a la mayor precipitacion y la mayor frecuencia de la adveccion Atlantica que favorecen
la eliminacién de los aerosoles. Por el contrario, las menores temperaturas invernales
resultan en un incremento de las concentraciones de nitrato debido a la inestabilidad
térmica de nitrato amoénico.

El analisis de tendencias de series largas de PM; s (2002-2010) obtenidas en varias
estaciones de fondo regional en Espafia y Europa evidencia una disminucion

estadisticamente significativa de las concentraciones de PM; 5 en la tltima década. Se ha
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estimado una reducciéon media de los niveles de PM, s en Europa del 35%, que oscila
entre el 7 y el 49%. Esta disminucion generalizada se atribuye a la eficacia de las
estrategias de reduccion de la contaminacion aplicadas por los paises miembros de la
UE, como las establecidas por las Directivas de la UE y las IPPC. Sobre esta tendencia
decreciente se superponen otras oscilaciones de menor rango debidas al efecto de la
meteorologia a gran escala, que afecta a gran parte del continente aunque se evidencia
una clara diferencia entre las condiciones meteoroldgicas entre el Norte y el Sur de
Europa que afecta a las variaciones de los contaminantes. En invierno, la Oscilacion del
Atlantico Norte (NAO) controla las condiciones meteorologicas predominantes sobre el
continente, y puede controlar la frecuencia de las intrusiones de polvo sahariano que
afectan a la Peninsula Ibérica. En determinados paises se registr6 una bajada mas
pronunciada de los niveles de PM; s en los ultimos afios, coincidiendo con la recesion
econdmica, que puede estar relacionada con una reduccion de las emisiones
antropogénicas como consecuencia de la ralentizacion de la actividad economica

La disponibilidad de series largas de composicion quimica de PM,s permite
identificar que la reduccion de los niveles de PM; 5 esté relacionada con la disminucion
de las concentraciones de sulfato y carbono organico. Estos compuestos muestran una
reduccion estadisticamente significativa, gradual y uniforme desde 2002. La reduccion
en el sulfato es probablemente debida a la sustitucion del fuel oil por gas natural como
combustible en las centrales térmicas la Ultima década. Sin embargo, las
concentraciones de nitrato permanecen relativamente constantes hasta la crisis
economica y los niveles de PM; s caen bastante a partir de 2008, probablemente como
consecuencia de la reduccion del trafico vehicular y por la meteorologia inusual de los
ultimos dos inviernos del periodo de estudio. Se observa también una reduccion
marcada de las concentraciones de muchos elementos traza de origen antropogénico,
especificamente aquellos controlados por las Directivas (Pb, As, Cd y Ni).

El estudio de contribucién de fuentes identifica seis fuentes que afectan a PM,,
incluyendo sulfato secundario, aerosol organico secundario, combustion de fuel oil,
trafico rodado y quema de biomasa, industria y nitrato secundario. El sulfato secundario
y el aerosol orgdnico secundario son mas altos en verano como consecuencia de la
elevada fotoquimica, y en el caso del material orgdnico por las mayores emisiones
biogénicas y episodios de quema de biomasa (incendios forestales). El aerosol organico
secundario es también elevado en invierno como consecuencia del impacto de las

emisiones de compuestos organicos antropogénicos que se acumulan dentro la capa de
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mezcla durante episodios de contaminacion intensa. La fuente combustion de fuel oil se
identifica por la presencia de trazadores tipicas como V, Ni y Sn. La influencia de las
emisiones de barcos en la fuente fuel oil se relaciona con la presencia de trazadores de
aerosoles marinos como Mg y Na, y es mas importante en verano por la mayor
intensidad de las brisas marinas. La fuente mixta de trafico rodado y quema de biomasa,
identificada por la presencia de carbono elemental y organico y de trazadores tipicos de
trafico, como Sb y Sn, contribuye a la mayoria del carbono elemental en el
emplazamiento de estudio (78%). La fuente industrial esta caracterizada exclusivamente
por la presencia de elementos traza (Pb, As, Cd, Sn, Cu, Zn, Cr, Fe y Mn) y por esta
razoén contribuye poco a la masa total de PM. Ambas, la fuente industrial y la de trafico
rodado y quema de biomasa, tienen contribuciones minimas durante el periodo de
vacaciones en verano. El nitrato secundario es méas abundante en invierno. La influencia
de las actividades antropogénicas se caracteriza por la reduccion de las concentraciones
durante los fines de semana de las fuentes tipicamente antropicas como el nitrato, la
industria, el trafico rodado y la quema de biomasa y la combustion de fuel oil.

Se han identificado cinco fuentes con impacto en el niimero de particulas sub-
micrénicas: industria + trafico rodado + quema de biomasa, formacion de particulas
nuevas y crecimiento, sulfato secundario y combustion de fuel oil, materia mineral y
nitrato. La fuente llamada “formacion de particulas nuevas y crecimiento” se caracteriza
por altas concentraciones de particulas en la moda ultrafina (particulas menores de 100
nm de didmetro), contribuyendo a la mayoria de particulas en esta moda, y por la alta
radiacion solar debido a la importancia de la nucleacion fotoquimica. Las otras fuentes
contribuyen tipicamente a la moda de acumulacion, aunque la fuente industria + trafico
rodado + quema de biomasa puede contribuir también a la moda de ultrafino. Las
particulas de nitrato son mas abundantes en invierno, especialmente durante episodios
duraderos de contaminacidn, y en estas condiciones las particulas de la moda de
nucleacion son muy bajas. De manera similar, los episodios de contaminacién
caracterizados por particulas de sulfato que tienen lugar durante los periodos calidos
también tienen bajos los niveles de particulas en la moda de nucleacion.

Las concentraciones de nimero de particulas tienen una estacionalidad similar a las
de PM, con concentraciones mas elevadas en los meses mas calidos respecto al invierno.
La variabilidad diaria de las particulas esta controlada por la meteorologia local, donde

las brisas de montafa, activadas por la insolacion, transportan masas de aire
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contaminadas acumuladas en la capa de mezcla hacia la estacion de MSY,
incrementando  significativamente los niveles de contaminantes y particulas,
especialmente en invierno. Sin embargo, en ausencia de esta brisa con una elevada carga
de particulas pre-existente, las concentraciones de particulas de las modas de nucleacion
y Aitken inferior incrementan como consecuencia de los procesos de formacion y
crecimiento de particulas. Esto es probablemente debido al incremento de la
fotoquimica y a los elevados niveles de vapores orgénicos condensables producidos a
partir de la oxidacion fotoquimica de precursores gaseosos de aerosoles organicos
secundarios y de emisiones biogénicas en los meses calidos.

Se han identificado las condiciones ideales para la formacion de nuevas particulas
que incluyen la existencia de una fuente de acido sulfurico, que permita formar clusters
de nucleacion, y elevada radiacion solar para activar reacciones fotoquimicas. En los
meses mas frios, la nucleacion ocurre tipicamente bajo condiciones de masas de aire
limpias, aunque también puede ocurrir en condiciones contaminadas en funcion de la
disponibilidad de aerosoles orgéanicos condensables que contribuyen al crecimiento de
particulas después de la nucleacion. Se han identificado también reducciones en los
diametros de las modas, indicando disminucion del diametro de las particulas, que se
atribuyen a la evaporacion de especies semi-volatiles desde la fase particulada a la fase
gas. Los procesos de evaporacion estan favorecidos en situaciones de altas temperaturas,

radiacion solar intensa, humedad relativa baja y dilucion atmosférica.
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Resum

La contaminaci6 de ’aire €s una area d’estudi de gran interés a 1’actualitat degut a
les implicacions per la salut de la exposicid als contaminants aeris i als efectes dels
aerosols atmosférics en el clima. L’exposicid6 humana a la contaminacié atmosferica
causa, només en la Uni6 Europea, 380,000 morts prematures. Des de la Revolucio
Industrial, al segle XVIII, s’ha estimat un augment de la temperatura mitjana del mon de
0.8°C com a conseqiiéncia de D'increment de les emissions antropogeniques. Per
aquestes raons s’han implantat lleis i directives a escala nacional i europea per combatre
els efectes negatius associats a la contaminacié atmosférica.

Per poder identificar les tendéncies dels aerosols i investigar la influéncia de la
meteorologia a escala sinOptica és necessari utilitzar estacions de fons regional que
siguin representatives d’una area més extensa i que permetin discriminar processos de
transport de contaminants a llarga distancia. La conca del Mediterrani Occidental es
caracteritza per una dinamica atmosferica i uns processos meteorologics complexes que
controlen el comportament dels aerosols atmosferics després de la seva emissio. La
topografia abrupta de la regid, la recirculacid de les masses d’aire, el baix volum de
precipitacid, la intensa radiacié solar que afavoreix les reaccions fotoquimiques i les
condicions convectives que incrementen la resuspensié local del sol, confereixen a
aquesta regié unes qualitats propies que la diferencien d’altres zones d’Europa.
Aquestes caracteristiques, combinades amb altres factors com les elevades emissions
atmosferiques antropogeniques al llarg de la costa Mediterrania (emissions urbanes,
poligons industrials, vaixells, agricultura, construcci6é, crema de biomassa, entre
d’altres), les elevades concentracions d’aerosols primaris d’origen natural, la
importancia dels processos de formacid i transformacié de particules secundaries i la
interaccid entre particules 1 contaminants gasosos, resulten en una complexa
fenomenologia dels aerosols atmosférics en la regio.

En aquest treball es presenta un estudi detallat dels processos fisics 1 quimics 1 de les
fonts que afecten als aerosols atmosferics en un emplagament de fons regional situat al
Montseny (MSY) en el Mediterrani Occidental. L’objectiu d’aquesta tesi és identificar i
caracteritzar els processos fisico-quimics dels aerosols atmosférics que tenen lloc al
fons regional del Mediterrani Occidental. S’ha analitzat una llarga série de dades de

nivells i composicié de PM; 5 (particules de diametre aerodinamic inferior a 2.5 pm)
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amb la finalitat d’identificar les tendéncies i fluctuacions en les concentracions i
descriure les possibles causes d’aquestes fluctuacions. D’altra banda, s’han identificat
les fonts d’emissié amb impacte sobre els nivells de concentracié en massa de particules
de diametre aerodinamic inferior a 1 pm (PMI1) i en el nombre de particules
submicroniques, amb 1’objectiu de determinar si les fonts que afecten a aquests dos
parametres son similars o es troben relacionades, aixi com determinar variacions diaries
1 estacionals en aquestes fonts d’emissio.

L’objectiu final es realitzar, per primera vegada en el fons regional del Mediterrani
Occidental, un estudi en detall de la concentraci6 i distribucid segons la mida del
nombre de particules ultrafines, que ha permes identificar 1’estacionalitat i la moda de la
distribuci6 granulomeétrica de les particules, els processos de formacié de noves
particules i, possiblement, els processos d’evaporacio, aquests Ultims poc freqiients en
la literatura.

En el fons regional del Mediterrani Occidental, el material particulat atmosferic fi
(PM,5 1 PM;) esta compost principalment per (en ordre de concentracid) materia
organica, sulfat, matéria mineral, amoni, nitrat, aerosol mari, carboni elemental i
elements traca. La concentracié mitjana de PM;s obtinguda en ’estacié de mostreig
(12.7 pg m>; 2002-2010) és més elevada que les registrades en altres estacions de fons
regional d’Espanya, Escandinavia i1 Europa Occidental, i més baixa que les
concentracions determinades en zones de I’Europa Central (al Nord d’Italia, Austria i
Suissa). Els nivells relativament alts de PM2.5 de la zona d’estudi s’atribueixen
parcialment a la influéncia de les emissions d’origen antropogenic de la regio. El
predomini de la matéria organica i del sulfat es reflexa en una marcada estacionalitat
dels nivells de PM, -caracteritzats per maxims de concentraci6 a I’estiu. Les
concentracions de PM son més baixes a I’estiu degut a la major precipitacio i la major
freqiiéncia de I’adveccié Atlantica que afavoreixen 1’eliminacié dels aerosols.
Contrariament, les menors temperatures de 1’hivern resulten en un increment de les
concentracions de nitrat degut a la inestabilitat térmica del nitrat amonic.

L’analisi de tendéncies de series llargues de PM, 5 (2002-2010) obtingudes en varies
estacions de fons regional a Espanya i Europa evidencia una disminucié estadisticament
significativa de les concentracions de PM,s en I'ultima década. S’ha estimat una
reducci6 mitjana dels nivells de PM, s a Europa del 35%, que oscil‘la entre el 7 i el 49%.
Aquesta disminuci6 generalitzada s’atribueix a la eficacia de les estratégies de reduccid

de la contaminaci6 aplicades per els paisos membres de la UE, com les establertes per
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les Directives de la UE i de I'IPCC. Sobre aquesta tendéncia decreixent se superposen
altres oscil-lacions de menor rang degudes a I’efecte de la meteorologia a gran escala,
que afecta a gran part del continent, encara que s’evidencia una clara diferéncia entre les
condicions meteorologiques entre el Nord 1 el Sud d’Europa que afecta a les variacions
dels contaminants. A I’hivern, la Oscil-lacié de 1’Atlantic Nord (NAO) controla les
condicions meteorologiques predominants sobre el continent i pot controlar la
freqiiéncia de les intrusions de pols del Sahara que afecten a la peninsula Ibérica. En
determinats paisos es va registrar una baixada més pronunciada dels nivells de PM; s en
els ultims anys, coincidint amb la recessi6 econdmica, que pot estar relacionada amb
una reduccié de les emissions antropogéniques com a conseqiiencia de 1’alentiment de
I’activitat economica.

La disponibilitat de series llargues de composicié quimica de PM,s permet
identificar que la reduccid dels nivells de PM, s esta relacionada amb la disminuci6 de
les concentracions de sulfat i carboni organic. Aquests compostos mostren una reducciod
estadisticament significativa, gradual i uniforme des del 2002. La reduccio del sulfat és
deu probablement a la substitucié del fuel oil per gas natural com a combustible en les
centrals térmiques durant la ultima década. No obstant, les concentracions de nitrat
romanen relativament constants fins la crisi economica 1 els nivells de PM; s cauen
bastant a partir del 2008, probablement com a conseqiiéncia de la reduccié del transit de
vehicles 1 per la meteorologia inusual dels ultims dos hiverns del periode d’estudi.
S’observa també una reduccié marcada de les concentracions de molts elements traca
d’origen antropogenic, especificament aquells controlats de les Directives (Pb, As, Cd i
Ni).

L’estudi de contribucio de fonts identifica sis fonts que afecten a PM;, incloent-hi
sulfat secundari, aerosol organic secundari, combustié de fuel oil, transit rodat i crema
de biomassa, industria i nitrat secundari. El sulfat secundari i I’aerosol organic secundari
son més alts a I’estiu com a conseqiiéncia de ’elevada fotoquimica i, en el cas del
material organic, per les majors emissions biogéniques i episodis de crema de biomassa
(incendis forestals). L’aerosol organic secundari és també elevat a I’hivern degut a
I’impacte de les emissions de compostos organics antropogenics que s’acumulen dins la
capa de barreja durant episodis de contaminaci6 intensa. La font de combustio de fuel
oil s’identifica per la preseéncia de tracadors tipics com el V, Ni i Sn. La influéncia de

les emissions dels vaixells en la font de fuel oil es relaciona amb la preséncia de
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tracadors d’aerosols marins com Mg i Na, i és més important a 1’estiu per la major
intensitat de les brises marines. La font mixta de transit rodat i crema de biomassa,
identificada per la preséncia de carboni elemental i organic i de tragadors tipics de
transit, com Sb i Sn, contribueix a la majoria del carboni elemental a I’emplacament
d’estudi (78%). La font industrial es caracteritza exclusivament per la preséncia
d’elements traca (Pb, As, Cd, Sn, Cu, Zn, Cr, Fe 1 Mn) 1 per aquesta rad contribueix poc
a la massa total de PM. Ambdues fonts, la industrial i la de transit rodat i crema de
biomassa, tenen contribucions minimes durant el periode de vacances a 1’estiu. El nitrat
secundari €és més abundant a I’hivern. La influéncia de les activitat antropogeéniques es
caracteritza per la reduccio6 de les concentracions durant els caps de setmana de les fonts
tipicament antropiques com el nitrat, la indistria, el transit rodat i la crema de biomassa
1 la combustio de fuel oil.

S’han identificat cinc fonts amb impacte sobre el numero de particules
submicroniques: industria + transit rodat + crema de biomassa, formacié de particules
noves i creixement, sulfat secundari i combustié de fuel oil, matéria mineral 1 nitrat. La
font anomenada “formacié de particules noves i creixement” es caracteritza per altes
concentracions de particules en la fracci6 ultrafina (particules de menys de 100 nm de
diametre), contribuint a la majoria de particules en aquesta moda, i per la importancia de
la nucleaci6 fotoquimica deguda a I’alta radiacié solar. Les altres fonts contribueixen
tipicament a la moda d’acumulacio, tot i que la font industria + transit rodat + crema de
biomassa poden contribuir també a la moda ultrafina. Les particules de nitrat son més
abundants a I’hivern, especialment durant llargs episodis de contaminaci6, i en aquestes
condicions les particules de la moda de nucleacié son molt baixes. De manera similar,
els episodis de contaminacid caracteritzats per particules de sulfat, que tenen lloc durant
els periodes calids, també mantenen baixos els nivells de particules de la moda de
nucleacio.

Les concentracions de numero de particules tenen una estacionalitat similar a las de
PM, amb concentracions més elevades durant els mesos més calids que a I’hivern. La
variabilitat diaria de les particules esta controlada per la meteorologia local, on les
brises de muntanya, activades per la insolacio, transporten masses d’aire contaminades
acumulades a la capa de barreja cap a I’estaci6 del MSY, incrementant
significativament els nivells de contaminants i particules, especialment a 1’hivern. No
obstant, en absencia d’aquesta brisa (amb una elevada carrega de particules pre-

existents), les concentracions de particules de les modes de nucleacid i Aitken inferior
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incrementen com a conseqiiencia dels processos de formaci6 i creixement de particules.
Aix0 és degut, probablement, a 1’increment de la fotoquimica i als elevats nivells de
vapors organics condensables produits a partir de 1’oxidacio fotoquimica de precursors
gasosos d’aerosols organics secundaris i d’emissions biogeniques durant els mesos
calids.

S’han identificat les condicions ideals per a la formaci6 de noves particules que
inclouen I’existéncia d’una font d’acid sulfiric, que permet formar clusters de
nucleacio, i elevada radiacid solar per activar reaccions fotoquimiques. Durant els
mesos més freds, la nucleacié té lloc tipicament sota condicions de masses d’aire net,
tot i que també pot ocdrrer en condicions contaminades en funci6é de la disponibilitat
d’aerosols organics condensables que contribueixen al creixement de particules després
de la nucleacié. S’han identificat també reduccions en els diametres de les modes,
indicant disminuci6 del diametre de les particules, que s’atribueixen a la evaporacid de
les especies semi-volatils des de la fase particulada a la fase gas. Els processos
d’evaporacidé es veuen afavorits en situacions d’altes temperatures, radiacidé solar

intensa, humitat relativa baixa 1 dilucié atmosférica.
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1. Introduction

1.1.  Atmospheric Aerosols

Atmospheric aerosols are defined as solid and/or liquid particles that enter into the
atmosphere in suspension (Mészaros, 1999). In atmospheric science, the term aerosol
traditionally refers to suspended particles in air that contain a large proportion of
condensed matter other than water, thus excluding clouds which are considered a
separate phenomena (Pruppacher and Klett, 1997). Atmospheric aerosols range in size
from a few nanometers to some tens of micrometers (um). They can be emitted directly
to the atmosphere as primary emissions, or can be formed through the physicochemical
transformation of gaseous emissions (secondary emissions). Sources of atmospheric
aerosols include both natural and anthropogenic emissions, and the type of source will
largely govern both the physical properties of the aerosol (mass, size and density) and
the chemical composition. The effects of aerosols on climate, human health and the

atmosphere are among the most central topics in current environmental research.

1.1.1  Origin

On a global scale, natural primary emissions are the dominant source of atmospheric
aerosols. Aerosols of natural origin include particles of windborne crustal material, sea
spray, volcanic emissions (dust and sulphates from volcanic SO,), naturally occurring
biomass burning (such as wild forest fires), biogenic emissions (spores, pollens and
sulphates from biogenic gases) and organic matter from biogenic sources (Seinfeld and
Pandis, 1998). Calculation of global mass emissions of aerosols carries significant
uncertainty, but it is certain that emissions on a global scale are predominantly natural
(~12,100 Tg y™'; 98 wt%), compared to anthropogenic emissions which are estimated to
be around 300 Tg y"' (Durant et al., 2010; Andraea and Rosenfeld, 2008). According to
Andraea and Rosenfeld (2008), sea spray and mineral dust (mostly from deserts)
contribute the largest amount to the global aerosol loading, accounting for 10,130 and
1,600 Tg y™', respectively (Figure 1.1). Marine aerosols, formed from wind and waves
forcing air bubbles to burst on the sea surface, are believed to account for the largest

mass emission flux of all aerosol types. On a regional scale, the contribution of marine
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aerosol to the PM mass will depend on the geographical area, proximity to the coast and

meteorology.
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Figure 1.1. Global fluxes of primary and secondary atmospheric particulate matter (total
of 12,400 Tg y™). The area of each square proportionally represents the contribution to
the total loading. POA = primary organic aerosol; SOA = secondary organic aerosol;
BC = black carbon. Taken from Gieré and Querol (2010).

Soil or mineral dust is the second most prominent aerosol type in the atmosphere
according to Andraea and Rosenfeld (2008). Natural resuspension can be local, mostly
from arid and semi-arid environments, or as a result of long-range transport from the
major mid-latitude deserts (North Africa, Middle East and Central Asia) (Prospero et
al., 2002). This long range transport can have serious implications for Europe
considering the proximity of North Africa, and especially for the Iberian Peninsula
(Escudero et al., 2007). Suspended crustal material can be transported from the Sahara
to Southern Europe under suitable meteorological conditions and over long distances,
increasing the particulate matter concentrations in the atmosphere. These African dust
outbreaks across the Iberian Peninsula have been widely studied and documented

(Querol et al., 1998a and b, 2002 and 2009; Rodriguez et al., 2001; Viana et al., 2002;
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Escudero et al., 2005). Although the main global contribution of mineral PM to the
atmosphere has a natural origin, in urban and industrial areas the mineral fraction is
mainly  from  anthropogenic  processes, such as industrial activities,
construction/demolition, mining activities etc.

Anthropogenic sources of aerosols are mainly due to road traffic in urban areas
(emission of precursor gases and ultrafine carbonaceous particles, brake and tyre wear
and pavement erosion), fossil fuel combustion, energy plants, metallurgic industry and
other industrial activities (mainly cement, ceramic and brick production), agricultural
activities, waste treatment plants and fertiliser production plants (Gieré and Querol,
2010). Primary anthropogenic emissions, those emitted directly to the atmosphere from
their source, account for 150 Tg y'1 (Andraea and Rosenfeld, 2008). In addition, an
important proportion of anthropogenic aerosol is made up of secondary particles
produced chemically from anthropogenic gaseous pollutants. Secondary anthropogenic
are derived mostly from SO,, NOy and volatile organic compounds (VOCs) emitted
from industrial and combustion processes, including road traffic emissions. In
Mediterranean climates, photochemistry is a significant process in the formation of
secondary particles i.e. aerosols released to the atmosphere can co-react under the
presence of sunlight, producing secondary pollutants (Bougiatioti et al., 2013).
Anthropogenic particles are usually unevenly distributed throughout the troposphere,
with the highest concentrations typically found in urban areas, where there is a high
volume of road traffic and industry (Putaud et al., 2004) and in specific hot spot regions
such as China and India for example (Chan et al., 2008). However, long range transport
of pollutants can occur and anthropogenic particles may reach remote locations (Wang,

2007; Fu et al., 2010).

1.1.2. Formation and transformation

Atmospheric aerosols can be further classified according to their formation
processes. Primary emissions as particulate matter or gases are emitted directly to the
atmosphere from their sources. Secondary emissions originate from the transformation
of primary emissions through physical or chemical processes. They are formed from
their precursor gases, such as SO,, NOy, NHj3 or VOCs. Gas-to-particle transformation
is referred to as homogenous nucleation, whereby transformations resulting from the

reaction between gases and pre-existing particles through coagulation and condensation
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is referred to as heterogeneous nucleation (Warneck, 1988). Airborne particles undergo
various physical and chemical interactions and transformations (atmospheric aging),
changing in size, structure and composition. As particles grow in size through
coagulation and condensation processes, they can be deposited to the Earth’s surface by
dry deposition or through wet deposition from precipitation or through their
incorporation into cloud droplets (Pdschl, 2005). Removal processes are largely
influenced by the size and chemical composition of the aerosol. Clouds are formed by
the condensation of water vapour on pre-existing aerosol particles, thus removing
particles from the atmosphere. If these clouds form precipitation, aerosols are further
scavenged by water droplets and returned to the earth’s surface. This process is referred
to as wet deposition and is the main removal sink of aerosols from the atmosphere. Dry
deposition involves removal of particulate aerosols by mechanical processes such as
gravimetry, wind dispersion and diffusion as a function of size. Thus, the residence time
of aerosols is heavily influenced by meteorological factors and the aerosol properties,

and the lifetimes of aerosol particles can range from hours to weeks (Raes et al, 2010).

1.1.3. Composition

Owing to the broad range of aerosol sources and formation processes, the chemical
composition of aerosols is often complex and varied. The relative abundance of various
chemical components in atmospheric particles in any given region can depend on the
prevalent emission source, meteorological conditions, the location and the size fraction,
and vary spatially and temporally by an order of magnitude or more (Putaud et al.,
2010). For example, the chemical composition of aerosols in an urban environment
differs significantly from a remote site far from densely populated areas. For the
purposes of this section, chemical composition will exclusively be discussed in the
context of atmospheric particles, thus excluding gaseous pollutants. The major
components of atmospheric particulate matter are crustal material, carbonaceous matter
(elemental carbon and organic matter), marine aerosol, sulphate, nitrate, ammonium,
trace elements and water. The predominance of any of these major components will
depend heavily on the prevailing emission source and the formation mechanism of the
particles.

Crustal material (or mineral matter) is the major component of the total PM mass

present in the atmosphere. It is typically comprised of primary particles and its
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composition varies depending on local geology, soils and anthropogenic activities. The
most abundant element components are Al, Ca, Si, Fe, Ti, K and Mg, and the most
abundant trace elements are Co, Rb, Ba, Sr, Li, Sc, Cs and Rare Earth Elements
(Chester et al., 1996). The major mineral components of PM are calcite, quartz,
dolomite, clay minerals and feldspars. Minor components include calcium sulphate and
iron oxides but these may vary (Querol et al., 2002).

Marine aerosol is constituted mainly of NaCl, with minor contributions of other
salts such as MgCl,, MgSQ4, and Na,SO,4 (Mészaros, 1999). Marine aerosol emissions
are primary, generated by wind turbulence and waves in coastal areas and dispersion of
sea foam and bubbles (Warneck, 1998). Dimethyl sulphide (DMS) is also an important
marine aerosol, and is the most abundant biological sulphur compound emitted to the
atmosphere, specifically by phytoplankton (Simpson et al., 1999). DMS is oxidised in
the marine atmosphere atmosphere to various sulphur-containing compounds such as
sulphur dioxide, dimethyl sulphoxide, dimethyl sulphone, methanesulphonic acid and
sulphuric acid (Lucas et al., 2005).

Carbonaceous aerosols contribute around 133 Tg y' to the total global aerosol
loading (Andraea and Rosenfeld, 2008). Carbonaceous aerosols are so called owing to
the presence of carbon as the major component, although mineral carbon from
carbonates is excluded as they are categorised as mineral matter. Thus, carbonaceous
aerosols are divided into elemental carbon (EC) and organic carbon (OC). EC is
graphitic carbon and is emitted directly at the source, i.e. it is a primary emission, and is
produced from the incomplete combustion of fossil fuels and biomass (Goldberg, 1985).
The main sources of EC in the atmosphere are from vehicle emissions (mainly diesel
engines), power generation (especially coal-fuelled power plants), certain industrial
processes, natural and anthropogenic biomass combustion and domestic emissions
(Bond et al., 2013).

Anthropogenic sources of OC include fossil fuel combustion, biomass burning and
agricultural emissions. Organic aerosols comprise a myriad of organic compounds of
varied origin, such as polycyclic aromatic hydrocarbons (PAHs), alkanes, alkenes and
organic acids, cellulose and humic acids among others (Seinfeld and Pandis, 1998). OC
can be emitted directly either as primary organic aerosols (POA) or formed as
secondary organic aerosols (SOA) through photochemical reactions and the
condensation of VOCs (Jimenez et al., 2009). POAs include both anthropogenic organic

aerosols and natural organic aerosols, such as bioaerosols, pollen and spores. Of the
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natural sources of VOCs, vegetation is regarded as the greatest source on a global scale
(Guenther et al., 2000). Oxidation of both natural and anthropogenic VOCs in the
atmosphere produces less volatile compounds which can, in turn, undergo gas-to-
particle transformation, forming SOA and contributing to the particle mass loading
(Guenther et al., 2000). Formation and evolution of SOA is an area of study with a large
degree of uncertainty (Volkamer et al.,, 2006). The formation of low-volatility
compounds that make up SOA is governed by a complex series of reactions involving a
large number of organic species, so the experimental characterisation and theoretical
description of SOA formation presents a substantial challenge (Volkamer et al., 2006;
Robinson et al., 2007; Jimenez et al., 2009). The most commonly studied mechanism of
SOA formation is the oxidation of VOCs, but reactions of less volatile organics may
also lead to the formation of particulate matter as well, so SOA may also be formed
from chemical reactions or organic compounds emitted originally in the condensed
phase (Robinson et al., 2007).

Secondary inorganic aerosols (SIA) are formed in the atmosphere from precursor
gaseous species through gas-to-particle processes (Hidy, 1994). The major secondary
inorganic compounds in the atmosphere are sulphate (8042'), nitrate (NO;") and
ammonium (NH,"), and they are formed from their precursor gaseous species (SO»,
NOy and NHj, respectively) through gas-to-particle transformation (Hidy, 1994). SIA
contribute around 140 Tg y"' of global planetary emissions (Andreae and Rosenfeld,
2008).

The oxidation of SO,, emitted by coal and fuel oil combustion used for power
generation and shipping, and natural sources such as volcanoes, in the atmosphere
produces sulphuric acid aerosol. The sulphuric acid aerosol is readily neutralised in the
atmosphere by NH; to form particulate (NH4)2SO4, and to a lesser extent CaSO4 or
NaSOj; after reaction with CaCOs or NaCl (Junge, 1963). (NH4),SO4 typically exists in
the fine mode (<1 um), whereas CaSO4 or NaSO, is normally coarse (Mildford and
Davidson, 1987).

NOs™ is formed in the atmosphere from the gaseous precursors nitrogen oxides
(NOy), which are emitted into the atmosphere from natural sources (lightening, forest
fires) and anthropogenic sources (high temperature fuel combustion). Nitric acid
(HNO:3) is produced from the oxidation of NO,, and the acid is subsequently neutralised
by forming particulate NH4NO;, NaNO; or CaNO; (Meszards, 1999). NHj is mostly

emitted from agricultural emissions, but sources in urban areas include biological
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sources such as sewage and waste (Reche et al., 2012; Pandolfi et al., 2012). NH4NOs is
thermally unstable at relatively high temperatures (>20-25°C) and this governs the form
particulate nitrate will take in the atmosphere (Seinfeld and Pandis, 1998). NH4NO;
species present a fine grain size (<1 pm), whereas NaNOs or CaNOj; are mainly present
in the coarse range (>1 pm) (Mildford and Davidson, 1987). Under warm and dry
conditions, NH4NO; is easily volatilised and gaseous HNOs; may react with
predominantly coarse components such as sea spray (NaCl) or mineral matter (CaCOs3),
resulting in coarse particulate nitrate during the summer months (Harrison and Pio,
1983; Querol et al., 1998a). Under colder and more humid conditions, NH4NO; is
typically formed. Thus, in warmer regions nitrate undergoes a clear seasonal pattern
with elevated concentrations in winter and a marked summer decrease as a consequence

of the thermal instability of NH4NO; (Querol et al., 2004a and b).

1.1.4. Size distribution

Atmospheric aerosols are typically categorised according to their size. Particle sizes
can range from a few nanometres (nm) to tens of micrometres (um), and a particle’s
size can often be loosely linked to its formation mechanism. The specific ranges of
particle sizes are called modes, which include the nucleation mode (<20 nm), the Aitken
mode (20-100 nm), the accumulation mode (100 nm — 1 um) and the coarse mode (1-10
um) (Seinfeld and Pandis, 1998). Particles can also be classified as nanoparticles, for
particles with diameter <50 nm, ultrafine (<100 nm), fine (<1 pm) and coarse for
particles of diameter 1-10 pm (Figure 1.2).

The nucleation mode incorporates all particles below 20 nm in diameter. Particles in
this mode are associated with the formation of new particles through gas-to-particle
transformations, and thus are considered secondary particles. However, nucleation mode
particles can be emitted by traffic as primary particles. Nucleation mode particles are
typically formed from gaseous precursors which nucleate spontaneously in the
atmosphere. These gaseous precursors include H,SO4, NH3 and VOCs (Kulmala et al.,
2013). Several nucleation mechanisms have been proposed, including homogenous
water-sulphuric acid nucleation, homogenous water-sulphuric acid-ammonia nucleation,
ion-induced nucleation of organic or inorganic vapours, or kinetically controlled
homogenous nucleation and the occurrence of nucleation depends on a number of

variables (Kulmala and Kerminen, 2008, and references therein). Pre-existing particles

29



Chapter 1: Introduction

in the atmosphere can scavenge the gaseous precursors necessary for nucleation through
condensation processes and thus clean air conditions are often more favourable for new
particle formation processes (Rodriguez et al., 2005). Ambient air conditions, such as
temperature, relative humidity and solar radiation are also believed to be influential
factors on nucleation processes (Eastern and Peter, 1994). Photochemistry plays a
pivotal role in new particle formation as it generates free radicals in the atmosphere that
can react with gaseous precursors to produce the vapours necessary for nucleation (Pey,
2007). Following the formation of stabilised clusters through nucleation of the gaseous
precursors mentioned (<1 nm), organic vapours are believed to activate these clusters

causing the fresh particles to grow in size (Kulmala et al., 2013).
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Figure 1.2. A simplified schematic illustration of atmospheric aerosols, including
sources, transformations and sinks (adapted from Viana, 2003).
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Nucleation has been observed to occur in almost all environments, including: the
Polar Regions (Wiedensohler et al., 1996), high altitude sites (Venzac et al., 2009),
continental boreal forests (Kulmala et al., 1998) and remote areas (Birmili et al., 2001),
and urban environments (Pey et al., 2008; Dall’Osto et al., 2013), among many others.
In urban environments, traffic emissions contribute significantly to nucleation processes
through emissions of precursor gases necessary for nucleation, while also emitting
primary particles with a typical size distribution in the nucleation mode (Casati et al.,
2007; Harris and Maricq, 2001). The residence time of these particles is typically short
as they grow rapidly through condensation and coagulation processes (Zhang and
Wexler, 2004; Fine et al., 2002). In rural and remote regions, nucleation episodes are
typically favoured under clean air conditions, as nucleation and the condensation of
gaseous precursors on pre-existing particles are competing processes (Birmili et al,
2001; Rodriguez et al., 2005). However, nucleation can still occur under polluted
atmospheric conditions provided the growth rate of the nucleating particles is
sufficiently rapid to avoid being scavenged by pre-existing particles (Hamed et al.,
2007).

Nucleation mode particles are typically removed from the atmosphere through
condensation and coagulation processes, causing the particles to grow in size to Aitken
and accumulation mode particles. Coagulation is produced by Brownian motion and
diffusion, and is the most common removal process for nanoparticles (Mészaros, 1999).
The rate of coagulation is proportional to the concentration of particles in the

atmosphere, as collision between particles is more probable.

The Aitken mode refers to all particles of diameter between 20-100 nm. Particles in
this mode result primarily from primary emissions and coagulation between pre-existing
particles, usually from the nucleation mode (Lingard et al., 2006; Kerminen et al.,
2007). In the urban environment this mode is especially prevalent owing to primary
emissions from traffic such as black carbon, specifically from the incomplete

combustion of fuels associated with diesel engines (Morawska et al., 1998 and 1999).

The accumulation mode includes all fine particles between 100 nm and 1 um. This
mode is associated with particles resulting from processes of coagulation between other
particles, and/or the condensation of semi-volatile compounds on the surface of these

particles (Seinfeld and Pandis, 2008). These particles may act as condensation nuclei
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whereby low vapour gaseous species such as H,SO4, NH3;, HNO; and non-methane
VOCs compounds can condense on the existing particle surface (Rose et al., 2006). The
adsorption or condensation of gas phase components, and the coagulation of smaller
particles to form accumulation mode particles, thus causes the particle number
concentration to decrease, but the particle mass to increase. The accumulation mode is
so named because particle removal mechanisms are least efficient in this regime and
thus have a long residence time in the atmosphere compared to the inferior size modes
(Seinfeld and Pandis, 2008). They can be transported over longer distances and this is

especially relevant for transport from urban areas to rural areas.

Coarse particles are those of diameter greater than 1 um. Air quality studies
normally refer to mass concentrations of particulate matter with aerodynamic diameters
less than 1 pm, 2.5 pm and 10 um as PM;, PM,s and PM,, respectively. Coarse
particles are mostly primary and are generated from mechanical processes such as
resuspended mineral dust, marine aerosol, products from tyre and brake abrasion and
biogenic emissions. However, coarse secondary particles can occur when gases
chemically react with particles of marine or crustal origin (Querol et al., 1998a).
Whereas coarse particles are typically primary and result from mechanical processes,
the fine fraction (< 1pm) is dominated by secondary species (NO;,, SO4* and NH4"
ions) and emissions from combustion processes (carbonaceous material) (Seinfeld and

Pandis, 1998).

1.2. Effects of Aerosols

Atmospheric aerosols have played a pivotal role in the development of the Earth’s
atmosphere. Without atmospheric particles, rainfall would be non existent and the
climate would be very different (Mészaros, 1999). However, anthropogenic emissions
have changed the chemical composition of atmospheric aerosols significantly through
emissions of particles and precursor gases from biomass burning and fossil fuel
combustion, particularly since the industrial revolution (Poschl, 2005). Numerous
studies have demonstrated that atmospheric aerosols, both natural and anthropogenic,
can impact health and climate, many of which will be referred to in the following

sections.
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1.2.1 Health effects

Epidemiological studies in humans and laboratory animals have consistently
provided evidence that exposure to fine and ultrafine particulate air pollution is related
to acute and chronic health effects such as respiratory and cardiovascular disease
exacerbations (Brook et al., 2010; Riickerl et al., 2011; Anderson et al., 2012).
Worldwide, it has been estimated that air pollution represents up to 8% of lung cancer
deaths, 5% of cardiopulmonary deaths and 3% of respiratory infection deaths, according
to the WHO global health risks (WHO, 2009). A recent review on evidence of health
aspects of air pollution (REVIHAAP) by WHO (2013) suggested a possible link with
neurodevelopment, cognitive function and diabetes, and strengthened the casual link
between PM; s and cardiovascular respiratory deaths. Recent estimates suggest that 3.5
million cardiopulmonary and 220,000 lung cancer annual deaths globally can be
attributed to the anthropogenic component of PM, s (Anenberg et al., 2010). Inhalation
of airborne particles is the main mode of exposure and the effects are dependent on the
concentration, size, shape and composition of the particles, and the extent of the
exposure (Oberddrster, 2004). Short-term exposure to coarse particles is associated with
adverse respiratory and cardiovascular health effects, even including premature
mortality (Soukup and Becker, 2001). Furthermore, a relationship was observed for
short-term exposure to PM during Saharan dust days with cardiovascular and
respiratory mortality (Pérez et al., 2012).

Considering the adverse health effects of exposure to PM, the complex composition
of particles makes it inherently difficult to identify with any great surety which
components are culpable for the adverse health effects (Oberddrster et al., 2005). Some
studies have focused on the direct health effects of specific components of aerosols,
such as a report commissioned by WHO (2012) on the health implications of exposure
to black carbon (BC). The report suggested that BC may not be a major directly toxic
component of fine PM, but it may operate as a universal carrier of a wide variety of
chemicals of varying toxicity to the lungs, the body’s major defence cells and possibly
the systematic blood circulation. The report states that, at present, it is not possible to
say definitively whether health effects due to exposure to BC or PM mass are different
qualitatively and/or quantitatively from each other. They attribute this partly to the fact

that an insufficient number of controlled health studies have been implemented which
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involve human subjects with simultaneous BC or EC measurements and other PM
speciation.

Ultrafine particles are also attracting significant attention as they have been
identified as a causal component of various negative health effects in humans (Knol et
al., 2009; Hoek et al., 2010). Ultrafine particles contribute little to PM mass, but can
contribute around 90% to the particle number concentration in areas influenced by
vehicle emissions (Morawska et al., 2008). Ultrafine particles are believed to be
particularly hazardous owing to their small size and large surface area, giving them the
ability to penetrate deeper into the respiratory system, enter the circulatory system
stream and deposit in the brain (Oberdorster et al., 2004; Samet et al., 2009). In urban
environments, ultrafine particles are often associated with traffic emissions, containing
components such as soot, certain organics and metals, and these components are
believed to increase the risk of diseases (Ovrevik and Schwarze, 2006; Ostro et al.,

2006).

1.2.2. Climate effects

Since the industrial revolution and the intensive use of fossil fuels for energy, the
natural balance of aerosols in the atmosphere, and thus the radiative balance of the
Earth, has changed dramatically. The IPCC (2007) has attributed a global increase of
0.8°C in temperature compared to pre-industrial times. Anthropogenic or natural
changes in atmospheric aerosol composition can disrupt the radiative balance by
changing the amount of solar radiation reaching the earth’s surface. Scattering and
reflection of solar radiation by aerosols and clouds tend to cool the Earth’s surface
(negative radiative forcing), whereas the absorption of solar energy by aerosols, such as
greenhouse gases, BC and clouds tend to have a warming affect (positive forcing;
greenhouse effect; IPCC, 2007). Although the forcing by greenhouse gases such as CO,
is known relatively accurately, the total forcing is more difficult to estimate due to the
uncertain contribution of aerosols. This uncertainty arises from the great variety of
aerosol types, their large number of sources, their distinct optical properties, their spatial
distribution and atmospheric lifetimes.

Aerosol effects on climate are generally classified as direct or indirect with respect
to radiative forcing of the earth’s climate (Figure 1.3). Direct effects result from the

scattering or absorbing of the incoming solar radiation and the outgoing terrestrial
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radiation, whereas indirect effects result from aerosols acting as cloud condensation
nuclei (CCN) or ice nuclei (IN), thus indirectly changing cloud formation and lifetimes.
The residual forcing due to direct and indirect forcing by aerosols as well as semi-direct
forcing from greenhouse gases and any unknown mechanism between 1970 and 2000
was estimated to be -1.1 + 0.4 W m™ (Murphy et al., 2009). The aerosol particle size,
structure and chemical composition will largely decide the optical properties of the
particle relevant to direct effects, such as the particle scattering, absorption and

extinction coefficient, and ability to act as CCN and IN relevant to indirect effects.
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Figure 1.3. Direct, indirect and semi-direct climate forcing effects caused by aerosols
(IPCC, 2007).

Thus, the radiative forcing properties of aerosols are strongly influenced by
atmospheric processes such as chemical and physical transformations. This creates a
large margin of uncertainty owing to the complex physical and chemical properties of
aerosols. The mean total direct radiative forcing attributed to aersols is estimated to be
around -0.4 W m™ (IPCC, 2007). The global mean direct radiative forcing from the
different components is estimated by IPCC and shown in Figure 1.4. Sulphate, for
example, has a scattering effect of radiation, creating an overall cooling effect (-0.4 +
0.2 W m™; IPCC, 2007). On the contrary, BC strongly absorbs radiation, trapping solar
energy in the earth’s atmosphere, causing a positive radiative forcing (estimated to be
+1.1 W m™; Bond et al., 2013). The difficulty in estimation of the total radiative forcing
of aerosols arises when the majority of the aerosols are emitted from the same sources.
BC, for example, is usually emitted with other particles that cause cooling, therefore

obscuring the observed net effects of real-world emissions (Shindell et al., 2012). That
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same work suggested that control of BC emissions would produce a direct benefit
through mitigation of climate change, and would also control emissions co-emitted with
BC such as organic carbon compounds. However, this is disputed by some studies

claiming that the forcing associated with BC may be overestimated (Cappa et al., 2012).
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Figure 1.4. Average global radiative forcings and their 90% confidence intervals as of
2005 for greenhouse gases and atmospheric aerosols. Uncertainties are represented by
error bars. (IPCC, 2007). LOSU: Level of Scientific Understanding.

An increase of atmospheric CCN and IN concentrations can have different effects
on the formation and properties of clouds and, subsequently, precipitation. An increase
in hygroscopic aerosol number concentrations tends to increase the CCN, which in turn
can lead to increased cloud formation. Clouds scatter and absorb solar radiation and the
cloud properties and size will determine their ability to disrupt the earth’s radiative
balance. The relationship between aerosols, clouds, precipitation and solar radiation
influences the regional and global radiative energy balance and hydrological cycle, as
well as the temperature, dynamics, and general circulation of the atmosphere and oceans

(Andreae et al., 2005). The indirect effect of clouds is divided into the “cloud albedo
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effect” and the “cloud lifetime effect” (IPCC, 2007), and the total aerosol indirect effect

is estimated to be -0.7 W m™.

1.2.3. Regulation

Considering the detrimental health effects of atmospheric aerosols and their ability
to disrupt the Earth’s radiative budget, many countries aim to control and regulate
ambient concentrations of atmospheric aerosols and specific emission sources. In order
to reduce the negative effects of air pollution, the European Union (EU) has drawn up
the European air quality directives 2008/50/EC and 2004/107/EC with the specific aim
of regulating specific pollutant parameters in ambient concentrations. Member states are
obliged to adhere to these regulations by implementing effective means to reduce air
pollution at local, national and European levels. In the above air quality directives,
criteria from previous directives were unified, while also taking into consideration the
most recent scientific research and combined experience of member states. Thus, the
parameters currently regulated at a European level include ambient concentrations of:
PM,y, PM; 5, Ozone, Benzene, Lead, As, Cd, Hg, Ni, PAHs, SO, NO,, CO and NOx.
Furthermore, chemical composition monitoring of NOs, SO4*, Cl, NH,", Na’, K,
Mg2+, Ca2+, OC and EC concentrations in PM,s for rural areas has since become
mandatory (Annex IV of the 2008/50/EC Directive).

Air quality standards for PM require that an annual mean limit value of 40 pg m™
must not be exceeded, and a daily limit value of 50 pg m™ must not be exceeded more
than 35 times a year. An annual target value of 25 ug m™ for PM, s was enforced in
2010, and this will become an annual limit value by 2015. An annual limit value of 20
ng m> will be effective by 2020, pending revision by the European Commission in
2013 (the European Environment Agency’s “Year of Air”), when the most recent
information on PM health and environmental effects, technical viability and the
experience obtained by the member states will be taken into consideration.

As well as controlling ambient concentrations of certain pollutants, certain EU air
directives also aim to control emissions from specific sources, specifically exhaust
emissions from vehicles and industrial emissions. Vehicular emissions are controlled
under the EURO certification, whereby EURO 1 (1991/441/EC), 2 (1994/12/EC), 3 and
4 (1998/69/EC), 5 and 6 (2007/701/EC) controls light duty vehicles, and EURO 1, 1,

etc. controls heavy duty vehicles. Emissions of NOx, total hydrocarbon, non-methane
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hydrocarbon, CO and PM are currently regulated for most vehicle types. Non compliant
vehicles are not permitted to be sold in the EU. Industrial emissions are controlled by
the Directive 2008/1/EC (the IPPC Directive, Integrated Pollution Prevention and
Control), which replaces Directive 1996/61/EC. The Directive requires industrial and
agricultural activities with a high pollution potential to have a specific permission, and
this permit can only be issued if certain environmental conditions are met. The Directive
establishes emissions ceilings for each specific type of industry, while taking into
consideration BATNEEC (Best Available Techniques Not Exceeding Excessive Costs),
which require industries to employ efficient pollution control that are economically
viable.

Currently, there is much debate surrounding the inclusion of specific components of
PM that should be controlled by environment agencies. As outlined previously, BC is a
known contributor to climate forcing, and there are continuing studies in the adverse
health effects of BC (WHO, 2012). Shindel et al. (2012) have shown how implementing
specific practical emissions reductions chosen to maximise climate benefits would have
important mutual benefits for near-term climate, human health and agriculture, among
others. Bond et al. (2012) suggests that diesel engine and biomass burning sources of
BC appear to offer the best mitigation potential to reduce near-term climate forcing.
Furthermore, control of BC emissions would bring health benefits by additionally
reducing PM exposure.

As discussed previously, ultrafine particles are believed to be the most harmful to
human health, to the extent that the World Health Organisation has called for further
research to establish the links between ultrafine particles, exposure and human health
(WHO, 2013). The significance of fine and ultrafine aerosol concentrations in the
context of impacts on human health has been well established in numerous studies
which have outlined possible abatement measures (Kumar et al., 2010; Knibbs et al.,
2011). However, there is no current legal threshold for controlling particle number
concentrations (as opposed to particle mass concentrations which are controlled) even
though there is evidence to suggest that ultrafine particles can be even more harmful to

health (Knol et al., 2009).
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1.3.  Regional background environment

The Directive 2008/50/EC also requires the establishment of a monitoring network
with an equilibrated number of hotspots, urban and rural monitoring sites, in order to
appropriately monitor air quality. The Directive establishes criteria for the monitoring
networks, such as location, type and number of sampling points, and provides
measurement reference methods. The locations of the sites are chosen taking into
consideration the major emission sources, and aim to categorise the exposure to
populations. The directive also requires monitoring at rural/regional background sites
located in areas far from direct anthropogenic pollution sources, thus providing
information on background levels of pollutants on a regional scale.

Monitoring sites are classified according to the target environment under study in
order to monitor air quality in different environments. These sites include traffic,
industrial, urban, regional/rural or continental/remote monitoring stations, and are so
chosen to provide information representative of that specific environment. Urban sites
are located in urban areas separated from direct emissions from traffic or industry, with
the aim of determining the average exposure of the general population to urban aerosols.
According to the criteria outlined in directive 2008/50/EC, Van Dingenen et al. (2004)
and Putaud et al. (2004), regional or rural background sites should be isolated from the
direct influence of local anthropogenic emission sources, and should represent
background pollutant levels from across the region in which they are located, with a
distance of 10-50 km from significant pollution sources (Larssen et al., 1999). Ideally,
regional background sites should be located in rural areas, distant from roads, populated
areas and industries, but should be affected by regional sources of pollution, long-range
transport and urban plumes of pollution. The relevance of these sites is most important
for monitoring long-term trends of aerosols, the influence of synoptic meteorology and
prevailing weather conditions on ambient air quality across the region, and the input of
long-range transport of aerosols not emitted within the region. Furthermore, all the
information compiled from these sites is essential for sufficient monitoring of a) air
quality at a regional scale, b) climate change and the effect of aerosols in the region on
the radiative balance, and c) the carrying potential of pollutants for eutrophication and
acidification. Measurements from regional background sites also allow for more
accurate quantification of urban emissions through comparison of urban levels and

regional background levels of pollutants (Lenschow et al., 2001).
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The importance of monitoring regional background aerosols is highlighted by the
existence of international networks for pollutant monitoring. For example, the EMEP
(European Monitoring and Evaluation Programme) network is a scientifically based and
policy driven programme under the Convention of Long-Range Transboundary Air
Pollution (CLRTAP) for international cooperation to solve transboundary air pollution
problems (http://www.emep.int). The main objective of the EMEP programme is to
regularly provide governments and subsidiary bodies under the LRTAP Convention
with qualified scientific information on air pollutants throughout Europe. Pollutants
currently monitored by EMEP include ground level ozone, persistent organic pollutants,
heavy metals and particulate matter. The EMEP programme relies on three main
elements: (1) collection of emission data, (2) measurements of air and precipitation
quality, and (3) modelling of atmospheric transport and deposition of air pollutions.
Through the combination of these three elements, EMEP fulfils its required assessment
and regularly reports on emissions, concentrations and depositions of air pollutants, the
quantity and significance of transboundary fluxes and related exceedances to critical
loads and threshold levels.

The Aerosols, Clouds and Trace gases Research InfraStructure (ACTRIS) project,
which identified the need for reliable information on the state of the atmosphere and its
interactions through wunderstanding the nature of atmospheric processes and
components, aims to meet the challenges posed by global climate change, air quality
and pollution (http://www.actris.net). ACTRIS is a research infrastructure launched in
2011 (formerly EUSAAR) and aims to integrate and homogenise the monitoring of the
major atmospheric variables, with a strong focus on quality control of data collection.
The parameters currently monitored under the ACTRIS network include remote sensing
of the vertical aerosol distribution, in-situ chemical, physical and optical properties of
aerosols (such as aerosol light absorption, size distribution, organic and elemental

carbon), trace gases (NO,y,, VOCs) and cloud observations.

1.4.  Specifics of the Western Mediterranean regional background

As described previously, atmospheric aerosols are complex in nature owing to the
wide variety of natural and anthropogenic emission sources and atmospheric processes,
both largely influencing the physical and chemical nature of the aerosols. The nature of

atmospheric aerosols in any given region, in terms of both concentration and
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composition, will also largely depend on other variables such as meteorology
(temperature, humidity, solar radiation/photochemistry, precipitation, air mass
movement) and geography (topography, proximity to the coast or to arid areas, soil
cover, vegetative cover, land use). The characteristics and variability of the physical
properties and chemical composition of atmospheric aerosols have been studied for
many regional background sites across Europe, such as the variability of PM and
chemical composition (Putaud et al., 2004 and 2010; Van Dingenen et al., 2004; Querol
et al., 2009; Barmpadimos et al, 2012) and number size distributions and seasonality of
sub-micron particles (Asmi et al., 2011; Birmili et al., 2001; Venzac et al., 2009). These
studies have highlighted the wide variations in aerosols and their properties across the
continent of Europe.

Northern Europe is very much under the influence of weather fronts from the
Atlantic Ocean, bringing westerly winds and relatively high levels of precipitation
associated with cold fronts and depressions. The Iberian Peninsula (IP), in contrast, is
exposed to complex atmospheric dynamics and meteorology owing to its geographical
position between two large bodies of water (the Atlantic Ocean and the Mediterranean),
isolated from mainland Europe by the Pyrenees, and close proximity to the African
continent. Meteorology and atmospheric dynamics in the western Mediterranean basin
(WMB) have been previously described in detail (Millan et al., 1997 and 2000; Toll and
Baldasano, 2000; Rodriguez et al., 2002 and 2003; Jorba et al., 2004; Pérez et al., 2004;
Jiménez et al., 2006; Sicard et al., 2006). The WMB has peculiar atmospheric dynamics
owing to a) the low atmospheric dispersive conditions b) the abrupt topography of the
peninsula and c) to the influence of air masses originating in diverse regions such as
desert areas or marine environments. Atmospheric circulation over the WMB is highly
influenced by the Azores high pressure system and is balanced between two synoptic
systems (Millan et al., 1997; Pérez et al., 2004; Sicard et al., 2006).

During the cold season, the displacement of the Azores high pressure system to the
lower latitudes allows for the frequent movement of depression systems from the
Atlantic across the IP (Lopez-Bustins et al., 2008). This scenario brings fresh, typically
clean air masses to the WMB and consequently results in the renovation of air masses
and removal of pollution. Displacement of the Azores high pressure system can also
result in the movement of Central and Northern European air masses to the WMB,
which are typically cold and polluted air masses, leading to an increment of pollutant

levels on a regional level. However, in some instances, the Azores high can become
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displaced over the IP, and this situation can continue for several days. Pey et al. (2010)
describes this scenario as Winter Anticyclonic Episodes (WAE). WAE are associated
with calm, sunny weather with little air mass renovation and thermal inversions, giving
rise to stagnant conditions across the region. Due to the lack of advection, pollution
emitted from urban and industrialised areas accumulates in the mixing layer, and a
subsequent increase in pollutants is observed, lasting for several days until removed by
advection of air masses from the Atlantic Ocean. Although the pollution typically
remains close to the emission sources, local meteorology can transport some of this
contaminated air mass to rural and remote areas. Owing to the mountainous topography
of the Mediterranean coast and the meteorological conditions associated with WAE,
mountain and sea breezes can be activated by insolation. These breezes can thus carry
the accumulated pollution in the industrialised valleys and depressions to remote and
rural areas, especially at higher altitudes, resulting in intense pollution episodes (Pérez
et al., 2008; Pey et al., 2010).

During the warmer months, the Azores high is situated further to the north east,
causing thermal lows to develop over the IP and the Sahara. This scenario favours a
very weak pressure gradient over the WMB and consequently, local and regional
circulations dominate the atmospheric dynamics (Pérez et al., 2004). Recirculation of air
masses across the region are caused by the interaction of sea and mountain breezes, the
topography of the region, the dominant north-western atmospheric air flows at high
altitudes and the uplift of air masses in the central IP (Millan et al., 1997). This
recirculation gives rise to aerosol aging and accumulation of pollutants across the
region, and combined with low summer rainfall, intensified solar radiation inducing
photochemical processes and increased soil resuspension, induce an aerosol seasonal
pattern characterised by elevated levels of background aerosols during the summer in
the WMB (Bergametti et al., 1989; Querol et al., 1998a; Rodriguez et al., 2002 and
2003; Viana et al., 2005). Furthermore, elevated levels of aerosols during the summer
months are compounded by the frequent Saharan dust intrusions, owing to the IP’s close
proximity to the African continent, giving rise to sizeable increases in ambient aerosol
concentrations often exceeding the EU Directive’s daily limit value, especially in the
coarse fraction (Querol et al., 1998a; Rodriguez et al., 2001; Viana et al., 2002;
Escudero et al., 2005).

Elevated levels of mineral matter are also a result of local dust resuspension, owing

to the low rainfall and dry and arid soils across the region (Querol et al., 2004a). The
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presence of a high load of mineral matter in the atmosphere may favour the interaction
with gaseous pollutants and give rise to a high proportion of secondary coarse particles
(Harrison and Pio, 1983; Mamane and Mehler, 1987; Wall et al., 1988; Querol et al.,
1998b). Warm conditions may favour the partitioning of atmospheric pollutants towards
the gaseous phase, which in turn may interact with coarse components and increase the
secondary coarse PM load (Harrison and Kito, 1990; Wakamatsu et al., 1996). These
atmospheric recirculation episodes coupled with the sources of emissions typical of the
Mediterranean coastline (densely populated and industrialised, shipping emissions,
forest fires, biomass burning from agriculture, Saharan dust, soil resuspension) produces

a complex aerosol phenomenology.

43



Chapter 1: Introduction

44



Chapter 1: Introduction

1.5. Previous knowledge and studies on regional background aerosols in the

Western Mediterranean Basin

The variability of regional background aerosols across the entire Mediterranean
region has been described in great detail by Querol et al. (2009). Important differences
in PM were observed between the Western Mediterranean Basin (WMB) and Eastern
Mediterranean Basin (EMB). PM in the EMB is characterised by higher levels of crustal
material relative to the WMB owing to the higher frequency and intensity of African
dust outbreaks. A clear seasonality in PM was observed for the WMB with higher levels
in summer owing to lower precipitation, higher resuspension, photochemical
transformations and more frequent African dust outbreaks. A broader pattern was
observed for the EMB with maxima in spring due to higher frequency of dust episodes.
Speciation data showed that PM in the EMB is characterised by higher levels of crustal
material and SO42' compared to the WMB, whereas OC + EC and NO;™ were relatively
constant across the Mediterranean. NO;” was seen to undergo a strong seasonal
variability with maxima during colder months and reduced levels in the warmer months,
related to the thermal instability of NH4NO;". SO4> underwent a contrasting seasonal
evolution with higher concentrations across the Mediterranean due to enhanced
photochemistry, low air mass renovation at a regional scale, and the possible higher
summer contribution of marine secondary sulphate from dimethyl sulphide (DMS)
oxidation. OC levels were also higher in summer owing to enhanced formation of SOA
from the oxidation of biogenic and anthropogenic VOCs, and forest fire emissions of
VOCs. Compared to central European sites, PM across the Mediterranean was
characterised by relatively high levels of SO, and crustal material, and with lower
levels of OC + EC and nitrate. V and Ni across the Mediterranean were higher than in
central Europe as a result of relatively high emissions of fuel-oil combustion in the
region. Querol et al. (2009) clearly demonstrated why the Mediterranean is included
among the most vulnerable regions globally in the context of climate destabilisation, as
well as the significant and complicated role that aerosols play as a forcing driver.

Some other studies with specific focus on the WMB regional background have
preceded this current work, specifically at the Montseny monitoring station in the
northeast of the IP. The Montseny station is important for characterising regional

background aerosols in the WMB, making it a unique station in a relatively
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understudied region of Europe. For these reasons, the station has been incorporated into
the EUSAAR project (currently ACTRIS) and participates in regular EMEP intensive
measurement campaigns.

Numerous scientific articles and thesis have been published since the establishment
of the Montensy site, such as “Interpretation of the variability of levels of regional
background aerosols in the Western Mediterranean” (Pérez et al., 2008). In that work,
levels and variability of atmospheric particulate matter in PM;o, PM,s and PM; in
function of different meteorological scenarios and seasons were evaluated,
incorporating measurements since the installation of the station in 2002. Pérez et al.
(2008) reported mean annual concentrations for PM;y, PM; s and PM; at MSY to be 17,
13 and 11 pg m™, respectively. In winter, the periodical renovation of air masses and
the increased precipitation resulted in relatively low concentrations of atmospheric
particulate matter. However, the aforementioned WAE were also identified as key
scenarios for causing large increments in pollution levels, as described in “Intense
winter pollution episodes affecting the Western Mediterranean” (Pey et al., 2010). In
summer, the combination of diverse factors gave rise to elevated levels of particulate
matter, such as infrequent renovation of air masses on a regional scale and intensified
photochemical activity resulting in an increment in levels of PM as a result higher SO,*
and organic matter concentrations. Episodes of advection from North Africa and
enhanced soil resuspension owing to the low precipitation also caused increases in
levels of mineral matter. Daily atmospheric dynamics were observed to be highly
influenced by breeze circulations activated by insolation (mountain and sea breezes)
transporting pollution from urbanised areas to rural areas. This mechanism was most
pronounced during winter when the Montseny station resided above the mixing layer,
resulting in very low concentrations at night increasing significantly during the day with
the breeze (Pérez et al., 2008).

The chemical characterisation of regional background PM;y and PM, s was studied
and presented in “Geochemistry or regional background aerosols in the Western
Mediterranean” (Pey et al., 2009a), where the effect of natural and anthropogenic
emissions was investigated. For the coarse fraction, crustal material was observed to be
the main contributor to the mass (24%), but contributed much less mass to PM; s (9%;
Pey et al., 2009a), with concentrations considerably higher in summer owing to elevated
dust resuspension and to the higher frequency of African dust episodes (Pérez et al.,

2008). Sporadic increases in mineral matter concentrations were recorded from
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February to March, attributed mainly to intense African dust outbreaks. Organic matter
was identified to be the most abundant component of PM;,s and the second most
abundant in PM,y, with similar concentrations for both, suggesting organic matter exists
mostly in the finer fraction (Pey et al., 2009a). SO,* was found to be the next most
abundant compound and was primarily in the finer size fraction, resulting from the
prevalence of NH4SO4>. Secondary peak concentrations were also observed to occur
during WAE (Pey et al., 2010). NO;™ concentrations were mostly in the finer fraction
due to the prevalence of fine NH4NOs3, but coarser NaNOs and CaNOj particles caused
NOs concentrations to be slightly higher in the coarse fraction. Extremely intense NO5
episodes (up to 15 pg m™ of daily mean nitrate levels) were recorded during the winter
months, especially during WAE (Pey et al., 2009a). NH;" concentrations were shown to
vary only slightly throughout the year, with a strong partitioning in the finer fraction.
During the colder months it typically exists in the atmosphere as NH4sNOs, and in
summer in the sulphate form. Elemental carbon also existed primarily in the finer
fraction. Finally, sea spray was distributed evenly among both fractions and exhibited
higher concentrations in summer due to increasing sea breeze circulation over the coast.

Following on from the chemical characterisation of PM;, and PM,s source
apportionment studies were performed in order to identify the contribution of various
sources to ambient particulate matter concentrations (Pey et al., 2009a). Four emission
sources for both PM;g and PM, 5 were identified. Sources in common to both fractions
included mineral matter, identified by the high factor loadings for typical mineral matter
tracers (Al,Os;, Ti, Fe, La, Rb, Ca, La, Mg, K, Mn). A mixed anthropogenic
industrial/road traffic source was identified in both fractions, with tracers for industrial
emissions (total carbon, Zn, Cu, V, Ni, Pb; Querol et al., 2007), and road emissions
(total carbon, Cu, Sn, Sb; Pacyna, 1986; Schauer et al., 2006) present. Secondary
sulphate was identified in both fractions also, identified by the tracers SO4* and NH4",
alongside V and Ni in PM;s. In the coarse fraction, SO42' levels were correlated with
Na, which was interpreted as the result of more intense sea breeze in summer
transporting sea spray (Viana et al., 2005). A secondary nitrate source was also outlined,
with main tracers of NO; and NH;". A marine source was identified by PCA that was

not identified by PMF, with high factor loadings for typical marine aerosols.

The following is a timeline of previous projects (in chronological order) which led

to a number of thesis and scientific publications focusing on the characterisation of
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atmospheric particulate matter performed for the regional background of the north-

eastern IP before the current work commenced:

Project title: Integrated study of atmospheric particulate matter and sulphur
compounds originating from coal combustion in a large thermo-electrical plant
(1995-1998). This project was financed by the Comision Interministerial de
Investigacion Cientifica y Técnica (AMB95-1102), which characterised levels and
composition of PM; around a coal-fired power station in Teruel, outlining the great
seasonal variability of PM components (such as SO42', NOj3), and drew attention to
the large influence of Saharan dust intrusions on ambient PM;, concentrations for
the first time in Europe (Querol et al., 1998a and b).

Project title: Discrimination of external contributions on levels of emissions of
atmospheric particulate matter in a regional air quality network (1998-2001).
This project was financed by the Comisién Interministerial de Investigacion
Cientifica y Técnica (AMB98-1044), and focused on the levels, composition and
sources of particulate matter in urban environments (Querol et al., 2001).

Project title: Impact of the intrusion of African air masses on air quality of the
Canary Islands and the Iberian Peninsula (2002-2005). The project was financed
by Plan Nacional (I+D-+I, REN2001-0659-CO3-03/) through collaboration with
CREAF and the university of La Laguna. Through this project, a regional
background monitoring station (Montseny, MSY) was established in the Montseny
national park in 2002. PM,y, PM, s and PM; levels were continuously measured in
real-time, and total suspended particles (TSP) and PM,s was monitored
gravimetrically and chemically characterised (Castillo, 2006).

Project title: Influence of external contributions, regional and local, on levels
and composition of atmospheric aerosols in background and urban stations in
Spain (INTEREG: 2004-2007). This project was financed by the Spanish Ministry
of Education, Culture and Sport (CGL2004-05948-C07-02/CLI). In March 2003,
TSP gravimetric measurements were replaced with PM;y. Thus, gravimetric and
chemical speciation of PM;y and PM; s were monitored continuously thereafter, as
where measurements of real-time concentrations of PM;y, PM» 5 and PM;. Results

were published in the thesis of Pey (2007).
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Project title: European Super-sites for Atmospheric Aerosol Research,
(EUSAAR: 2006 — 2010, ACTRIS: 2010 — present), under the action of scientific
infrastructure with 21 European organisations 13, - VI, Marco Programme (RII3-
CT-2006-026140).

Project title: Discrimination of the origin of atmospheric aerosols at a regional
and urban scale (DOASUR: 2007-2010). This project was also financed by the
Spanish Ministry of Education, Culture and Sport (CGL2007-62505CLI).
Publications resulting from this project (in conjunction with others) include:
“Interpretation of the variability of levels of regional background aerosols in the
Western Mediterranean” (Pérez et al.,, 2008) and “Geochemistry of regional
background aerosols in the western Mediterranean” (Pey et al., 2009a), as well as
the thesis of Pérez et al. (2010).

Project title: Climate Change and Impact Research: the Mediterranean
Environment (CIRCE: 2007-2011). This project was performed through
collaboration with 65 European organisations. VI Marco Programme SUSTDEV-
2005-3.1.3.1.

Project title: Determination of the sources of atmospheric Aerosols in Urban
and Rural Environments in the western Mediterranean (DAURE: campaigns
during winter 2009 and summer 2009). Numerous publications were produced
from the data obtained during the campaigns, including “Contrasting winter and
summer VOC mixing ratios at a forest site in the Western Mediterranean Basin: the
effect of local biogenic emissions” (Seco et al., 2011), “Fossil versus contemporary
sources of fine elemental and organic carbonaceous particulate matter during the
DAURE campaign in Northeast Spain” (Minguillon et al., 2011), and “Seasonal
changes in the daily emission rates of terpenes by Quercus ilex and theatmospheric
concentrations of terpenes in the natural park of Montseny, NE Spain” (Llusia et al.,
2012), among others.

Project title: The combination of latest generation aerosol measurements at
surface to interpret their time and spatial variability in the Western
Mediterranean (VAMOS: 2011 - 2013). Funded by the Spanish Ministry of
Science and Innovation CGL2010-19464 (sub-programme CLI).
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1.6. Gaps in current knowledge

Investigation of atmospheric aerosols in the WMB regional background has thus far

solely been concerned with PM, whereby the atmospheric dynamics such as mesoscale

and synoptic meteorology, long range transport and air mass origins affecting PM has

been thoroughly studied. Furthermore, the chemical characterisation of the PM;¢ and

PM, 5 and the processes affecting the chemical composition of PM has been similarly

investigated in detail. In order to further understanding of the complexities of aerosols

in the regional background of the WMB, it was necessary to develop upon these

previous studies by:

The continuation and subsequent compilation of all the years of PM data since
the establishment of the MSY measurement station in order to study the temporal
trends of PM levels and chemical speciation. An extensive set of data will allow
better understanding of long-term trends of pollution levels, especially in terms
of anthropogenic pollution. Furthermore, the influence of long-range transport
can be better quantified and observed.

Including chemical speciation of the fine fraction (PM;). Until now, there have
been no PM; speciation studies completed for the area and few exist within
Europe. Anthropogenic aerosols are mainly found in the fine fraction and thus, it
is an important parameter for monitoring anthropogenic emissions across the
region. Furthermore, source apportionment studies on the fine fraction will help
identify the specific sources affecting the fine fraction.

Continuous measurements of aerosol optical properties, such as the mean aerosol
absorption coefficient and aerosol scattering and backscattering coefficients, are
important to observe the radiative forcing properties of aerosols in the region,
and the trends of these types of aerosols. These parameters are important for
determining the direct radiative forcing effect for climate studies.

The particle number concentration and size distribution of sub-micron particles
should be measured in order to observe the ultrafine aerosol processes occurring
in the WMB regional background, such as nucleation and growth processes, and
for investigation on the modality, the diurnal cycles, the seasonality and the
sources of sub-micron particles at the site. Studies of this kind are currently

scarce, or indeed non-existent, for this region of the IP.
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Coordinating a more in-depth characterisation of organic carbon aerosols in the
area through employment of state-of-the-art techniques. Organic aerosols are still
one of the most understudied components of atmospheric aerosols. Furthermore,
organic aerosols in this region of the WMB are likely to be considerably different
from other regions in Europe owing to the Mediterranean climate and increased
solar radiation, the vegetation and biogenic emissions specific to the region and

the influence of biomass burning on organic aerosol concentrations.
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1.7. Objectives

Acknowledging the gaps in knowledge outlined in the previous section, this present

study aims to fill a number of the above gaps through expansion of the existing

measurement parameters and development of the monitoring station to incorporate

measurements of other aerosol parameters. This allows for further in-depth analysis of

the complex atmospheric aerosols occurring in the WMB regional background. Thus,

the main objectives of this study are briefly described below:

1))

2)

3)

Considering the extensive long-term measurements of PM;,s since 2002, the
opportunity presents itself to study the time series of PM, s concentrations and its
chemical components for a relatively long period of time. To this end, specific
chemical components of PM, s can be analysed for statistically significant trends,
and the temporal trends can be related to either anthropogenic emissions and/or
fluxes in natural emissions, resulting from changes in meteorology for example.
Long term chemical speciation studies are relatively few for regional background
PM in southern Europe, and thus the objective here is to shed some light on the
changes in PM and chemical composition over a long period of time (2002-2010).
The inclusion of measurements of PM; chemical composition at a regional
background site will allow for better quantification of anthropogenic emissions in
the fine fraction and source apportionment studies will help identify the main
sources affecting PM; for the area.

Through the measurement of sub-micron particle number concentration and size
distribution, the physical and chemical processes affecting sub-micron particles in
the WMB regional background will be identified and explored. Processes such as
new particle formation, growth and particle transformation will be identified.
Furthermore, the interaction between sub-micron particles and a broad range of
other pollutants (such as BC, pollutant gases and PM) and meteorological
parameters measured simultaneously will be discussed in order to better understand
the influencing factors on particle number concentration and size distribution. The
modality, diurnal cycles and seasonal variation of particle number concentrations
will be explored. Finally, the combination of particle number concentrations and
size distribution with chemical speciation data of PM; will allow for the

identification of specific emission sources of fine particles.
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4) The final objective will be to investigate in detail specific episodes of interest

concerning sub-micron particles, such as episodes of new particle formation and
particle shrinkage. Through in-depth analysis of specific episodes of nucleation and
shrinkage, the aim is to identify the ideal atmospheric properties and dynamics

which may lead to such aerosol processes.

The following tasks were carried out in order to reach the objectives outlined above.

The continuation of measurement and analysis of PM;¢ and PM; 5 levels at the MSY
site and the continuous chemical characterisation of both fractions through regular
sampling and analysis for major and trace components. Including simultaneous
measurements and chemical analysis of PM; for the first time.

Introducing continuous measurements of particle number concentrations and size
distribution for particles <I pum, continuous on-line measurements of BC, pollutant
gases and PM, and measurements of local meteorology on site not previously
measured at the site.

The identification and quantification of aerosol source contributions, both for mass
and particle number concentrations, at the MSY site by source apportionment

techniques, which have not been previously investigated.
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1.8. Structure of the Thesis

Following this introduction, a methodology section will describe the monitoring
station in detail, and outline the instrumentation and experimental techniques employed
to reach the aforementioned objectives. The structure of this current work is that of a
compilation of scientific articles published in peer-reviewed journals with a basis in
atmospheric sciences. Taking this into consideration, the following methodology section
will focus more on principles of operation for the instruments employed in order to
avoid repetition, as the methodology is also described in each publication. Thus, the
main body of results and discussion will comprise of four separate scientific articles. A
summary discussion of the main findings in each article, and how the findings relate to
each other, will be presented, followed by the main conclusions of this thesis. Finally, a
brief section will discuss future research directions and implications of the work

presented here.

The main chapters of this thesis are briefly described below:

e The investigation of a long-term time series (9 years) of PM; s measurements and
chemical speciation at a regional background site in the western Mediterranean
basin. Trends in PM,s and chemical components are analysed for statistical
significance, and theories are suggested to explain the variance in PM and its
chemical components. Article 1: Cusack, M., Alastuey, A., Pérez, N., Pey, J.,
Querol, X.: Trends of particulate matter (PM,s) and chemical composition at a
regional background site in the Western Mediterranean over the last nine years
(2002-2010), Atmospheric Chemistry and Physics, 12, 8341-8357, 2012.

e The chemical composition of PM; measured over a period of 2.5 years is presented
in this publication. Source apportionment by PMF is applied to the entire dataset
and the main emission sources affecting PM; are identified, and the weekly and
seasonal trends of the sources are discussed. Subsequently, PCA is performed on the
chemical speciation data and particle number concentrations in conjunction with
other aerosol parameters such as black carbon, pollutant gases and meteorological
variables, in order to identify the sources of particles at MSY. Finally, MLRA is
applied to the same dataset in order to quantify the number of particles emitted by

each source. Article 2: Cusack, M., Pérez, N., Pey, J., Alastuey, A., Querol, X.:
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Source apportionment of fine PM and sub-micron particle number
concentrations at a regional background site in the western Mediterranean: a
2.5 year study, Atmospheric Chemistry and Physics, in press.

Article 3 focuses on the variability of sub-micrometer particle number size
distributions and concentrations for an 8§ month measurement period. Real-time
measurements of PM, black carbon, pollutant gases and meteorological variables are
included in this study. Particle concentrations and modality are discussed for
different scenarios and seasons. Article 3: Cusack, M., Pérez, N., Pey, J.,
Wiedensohler, A., Alastuey, A., Querol, X.: Variability of sub-micrometer
particle number size distributions and concentrations in the Western
Mediterranean regional background, Tellus B, 65, 19243, 2013.

Article 4 identifies specific episodes of interest concerning sub-micron particle
number size distributions, such as new particle formation in clean and polluted
atmospheres, the effect of air mass mixing, and possible particle shrinkage episodes.
Thus, favourable atmospheric conditions leading to new particle formation are also
identified. Article 4: Cusack, M., Alastuey, A., Querol, X.: New particle
formation and evaporation processes in the Western Mediterranean regional

background, Atmospheric Environment, in review.
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2. Methodology

2.1. Monitoring site

In order to characterise atmospheric aerosols in the regional background of the
WMB as outlined in the objectives, a monitoring site was established on one of the
slopes of Montseny, in the first area of Spain declared as a biosphere reserve by the
U.N. The Montseny (MSY) monitoring site is situated in the Catalan pre-coastal
mountain range at an altitude of 720 m.a.s.l. (Figure 2.1). The mountain range has a
Northeast-Southwest orientation running parallel to the Catalan pre-coastal ranges, and
is generally sparsely populated and heavily forested. The station is located in La
Castanya in the Montseny natural park (41°46°N, 2°21°E), approximately 40 km to the
North-East of Barcelona city and 25 km from the Mediterranean coastline.
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Figure 2.1. Location of the Montseny monitoring site and the topography of the
surrounding area. The topography profile corresponds to the yellow line shown in the
top-right figure.
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The pre-coastal depression running alongside MSY is densely populated and
industrialised, and the planes of Vic to the North and the valleys of the Catalan pre-
coastal range are areas of intensive agriculture, especially pig farming in the case of the
planes of Vic. Plumes of pollution can reach the site as a result of mountain and sea
breezes, and mixing layer height development. The mountain and sea breezes are the
most important processes affecting the daily variation of atmospheric pollutants for this
site. The onshore breeze is activated by heating of the South-Eastern slopes of the
mountain range in the morning (Millan et al, 1997; Jorba et al., 2004). Average annual
temperatures are 11.4°C, 75% relative humidity and 722 mm annual precipitation (based
on 9 years of data since the establishment of the site). The site has been in operation
since 2002, and has been a member of the ACTRIS network (formerly EUSAAR) since
2006. The site is also integrated in the Network of Control and Surveillance of Air
Quality of the Direccio General de Qualitat Ambiental of the Conselleria de Medi

Ambient of the Generalitat de Catalunya.

In spring 2008, the site was expanded

¥ extensively and two climate controlled cabins
MEtetc:Jrv?,ggical were installed at the site (Figure 2.2),
coinciding with the beginning of this thesis.
Within one cabin (Cabin 1 in Figure 2.2),
continuous real-time measurements of PM;y,
PM,s and PM,; are recorded by means of an
optical particle counter (GRIMM 180) with an

inlet supported around 0.5 m above the cabin

roof. Within the same cabin on a separate

sampling inlet continuous real-time
measurements of pollutant gases O3, NO,, NO,
CO, and SO, were collected, supplied by the

Department of the Environment of the

Autonomous Government of Catalonia.

Figure 2.2. Climate controlled
cabins at the MSY station
containing aerosol monitoring
equipment.

60



Chapter 2: Methodology

Levels of gaseous pollutants in ambient air were determined by means of
conventional principles such as ultraviolet fluorescence for SO, (Teledyne M100EU),
chemi-luminescence for NO and NO;, (Thermo 42iTL), ultraviolet photometry for O;
(MCV 48 AUV) and non-dispersive IR for CO (Teledyne M300E). The second cabin
(Cabin 2, behind Cabin 1 in Figure 2.2) contains two high volume samplers with
sampling inlets for PM; s and PM; placed above the cabin roof, an SMPS, a MAAP, a
Nephelometer, an Aetholometer and a meteorological station. Figure 2.3 displays the
inside of Cabin 2, with all the instruments listed above inserted within a supporting rack

structure. The SMPS in Figure 2.3 is comprised of the DMA, CPC and voltage supply.

—T

L

Aethalometer

Figure 2.3. Measurement instruments inside Cabin 2.
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2.2

2.2.1. Instrumentation

Aerosol Monitoring: Instruments and methods

Both off-line and on-line aerosol sampling techniques have been employed at the

MSY site since its establishment in 2002, as shown in the time line of measurements

and instrumentation in Figure 2.4.

On-line continuous

sampling

Off-line
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Installation of cabins

and customised inlet

Figure 2.4 Time-line of the development of the MSY aerosol monitoring station since
2002. Red lines indicate when the DAURE winter and summer intensive measurement
campaigns took place.

Off-line techniques

High volume sampling of PM

Regular sampling of PM, PM, s and PM; was performed on site. Samples of TSP

were taken until 2004, and eventually replaced by PM;y sampling. Thus, PM;, and

PM,s were collected for 24 hour periods roughly once a week until 2007, and

consecutively every four days from 2008. Sampling of PM; commenced in September

2009, and all fractions were sampled simultaneously. Automatic sequential high-volume
samplers were employed (DIGITEL-DH80 and MCV-CAYV), and equipped with PM;,
PM; s and PM; cut off inlets (DIGITEL DPM10/30/00, DIGITEL DPM2.5/30/00 and
DPMO01/30/00, respectively and PM1025-CAV for MCV instruments), working at 30
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m’® hr'. Air is sampled through the inlets (Figure 2.5) by means of an in-built pump,
through the nozzles of the sampling head. The size of the nozzles will determine the cut-
off diameter for the particle size fraction being sampled (PM;o, PM,s and PM,),
whereby particles larger than those under study impact and adhere to a plate daubed
with vaseline. The desired particles pass through and are collected on a filter, which is
later weighed and analysed. The PM, inlet has a 2-stage impactor inlet whereby larger
particles (>PM;s) are removed in the first impactor stage and subsequently particles
PM,, 5 are removed in the second stage, hence the larger inlet head (the larger inlet
labelled PM; as seen in Figure 2.5). In all cases, samples were collected on quartz fibre
filters (15 cm diameter) which are previously conditioned in a procedure to be described

anon.

Figure 2.5. High-volume sampler MCV-CAV-A/M-S sequential high volume sampler
(left) with an MCYV inlet, DIGITEL DH-80 sequential high volume sampler inside the
cabin (centre) and PM DIGITEL inlets for PM; and PM, 5 protruding above the cabin
roof (right). The custom designed aerosol inlet (Thermo, PM,y) is also shown (right).

On-line Sampling: Inlet design and drying system

Due to the hygroscopic growth of atmospheric aerosol particles at RH well below
supersaturation, it is essential to control or limit RH when measuring aerosol optical
properties (scattering, absorption) and particle number size distribution (Wiedensohler

et al, 2012). In order to obtain comparable data sets for all member stations, as required
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by EUSAAR/ACTRIS, the “dry” aerosol and particle number size distribution must be
measured. Thus, in accordance with EUSAAR/ACTRIS requirements, the sampled
aerosol must be maintained below a relative humidity of 40% at all times. In order to
achieve this, a tailor-made inlet system with drying capabilities was designed by IfT and
incorporated into the MSY station. The sampling in-let and head (Thermo, PM) above
the cabin roof can be seen in Figure 2.5, and the set-up of the inlet is shown in Figure

2.6.

 E—
37+5 cm PM10 sampling head
v Thermo 16.7 | min!
{ 1.9cm
> [«

180 cm

|
HEm OO e

4

10 cm
v
Humid air <=
40 cm ) dryer
HEPA filter 2.5¢m @
Dry air

34cm splitter

KTSI non conductive

black tubing cPC

SMPS NEPHELOMETER
MAAP

Figure 2.6. Sampling inlet for aerosols at the MSY site.

All components of the inlet are stainless steel except for the sampling inlets to each
individual instrument after the splitter, where non-conductive black tubing (TSI) was
used. Dry air was produced by passing ambient air through a silica based diffusion dryer
and pumping this dried air to a nafion dryer placed in-line with the inlet above the
splitter. Dry air enters at the bottom of the dryer and moisture from the sampled air is
transferred to the dry air via the nafion dryer. The SMPS, MAAP and nephelometer are

all connected to the same sampling line with this inlet, with a cut-off diameter of 10 um,
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placed at about 1.5 m above the roof of the cabin containing the instruments. The inlet
flow was 1 m® h”' (16.7 | min™). The Reynolds number for the described inlet was

around 1300 (Pandolfi et al., 2012).

Particle number concentration and size distribution

Sub-micrometer particle number size distribution was measured using a mobility
particle size spectrometer operated in the scanning mode, referred to as a Scanning
Mobility Particle Sizer (SMPS). The SMPS system comprises a Differential Mobility
Analyzer (DMA) connected to a Condensation Particle Counter (CPC, Model TSI
3772).

A schematic drawing of the SMPS set up is shown in Figure 2.7. Thus, the principle
of operation of the DMA is as such:

1) The movement of electrically charged particles through an electric field will
depend on the particle’s electrical mobility

2)  The electrical mobility of a particle depends on the size of the particle and its
electrical charge

3) The smallest particles will have the largest electrical mobility

4)  Particles with a large electrical charge will have a large electrical mobility.

Thus, the sampled aerosol enters the system through the sampling inlet, is dried, and
is passed to a bipolar charger (neutralizer) which neutralizes the particles. The particles
then enter the DMA where the particles are classified according to their electrical
mobility, with only particles of a certain mobility (related to their size) exiting the DMA
and passing through to the CPC which determines the particle concentration for that size

range.
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Figure 2.7. Schematic sketch of the SMPS set-up. The set-up includes dryers for aerosol
flow and sheath air, heat exchanger, particle filters, as well as sensors for aerosol and
sheath air flow rate, relative humidity and temperature of aerosol flow and sheath air,
and absolute pressure (Wiedensohler et al. 2012).

The DMA consists of a cylinder with a negatively charged rod in the centre, and the
main flow of air through the DMA is particle free sheath air with laminar flow. The
sampled air with particles enters the DMA and particles with a positive charge move
across the sheath flow towards the negatively charged central rod, at a rate determined
by the particle’s electrical mobility. Thus, particles of a certain mobility pass through
the exit slit, while all other particles are carried away by the sheath flow. The size of
particles exiting through the slit to the CPC is determined by the particle size and
charge, the central rod voltage and flow within the DMA. By scanning the voltage
across the central rod in the DMA, a full particle size distribution is accumulated.

The CPC specifically measures the particle number concentration by optical
methods. The principle of operation is the enlargement of small particles (nm in
diameter) using a condensation technique to a size that is large enough to be detected
optically. This occurs by passing the sampled air with particles through a gaseous

medium at 35°C supersaturated with butanol. The supersaturated sampled air passes to a
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condenser which is maintained at 10°C, causing the condensation of butanol on the
particles and in consequence the size of the particles increases. In this way, particles
which were initially too small to be measured by optical means can reach diameters of
some um, which are detected by an optical detector. Each particle droplet produces a
light pulse and these pulses are counted. Thus, particle number concentrations are

expressed as the number of particles per cm™ of air.

The entire SMPS system was designed and manufactured in the framework of the
EUSAAR project at the Leibniz Institute for Tropospheric Research (IfT) in Leipzig,
Germany. The full specifications for the IF7-SMPS are shown in Table 2.1
(Wiedensohler et al., 2012).

Table 2.1. Description of the SMPS system and hardware specifications

IFT-SMPS Description
Range: 9-825 nm
DMA: Hauke-type (custom-made); inner diameter 50 mm,

outer diameter 67 mm, length 280 mm

Bipolar diffusion charger: BKr

CPC: TSI model 3772

Software: IFT scanning programme

Sheath air flow: Closed loop system with blower, heat exchanger, mass

flow meter, Nafion dryer, maintained at 5 1 min!

Aerosol flow: Ap capillary for volumetric flow and Nafion dryer
Sensors: T, RH in aerosol and sheath air flows, p in aerosol
HV power supply: Positive

An intercomparison was carried out on the SMPS system in 2010 at the World
Calibration Centre for Physical Aerosol Research (WCCAP) at IfT. IfT has designed a
calibration programme for aerosol instrument maintenance and comparison and the
institute is endorsed by the WMO. The intercomparison found the SMPS at MSY to
measure within 10% of the reference mobility size spectrometer for particles 20-200 nm
(Wiedensohler et al., 2012). In that same article, it was observed that measurement
accuracy for particles <20 nm and >300 nm was less reliable than for particles 20-200

nm, and thus concentrations reported in this work for these size ranges could be more
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qualitative in nature rather than quantitative. Furthermore, it is important to note that
diffusion loses were not calculated in this work which can affect accurate measurement
of ultrafine particles. The SPMS system provided a complete particle number size
distribution of the number of particles between 9 and 825nm (Ng.gs), and completed
one scan every five minutes. The aerosol is dried prior to sampling to maintain a
relative humidity below 40 % using a nafion dryer, in line with EUSAAR/ACTRIS
requirements. Aerosol inlet flow was maintained at 1 I/min and sheath air flow at 5
/min (which was also dried in a system using a nafion dryer in a closed loop). The dry
air is the same dry air used for the drying system described for the sampling inlet.
Continuous SMPS measurements were obtained from October 2010 to June 2011
and again from October 2011 to December 2011. The period with unavailable data
resulted from instrument break-down and reparation. Thus, data coverage for the period

when the SMPS was operating correctly is 85%.

BC measurements

Real-time monitoring of BC concentrations was continuously obtained every minute
from April 2008 until the present by means of a Multi-Angle Absorption Photometer
(MAAP). The BC MAAP monitor used (CARUSSO, Thermo ESM Anderson
Instrument) monitors the absorption coefficient expressed as the mass concentration of
elemental carbon (EC, ng m™) in ambient air. In the MAAP instrument the optical
absorption coefficient of aerosol collected on a filter is determined by radiative transfer
considerations which include multiple scattering effects and absorption enhancement
due to reflections from the filter. The MAAP uses a complex inversion algorithm that is
based on a radiation transport analysis of the aerosol layer and filter matrix system and
thus incorporates the scattering effect of the aerosol into the analysis. Thus, the MAAP
measures the aerosol absorption coefficients directly and provides the cross-section
absorption coefficient at 637 nm. However, it should be noted that even though the
manufacturer specifies that the wavelength of the MAAP is 670 nm, the actual
wavelength is 637 nm, as described by Miiller et al. (2011).

_abs.coefficient
MAC

BC (D
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As shown in equation 1, equivalent BC measurements provided by MAAP are

calculated by the instrument software by dividing the measured absorption coefficient

cap (M) by 6.6 m’ g'1 which is the mass absorption cross section (MAC) at 637 nm
(Miiller et al., 2011).

Light Source (LED — 670nm)

Reflectance l

Photodetectors ' Reflectance

165° Photodetectors
TR by

Y Vv
S T~

Filter Substrate
—J

A

Transmission Photodetector

Figure 2.8. MAAP BC monitor (left) and schematic diagram of the MAAP detector
block showing the arrangement of the detectors used relative to the sample collected on
the filter (Thermo ESM Anderson Instruments).

During the development of this thesis, it was found that MAC may vary depending
on the aerosol composition and age, and may differ depending on the area under study.
For example, polluted air masses related with both winter and summer regional
conditions of stagnation and accumulation over the MSY area were linked with an
increase in MAC. Conversely, during clean air episodes such as Atlantic Advection, the
MAC was observed to be significantly lower. In accordance with these findings
(Pandolfi et al., 2011), the absorption coefficient values measured at MSY provided by
the MAAP were converted into BC mass/volume units by dividing by a factor of 10.4
m® g ', which was calculated as the mean MAC for the study area. The detection limit
of the MAAP is 100 ng m™ over 2 minute integration. The aerosol flow through the
inlet was maintained at 16.7 1 min™ and is dried by the drying system described

previously.
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Real-time measurements of PM concentration levels

Levels of PMj, PM; s and PM; were measured continuously on an hourly basis by
means of an optical particle counter (GRIMM Technologies, Inc. model 108). GRIMM
dust monitors measure concentration levels of particles of diameter between 0.3 and 15
um. The operation principle is based on the measurement of particle number. The
sampled air flow passes through a laser beam and the light scattered by the particles is
detected at a 90° angle by a mirror and transferred to a recipient diode. Then a 15
channel pulse height analyser for size classification detects the scattered signals, and the
number of single particle counts registered in each channel is converted to mass in this
study using the gravimetric PM;o, PM; 5 or PM; data obtained simultaneously with high

volume samplers.

2.2.2. Chemical analysis and speciation

Filter pre-treatment and preparation for chemical analysis

As mentioned previously, gravimetric analysis of PM was performed using high
volume samplers equipped with filters upon which PM is collected. Quartz fibre filters
manufactured by Schleicher and Schuell, QF20 were used until 2009, after which time
filters manufactured by Munktell were employed. The filters were baked in an oven at
200°C for at least four hours to eliminate volatile impurities. The filters were then
conditioned in a climate controlled chamber with temperature of 20° and relative
humidity of 25% for 24 hours. The blank filters were then weighed three times on three
consecutive days, and subsequently preserved individually in aluminium foil until they
were used for sampling. For every set of 9 filters, 3 were retained for blank analysis in
the subsequent chemical analysis.

After sampling in the high-volume samplers, the filters were conditioned once again
in the same climate controlled chamber at the same conditions mentioned above for 24
hours. The filters were then weighed twice on two consecutive days in order to obtain a
definitive weight. The difference in weight between the blank and sampled filter
corresponds to the total mass of PM, and the ambient concentration is calculated from

the volume of air sampled.
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Following weighing of the filters, they were then processed for chemical analysis
according to the procedure outlined by Querol et al. (2001). One half of each filter was
acid digested (2.5 ml HNOs and 5 ml HF) into a closed PFA vesicle at 90°C for at least
8 hours. After cooling, the PFA vessels were opened and 2.5 ml HC1O4 was added. The
acids were then completely evaporated by placing the PFA vessels on a heating plate at
230°C. The remaining dry residue was dissolved with 2.5 ml HNOs, diluted with
distilled water (MilliQ) to 50 ml, obtaining a solution of 5% HNOs. This solution was
then analysed for major elements (Al, Fe, K, Ca, Na, Mg, S, P, Ba, Cr, Cu, Mn, Ni, Sr,
Pb, Ti, V, Zn) by ICP-AES (IRIS Advantage TJA Solutions THERMO). Minor
elements (L1, Be, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb,
Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf,
Ta, W, T, Pb, Bi, Th, U) were analysed by ICP-MS (X Series Il THERMO).

For every batch of samples acid digested, corresponding blank filters were digested
using the exact same procedure. Blank filter analysis is necessary in order to quantify
the elements present in the blank filters and subtract those concentrations present from
those attributed to the PM chemical components on the sampled filters. In addition,
detection limits of the analysis techniques are calculated from the standard deviations
from the blank filter analyses alongside the analytical uncertainties. A control was also
used to help identify possible analytical or calibration errors. 10 mg of a reference
material (NBS1663Db, fly ash) was also digested alongside each set with half a blank
filter.

Another quarter of each filter was leached in water to dissolve water soluble ions,
and this leachate was then analysed by ion chromatography (nitrate, sulphate and
chloride) and ammonium was analysed by ion specific electrode (Electrode MODEL
710 A+, THERMO Orion). The filter segment was put in a PVC vessel with 30 ml of
distilled water, placed in an ultrasound bath for ten minutes and then heated at 60°C for
6 hours. The resulting solution is then filtered and analysed by ion chromatography
(High Performance Liquid Chromatography; WATERS IC-pakTM anion column and
WATERS 432 conductivity detector).

The remaining quarter of each filter is then analysed for elemental and organic
carbon by a thermal-optical technique (Birch and Cary, 1996) using a Sunset Laboratory
OCEC Analyser with the EUSAAR?2 temperature programme.

Some indirect determinations of components were also applied using empirically

obtained factors (Dulac et al., 1992; Molinaroni et al., 1993; Querol et al., 2001) such as
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Si0, = ALO; * 3 and CO;> = Ca * 1.5. To calculate the organic matter (OM)
component, OC is multiplied by a factor. According to Turpin and Lim (2001), a
conversion factor of 1.6+0.2 is suitable for urban areas, whereas 1.9-2.3 was more
suitable for aged aerosols and 2.2-2.6 for aerosols originating from biomass burning.
Based on these results and considering the regional background status of MSY i.e.
relatively ages aerosols with some influence of biomass burning emissions, a multiplier
of 2.1 was applied.

All the procedures outlined, from sampling (uncertainty in the volume of air
sampled) to digestion, analysis and blank filter subtraction, among others, involve some
amount of uncertainty. Therefore, Amato (2010) developed an equation for calculating
uncertainty, determined experimentally using a similar methodology to that described
by Thompson & Howarth (1976). In order to include all sources of uncertainty, the

overall uncertainty is represented by the following formula:

2

o, = ;‘3 +(Bx, f @)

i

where o, is the analytical determination uncertainty, V; is the air volume sampled, £ is a
coefficient estimated to be 0.15 which might account for the error in the flow rate and
other additional sources of uncertainty, and x;; is the concentration value of a species or
compound for each sample.

The detection limit (DL) is widely accepted as a measure of the inherent detection
capability of an instrument to measure the minimum analyte signal, amount or
concentration. DL, along with uncertainty calculations, is required for source
apportionment studies (specifically Positive Matrix Factorisation). The following
formula, devised by Amato (2010), consists of propagating the estimates of the two
uncertainties associated with the instruments employed for analysis (ICP-MS, ICP-AES,
HPLC, Sunset, ion specific electrode) and the blank subtraction (IUPAC, 1995).

2 2
\/GOJ' T Opk;

DL, v 3)

where 6%, is the analytical error and 6”s.« is the standard deviation of the blank filters
that were analysed with the samples. DL and Gzl'j are for the j analyte are shown in

Table 2.2.
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Table 2.2. Estimate of Detection Limit and uncertainty for PM components.

DL (ug m™) GBLK; DL (ugm™)  osik
(ng/filter) (ng/filter)

oC 0.17154 123.10 Rb 0.00002 0.0145
EC 0.02092 15.402 Sr 0.00037 0.2651
Al 0.09780 70.119 Cd 0.00002 0.0168
Ca 0.03458 24.791 Sn 0.00009 0.0619
K 0.04834 34.660 Sb 0.00011 0.0765
Na 0.01786 12.731 Pb 0.00012 0.0885
Mg 0.01487 10.662 Li 0.00002 0.0129
Fe 0.01297 9.302 Se 0.00003 0.0239
Mn 0.00079 0.5557 La 0.00008 0.0547
Ti 0.00113 0.8052 Ba 0.00282 2.0250
P 0.01386 9.9363 Zr 0.00333 2.3879
\Y% 0.00005 0.0376 Hf 0.00017 0.1151
Cr 0.00074 0.5278 SO.” 0.14808 -
Ni 0.00151 1.0859 NO;’ 0.02483 -
Cu 0.00032 0.2261 Cl 0.44648 371.60
Zn 0.00298 2.1370 NH," 0.03801 27.639
As 0.00004 0.0285

2.3.  Source apportionment techniques
Following complete chemical characterisation of PM and the compilation of a range
of other aerosol parameters in the study area, receptor modelling can be applied to a

dataset in order to determine and quantify the sources of aerosols.

Principal Component Analysis and Multi-Linear Regression Analysis (PCA-MLRA)

Principal component analysis (PCA) identifies possible correlation between a
number of different variables, in this case PM chemical components, particle number
concentration in different size ranges, pollutant gases or meteorological variables, and
the principal components that explain the variance in the data are interpreted as possible
sources. Through the combination of the data, a number of principal factors may be
obtained, and these factors are the result of linear combinations of all the parameters
considered (Thurston & Spengler, 2005).

A matrix is compiled containing all the different variables to be included in the

analysis for each day of PM sampling (thus, other parameters will be averaged over 24
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hours), and a number of factors are obtained. These factors are the result of the lineal
combinations of all the parameters considered. In order to maximise the distance
between factors, an orthogonal transformation is applied (Varimax normalised), forming
the component matrix. In principal, each of the factors corresponds to a source of
aerosols, presenting the components that characterise a source with highest coefficients,
or factor loadings, to a maximum of 1. The maximum number of factors will not be
greater than the total number of components or variables, but not all the factors given
will have a physical meaning (Pey et al., 2009b).

The number of factors is determined by the variance of the original components,
which will all have a variance of 1 after they have been normalised. The first step for
determining the suitable number of factors is by the factor’s variance (eigenvalue)
which must be higher than 1 (Andrade et al., 1994). Once this criterion has been met,
the physical significance of each factor must be determined from their chemical profile.
Thus, knowledge of the possible emission sources is necessary in order to identify the
likelihood of a source. The accumulated variance of all the factors must also be higher
than 75% before the analysis can be considered really representative. Following these
steps, the factors should be identified, as well as the components that characterise them,
the variance value and the mean concentration that explains each factor.

After extracting the factors described above, it is possible to quantitatively estimate
the daily contribution of each factor to the number of particles by applying a Multi-
Linear Regression Analysis (MLRA), as described previously by Thurston & Spengler
(2005). This method uses the scores obtained from the daily number concentrations, and
these factors will be proportional to the daily number concentration of each source. The
concentration values are then normalised, therefore normalising the scores, and they
now equate to average concentration values. This requires that the score for a zero
concentration must be calculated and this score must be subtracted from the daily
scores, giving the absolute scores. Using these absolute scores for each daily sample and
the particle number concentration in specific size ranges corresponding to each sample,
multilinear regression is applied to the matrix, giving the coefficients for transforming
the absolute daily scores to the contribution of each source to the particle number
concentration. In the same way that the daily contribution of each source to the total
particle number concentration was estimated, it is possible, also by multilinear
regression, to determine the contribution of each source to the individual particle

number size ranges (No-20, Nao-s0, Nso-100 etc.) taking the daily concentration in each size
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range as the dependent variable and the daily contribution of each source to the particle
number concentration as the independent variable. This procedure has been performed

by Pey et al. (2009b).

Positive Matrix Factorisation (PMF)

Positive matrix factorisation (PMF) is a widely applied receptor model based on a
weighted least squares fit (Paatero, 1997; Paatero and Tapper, 1994). PMF is used for
the identification and quantification of sources of atmospheric particulate matter. PMF
provides estimates of the chemical composition of PM associated with different sources
and the mass contribution of PM attributed to each source. In this study, EPA PMF v3.0
(Norris et al., 2008) was employed.

PMF is a multivariate factor analysis tool that decomposes a matrix of speciated
sample data into two matrices — factor contributions and factor profiles — which then
need to be interpreted by an analyst as to what types of source types are represented
using measured source profile information, wind direction analysis and emission
inventories (Norris et al., 2008). A speciated data set can be viewed as a data matrix X
of i by j dimensions, in which i number of samples and ;j chemical species were
measured. The goal of multivariate receptor modelling, for example with PMF, is to
identify a number of factors p, the specific profile f of each source, and the amount of
mass g contributed by each factor to each individual sample (Equation 3):

xl.j=

M-

gty e (4)

?‘
Il

1
where e;; is the residual for each sample/species.

Results are constrained so that no sample can have a negative source contribution.
PMF allows each data point to be individually weighed. This feature allows the analyst
to adjust the influence of each data point, depending on the confidence in the
measurement. For example, data below detection can be retained for use in this model,
with the associated uncertainty adjusted so these data points have less influence on the
solution than measurements above the detection limit (Norris et al., 2008). The PMF

solution minimises the object function Q (Equation 4), based upon these uncertainties

(u):
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Variability in the PMF solution can be estimated using a bootstrapping technique, which
is a re-sampling method in which “new” data sets are generated that are consistent with
the original data. Each data set is decomposed into profile and contribution matrices,
and the resulting profile and contribution matrices are compared with the base run.
Instead of inspecting point estimates, this method allows the analyst to review the
distribution for each species to evaluate the stability of the solution.

The uncertainties were calculated as outlined previously (Amato, 2010).

2.4. Additional analyses

Trend analysis: Mann-Kendall test

The Mann-Kendall test can be applied to analyse temporal trends of PM and
chemical composition. The MAKESENS template application (Mann-Kendall test for
trend and Sen’s slope estimates, Salmi et al., 2002) consists of the nonparametric Mann-
Kendall test for the calculation of the trend and the nonparametric Sen’s method for
determining the magnitude of the trend. The method was originally developed for the
detection and estimation of trends in the time series of annual values of parameters such
as atmospheric concentrations and precipitation.

MAKESENS performs two types of statistical analysis. The presence of a
monotonic increasing or decreasing trend is tested with the nonparametric Mann-
Kendall test and the slope of the linear trend is estimated with the nonparametric Sen’s
method (Gilbert, 1987). The Mann-Kendall test is only applicable to the detection of a
monotonic trend of a time series with no seasonal or other cycle, and therefore the
method is usually applied to mean annual concentrations. However, it can be applied to
data with a marked seasonal cycles by comparing the same month or season throughout
the different years of analysis. In the Sen’s method, it is assumed that the trend is linear

and the residuals are from the same distribution with zero mean. The time series should
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fulfil these presumptions in order to produce correct statistical results with

MAKESENS.

Calculation of the Condensation Sink (CS)

The aerosol condensation sink determines how rapidly molecules will condense
onto pre-existing aerosols and depends strongly on the shape of the size distribution
(Pirjola et al., 1999). CS in this study has been calculated according to the method
described by Kulmala et al. (2001). The condensation sink is obtained by integrating
over the aerosol size distribution:

CS = 27D jo dppy(d,)n(d,)dd, =27D) f,d, N, ©

Here D is the diffusion coefficient, d, is particule radius, f),1s the transitional correction
factor for the mass flux, n(d,)is the particle size distribution function and N is the

. . . . . . . -1
concentration or particles in the size section i. CS is reported as s .
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Abstract. The time variability and long term trends of BM| to influence the frequency of Saharan dust intrusions across
(particulate matter of diameter 2.5 um) at various regional the Iberian Peninsula.
background (RB) sites across Europe are studied and inter- Chemical composition of Pk at MSY is characterised
preted in this work. Data on mean annual levels of2M by high levels of organic matter (OM) and sulphate, followed
measured at Montseny (MSY, North East Spain) and varioudy crustal material, nitrate and ammonia. Sea Spray and ele-
RB sites in Spain and Europe are evaluated and comparednental carbon (EC) comprised a minor part of the totabBM
and subsequently analysed for statistically significant trendsmass. Statistical trend analysis was performed on the various
The MSY site registered higher average PMevels than  chemical components of PM recorded at MSY to deter-
those measured at a selection of other RB sites across Spaimine which components were accountable for the decrease
Portugal, Germany and Scandinavia by percentage compardd PMy s concentration. It is shown that OM underwent the
to the mean of all the stations in these countries, but lowelargest decrease over the time period with a statistically sig-
than those measured in Switzerland, Italy and Austria. nificant trend (—1.3 ug m® compared to the mean), followed
Reductions in PM5 were observed across all stations by sulphate (—0.8 ug r#), ammonium (—0.5 pg m®) and

in Spain and Europe to varying degrees (7-49%). MSY nitrate (—0.4 ug m3). Conversely, sea spray, EC and crustal
underwent a statistically significant reduction since mea-material reductions were found to be negligible.
surements began, indicating a year-on-year gradual decrease
(—3.7ug nT3, calculated from the final year of data com-
pared to the mean). Similar trends were observed in other
RB sites across Spain (—1.9 ugR). Reductions recorded 1 Introduction
in PMy 5 across Europe were varied, with many experienc-
ing gradual, year-on-year decreases (—1.8 inThesere-  One of the greatest challenges facing the global environ-
ductions have been attributed to various causes: the introdudgnent is the presence of tropospheric aerosols, both natural
tion and implementation of pollution abatement strategies inand anthropogenic, and their impact on health (Pope and
EU member states, the effect of the current economic crisi®ockery, 2006), the Earth’s climate (IPCC, 2007), visibility,
on emissions of Pis and the influence of meteorology ob- ecosystems and building materials. For these reasons, emis-
served during the winters of 2009 and 2010. In addition, thesions and ambient levels of atmospheric pollutants are cur-
North Atlantic Oscillation (NAO), a large scale meteorologi- rently regulated through various EC directives. The directive
cal phenomenon most prevalent during winter, was observe@008/50/EC establishes limit and target values (annual aver-

age of 25 ug m3) for ambient air PM 5 in all member states

of the European Union (EU). Although the target values for
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PM 5 did not come into force until 2010 (with limit values high pressure systems) can produce large changes in wind
being enforced in 2015), levels of P have been decreas- speed, temperature and precipitation across Europe (Hurrell
ing throughout Europe for a number of years, as outlinedet al., 2003). The winters of 2009 and 2010 were charac-
in this paper. Thus, it can be reasonably assumed that thiterised by intensely negative NAO index (NAOi) and extreme
Europe-wide reduction is a result of the implementation of cold spells for much of Northern Europe. Vicente-Serrano
emission abatement strategies enforced within the EU aneét al. (2011) linked the intense negative phase of NAO to
the introduction of the Integrated Pollution Prevention andthe extreme rainfall recorded in the Iberian Peninsula for the
Control (IPPC) directive. The abatement strategies, until resame period; higher precipitation would undoubtedly affect
cently, have mostly focused on gaseous emissions angd,PM the levels of PM on a regional scale. Further studies have
but cleaner industrial practices and reduced traffic emissionshown the effect of NAO on the transport of North African
would inevitably have a subsidiary reducing effect on otherDust (Moulin et al., 1997). The influence of North African
major pollutants, PMls included. Previous studies have ob- dust outbreaks on PM in NE Spain is very significant (Querol
served a decreasing trend for PMfor many countries in et al., 1998a, b); the inhibition of Saharan dust reaching NE
Europe, as outlined in the EMEP report 4/2011 (Tsyro et al.,Spain would have an overall reducing effect on total PM lev-
2011). In fact, the findings in the report show that almostels.
all countries in Western Europe with long term Pdmea- The Montseny (MSY) monitoring station forms an impor-
surements have undergone varying degrees of reduction sindant part of a Europe-wide measurement network EUSAAR
2000 (ranging from 7 to 49 %). Furthermore, a recent article(European Supersites for Atmospheric Aerosol Research),
has described PM variability in Europe, and highlighted howwhich aims to integrate and homogenise the monitoring of
PM;o and PM s have decreased considerably over the pastimilar atmospheric aerosol properties performed by 21 sta-
decade, and that the observed reduction was not solely due tions across Europe. The MSY station provides important
meteorological factors (Barmpadimos et al., 2012). information on regional background (RB) aerosols in the
Other factors appear to have had some influence on PMVestern Mediterranean Basin (WMB). The Spanish coast-
concentrations observed over the past decade. Since midine, especially in the NE towards the border with France, is
2008, Europe and much of the developed world has been inlensely populated and highly industrialised. Measurements
the grips of a severe economic recession which, at the timef aerosols performed at RB sites such as MSY, relatively
of writing this article, appears to show no sign of abating. distant from the influence of specific emissions sources, pro-
Indeed, this economic crisis has been most severely felt irvide more accurate data on long-term trends of aerosols.
the peripheral economic states of Europe such as Spain andl number of studies have outlined the variability of PM
Portugal, and Europe’s fourth largest economy, Italy. A studyat MSY and the complex atmospheric dynamics that occur
performed by Arruti et al. (2011) has observed a direct link there (Querol et al., 20098Pez et al., 2008; Pey et al., 2010).
between levels of industrial trace elements and some ecothe variability of levels of PM and chemical composition
nomic indicators in northern Spain from 2008-2009. How- from 2002—-2007 at MSY has also been well documented by
ever, the study did not discover any direct relationship be-Pey et al. (2009). This present work investigates the trends
tween the economic downturn and ambient PM levels. An-observed through the extension of the data time series (2002—
thropogenic activities have long been associated with air pol2010), allowing for greater insight into the inter-annual PM
lution, through fuel oil combustion, industrial activities, traf- trends occurring. The Py trends for many stations across
fic emissions and construction, to name a few. The economi&urope, and to a greater extent Spain, are analysed and com-
recession has severely impacted these activities, and the popared to those of MSY. These trends are analysed for statis-
sible resulting effect is a net reduction in pollution. tical significance, in order to determine if the decreases ob-
Finally, unusual meteorology has possibly played a sig-served are gradual and uniform. Special focus is then given to
nificant role in the changes in PM observed in the last twothe in-depth investigation into the temporal trends observed,
years. Milan et al. (1997), Soriano et al. (2001), Gangoiti not only for PN 5, but also to the various chemical compo-
et al. (2001), Rodguez et al. (2002 and 2003), Jorba et nents of PM 5 at MSY.
al. (2004) and Erez et al. (2004), among others, have all
described the relationship between air quality in the West-
ern Mediterranean Basin (WMB) and the effect of mesoscale2 Methodology
and local meteorological processes. However, meteorology
on a much larger scale also plays an important role on influ-Table 1 lists the various stations (and corresponding coun-
encing annual PM levels. In the northern hemisphere, one ofries) used in this study for comparison of PMlevels. The
the most consistent and prominent large-scale patterns of aMontseny station (MSY) is located in the Montseny natu-
mospheric variability during the winter months is the North ral park 40 km to the NNE of the Barcelona urban area, and
Atlantic Oscillation (NAO). Fluctuations between positive 25km from the Mediterranean coast. The station is located
and negative phases of NAO (calculated from the pressuren the upper walls of a valley extending perpendicularly from
differences between the Icelandic low pressure and Azorethe Catalan Pre-Coastal ranges, in a densely forested area
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Table 1.Location of the various monitoring sites, their respective altitude (meters above sea leveh cBMentration for corresponding

first year and last year of measurements, averagg £(Mg n~3) and standard deviation (EMEP stations in bold).

8343

Country Site Latitude Longtitude ma.s.l. Period PM PMo 5 PMy 5
(years) (First Year) (Last Year) Meain Stan. Dev

Montsenyl 41°46 N 02P21E 720 2002-2010 14.0 8.9 12162.2

Cabo de Creug 42219 N O0CPO5 E 23 2002-2010 12.9 7.9 10482.7

Els Torms?2 41°23 N 00°43 E 470 2002-2010 10.0 7.3 1621

Zarra? 39°05 N 01°06' W 885 2002-2010 8.2 55 74+1.2

Viznar? 3714 N  03F28W 1265 2002-2010 10.3 9.2 10410.7

Spain Barcarrotd 38°28 N 06°55' W 393 2002-2010 12.5 7.6 8.8+2.0
O Savifiad? 4228 N 07742 W 506 2002-2010 9.4 6.2 81+14

Niembro? 4326 N 04°50' W 134 2002-2010 10.1 9.2 9.8+1.0
Campis%lbalos2 41°16 N 03*08 W 1360 2002-2010 7.0 5.7 6.9+0.9

Pefiausendé 41°17 N 05°52 W 985 2002-2010 8.0 4.9 6.9+1.3

Risco Llanc? 39°3YN  04°21'W 1241 2002-2010 6.7 5.9 71+1.0

Austria Hlimitz 2 47P46 N 16°45 E 117 2002-2010 23.3 19.0 19473.2
Italy Ispra2 45°48 N 08°38'E 209 2002-2009 29.4 19.2 26t24.2
Switzerland Payerne'2 46°48 N 06°56 E 489 2002-2010 15.9 10.6 14453.0
Pfalzerwald-Hortenkopf 4916 N 07°49 E 606 2003-2009 12.6 9.0 9.7+15

G SChwartenbei%; 50°39 N 13°27E 785 2002-2009 10.5 8.7 9.5+2.0
emay  schauinsland 454N OS54 E 1205  2002-2009 10.2 6.9 72417
Waldhof2 52°48 N 1045 E 74 2003-2009 16.5 11.8 1352.3

Virolahti3 60°3'N 27°40E 4 2004-2009 7.5 55 6.6+1.1

Finland uts3 546 N 21°22 E 7 2004-2009 6.7 5.3 5.94+0.7
Hyyti alal 61°51N 2417 E 181 2002-2009 7.5 3.8 55+1.3

Sweden Vavihill 2 56°0'N 1308 E 163 2002-2010 10.5 7.2 9.94+2.2
Aspvreten2 58°48 N 17°22 E 25 2002-2010 8.9 5.7 75+1.3

Norway Birkenes? 58°23 N 0815 E 190 2002-2010 6.0 3.4 43+1.1
Fundic® 40°08 N 07°10W 473 2005-2010 9.9 6.9 8.3+1.8

Portucl Chamusca 312N 0816 W 43 2003-2010 10.3 9.1 1082.1
orug Lamas de OI3 41°22 N 0747 W 1086  2004-2010 11.0 3.6 9.0+£4.1
Ervedeird 40°35' N 0840 W 32 2006-2010 13.9 11.9 10+ 2.8

1 This study;2 EMEP;3 Airbase, the European Air Quality Database (http://acm.eionet.europa.eu/databases/airbase/).

known as La Castanya. The station is situated relatively fathree consecutive days. Sampling began in March 2002 and
from urban and industrial zones, but the region is generally403 samples of Plls were taken and chemically analysed
densely populated and heavily industrialised, and local anfrom 22 March 2002 to 31 December 2010. PM mass con-
thropogenic emissions can affect this site under specific meeentrations were determined by standard gravimetric proce-
teorological conditions. Atmospheric dynamics and aerosoldures (see Querol et al., 2001).
variability at MSY has been described in detail b§r&z at Filters were analysed using different instrumental tech-
al. (2008). nigues to determine concentrations of a range of elements
Samples of PM s were collected on quartz fibre filters and components, as described by Querol et al. (2008).
(Schleicher and Schuell, QF20 until 2009, Munktell there- After weighing, 1/2 of each filter was acid digested
after) for 24 h periods roughly once a week until 2007, and(HF : HNOz: HCIO4) for the determination of major and
consecutively every four days from 2008, with high vol- trace elements. Major component (Al, Ca, Na, Mg, Fe,
ume samplers (30#h~1) DIGITEL-DH80 and MCV-CAV, K) concentrations were determined by Inductively Coupled
equipped with a PMls cut off inlet (manufactured by DIG- Plasma Atomic Emission Spectroscopy, ICP-AES (IRIS Ad-
ITEL). Filters were treated prior to sampling by pre-heating vantage TJA solutions, THERMO). Trace element concen-
at 200C for 4 h, conditioned at 20—-2% and 25-30% rel- trations were determined by means of Inductively Cou-
ative humidity for at least 24 h, and weighed three times onpled Plasma Mass Spectroscopy, ICP-MS (X Series I,
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Table 2. Percentage reduction of P\ and statistical significance

were determined from water leachates from 1/4 of the fil- of the decreasing trend (dor various stations across Europe.

ter and analysed by lon Chromatography HPLC (High Per-

formance Liquid Chromatography) using a WATERS IC-  Site First Last #data « % reduction
pakTM anion column and WATERS 432 conductivity detec- year year points
tor. NHjlr was determined by an ion specific electrode. The Montsery 2002 2010 9 0.01 35
remaining 1/4 of each filter was used for the elemental anal- Cabo de Creus 2002 2010 9 0.001 49
ysis of Organic and Elemental Carbon (OC and EC) by a Els Torms 2002 2010 9 0.05 40
thermal-optical transmission technique using a Sunset Lab- Zara 2002 2010 9 - 30
oratory OCEC Analyser. Organic Matter (OM) is calculated V2" 2002 2010 9 - 14
e Barcarrota 2002 2010 9 0.05 41
from OC by multiplying by a factor of 2.1 as suggested by O Saviao 2002 2010 9 001 36
Turpin et al. (2001) and Aiken et al. (2005). Si@nd C@_ Niembro 2002 2010 9 _ 7
were indirectly determined from empirical formulas (Querol  campigibalos 2002 2010 9 0.05 34
etal., 2001). These combined procedures allowed for the de- Pdiausende 2002 2010 9 0.001 42
termination of concentrations of major components (OC, EC, Risco Llano 2002 2010 9 - 20
Si0p, CO3™, Al, Ca, Na, Mg, Fe, K, N@, SG;~, NH; and llimitz 2002 2010 9 - 31
CI-) and trace elements (Li, P, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, ~ Payeme 2002 2010 9 0.5 36
As, Sg, Rb, Sr, Cd, Sn, Sb, Ba,. La, Pb, among others). The Ximgten 22832 2%?0 99 06(.)(5)5 334
combined sum of the aforementioned components accounted g; 4 enes 2002 2010 9 _ a1

for 75-85 % of the total PM mass. All analyses and results
were blank-filter corrected following the same methodology.
For each set of ten filters, nine were sampled and one was re-
served for blank analysis. The corresponding blank filter wasOf stations) by means of the nonparametric Mann-Kendall
ana|ysed using the same procedures described for OC/EG?St for the trend and the nonparametric Sen’s method for the
water soluble ions and for major/minor elements. Blank con-magnitude of the trend. The MAKESENS (Mann-Kendall
centrations were subtracted from the total concentration meatest for trend anden’sslope estimate) template application
sured for each sample, thus giving ambient concentrations. Was employed to determine the statistical significance of the
Stations in Spain from which data was used in this studytrend (Salmi et al., 2002). The Mann-Kendall test is applica-
(Cabo de Creus, Els Torms, Zarra, Viznar, Barcarrota, oble for the detection of a monotonic increasing or decreas-
Saviiao, Niembro, Campibalos, Peausende and Risco ing trend of a time series and the Sen’s method estimates the
Llano) are all members of EMEP (Co-operative Programmeslope of the linear trend (Gilbert, 1987). Thus, analysis was
for Monitoring and Evaluation of the Long-Range Trans- applied to the mean annual and monthly concentrations of
mission of Air Pollutants in Europe). Measurements were PM2sand its various chemical components. The significance
performed gravimetrically on a daily basis using EN UNE of the trend is symbolised as (@and the level of significance
14907 high volume samplers (MCV PM1025) in accordancelS Weighted from most significant to the least significant as:
with standard procedures outlined by European Air Qual-(« =0.001>0.01> 0.05> 0.1).
ity Directive 2008/50/CE and EN 14907:2005 standard. Of
the remaining European sites, all measurements were deter-
mined gravimetrically on a daily basis except the following 3 Results and discussion
stations: Pdlzerwald-Hortenkopf, Virolahti, W, Fundo,
Chamusca, Lamas de Olo and Ervedeira performed mea3.1 Mean PM, 5 levels
surements by Beta Ray Attenuation providing hourly av-
erages of PMs. Measurements at Vavihill and Aspvreten Mean PM 5 levels recorded at MSY (determined gravimet-
were performed by TEOM with hourly resolution. Mea- rically) from 2002 to 2010 were 12.6 pgt. PM> 5 levels
surements at Hyydia were recorded on a daily basis us- were elevated when compared with Spanish EMEP stations
ing an impactor. Ispra employed a filter pack and measure{Table 1). The average PM concentration for 10 EMEP
ments were performed on a daily basis. Finally, a SierraRB sites across the Iberian Peninsula (IP) for the same time
Dichotomous Sampler was employed at Birkenes provid-period was 8.6 ug m?, and the average value for two other
ing PMp 5 measurements at a weekly resolution. All M RB stations in the NE IP (namely Els Torms and Cabo de
data and details of the operational status and site charadzreus) was 10.5ugnf. Thus, the MSY station registered
teristics of the stations can be found on the EMEP web-higher levels of PM compared to average concentrations
site (www.emep.int) and the AIRBASE website (http://acm. across Spain (+37 %) and those registered from stations in
eionet.europa.eu/databases/airbase/). the NE of Spain (+18%). This surplus may be attributed
Temporal trend analysis was performed for all the stationsto anthropogenic influences. The greater area surrounding
where sufficient data was available (see Table 2 for the listMSY, especially the valleys in the pre-coastal depression, is
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Fig. 1. PMo 5 concentrations measured at RB sites across Spain from 2002—-2010.

densely populated and highly industrialised, being a signifi-ers have decreased in the absence of a statistically significant
cant source of pollution reaching the MSY site. trend, in which case is not shown. The three stations from
Comparing these values with other RB sites across Euthe NE Iberian peninsula i.e. MSY, Els Torms and Cabo de
rope (Table 1), concentrations measured at MSY were conCreus, have experienced reductions of 35 %, 40 % and 49 %
siderably higher (+34 %) than those in Portugal (9.4 1dm  with « = 0.01, 0.05 and 0.001, respectivelyffaasende has
Germany (10 ugm®) and Scandinavia (6.6 ugm). They  also experienced a significant decrease=(6.001) of 42 %
were slightly lower than levels recorded in Switzerland since 2002.
(14.5 ug mr3) and significantly lower than levels recorded in ~ On average, for the RB stations used in this study a re-
Austria (19.7 ug m3). Ispra recorded the highest levels of all duction of 32% has been observed in PMevels since
the stations included in this work, with P of 26.2 g n3. 2002 throughout Spain, 31% at Ilimitz, 36 % at Payerne,
Climate conditions are likely to influence RBM levels at 34 % at Ispra, 35% in Sweden, 32 % across Germany, 32 %
each of the RB stations mentioned, whereby differences irin Finland, 41 % in Norway and 38% in Portugal. There
precipitation levels and prevailing wind systems could ac-were only two stations, Niembro in the north and Viznar in
count for the differing concentrations observed, especiallysouthern Spain, which registered lower decreases of only 7 %
for Atlantic and Scandinavian countries. Anthropogenic in- and 14 %, respectively. The proximity of Viznar in south-
fluences are likely to be most prevalent in Ispra in Northernern Spain to the urbanised area of Granada (20 km) places
Italy, as it is subjected to intense episodes of pollution owingit under greater influence of urban emissions, which may
to thermal inversions in winter and emissions from nearbyaccount for the comparatively smaller decrease of 14 % in
heavy industry in the Po valley (Van Dingenen et al., 2004).PM, 5. Furthermore, Viznar is located closer to North Africa
High pressure weather systems over Eastern Europe in winteand exposes the site to more frequent Saharan dust intru-
can lead to stagnant conditions across Austria and Switzersions. However a 14 % reduction in BM in the context
land, causing the accumulation of pollutants (Barmpadimosof a RB site with some urban influence, is still quite sig-
etal., 2012). Furthermore, the regions can be affected by longificant. Niembro is a low altitude coastal site on the At-
range transport of pollution from central and Eastern Europelantic coast. The station is located within close vicinity of a

and biomass burning emissions in winter. densely industrialised area which may be an important source
of PM emitted locally, accounting for the lower reduction
3.2 Interannual trends across Spain and Europe observed. Stations located in the central IP i.e. Risco Llano,

Campisibalos and Hewusende all registered very low con-
A decreasing trend for PMs has been observed in MSY centrgtions of PM5 (Table 1). A statistigally significan_t de-
since measurements began in 2002 (Fig. 1). Furthermore, thig'€asing trend was not observed for Risco Llano, unlike that
decreasing trend has been observed not only across SpaifiPserved for Campébalos and Heausende, but Pt levels
but throughout Europe (Fig. 2). Of the stations listed in Ta-Nave decreased nonetheless.
ble 1, statistical trend analysis using the Mann Kendall test 11Us, excluding Viznar and Niembro, the percentage re-
was performed where 9 valid data points were available, withduction observed across Spain and Europe ranges from a

results shown in Table 2. Evidently, levels of PMat all sta- ~ Minimum of 20% (Risco Llano) to a maximum of 49%
tions have decreased to some extent. However, not all hav§-aPo de Creus). Whatis most striking is that these decreases

undergone a uniform reduction, with some having a statisti-2'¢ Similar across Europe, the median percentage reduction
cally relevant trend (significance level> 0.1), where oth- ~ P€ing 35%.
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Fig. 2. PMo 5 levels measured for various RB stations across Europe according to AIRBASE and EMEP data.

As illustrated in Fig. 1, a marked decrease was observedy a slight increase in 2009 (for all except central Spain),
for each area of Spain through the decade, with minimumand a reduction once again in 2010. MSY followed a similar
concentrations occurring from 2008 onwards. Stations ardrend to that observed for the other stations in the NE penin-
categorised according to their location in Spain and valuessula, albeit with slightly higher levels measured in compari-
are mean PWls concentrations of the stations for that loca- son. The fact that the PM levels here follow a similar trend
tion for each year: Niembro and O Saeb are categorised verifies that the trend is real and observed across the region.
as North; Viznar and Barcarrota are Southfi®esende, In fact, this decreasing trend is observed for many stations
Campisibolos and Risco Llano are considered Central; Zarraacross Europe (Fig. 2).
is East; Cabo de Creus and Els Torms are North East. For For some stations in Germany, Austria, Switzerland, Fin-
many regions levels reached a minimum in 2008, followedland and Sweden, levels of Bl experienced noticeable
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decreases from 2007 onwards. For example, in Vavihill, Swe-py, 12,6 ug m-2
den and Waldhof in Germany, a sharp decrease was recorde
of 4pgn2 and 5pg e between 2006 and 2007, respec-
tively (Fig. 2). A similar reduction, although not quite as Lnaccoured: 2.4 Crustal; 1,1; 9%
pronounced, was observed for stations llimitz, Payern@, Ut Sea Spray; 0,3; 2%
Aspverten, Virolahti, Schwartenberg and Schauinsland. This
gradual reduction observed across Europe is possibly a direc
result of the implementation of the aforementioned pollution NH,*; 1.0; 8%
abatement strategies. Indeed, the countries in which thes
stations are located have to a large extent avoided econom
recession compared to the peripheral European states suu
as Spain, Portugal and Italy. Thus, reductions there have nc
been quite as pronounced as those recorded for the last tw
years in the IP and Ispra. However, it should be highlighted
that PM levels in many of the stations, especially in Nor- g 3 Mean PM, 5 composition (ugm3) at MSY for the study
way (mean PMs of 4.3ugnr®) and Finland (6.0ugm®)  period (2002-2010).
for example, were comparatively low even at the beginning
of the measurement period. Thus, even though a decreasing
trend has been observed in these regions, it cannot be deci- o
sively ascertained that the economic recession and pollutios-> PM speciation
abatement strategies have not impacted PM levels here, con-
sidering the low initial concentrations. As shown in Fig. 3 the main chemical components of
Stations in Portugal and Italy displayed similar reduc- PM2s (12.6ugn3) at MSY are: organic matter (OM;
tions as those observed in Spain (Fig. 2). The sharpest re4-2 HgnT3; 33%), SG~ (2.4pgnT3; 19%), crustal ma-
ductions were observed between 2007 and 2008 (as conterial (1.1ugm3; 9%), NG; (1.0ugnt3; 8%), NH}
pared to levels in most of the other European stations which{(1.0 ug nm3; 8 %), sea spray (0.3 ugm; 2%) and finally
dropped more gradually). Levels measured in Lamas de Ol@lemental carbon (EC; 0.2 ugtf 2%). The unaccounted
fell 6.8 pgnT3 during 2007—2008 from 10.8 to 3.9ugm  mass is 19 % of the total PM mass and is attributed to wa-
(Fig. 2). Decreases in Fuad and Chamusca were more ter retention on the filters. Usually, a simple mass closure
gradual from 2007-2009, decreasing by 2.6 pgnand  approach yields a larger unidentified fraction compared to
3.4 g n13, respectively. This suggests that similar processesource receptor modelling such as PMF. This discrepancy has
are influencing PM levels not only in Spain, but across the IPbeen attributed to its simplicity and inability to apportion the
including Portugal. The reduction observed at Ispra in north-water mass to different source contributions.
ern Italy was also most pronounced from 2008 onwards. Al- In relative proportions, OM was by far the major compo-
though levels do exhibit a decreasing trend across the tim@aent of PM 5 at MSY. Sources of OM at MSY are varied,
series, especially since 2005, a large drop ipBMas ob-  and can be attributed to secondary organic aerosol (SOA)
served between 2007 (26 ug® and 2008 (20 ug me). formed from the emissions of anthropogenic volatile organic
This observed decrease from 2008 onwards indicates thatompounds (VOCs) from industry, road traffic, biomass
these stations in Spain, Portugal and lItaly, although geoburning emissions and also biogenic VOCs fikelas et
graphically distant, share some factor in common causingal., 1999). Sulphate was the second most abundant com-
background levels of Pl to decrease all within the same pound measured at MSY and is associated with industrial,
time period. A reduction in emissions of pollutants as a resultshipping and power generation emissions. Nitrate and am-
of the downturn in the economy may possibly be this factor.monium levels recorded at MSY were similar, at 8% for
A recent study by Barmpadimos et al. (2012) also observedoth compounds. Owing to the thermal instability of ammo-
a decreasing trend in Pjgland PM 5 in various urban and  nium nitrate, the most common compound of nitrate at this
rural background sites in Europe, some of which are also insite, the majority of nitrate was measured during the winter
cluded in this study (namely, llimitz, Waldhof, Payerne and months. During summer months, when ammonium nitrate is
Peiausende). The article concluded that igMnd PN 5 volatilised, ammonium concentrations measured were typi-
have reduced considerably over the past ten years due to nogally in the sulphate form. Crustal material registered 9%
meteorological factors. Indeed, for the station didesende, of the total mass in PWs. The majority of crustal material
the authors concluded that a decrease in anthropogenic emist MSY is typically found in the coarse fraction (BNL10)
sions was likely to be accountable for the reduction observedind does not influence levels of BMIto a great extent, but
in PM; 5 rather than meteorology. Saharan dust intrusions can influence the crustal load mea-
sured in PM 5 (Pey et al., 2009). Levels of elemental carbon
(EC) comprised only 2% of the total mass. EC emissions

OM; 4,2; 33%
NO; ; 1,0; 8%

SO,2% ; 2,4, 19% EC; 0,2; 2%
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are associated with fuel-oil combustion and biomass burningvinter 2009 and 2010. Indeed, winter 2010 was notable for
emissions. Biomass burning, both anthropogenic and naturatwo reasons; unusually high precipitation over the IP which
could possibly be a significant source of EC at MSY, as it iscoincided with one of the most negative NAOi since mea-
a rural forested site with agricultural land nearby. surements began (reported in Vincente-Serrano et al. (2011)
as the end of the 19th century or beginning of the 20th cen-
3.4 Inter-annual trends at MSY for PM» 5 and chemical tury), and one of the coldest winters in decades across north-
composition ern Europe. Incidentally, winter 2010 also registered the low-
est PM levels recorded at MSY since 2002. The cleaning ef-
The analysis of inter-annual trends of PMevels measured fect of Atlantic Advection on MSY is significant and such
at MSY, and the respective trend analysis of its chemicalepisodes are associated with low PM eventsréR et al.,
components, has revealed possible explanations for the re2008). Thus, due to the intensified westerly Atlantic winds
duction observed over the past 9yr, and may possibly pro{as a result of the negative NAO), PM levels were observed
vide insight into the reduction observed across Europe. Thao be considerably lower compared to other winters. As men-
seasonal trends are also supplied in the supplementary matéened previously, the occurrence of Saharan dust intrusions

rial. over the IP can affect PM levels significantly. Figure 5 dis-
plays the linear relationship observed between the frequency
3.4.1 PM strends of NAF episodes (in days) and the corresponding NAO in-

dex for the winter months December, January, February and
Temporal trend analyses were applied to the annual and seddarch. It can be seen that for winters with positive (nega-
sonal chemistry data sets from MSY from 2002 to 2010. Thetive) NAO indices, NAF episodes were more (less) frequent.
Mann-Kendall tests showed significant temporal trends forThis suggests that when NAO is more intensely positive,
the total mass of Pls (« = 0.01) with a 35 % decrease ob- the probability of air masses from North Africa reaching
served over the total measurement time period (Fig. 4), thehe IP is much higher. Conversely, when NAO is negative,
equivalent of 6 ugm?3 of PM, 5. On a seasonal basis, win- intense Atlantic Advection directed over the IP can block
ter was the only season that registered a statistically signifNorth African air masses and prevent these air masses mov-
icant year-on-year decreasing trend=£d®.05), with a de-  ing northward. This influence is most prominent in the north
crease of 35%. MSY is regularly affected by intense an-of the IP i.e. closer to the Atlantic Ocean, and the inten-
thropogenic pollution episodes that occur during the coldersity weakens with greater distance from the Atlantic Ocean.
months i.e. from October to March. The occurrence of theseHowever, for all parts of the peninsula, if the NAO index is
polluted winter anticyclonic episodes (WAE), their intensity sufficiently positive or negative, the effects are felt across the
and their affect on pollution levels, has been outlined by Peycountry. This theory agrees with that proposed by Moulin et
et al. (2010). The combination of various factors may ac-al. (1997). Furthermore, a study by Ginoux et al. (2004) ob-
count for this reduction that occurred only in the winter sea-served a high correlation between dust surface concentration
son; a reduction in anthropogenic emissions due to pollutiorand NAO over much of the North Atlantic and the western
abatement strategies, the economic recession and quite posgiart of North Africa during winter.
bly the unusual meteorology that has occurred during winter
for the last few years. The North Atlantic Oscillation (NAO) 3.4.2 Organic and elemental carbon
is a large-scale meridional oscillation in atmospheric mass,
with centres of action near Iceland and over the subtropi-Figure 4 shows the temporal trends for OC and EC concen-
cal Atlantic (Visbeck et al., 2001). It is one of the leading trations recorded from 2002 to 2010 by means of the Mann-
climate modes in the North Atlantic region (Hurrell et al., Kendall test and Sen’s method using MAKESENS. OC un-
2003), and influences climate variability, e.g. temperature derwent a reduction of 48 % over the total measurement pe-
precipitation and wind, especially during the winter (Hur- riod, with very high statistical significance & 0.001). This
rell and Deser, 2009). When the pressure gradient betweereduction is the equivalent of 1.6 ugrhof OC from a max-
the Icelandic low and the subtropical high pressure centrémum in 2004 of 2.9 ug m3 to a minimum of 1.3 ugm? in
during winter is more intense than normal (positive NAO), 2010. This decreasing trend was observed across all seasons,
the westerly winds are stronger across northern Europe. Thiwith varying levels of significance (spring & 0.01), sum-
brings Atlantic air masses over the continent (associated withmer (¢« = 0.01), autumn (c= 0.05), winter (a= 0.05)), veri-
mild temperatures and higher precipitation) and dryer condi-fying that the reduction was observed across all seasons. Fig-
tions across southern Europe. When this pressure gradient isre 6 shows the time evolution of a selection of components
low (negative NAO), cold and dry air masses often dominateof PMj 5, including OC. OC followed a clear seasonal trend,
over northern Europe, and the Atlantic weather systems anevith maximum concentrations registered in summer coincid-
storm tracks tend toward a more southerly trajectory, bring-ing with the lowest renewal of the atmosphere at a regional
ing higher than normal precipitation levels across the Iberianscale (Rodiguez et al., 2002; &ez et al., 2008) and higher
peninsula (Vicente-Serrano et al., 2011), as occurred durindpiogenic emissions of VOCs (Seco et al., 2011). Secondary
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Fig. 4. Temporal trends for PMs5 and its various major chemical components by means of the Mann-Kendall test and Sen’s method using
MAKESENS (Salmi et al., 2002).

peaks in concentration also occurred during WAE, followed decrease. Previous studies at MSY have shown that the frac-
by sharp reductions in spring due to higher precipitation andtion of OC in PM, that is mainly attributed to road traffic,
Atlantic Advection episodes. The intensity of the seasonalaccounts for 31 % of total OC in winter and 25 % in summer
cycles clearly began to diminish from 2007 onwards. The re-(Minguillon et al., 2011). Measurements of known tracers
duction observed in OC is most probably a result of a re-for biomass burning emissions, such as @hich was not
duction of OC emissions or precursors from anthropogenicanalysed), would be useful to help determine the contribu-
sources, as natural emissions of OC would not be expected ttion of biomass burning to levels of OC at MSY. As stated
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previously, OM (calculated from measured OC) accountedregional level, the increase in height of the summer mixing
for 44 % of total PM . Thus, much of the reduction ob- layer depth and higher regional transport, favouring the re-
served for PM 5 can partly be attributed to the reduction in gional mixing of polluted air masses. Sulphate levels, along
OocC. with many other components, undergo intense concentration
EC levels have not shown any statistically significant trendincreases under WAE (as described by Pey et al., 2010),
since measurements began, and levels did not vary very muchhese scenarios are associated with unseasonably warm and
on a yearly basis (0.15-0.25 ug®. A minimum value was  calm weather, with little advection, causing the local air mass
recorded in 2006 (0.15 pgm) and maximum values were to stagnate and pollution levels to increase over a period of
recorded in 2004 and 2008 (0.25ug#h. Maximum and days and weeks. Trend analysis on a seasonal basis did not
minimum concentrations did not differ significantly. On a show any significant trend, but the reductions observed from
seasonal basis, there is an indication that EC levels have a2008 onwards are still pronounced.
tually shown an increasing trend since 2008, especially in Nitrate levels exhibited strong seasonal variability, giving
winter and autumn. This is contrary to what has been ob-highest concentrations during the colder winter months (es-
served for many other anthropogenic pollutants at MSY, butpecially during WAE), with minimum concentrations in sum-
EC may be closely related to local domestic and agriculturalmer. This trend is associated with the thermal instability of

biomass burning emissions. ammonium nitrate (Harrison and Pio, 1983; Querol et al.,
2004), the most frequent form of nitrate at this site. These
3.4.3 Secondary inorganic aerosols intense peaks of nitrate have been observed since measure-

ments began, occurring from January to March, with sec-

A significant reduction has also been observed for the Secendary peaks often recorded in November. They are typically
ondary Inorganic Aerosols (SIAs) at MSY, including sul- followed by marked decreases in April, when WAE are less
phate, nitrate, and ammonium. As stated previously, SIAsfrequent and wetter weather is more prevalent. Since 2008,
comprised 44 % of the total sum of the chemical compo-these winter nitrate episodes have diminished considerably.
nents of PM s. Thus, a reduction in SIA would have an over- From 2002 to 2007, nitrate levels remained relatively consis-
all reducing effect on the total PM mass. Figure 4 shows tent, but dropped sharply from 2008 onwards, as shown in
the temporal trends observed for sulphate, nitrate and amrig. 6. Trend analysis of annual nitrate levels have shown
monium and Fig. 6 shows the time series for the concenthat the reduction has not followed a pattern as linear as
trations of these three components over the measuremetiiat of OC or sulphate, but the reduction was still significant
period. Anthropogenic sulphate concentrations (where thgqy = 0.05), having reduced by 61%. On a seasonal basis,
fraction of marine sulphate has been removed) at MSY destatistically significant reductions of nitrate only occurred in
creased by 43 % from 2002 to 20104e0.05). The EMEP  winter (o« = 0.05), very similar to the annual trend. As the
Report 4/2011 reported a reduction in sulphur oxides«(SO majority of nitrate measured at MSY occurred in winter, this
emissions of 23% in Spain from 2008-2009 alone, whichsimilarity is to be expected. The seasonal evolution of ni-
would contribute to the reduction observed in secondary sultrate for the remaining seasons did not display any significant
phate. Sulphate and V showed similar trends on a yearly basigends. As the presence of ammonium nitrate varies with tem-
(Fig. 6), with many intense peaks for both components coinperature (due to its thermal instability), the trends were not
ciding. Itis clearly visible that sulphate and V have decreasechs pronounced during warmer seasons.
from 2008 onwards. Sulphate emissions are associated with Yearly ammonium concentrations followed a relatively
fuel oil combustion for power generation and industry, asunusual trend as compared to nitrate and sulphate, with con-
well as shipping. Vanadium and Nickel are also associatectentrations increasing year-on-year to 2005, followed by a
with these types of emissions and often correlate closely withsharp drop in 2006, maintaining a decreasing trend there-
sulphate measured at MSY. For the total measurement peafter until 2010. The reduction was statistically significant
riod, SQZl_ correlates very well with V (R=0.74) and Ni  (« = 0.05), giving a percentage decrease of 37 %. Ammo-
(R?=0.71). Thus, the decrease could be a result of reducediium underwent a bimodal seasonal variation, with intense
combustion emissions and the implementation of emissiorwinter peak concentrations during WAE, followed by gener-
abatement strategies, such as the IPPC directive (Directivally elevated levels over the entire summer period. Ammo-
2008/1/EC), employed by industry and power plants. Powemium measured on site was typically in the form of ammo-
plants in Barcelona and the surrounding area began to phaséum nitrate in the winter months and as ammonium sul-
out the use of fuel oil in exchange for natural gas, and byphate during the warmer summer months, as will be dis-
2007 all power plants were using natural gas (Bruno et al.cussed anon. Ammonium did not show significant trends on
2007). This has undoubtedly impacted levels oﬁSQ/ and  a seasonal basis except in winter=£.05), but a marked
Ni and likely accounts for the reduction observed since 2007 decrease since 2008 was observed.

Sulphate levels were highest during the summer; possi-
bly as a result of enhanced photochemistry associated with
more intense solar radiation, lower air mass renovation at a
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Fig. 7. Temporal trends for a selection of trace anthropogenic chemical components by means of the Mann-Kendall test and Sen’s method
using MAKESENS (Salmi et al., 2002).

3.4.4 Crustal and marine aerosols (Pérez et al., 2008) i.e. they are mostly natural, and the crustal
load of PM 5 increases significantly under NAF episodes.
‘A minor decreasing trend has been observed for the crustal
material measured at MSY (= 0.05), beginning in 2006
Fig. 4). The unusual weather conditions experienced for the

As stated previously, crustal material and marine aeroso
comprised 9% and 2% respectively of the total sum of

the chemical components registered at MSY. Thus, marin ast two winters in the IP, as a result of the unusually neg
aerosols did not influence the total BMmass significantly. . . ' . i
2 g y ative NAO index, could be the cause for this slight reduc-

Elevated levels of crustal material are associated with high. b di tal material. As stated iouslv. NAO
soil resuspension and episodes of Saharan dust intrusioﬁ%on observed in crustal material. As stated previously,
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Table 3.Percentage reduction of various trace elements, mean cona reduction of 53 % (e= 0.05). Limit values are set by the
centration (ngm3) and statistical significance of the decreasing European Union for Pb, (2008/50/CE) and target values are
trend (o) recorded at MSY (elements with statistically significant set for Cd, As, and Ni (2004/107/CE) and the reduction ob-

reductions in bold). served may be a direct result of the enforcement of this leg-
islation. V, Ni and As all displayed peak concentrations in
Element Measurement ~ Mean Conc.« % 2006 of 3ngnT3, 1.7ngnT3 and 0.3ngm?3 respectively,
Period (ngn?) reduction but from 2007 began to decrease in a similar fashion, as
Pb 2002-2010 3.82+1.41 0.01 67 shown in Fig. 7. V and Ni are both associated with fuel oil
Cd 2002-2010  0.13:0.06 0.01 75 combustion and correlate very well {R= 0.64). Of the re-
Cu 2004-2010  2.520.69 0.05 44 maining trace elements, all have followed similar decreasing
Sb 2004-2010  0.22:0.13 0.01 58 patterns over the measurement time period. Figure 6 shows
Sn 2004-2010  0.760.32 0.01 58 typical anthropogenic pollution tracers Sn, Cu, Sb and Pb, all
As 2002-2010 0.220.06  0.05 o1 of which follow similar patterns over time, with many coin-
\% 2002-2010 21%+057 - 41

ciding peaks in concentration (as occurs in September 2007,

Cr 2002-2010 0.820.20 - 34

Ni 2002—2010 122034 01 45 for example). !n general they do not follow a cIe_ar seasonal
Co 2002-2010 008002 005 53 treqd. The_ variation of trace element concentrations at MSY
Li 2002—2010 0.06002 - 43 during an intensive measurement campaign was described by
Ti 2002-2010  35%1.19 - 34 Moreno et al. (2011), and outlined the inherent difficulty in
Mn 2002-2010 194049 0.1 37 distinguishing exact sources of trace elements at MSY due to
Ga 2002-2010 0.040.02 0.1 53 PM mixing and dilution during transport to MSY. The reduc-
Rb 2002-2010 0.140.03 - 43 tions and correlations between Pb and Ag &R0.64) and

Sr 2002-2010  0.4£0.26 - 49 Pb and Cd (R = 0.62), all of which are regulated by legisla-

La 2002-2010  0.0£0.01 - 34 tion, suggest the efficacy of the abatement strategies and also
gf 228822‘228118 (()).cﬁg.gi 008 % that they may be of the same source, most likely industrial.
Nd 20022010 008002 01 49 All the elements shown in Fig. 7 show a marked decrease

in concentrations from 2008 onwards, quite possibly for the
same reasons as those mentioned previously for the major
PM components. V and Ni are tracers for the combustion of
canpotentially control the frequency of Saharan dust intru- fuel oil and the reduction observed coincides with both the
sions reaching the IP, which would affect the mean crustalreplacement of fuel oil in power generation with natural gas
load concentrations. In addition, increased Atlantic Advec-and also with the beginning of the economic recession. A
tion (associated with negative phases of the NAO) wouldsimilar study performed in Cantabria, in the north of Spain,
have a cleaning effect on the atmosphere. Indeed, marinbas observed a comparable effect, linking the effects of the
aerosol registered a spike in annual concentrations in 2008conomic recession to some industrial trace metal emissions
(0.5ug nT3). It could also be hypothesised that some part(Arruti et al., 2011).

of the crustal material measured at MSY is a product of the Some trace elements associated with crustal material (Li,
construction industry. The construction industry in Spain hasTi, Mn, Ga, Rb, Sr, La, Ce, Pr, and Nd) are also listed in
been especially affected by the current economic recessiorable 3. Some of these elements (Mn, Ga, Pr and Nd) have
and crustal material produced by this industry may have conundergone statistically significant reductions similar to those
tributed to the crustal load in PM. Analysis of seasonal observed for the total crustal material measured i, BM
trends of crustal material did not show any specific statis-The percentage reductions observed for all the crustal el-
tical trend. Marine aerosol is also of natural origin and, asements are a result of the reduction observed in 2009 and

expected, has not undergone any clear declining trend. 2010, as was the case for the crustal material, and the causes
for this reduction are most likely the same.
3.4.5 Trace elements On a seasonal basis, Pb exhibits a similar statistical trend

for each season to that of its annual trend, with each season
Various anthropogenic pollution tracers associated with in-havinge = 0.05 and a drop in ambient concentrations of Pb
dustrial and traffic emissions (Pb, Cd, Cu, Sb, Sn, As, V,were recorded for each season from 2008 onwards. Cd also
Cr, Ni, Co) and elements of natural origin (Li, Ti, Mn, Ga, maintains the decreasing trend for each season with similar
Rb, Sr, La, Ce, Pr, Nd) were analysed for statistically sig- statistical significance (e« 0.01). Even though mean annual
nificant trends and are listed in Table 3. Those experiencing/alues of Cu and Sn show a reduction on a yearly basis, they
the greatest percentage reductions since measurements begimnot undergo any apparent seasonal trend. Sb and As trend
are Cd, Sbh, Sn and Pb & 0.01). Cu and As have recorded analysis shows a significant decreasing trend for spring and
a reduction in the range of 44-51 % £«0.05), followed by ~ summer (o= 0.01) but in autumn and winter there is no per-
Ni (@ =0.1) at 45% and V at 41 %. Finally, Co underwent ceptible trend.
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Winter
Component  R2

Spring
Component  R2

SOE -V 0.70
SGNi 065
SOé_-NHI 0.60
so?;-Nog 0.74

sg v 0.76
SG-Ni 082
SG -NH;  0.62

NOZ-NHf  0.83
NO;-As 079

— NHT
NO5 -NH, 0.43

NOZ-CI~  0.90
OC-Pb 0.53 OC-Pb 0.70
oc-CI- 0.89 OC-NH  0.76
OC-Na 0.66

Summer Autumn

Component  R?

Component  R?

SO2~-V 0.60

Table 4.Regression analysis Ofﬁovs. various major and minor arriving to MSY is highlighted by the correlation observed
components of PM for the different seasons.

between sulphate and nitrate{& 0.74) in winter.

Nitrate, as explained earlier, displays a strong seasonal
variability with elevated concentrations during the colder
months due to the thermal instability of ammonium nitrate.
Querol et al. (2009) reported that the ratio of P¥PM1g ni-
trate in the colder months is almost 90 % at MSY, indicating
only 10 % exists as coarse nitrate species (Ca and Na nitrate
compounds). Thus, linear regression analyses could only be
performed for winter, as levels are low in spring and autumn,
and negligible in summer. However some relationship was
observed between nitrate and ammonium in spring. Table 4
lists the correlation coefficients of nitrate with various com-
ponents. In contrast to summer, ammonium was better cor-
related with nitrate in winterg? = 0.83). During spring and
autumn, it can be reasonably assumed that ammonium ex-
ists as a mixture of both the nitrate and sulphate form (and
possibly as organic ammonium, see below), depending on
the meteorological conditions. Correlation was also observed
with As (R? = 0.79), which is typically an anthropogenic el-
ement emitted by industrial practices, which may also be a

source of nitrate at MSY. Finally, excellent anti-correlation
was observed for nitrate and chlorine¥(= 0.90) indicating
that Atlantic Advection episodes and marine breezes (con-
taining high chlorine concentrations) have a cleaning effect
at MSY, removing nitrate from the atmosphere.

Organic Carbonshows correlation with Pb for each sea-
son, improving in spring and summer, as shown in Table 4. In
fact it is the only trace element that displayed consistent cor-
relation with OC throughout the year. Why Pb (a specifically
anthropogenic pollutant), as compared to the other tracers,
It is difficult at MSY to ascertain the exact sources of pol- correlated so well with OC is not clearly understood. Interest-
lutants measured at the site due to the mixed state of thangly, OC had very good anti-correlation with marine aerosol
aerosol during transport to the site, as stated previously. Byyomponents Na and Cl in winter £R= 0.66 and 0.89, re-
analysing the seasonal variations in the chemical componentspectively), as observed previously with nitrate. Again, this
it may be easier to identify the sources of pollutants,BM  was possibly due to the cleaning effect of Atlantic Advec-
and its chemical components are influenced by clear season&bn and the influence of cleaner sea breezes from the nearby
patterns and variations. To aid in the identification of the Mediterranean. The relationship between ammonium and
sources of the various chemical components, linear regres9C was only evident in spring (April and May). It is possible
sion analysis was used comparing known tracers for boththat they were emitted independently in the same region, and
anthropogenic and natural components on a seasonal basw&trived at MSY simultaneously. However it could also sug-
Table 4 shows the correlation coefficients for the annual congest that there is a significant source of organic ammonium
centrations of various major components of Pdand vari-  (amines) that is specific to that time of year only. Few studies
ous minor trace elements. The seasons for this study are deppear to exist on the importance of atmospheric amines and
fined as: winter (December, January, February and March)their sources. A review on atmospheric sources of amines by
spring (April, May), summer (June, July, August) and au- Ge et al. (2011) lists many possible sources, including agri-
tumn (September, October, November). culture (livestock), industry, traffic, human waste, biomass

Sulphateexhibited year round correlation with the main burning and vegetation. Considering that the relationship be-
tracers for fuel oil combustion such as V and Ni, as shown intween OC and NEﬂ solely existed in spring indicates that the
Table 4, suggesting that these three components are from tteource was seasonally dependent. The presence of biomass
same source and undergo linear changes in concentrationburning in the surrounding area of MSY could well be the
The correlation between sulphate andj\lhhproves in the  driving force behind this relationship. The burning of vege-
summer as ammonium at this time of year is most likely in tation is strictly controlled in the area (to minimise risk of
the form of ammonium sulphate. The influence of intenseforest fires) and has a date limit after which it is prohibited,
winter pollution episodes and the mixed state of the aerosolsypically in late spring. Also, vegetative emissions of amines

sg—-v 0.74
SN 079 SG -Ni 070
SO%_-NH:{ 0.76 SC%‘-NH;"’ 0.80

OC-Pb 0.71 OC-Pb 0.63
OC-Fe 0.70

3.5 Seasonal trends
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could also be important as MSY is densely forested, and theoint to an ever improving situation regarding air quality.
seasonal activity of the surrounding trees and plant life mayMany of these reductions, through statistical analysis using
result in the release of amines to the atmosphere. Indeed, ththe Mann-Kendall test and Sen'’s estimate, have proven sta-
is a new and unexpected discovery, and is worthy of furthettistically significant over the past decade, meaning the reduc-
investigation. tion has been gradual and uniform.
In order to better understand the sources of the major

and minor components that comprise Piflinear regres-
4 Conclusions sion analyses were used to help define the possible sources

of aerosols at MSY. The analysis was performed on a sea-
The findings in this article provide good evidence that thesonal basis to investigate the changing source profiles and
implementation of pollution abatement strategies in Europethe effect of meteorology on aerosols onsite. Sulphate emis-
is having a direct effect on the levels of BMland its various  sions were determined to be closely related with fuel oil com-
components. Itis also hypothesised that the current economibustion tracers V and Ni. Some of the reduction in ambient
climate, in recession since mid 2008 in Spain and manylevels of sulphate, V and Ni may be related to the conver-
countries in Europe, is also affecting atmospheric pollutantssion of power plants employing fuel oil to natural gas, the
through a reduction in activities associated with a healthylast power plant having converted in 2008. Nitrate correlated
economy (increased road traffic, industrial processes, conelosely with ammonium during the colder months, suggest-
struction etc.). A reduction in Pp% concentrations has been ing ammonium nitrate is the dominant compound of nitrate
observed in Spain and across Europe, and, in most cases winter. Finally, organic carbon correlated well with am-
this reduction has been gradual and consistent over time, immonium exclusively in spring, suggesting that amines may
plying the success of cleaner anthropogenic activities. Ad-be an important source of organic carbon at MSY at certain
ditional to this progressive trend, in some cases and espdimes of year.
cially for RB stations in the IP and Ispra in northern lItaly,
a marked decrease has been recorded since 2008, coincidi%% . . o
with the beginning of the economic crisis. The effect of the pplementgry material related to this article is
economic crisis on ambient trace element concentrations ir"f“""‘”"’lble online at: http:/www.atmos-chem-phys.net/12/
northern Spain has also been observed (Arruti et al., 201153341/2012/acp-12-8341-2012-supplement.pdf.
and a reduction in black carbon owing to the economic cri-
sis has been described in an urban area of south-east Spain . -
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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 (Ny_gzs5nm) 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 pgnwith 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 (300 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 cancerned 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 apportir 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

Atmos. Chem. Phys., 13, 5173-5187, 2013 www.atmos-chem-phys.net/13/5173/2013/
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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 eluously 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%lé?;l ;\rar]sm|ss_|rohn Eﬁgmﬁz usw;g al Sunset I_Iabo(rjator)fo determine source profiles by decomposing a matrix of data
nalyser. 1he protocoiwas employe (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 deter_mmed from the sum of CON5iders the uncertainty associated with blank filter subtraction
centrations of AdCQ3' SIO,, CO% , Ca, K, Mg and Fe. Sea from each sample. Elements used in this study (OCf,‘SO
spray was determined from the sum ofNand 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 : S 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 SMPSEZ%)%?SS ;nlesgltcvg;gln r&zu“r:&;/;ﬁz daacnc:jrr:)l(at‘lac;?m(;c;ﬁ:llclgel\;llt
system comprises a Differential Mobility Analyzer (DMA) : P !

connected to a Condensation Particle Counter (CPC, Mode?*oncentratmns, with Q values of 2816 (Robust) and 2833

TSI 3772). The DA system was designed and manufac 123 COTeRTEn SOeTatrte B BEREER TOAe B RS
tured in the framework of EUSAAR project at the Leibniz In- » SUIP

) . ) 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_g2s), and completed one scan every five minutes. Prior e ooy 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, 5173-5187, 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;RMal 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—g25. 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 (200 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 concentrationgitrate 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 correlation (®= 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 n2 in winter and
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Secondary Organic Aerosol 17% Secondary
Sulphate, 2.63,
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NogsBlnm.s « *. . . ' Traffic + Biomass
A N SR L - < el i i LH burning, 1.12, 13%
Fuel oil combustion
5 Nitrate, 0.44, 5%
E 0= = s : : ¥ . «[]F ' ;
E ARUE LN ) 0 B, smy o TR B o SOA, 2.47, 28%
'g Traffic + Biomass burning §.
g . Fig. 3. Average contribution of each source (ug?r) to PM; ob-
g & L tained by PMF.
S E K. . m.m B i a L
Industrial
\ 1 such as WAE, whereby calm, cold, sunny weather favours the
i " S i stagnation of air masses and accumulation of pollutants over
e -;e;:d;y&“:ate- R several days (Pey et al., 2010). During these episodes, pol-
lution that has accumulated around the industrialised and ur-
f banised valleys below MSY is carried to the site by mountain
oo i L L breezes during the day, with cleaner tropospheric air present
fRoxfftEr>0E38 285355050588 at night when the breeze retreats.

Fig. 2. Source profiles (ug/pg) 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 Pisources 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 n3). At MSY, all components give the lowest con- secondary nitrate (0.44+1.13 ug®. 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
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Table 1.Mean annual and seasonal concentrations for major components;cittWBY, and sum of concentrations of trace elements (TE),
; —3
in pg m—2,

PM; Crustal Sea Spray SﬁT NO; NHZ{ EC OM > 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 04 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

Sulphate === SOA == Nitrate

== |ndustrial

Traffic/Biomass

Fuel oil
== burning

—— Temperature
combustion

2009-2010

2010 ——

oooooo

oocooo
S
S
EY

<
ooooo

mmmmmmmmmmmmmmmmmm

g m?
4/09/2
6/10/20
0/10/
RIERY:
312120
50121
3001/
5/01/2
6/02/
8/02/
2/03/
9103/
110372

12/04/

24104/

06/05/

18/

30/05/2

11/06/2
3/06/20
/07
1107/
6/08/
8/08/201

30/08/201

20/10/201

111201

17111/201

2011120107

1512120107

o) aresdus|

FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

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 summeérgP 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 occigpectively. 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, Snfinally, 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_g29 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 (Pey measured 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_3p 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 con-mode (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—_g25. 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 {80 nm) 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 loadingsi(<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| SecondanSulphate 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 | N3zg_s50 0.92 NH;1Ir 0.84 La 0.85 NO3 0.51
EC 0.86 | Ng_3p 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 | N3pp_500 0.39
Cd 0.80 SR 0.42 N100-300 0.40 N5oo_g25 0.18 | N5gp_g25 0.33
oC 0.76 | N1g0—300 0.39 N500-825 0.36 NHI 0.33
N100-300 0.74 NO; —-0.34 T 0.39 Nog_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
Eigervalues 11.9 4.3 3.8 3.4 2.1
% total var. exp. 34 12 10 10 5

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-

Atmos. Chem. Phys., 13, 5173-5182013

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
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Total: 3097 cm3 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 §_ggo (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 gl 109. 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 concenthis 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 industrighf- 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

www.atmos-chem-phys.net/13/5173/2013/ Atmos. Chem. Phys., 13, 5173-5182013



5184 M. Cusack et al.: Source apportionment of PM and sub-micron particles
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Fig. 9. Mean daily contribution of each source to the particle number concentration in various size ragggss(dm—23)) 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 rangeg Nsp 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 rangetl)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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Fig. 10. Mean size distribution for particle concentrations (¢t recorded at MSY and the corresponding contribution of each PC to the
particle number concentration for various size groups %, N3g_50, Nso—100, N100—300,N300-500 N500—825.

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 importarfiNsg_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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ABSTRACT

This study focuses on the daily and seasonal variability of particle number size distributions and
concentrations, performed at the Montseny (MSY) regional background station in the western Mediterranean
from October 2010 to June 2011. Particle number concentrations at MSY were shown to be within range of
various other sites across Europe reported in literature, but the seasonality of the particle number size
distributions revealed significant differences. The Aitken mode is the dominant particle mode at MSY, with
arithmetic mean concentrations of 1698 cm?, followed by the accumulation mode (877c¢cm ~°) and the
nucleation mode (246 cm ~%). Concentrations showed a strong seasonal variability with large increases in
particle number concentrations observed from the colder to warmer months. The modality of median size
distributions was typically bimodal, except under polluted conditions when the size distribution was unimodal.
During the colder months, the daily variation of particle number size distributions are strongly influenced by a
diurnal breeze system, whereby the Aitken and accumulation modes vary similarly to PM; and BC mass
concentrations, with nocturnal minima and sharp day-time increases owing to the development of a diurnal
mountain breeze. Under clean air conditions, high levels of nucleation and lower Aitken mode concentrations
were measured, highlighting the importance of new particle formation as a source of particles in the absence of
a significant condensation sink. During the warmer months, nucleation mode concentrations were observed to
be relatively elevated both under polluted and clean conditions due to increased photochemical reactions, with
enhanced subsequent growth owing to elevated concentrations of condensable organic vapours produced from
biogenic volatile organic compounds, indicating that nucleation at MSY does not exclusively occur under clean
air conditions. Finally, mixing of air masses between polluted and non-polluted boundary layer air, and brief
changes in the air mass being sampled gave rise to unusual particle number size distributions, with specific
cases of such behaviour discussed at length.

Keywords: Western Mediterranean, sub-micrometer particle size distribution, number concentration, nucleation,
photochemistry

1. Introduction mainland Europe to the north, makes it considerably
unique within Europe both climatologically and geogra-
phically. Atmospheric aerosols here are under the influence
of both mesoscale and synoptic meteorology, being affected
by marine aerosol, Saharan dust, regional pollution and
long-range transport from mainland Europe. The varia-

The Western Mediterranean Basin (WMB) and Iberian
Peninsula represent a very complex climate area owing to
its geographical position. Its location between two large
bodies of water, with Africa to the south and isolated from

bility of particle number size distributions in background
sites throughout Europe has been well documented (Asmi

*Corresponding author. et al., 2011), but the lack of similar studies at regional
e-mail: michael.cusack@idaea.csic.es background (RB) sites in the WMB are noticeable by
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their absence. Previous studies performed in this area
have described the variability of particulate matter (PM)
(Pérez et al., 2008), the chemical speciation of PM (Cusack
et al., 2012) and the aerosol optical properties of aerosols
(Pandolfi et al., 2011). Sorribas et al. (2011) published
results on sub-micron particle size distributions for a rural
background site in southern Spain, which was observed to
be heavily influenced by marine, Saharan and continental
air masses and, in some circumstances, emissions from a
nearby industrial estate. However, the study of particle
number concentration and size distributions in the RB
of north-east (NE) Spain, until now, has been largely
underdeveloped.

The impact of sub-micron aerosols in the atmosphere is
of great interest for various reasons: sub-micron particles
can penetrate as far as the alveoli in the lungs (Wichmann
et al., 2000), and they have the ability to absorb and scatter
light and act as cloud condensation nuclei (Charlson et al.,
1987), thus affecting the Earth’s radiation balance. Sub-
micron aerosols may be emitted directly to the atmosphere
or may be formed from gaseous precursors. Usually, cleaner
atmospheres are favourable for new-particle formation
processes. These pristine environments include: the Polar
Regions (Wiedensohler et al., 1996), high altitude sites
(Venzac et al., 2009), continental boreal forests (Kulmala
et al., 1998) and remote areas (Birmili et al., 2001), among
others. In the WMB, photochemical nucleation episodes are
thought to be very relevant since they are observed even in
highly polluted environments (Pey et al., 2008; Reche et al.,
2011).

New particle formation (NPF) and subsequent growth is
a current topic of great interest. It is widely accepted that
two phases are involved in NPF: (1) the nucleation of an
initial cluster and (2) subsequent activation of these clusters
resulting in particle growth to a detectable size (Kulmala
et al., 2000). The formation of these initial clusters is part of
the main focus of investigation, with numerous candidates
thought to play a role in NPF, such as H,O-H,SO, (binary
nucleation, Easter and Peters, 1994), H,O-H,SO,~NH;
nucleation (Eisele and McMurray, 1997), ‘nucleation of low
vapour pressure organic compounds’ (O’Dowd et al., 2002),
‘lon-induced nucleation’ (Kim et al., 2002) and ‘activation
of existing neutral and/or ion clusters’ (Kulmala et al.,
2006). However, nucleation and subsequent growth are
believed to be two separate processes, and species involved
in initial nucleation may not be important for the growth of
the nucleating clusters (Kulmala et al., 2004). There is
increasing evidence to suggest that the condensation of
organic vapours on the nucleating clusters play a pivotal
role in particle growth. Such organic vapours include the
oxidation products of biogenic emissions such as isoprene
and terpenes (Allan et al., 2006; Laaksonen et al., 2008).
Results shown in this work present unusual processes

regarding ultrafine particles, especially nucleation mode
particles that may be indicative of mixing of air masses
whereby nucleation events with differing phases of particle
formation and growth are sampled during the same day.

The objective of this article is to report the sub-micron
particle number size distribution in the WMB RB at
Montseny (MSY, NE Spain) with special focus on the
aerosol formation and modification processes, and seasonal
trends. Most studies on ultra-fine particle size distribution
within Spain have focused on the urban environment
(Rodriguez and Cuevas, 2007; Pey et al., 2008; Fernandez-
Camacho et al., 2010; Gomez-Moreno et al., 2011) and a
rural background site in southern Spain frequently affected
by local anthropogenic emissions (Sorribas et al., 2011),
with relatively few focusing on the regional background
environment. This article interprets the combination of a
large range of aerosol parameters and properties and their
influence on the particle size distribution. The objective is
to determine the temporal variations of aerosols and
aerosol size distribution occurring and the conditions and
processes that govern these variations. Special attention is
given to processes affecting the nucleation mode, where
some peculiar processes have been observed to have taken
place.

2. Methodology

2.1. Measurement site

From October 2010 to June 2011, simultaneous measure-
ments of particle number and size distribution of sub-
micron particles (85% data coverage based on hourly
resolution), PM (92% data coverage) and Black Carbon
(BC; 99% data coverage) mass concentrations, as well as
gaseous pollutants ( ~98% data coverage) were carried out
at a RB site at MSY (41°19'N, 02°21’E). The MSY station
is located in the MSY natural park, 40 km to the N-NE of
the Barcelona urban area, and 25km from the Mediterra-
nean coast. The station is located on the upper walls of a
valley extending perpendicularly from the Catalan Pre-
Coastal ranges, in a densely forested area known as La
Castanya (720 m.a.s.l.). The station is situated relatively far
from urban and industrial zones, but the region is generally
densely populated and heavily industrialised, and local
anthropogenic emissions can affect this site under specific
meteorological conditions. Atmospheric dynamics and
aerosol variability of aerosols at MSY has been described
in detail by Pérez et al. (2008), Pey et al. (2008) and Seco
et al. (2011). The MSY station, located in the WMB RB, is
a member of the ACTRIS network. The ACTRIS (Aero-
sols, Clouds, and Trace gases Research InfraStructure
Network; formerly EUSAAR) project aims to provide a
reliable and quality-controlled network of aerosol measure-
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ments across Europe and farther afield (Philippin et al.,
2009). This project has harmonised and homogenised
measurements of aerosol chemistry and physical and
optical properties through the standardisation of protocols
of instrument operation and maintenance, data submission
and measurement procedures (Wiedensohler et al., 2012).

2.2. Measurements

Sub-micrometer particle number size distribution was
measured using a mobility particle size spectrometer
operated in the scanning mode. In the following article,
we call the system a Scanning Mobility Particle Sizer
(SMPS). The SMPS system comprises a differential mobi-
lity analyser (DMA) connected to a condensation particle
counter (CPC, Model TSI 3772). The entire system was
designed and manufactured in the framework of the
EUSAAR project at the Leibniz Institute for Tropospheric
Research (IfT) in Leipzig, Germany. The full specifications
of the instrument, such as DMA dimensions, bipolar
diffusion charger, and so on for the IFT-SMPS can be
found in Wiedensohler et al. (2012). An intercomparison
was carried out on the SMPS system in 2010 at the
World Calibration Centre for Physical Aerosol Research
(WCCAP) at If T. If T has designed a calibration programme
for aerosol instrument maintenance and comparison and
the institute is endorsed by the WMO. The intercomparison
found the SMPS at MSY to measure within 10% of the
reference mobility size spectrometer for particles 20-200 nm
(see Wiedensohler et al., 2012 for further details). In that
same article, it was observed that measurement accuracy for
particles <20nm and >300nm was less reliable than for
particles 20-200 nm, and thus concentrations reported in
this work for these size ranges could be more qualitative
in nature rather than quantitative. Furthermore, it is
important to note that diffusion loses were not calculated
in this work which can affect accurate measurement of
ultrafine particles. The SPMS system provided a complete
particle number size distribution of the number of particles
between 9 and 825nm (Ng g»5), and completed one scan
every 5 minutes. The aerosol is dried prior to sampling
to maintain a relative humidity below 40% using a
Nafion dryer, in line with EUSAAR/ACTRIS require-
ments. Aerosol inlet flow was maintained at 11/min and
sheath airflow at 51/min (which was also dried in a system
using a Nafion dryer in a closed loop).

Real-time measurements of PM; mass concentrations
were continuously obtained using a GRIMM optical
counter (model 180). Hourly PM,; data provided by
GRIMM were daily averaged and subsequently corrected
by comparison with 24 hours gravimetric mass measure-
ments of PM; collected by high volume samplers (sampled
consecutively every 4d). The cross-section absorption

coefficient was measured continuously using a Multi Angle
Absorption Photometer (MAAP, model 5012, Thermo).
Equivalent BC measurements provided by MAAP are
calculated by the instrument software by dividing the
measured absorption coefficient o, (A) by 6.6 m? g~ which
is the mass absorption cross section (MAC) at 637 nm
(Miiller et al., 2011). However, MAC may vary depending
on the aerosol composition and age, and may differ
depending on the area under study. In accordance with the
findings of Pandolfi et al. (2011), the absorption coefficient
values measured at MSY provided by the MAAP were
converted into BC mass/volume units by multiplying by a
factor of 10.4m? g~!. Thus, BC results presented in this
work are specifically Equivalent Black Carbon (EBC) as
measurements are derived from optical methods.

The SMPS system and MAAP instruments were both
connected to the same sampling line and inlet, with a cut-
off diameter of 10 pm, placed at about 1.5 m above the roof
of the cabin housing the instruments. The sampled aerosol
for SMPS and MAAP was dried in the same sampling inlet
before reaching the respective instruments. Humidity con-
trol of the sampled aerosol was performed by attaching a
Nafion dryer to the sampling inlet. Real-time measure-
ments of O3, NO, NO,, CO and SO, were obtained on-site
on a separate sampling inlet, supplied by the Department
of the Environment of the Autonomous Government of
Catalonia. Hourly levels of wind direction, wind speed,
solar radiation, temperature, relative humidity and pre-
cipitation were recorded in real time on site. See Pérez et al.
(2008) for further details.

Measurements of sulphuric acid concentrations were not
performed but a proxy, referred to as [H,SO4], was calcu-
lated according to the proxy described by Mikkonen et al.
(2011), whereby [H,SO4] is the product of SO, concentra-
tions and solar radiation, although the uncertainty asso-
ciated with this simplified linear approach is somewhat
higher than for non-linear proxies also described by
Mikkonen et al. (2011). The dry aerosol condensation
sink was calculated as described by Kulmala et al. (2001).
Air mass back trajectory analysis was performed using
HYSPLIT4 (Draxler and Rolph, 1998) for various altitudes,
typically 750, 1500 and 2500 m.a.s.1., to determine air mass
origins and to aid in establishing air mass mixing effects.

3. Results

3.1. Overview of aerosol concentrations

The measured particle number size distributions in this
work are grouped in size bins, whereby the nucleation
mode includes all particles of diameter between 9 and
20nm, the Aitken mode includes particles of diameter
20—100 nm and finally the accumulation mode 100—825 nm.
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Fig. 1.

Time series of daily mean total particle number concentration (coloured lines), median concentrations (black lines) and particle

number concentration for the nucleation, Aitken and accumulation modes from 11 October 2010 to 6 June 2011. Warm period (October,
April to June) is shaded in green and cold period (November to March) in blue.

Figure 1 shows the time variability from 11 October 2010
to 6 June 2011 of the total arithmetic mean (coloured line)
and median (black line) daily particle number concentra-
tion (Ng_g»s) and the daily particle number concentration
for the nucleation mode (Ny »p), Aitken mode (N 190)
and accumulation mode (Ngg g25). The daily arithmetic
mean particle number concentration for the measurement
period was 2856cm ~> (median of 2292cm ~3). The max-
imum daily value (9415cm ~%) was recorded in May and
was associated with an intense burst of NPF. The minimum
total particle number concentration (537 cm %) occurred
during a period of heavy rainfall.

Nucleation mode particles typically registered the lowest
concentrations during the study period with a mean hourly
concentration of 246cm > (8.7% of the total particle
number concentration) and a median concentration of
98.8cm ~>. The large difference between the arithmetic
mean and median concentrations can be attributed to
nucleation events of short duration, whereby elevated
concentrations of Ng_,9 occurring for only a few hours

influence the arithmetic mean concentrations while having a
lesser impact on the median value. This is evident in Fig. 1
where the variation in the mean concentration of the
nucleation mode in some instances differs significantly
from that of median concentrations. Average concentra-
tions of this mode increased significantly from April
onwards, when the hourly mean concentration for April
to early June increased to 352cm ~* (Table 1). For the
remaining time period (October to March inclusive), the
time series for this mode is marked by relatively intense,
short-lived peaks in concentrations, such as occurred on
3and
median of 128cm ~%). Some of these intense peaks are
related to NPF episodes, when low levels of upper Aitken
and accumulation mode particles were recorded.

The Aitken mode is the dominant particle mode through-
out the year, with a mean concentration of 1698 cm 2 (59%
of the total) and a median concentration of 1227cm ~°.
Similar to that observed for nucleation mode particles, the
mean concentration of Aitken mode particles increases

7 January 2011 (daily mean concentration of 742 cm —
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Table 1.

Arithmetic mean (n) and median concentrations () of the Total, Ng 59, N2 1090 and Njgg_g»s mode particles recorded at

Montseny (MSY) for the entire colder period (C) and warmer period (W), and under polluted and clean conditions for measurements from

October 2010 to June 2011

Ny 50 (cm %)

Nag_100 (cm )

Njgo-s25 (cm %) Total (cm )

n il n il n i n ol
C: Total 191 95 1414 1070 718 598 2383 1879
W: Total 352 108 2274 1623 1071 1025 3697 2793
C: Polluted 164 92 1611 1287 987 822 2763 2339
C: Clean 366 173 1367 1002 440 376 2173 1680
W: Polluted 345 104 2628 1894 1274 1160 4247 3282
W: Clean 345 101 1958 1386 730 707 3033 2294

significantly in April and May (2274cm %) compared
to October to March (1414cm ~3). Thus, the majority of
sub-micron particles at MSY are of diameter 20—100 nm.
The average accumulation mode concentrations registered
877cm ~* (31% of the total) and median concentrations of
742 cm 3. The accumulation mode bears some correlation
with the upper Aitken mode (R? =0.57 for the study period,
hourly resolution, 4850 points), as the sources of accumula-
tion mode particles may not always be the same as those of
Aitken mode particles (such as during Saharan dust events
or increased levels of secondary inorganic particles when
larger particles are dominant). The autocorrelation coeffi-
cient (whereby the correlation between the accumulation
mode and the upper Aitken is shifted for one or more hours
for one of the variables), gives R? for x (t + 1) of 0.47 and
x (t + 2) of 0.37. Hourly autocorrelations from here on will
be referred to as R3 for x (t), R? for x (t+ 1) and R3 for
X (t+2).

Comparisons of particle number concentrations with
various other sites across Europe show that levels in MSY
fall in line with other RB sites. A study performed by
Spracklen et al. (2010) comparing particle number concen-
trations at various sites across Europe found mean levels at
continental boundary layer sites to range from 2000 to
10000 cm?, and mid-latitude coastal stations to be between
1000cm ~* and 2000 cm —*, while Mace Head on the west
coast of Ireland registered levels of 3000 cm ~>. Asmi et al.
(2011) compiled particle number concentration data (for
particles of diameter 30-500nm) for various EUSAAR
stations. Median concentrations in this range at MSY for
the study period were 1764 cm ~3, which is lower than the
mean of all the median concentrations of all the stations
included in the study by Asmi et al. (2011; 2718 cm ).
Comparing results with those observed for other Mediter-
ranean sites included in the study, levels at MSY are
significantly lower than those measured at Finokalia in
the eastern Mediterranean which registered median con-
centrations of 2344cm —3, with most of this difference
owing to elevated concentrations at Finokalia of Nsg_jqo.

Similar concentrations were also measured in Aspvreten
(1786.cm ~3), which is a regional background station in
Sweden surrounded by mixed coniferous and deciduous
forest similarly to MSY, but is not typically influenced by
anthropogenic activities, unlike MSY. The lack of complete
summer measurements of particle number concentrations at
MSY in this study, when photochemistry, soil resuspension
and Saharan dust intrusions are most influential, means
the annual particle number concentrations reported in this
work are likely to be underestimated and thus, extended
measurements including an entire year of data would make
for better comparisons of the other EUSAAR/ACTRIS
sites mentioned.

Concerning other stations in Spain, levels of particle
number concentrations at a regional station on the southern
Atlantic coast of Spain (Sorribas et al., 2011) recorded
concentrations (for particles of diameter 14—673 nm) sig-
nificantly higher than those at MSY (8660cm ~%). This
significant increase compared to MSY can be attributed to
the influence of anthropogenic aerosols on particle number
concentrations emitted from an industrial site close to
the monitoring station. A study by Venzac et al. (2009)
described in detail particle number concentrations and size
distributions at the Puy de Dome site. A strong diurnal and
seasonal variability was observed at the site, attributed to
the boundary layer height development during the day,
reaching the height of the site during warmer months, which
is a common occurrence at MSY.

The time series of various other aerosol parameters
measured simultaneously are shown in Fig. 2. Average
daily BC mass concentrations at MSY for the measurement
period were 616ng m >. BC was closely related to the
accumulation mode (R} =0.84, R} =0.72, R3 =0.54; hourly
resolution, 4850 points), but was not correlated with the
Aitken mode (R* =0.21), suggesting that BC at MSY exists
mostly in the accumulation mode. BC and NO, exhibited
high correlation (R} =0.69, R} =0.64, R; =0.41), indicat-
ing they are of the same source, most likely from traffic and
biomass burning emissions. No correlation was observed
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Fig. 2. Daily concentration levels for BC (ng m ~?), PM,, SO, and NO,, O3 and NO (ug m ~°) from 11 October 2010 to 6 June 2011.

Warm period (October, April to June) is shaded in green and cold period (November to March) in blue.

for SO, with other pollutants indicating sources of SO,
at MSY are not related to sources of the other parameters
measured.

3.2. Particle number size distributions and seasonality
at MSY

During this study, two periods were identified according
to temperature features in the colder and warmer seasons.
The first period includes all data recorded from November
2010 to March 2011, when temperatures (average 7°C) were
considerably lower than the second period (average 15°C;
October 2010, April-June 2011), and thus the periods were
accordingly entitled Cold (C) and Warm (W). Furthermore,
periods were subdivided according to episodes of pollution
and clean air episodes. Episodes of pollution were cate-
gorised according to concentrations of BC, and include all

days whereby hourly averaged BC concentrations exceeded
700ng m 3. Clean episodes were classified similarly, and
include all days whereby levels of BC hourly averages never
exceeded 700 ng m 3. Thus, the colder period was sub-
divided into C: Polluted (67 d) and Clean (31 d). The same
criteria were applied for the warmer period, giving W:
Polluted (32 d) and Clean (13 d). These periods will hitherto
be referred to as C: Polluted and C: Clean for the colder
periods, and W: Polluted and W: Clean for the warmer
period. Tables 1 and 2 list the concentrations for various
aerosol and meteorological parameters for each period.
Analysis of 5-d back trajectories of air masses using
HYSPLIT4 aided in verifying that air masses were likely
to be clean or polluted. Of the 31d classified as C: Clean,
all were associated with Atlantic advection episodes or
occurred after periods of heavy rainfall. The origins of
air masses giving rise to episodes of elevated levels of
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Table 2. Arithmetic mean and standard deviation for various aerosol parameters, pollutant gases and meteorological variables recorded

at MSY for different periods throughout the measurement campaign

PM, BC O; NO NO, SO, WS WD RH Temp  Days

(gm™)  (mgm™) (ugm™) (gm ) (@em ) @em ) msHh () (%) (O ®

C: Total 10+10 543 +692 62+16 1.10+1 3946 0.99+1 1.66+1.3 316 64 7 111
W: Total 1145 707 +452 88 +23 0.50+0.5 3.8+4 0.69+6 1.13+0.8 158 63 15 67
C: Polluted 1349 720+ 674 60+18 1.16+1.1 5.2+6.6 1.034+0.8  0.90+0.9 296 69 7 67
C: Clean 5+4 2304140 65+10 1.00+0.5 2.0+1.1 0.934+0.9 147+1.2 318 65 7 31
W: Polluted 11+4 7864422 100421 0.2840.4 39+42 0.69+0.6 1.22+1.5 163 61 16 32
W: Clean 8§+3.5 3964203 88 +20 0.1540.1 1.7+1.3 0.4140.5 1.20+0.8 102 68 14 14

pollution were more varied than under clean conditions.
As mentioned previously, local pollution is carried to the
site by a mountain breeze with low nocturnal concentra-
tions when MSY resides above the polluted mixing layer.
The influence of long-range transport as opposed to local
pollution is more difficult to ascertain but is usually evident
when elevated nocturnal levels of pollutants occur. The
most influential air masses bringing aerosols to MSY are
from mainland Europe and North Africa. Saharan dust
intrusions from North Africa occurred on 7d and were
associated with high concentrations of PMq and BC, both
during the day and at night. Long-range transport from
Europe can occur when a high pressure system builds north
of the peninsular as far as the British Isles, and air from
mainland Europe travels south. This scenario occurred on
7d during the colder period and was marked by low
temperatures and very high levels of fine PM and BC both
during the day and at night. Clean episodes during the
warmer period resulted from either air masses from the
Atlantic or from the nearby Mediterranean arriving at
MSY. During the warmer period, phases of pollution are
typically a result of air mass recirculation across the region,
creating a continuous increment in pollution levels until it is
replaced by a cleaner air mass or removed by precipitation.
An intrusion of a polluted air mass from mainland Europe
occurred during W lasting for a period of 5d, resulting in
continuously high levels of BC and fine PM.

Concerning particle number concentrations, levels in all
modes were considerably higher during W than those
recorded during C. The ratios of W to C mean concentra-
tions for the nucleation (Ng_p), lower Aitken (Njg_s0),
upper Aitken (Nsg_1090) and accumulation (Nygg_g»5s) modes
are 1.8, 1.7, 1.6 and 1.4, respectively. Higher levels of upper
Aitken and accumulation mode particles in W compared to
C can be attributed to the residence of MSY within the
mixing layer for longer periods during the day in warmer
months and lower precipitation (Pérez et al., 2008). Higher
number concentrations of nucleation and lower Aitken
mode particles are likely a result of increased NPF and
growth, which will be discussed anon. Figure 3 shows
histograms for concentrations of Njg_j99 and Nygg_gos for

the measurement period. The accumulation mode presents
the greatest differences between each period, with very low
concentrations during C: Clean, and highest concentrations
during W: Polluted. Elevated concentrations of Aitken
mode particles under W: Polluted are more frequent as
evidenced by the wider histogram shape. However, Aitken
mode concentrations are similar in all periods, even though
the sources are likely to be very different depending on the
scenario.

The modality of median number size distributions under
the different periods and scenarios was also investigated and
are presented in Fig. 4. The fitted log-normal modes (dN/
dlog;oDp) are also shown underneath each graph (in red).
The modal fittings in all cases are performed for day-time
size distributions, i.e. 8-20 hours GMT [median night-time
size distribution modality (20-8hours) is represented in
each figure by the solid black line]. All scenarios except C:
Polluted exhibit a bimodal size distribution. During pol-
luted conditions in C, the size distribution is unimodal with
a median diameter (Dp,) around 75nm. Median size
distributions for different seasons at a range of regional
background sites across Europe were reported by Asmi
et al. (2011). Using the results presented in that article,
winter size distributions under polluted conditions at
MSY most closely reflect those given for central European
stations, indicating that size distributions and concentra-
tions at MSY under these conditions are very similar to
continental size distributions. Comparatively, the median
size distribution under clean conditions during C is dis-
tinctly bimodal, with a Dp,, around 35nm and a second
mode with peak diameter around 150 nm, albeit with much
lower concentrations. Interestingly, this modality is ob-
served in winter at many of the high altitude sites reported
by Asmi et al. (2011), such as at Jungfraujoch (3580
m.a.s.l.). Thus, under clean conditions during the colder
period, it appears that MSY bears some similarities with
high or mid altitude sites.

This bimodal behaviour is also evident during W, except
the dominant modes in these cases are reversed when
compared with C: Clean. The Aitken mode is dominant,
with Dp,, between 80 and 90 nm under both W: Clean and
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Fig. 3.

Histogram of Ny 199 and Njg_g»5 hourly median concentrations at MSY for the different periods. The concentration bins are

evenly distributed along the concentration axis (20 bins/decade) and the y-axis shows the occurrence of each bin relative to the total number

of measurements.

W: Polluted, with a secondary mode between 20 and 30 nm.
Although the modality for both clean and polluted condi-
tions is very similar, concentrations are substantially lower
under cleaner conditions. Referring once again to results
published by Asmi et al. (2011), MSY displays similar
spring time size distributions for the stations Bosel and
Schauinsland in Germany. Bosel is a central European low
altitude site situated among land mostly used for agricul-
ture and some residential areas. Interestingly, springtime
total particle number concentrations at MSY under clean
conditions are similar to those reported for Schauinsland
(Germany; 1210 m.a.s.l.), while under polluted conditions
they are more similar to concentrations at Bosel.

3.2.1. Particle concentrations and variability during
colder months. During the colder months, MSY undergoes
sharp changes in pollutant concentrations, with daytime
maxima and nocturnal minima for all pollutants, driven by
the diurnal breeze system (Pérez et al., 2008; Pey et al., 2010)
which advects pollutants from the semi-urban and urban
areas at lower altitudes to the site during the day-time.
Therefore, mixing effects between polluted and non-
polluted boundary layer air masses can be very significant

at this site. Aerosols accumulate in the valleys below MSY,
and are transported towards elevated areas such as MSY
during the day by the presence of mountain and sea breezes,
activated by insolation (see wind speed and direction in
Fig. 5). The nocturnal north-west (NW) winds and daytime
southerly wind scenarios are related to the topography of
the valley wherein the MSY site is located. The polluted
southerly breeze proceeds up the valley during the day,
followed by a nocturnal drainage flow from the north,
removing pollutants from the site. Night-time levels of BC
(minimum 374 ng m ~>) and PM, (7.6 pg m ~%) are relatively
low, but undergo sharp increases during the day with
maximum values being reached at 16:00 (1343ng m >
15.9 pg m ~3, respectively). The mixed state of the particle
sizes is highlighted by the similar concentrations for the
upper Aitken and accumulation mode. Nucleation mode
particle concentrations are low (median concentration of
92 cm’3) owing to the elevated condensation sink, which
varies similarly to Njg_gos, highlighting the aged state of the
air mass having stagnated within the mixing layer before
reaching MSY. As stated previously, the median size
distribution of particles under these conditions is clearly
unimodal with a Dp,, of 75 nm, both during the day and at
night (Fig. 4).

and
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Fig. 4.
periods C and W under polluted and clean conditions.

Conversely, Fig. 6 shows the diurnal variations for almost
the same parameters (temperature is replaced by solar
radiation) under clean conditions during the colder months.
The NW wind is maintained throughout the day with little
change in wind direction and, thus, minimum influence of
the polluted mountain breeze. Wind speeds are also slightly
higher (1.47+1.2 m s ~') compared to polluted conditions
(0.90+0.9 m s ), especially during the day. The day and
night variations are significantly reduced for many pollu-
tants, with night-time minima of BC of 177ng m ~> and day
time maxima of 277 ng m 3. The absence of abundant pre-
existing particles allows for NPF to take place, giving rise to
higher concentrations of nucleation mode particles. This is
evident in the overall reduced condensation sink (daily
mean of 2.6 x 10 > s~ ') compared to polluted conditions
(5.9 x 1073 s~ 1). Kulmala et al. (2005) reported condensa-
tion sink values for nucleation event days in Athens and
Marseille to range between 5.9 x 1072 —1.3 x 107> s~
and 3.2 x 1073 —1.5 x 10 "2 s ~!, respectively, which are in
line with values recorded at MSY in winter. Furthermore,
the condensation sink reaches a minimum precisely when
the nucleation mode begins to increase at 10:00 GMT.
Concerning particle number size concentrations, less varia-
tion is observed for the accumulation and upper Aitken
mode particle number concentrations between night and
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Median distributions for daytime (green lines), night-time (black lines) and modal fittings of daytime distribution (red lines) for

day, similarly to BC and PM;. However, particle number
concentrations of nucleation and lower Aitken mode par-
ticles are significantly increased and undergo a large diurnal
variation unlike that of the other parameters measured. No
correlation between either nucleation or lower Aitken and
accumulation mode particle concentrations was observed
(R%=0.006 and 0.03, respectively), giving a strong indica-
tion that NPF is occurring in-situ and not by transport.
Growth to the Aitken mode is possible considering the loose
correlation observed for nucleation and the lower Aitken
mode (R(z, =0.44, hourly resolution, 671 data points), and
this correlation actually improves slightly with R? (0.48).
Further growth from the lower Aitken to the upper Aitken
mode is not as efficient (R(z, =0.23). As solar radiation
approaches maximum values between 10 and 11:00 GMT,
nucleation particle concentrations begin to increase con-
tinuously to a maximum median concentration of 480 cm ~°
at 14:00 GMT, as shown in Fig. 6. The continuous increase
in lower Aitken mode concentrations reaches a maximum of
1475cm ~ at 18:00 GMT. The diurnal profile for ozone
under polluted conditions (Fig. 5) is in stark contrast to that
of ozone under clean conditions (Fig. 6). The absence of the
polluted breeze loaded with NO, allows ozone concentra-
tions to increase throughout the day. Ozone may be a
limiting factor in the growth of nucleating particles under
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these conditions, as it is responsible for the formation of
condensable organic species through reactions with VOCs
(Hallquist et al., 2009). These condensable organic species
are not believed to be directly involved in NPF but are
believed to promote more rapid growth of nucleating
clusters.

Out of a total of 31d of clean conditions, 14 episodes of
elevated nucleation mode particle concentrations were
observed, as shown in Fig. 7. However, episodes with ele-
vated concentrations of nucleation mode particles were
observed to occur at different times of day. As Fig. 7
outlines, for each date that elevated concentrations of
nucleation mode particles occurred, the time (hour GMT)
when maximum particle number concentrations of nuclea-
tion and lower Aitken mode was recorded for that respective
day, and the particle number concentrations reached in
those modes at that hour. This highlights how the occur-
rence of elevated nucleation particle number concentrations
varies on different days. According to the classification of

nucleation events outlined by Dal Maso et al. (2005), not all
of the episodes when elevated Ng ,q were observed at MSY
can be classified as nucleation events in the traditional sense.
For example, elevated concentrations of nucleation mode
particles recorded on 10 November 2010, 6 December 2010
and 8 January 2011 coincide with peak concentrations in the
lower Aitken mode. In all three cases, a sharp increase was
observed simultaneously for both nucleation and Aitken
mode particle concentrations, suggesting that there is mixing
of different air masses with differing aerosol processes
occurring within the air mass. Similarly, days where nuclea-
tion mode concentrations are significantly lower than lower
Aitken mode concentrations, and when peak concentrations
occur quite late in the day such as on the 15 November 2010
and 26 November 2010, may be a result of transport of
nucleating particles and accompanying growth particles,
with some influence of mixing effects of air masses. Days
of elevated nucleation mode particles when nucleation
mode particle number concentrations are low are usually
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accompanied by low lower Aitken mode particle number
concentrations, and are not especially intense bursts of
NPF. Nucleation events in the traditional sense, displaying
the typical banana profile associated with NPF and growth,
occurred on the 9 November 2010, 7 December 2010, 8
December 2010, 25 December 2010 and the 27 December
2010.

An example of a nucleation event that occurred on 25
December 2010 is shown in Fig. 8. NPF commences around
12:00 GMT, and nucleation mode particle number concen-
trations reach a maximum at 15:00 GMT. The lower Aitken
mode continues to increase after the nucleation mode and
reaches a maximum at 17:00 GMT, as the nucleation mode
particles grow in diameter to Aitken mode particles. Upper
Aitken and accumulation mode concentrations are com-
paratively much lower (note their concentrations are
represented by the right axis), that is, the absence of larger
particles allow NPF to take place. This is verified by the
variation in the condensation sink, which varies similarly
to the upper Aitken mode. SO, concentrations, and thus

[H,SOy], for this particular day were negligible and under-
went little variation.

Continuous particle number size distribution measure-
ments in Northern Italy (Ispra) were performed from June
to December 1999 by Rodriguez et al. (2005). It was
observed that nucleation events at the boundary layer site
only occurred under clean air conditions. This also appears
to be the case at MSY during the colder months, whereby
nucleation tends to occur when clean-air conditions are
prevalent.

3.2.2. Particle concentrations and variability during
warmer months. The diurnal variations of pollutants
measured during the warmer period (W) present significant
differences to the variation observed during C. During
the day, wind speeds are slightly higher and the daytime
southerly breeze is much more stable and longer in
duration, owing to the higher temperatures. The effect of
the mountain breeze on the aerosol parameters is evident
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during this period also, but the duration of the peaks in
pollutant concentrations are extended compared to C,
owing to the higher temperatures, increase in mixing layer
height and the increase in wind speed during the warmer
months.

Figure 9 displays the diurnal trends for the same
parameters presented in Fig. 5 for W under polluted con-
ditions. BC and PM; concentrations are slightly elevated
during the warmer months, with minimum night time
concentrations for BC of 505ng m 2 and PM, concentra-
tions at 9.2 ug m ~>. Particle number concentrations are
elevated for all modes compared to C. Upper Aitken and
accumulation mode particles undergo similar diurnal varia-
tions as BC and PM; mass concentrations. Ozone concen-
trations are elevated owing to more intense solar radiation
and increased photochemical reactions of VOCs, irrespec-
tive of the NOy sink.

The diurnal variation of the nucleation and lower Aitken
modes during the warmer period is unlike the variations
observed for BC or PM;. The nucleation mode peaks at

14:00 GMT coinciding with peak solar radiation, and
also with maximum lower Aitken mode particle number
concentrations. Thus, nucleation mode particle number
concentrations increase even in the presence of the polluted
breeze and elevated levels of upper Aitken and accumula-
tion mode particles, indicating that NPF may be taking
place even in the presence of pre-existing particles,
as highlighted by the increased levels of the condensation
sink. As observed for the size distribution modality under
these conditions, a secondary mode is observed near the
nucleation mode (25 nm; Fig. 4). Hamed et al. (2007) also
observed higher nucleation events during the warmer
months at the boundary layer site in the Po valley in Italy
even under polluted conditions. High particle growth and
formation rates of the nucleation particles were recorded,
as freshly nucleated particles need to grow quickly before
being scavenged by pre-existing particles.

Owing to the heavy particle loading of the polluted air
mass arriving at MSY, and the short residence time of
nucleation mode particles (reported as a few hours in a
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Time series of a nucleation event recorded during C: Clean on 25 December 2010 showing the contour plot of the particle number

size distribution, with median particle number concentration of nucleation and lower Aitken (left axis), and upper Aitken and accumulation
mode (right axis) concentrations, PM;, BC, condensation sink and solar radiation, wind speed and wind direction.

roadside environment by Charron and Harrison, 2003), the
elevated particle number concentrations of nucleation
mode particles at MSY are evidently forming and growing
faster than they can be removed. Biogenic emissions from
local vegetation may be a significant source of condensable
organic vapours at MSY. Although organic vapours
are not believed to play a role in the initial formation of
new particles, subsequent growth of nucleated clusters
is considered to be enhanced by oxidation products of
biogenic organic vapours such as terpenes (O’Dowd et al.,
2002). An abundance of such biogenic compounds in the
atmosphere might indeed promote the growth of nucleating
clusters to a detectable size before the gaseous precursors
are lost through coagulation and condensation processes.
Seco et al. (2011) reported VOC mixing ratios at the same
site of MSY in summer and winter with the aim of
determining the effect of biogenic emissions on VOC
concentrations. It was reported that short-chain oxyge-
nated VOCs and isoprenoids presented higher mixing ratios
in summer, attributed to higher emissions by vegetation
and increased photochemistry. This also resulted in higher
ozone concentrations. The abundance of VOCs in the

atmosphere during the warmer months most likely account
for the increase in ultrafine particles observed. Further-
more, a study performed by Querol et al. (1999) in a rural
area in NE Spain found midday oxidation rates of SO,
to SOi’ (the intermediate compound H,SO, is a known
nucleating agent) were seasonally dependent, with oxida-
tion ratios ranging seasonally from <1% h~! (winter) to
6% h~! (summer). Thus, an abundance of H,SO,4, VOCs
and solar energy would likely enhance NPF and growth.
Figure 10 displays an example of an episode with elevated
levels of nucleation mode particles recorded on the 6 June
2011, a day with relatively elevated levels of pollutants.
As is evident in Fig. 10, an intense burst of NPF occurs at
9:00 GMT, where nucleation is evidently activated by the
peak observed for [H,SO4). NPF is relatively short lived as it
is interrupted by the increasing condensation sink and BC
concentrations. A drop in solar radiation is also observed
which may be due to a passing cloud or cloud formation on
site. As BC and PM, mass concentration levels begin to
decrease as the morning progresses, the lower Aitken
and nucleation mode begin to increase, peaking between
13:00 and 14:00 GMT. The lower Aitken mode decreases
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thereafter but unusually the nucleation mode concentra-
tions are maintained for an hour after the lower Aitken
mode decreases. There are various reasons that could
explain this unusual behaviour. It is possible that a mixing
event between different air masses occurred, whereby
nucleation occurring in one of the air masses is replaced
briefly by a more polluted air mass. Air mass back
trajectory analysis showed a stable atmosphere for various
altitudes throughout the day at MSY, but higher resolution
analysis may prove that a mixing event is taking place.
Thus, it could be suggested that (a) as background aerosol
particle number and mass concentrations decrease, nuclea-
tion processes resume without further growth; (b) different
parts of the air mass at different stages of a nucleation event
are being sampled during the same day; (c) particles are
actually evaporating from the lower Aitken mode to the
nucleation mode. Particle evaporation, to the author’s
knowledge, has only been described in the urban environ-
ment of London (Dall’Osto et al., 2011) and Hong Kong
(Yao et al., 2010). It was suggested that nanoparticle loss as
a result of evaporation of the volatile/semi-volatile species

caused this phenomenon. At MSY, episodes whereby a
reversal of nucleated particle growth occurs in a ‘reverse
banana’ profile occurred on 23 d during the entire measure-
ment period. It is likely that these unusual processes are a
result of mixing effects of air masses, but the possibility of
particle evaporation cannot be ruled out. These findings are
beyond the scope of this present work but will be further
investigated in detail in future publications.

Figure 11 displays all the same variables for W under
clean conditions. Mean particle number concentrations of
nucleation mode particles are the same as under polluted
conditions (345cm ~7), whereas Aitken and accumulation
mode particle number concentrations are significantly lower
than under polluted conditions. Peak concentrations of
nucleation mode particles are slightly higher (866cm %)
compared to polluted conditions (706 cm ~3). Maximum BC
and PM; mass concentrations reach 532ng m ~> and 9.5 ug
m 3, respectively. BC is closely related to accumulation
mode particle number concentration (Rj =0.67, R} =0.54,
R% =10.40; 336 data points) and undergo similar variations.
The nucleation and lower Aitken modes undergo alternative



VARIABILITY OF SUB-MICROMETER PARTICLE NUMBER SIZE DISTRIBUTIONS AND CONCENTRATIONS 15

r — 25
300 Wind Direction 20 3
25 200__ Wind Speed 15 8 s
= - —1.0 3 2
é’ 100—_ —05 o
0- —0.0
200 — H.S0 — 800
s 2 150 — [MeSOd W 6002 B
(Q %;' 100 —|{ — Solar Radiation L 400 2 % %
3% 504 / 2002 8
o<
1200 g S
o ] —BC — 10x10, S
E 1—cs /?\/ 5a
800 — 4]
T 4000 - 2§
c € 4000 — — Ng_gp = Nao.50 $ 3
'(% ‘9;3000 — — Nsg_100 = N1go-g20 é 3
£ 12000 —% z2
g 5 g 3
€ Z 1000 e L =
8§ & o )
¢ 3
z 10000%
. 8000 &
g 6000 8
= 4000 9
% 2000 g
5 o 3
o 0:00 6:00 12:00 18:00 0:00
06/06/2011 07/06/2011
Date & Time (GMT)

Fig. 10.

Time series of a nucleation event recorded during W: polluted on 6 June 2010, with the contour plot of the size distribution and

median particle number concentrations of nucleation, lower Aitken (left axis), upper Aitken and accumulation modes (right axis), BC mass
concentration, condensation sink, solar radiation, a proxy for [H,SOy], wind speed and wind direction.

variations independent of the other parameters. Nucleation
mode concentrations begin to increase in the early morning
with increasing solar radiation, to a maximum of 866 cm ~>
at 13:00 GMT, followed by a peak in lower Aitken mode
concentrations (1718 cm ~* at 14:00 GMT). The condensa-
tion sink under clean conditions is significantly lower than
under polluted conditions, but this does not seem to affect
the nucleation mode concentrations. SO, concentrations
also begin to increase around the same time as the nucleation
mode. An input of sulphuric acid (produced from the
oxidation of SO,), a summer abundance of condensable or-
ganic vapours from vegetative and anthropogenic sources,
elevated ozone concentrations and intense solar radiation,
would provide perfect conditions for NPF and growth.

A measurement campaign performed at Monte Cimone
from June to July was described by Van Dingenen et al.
(2005). The diurnal trends during the study show remark-
able similarities to those observed at MSY during the
warmer months. Monte Cimone (2165m.a.s.l.) is located at
a much higher altitude than MSY (720m.a.s.l.), but BC
mass concentrations undergo similar diurnal trends to

those observed at MSY. The diurnal trend at Monte
Cimone for BC is attributed to the transport of pollution
by upslope winds induced by heating of the mountain side,
similar to MSY. Furthermore, the morning increase of sub-
micron particle number concentrations is noticeably similar
to that observed at MSY. The authors suggest that the
mixing of polluted boundary layer air with the clean
free troposphere air provided favourable conditions for
photochemically induced homogenous nucleation to occur
in-situ. The example of a nucleation event shown in Fig. 12
suggests that mixing of different air masses is similarly
influential at MSY.

Figure 12 displays an example of NPF occurring at the
beginning of April under clean conditions. Nucleation
begins at 8:00 GMT and is followed by a rapid increase
in concentrations relative to the lower Aitken mode. Peak
concentrations of nucleation mode particles also coincide
with peak [H,SO4] concentrations. Nucleation is inter-
rupted as levels of BC and PM; increase suddenly at 12:00
GMT and the condensation sink increases, removing the
nucleating particles through condensation and coagulation.
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The coinciding double peak observed in BC and the Lower
Aitken mode suggests that the two parameters are closely
related, and also that an abrupt change in the air mass is
occurring. The change in wind direction and speed which
occurs at the same time when lower Aitken mode concen-
trations begin to decrease and nucleation mode particles
peak suggests that a mixing event is being observed,
whereby different phases of a nucleation event within the
air mass are sampled during the same day. Air mass back
trajectory analysis (using HYSPLIT) at different altitudes
did not show any evidence of mixing. However, taking into
consideration the change in wind direction, it would seem
likely that a nucleation event is being observed over a large
area, and the nucleating particles at different stages of
formation and growth are being sampled as the day
progresses. The nucleation mode reaches a daytime mini-
mum between the hours of 12:00 and 13:00 GMT, when BC
and PM, are at their highest, that is, a polluted air mass has
moved over MSY. The change in wind direction and
coinciding drop in BC and particles > 20 nm, suggest that
the polluted air mass is quickly replaced by a cleaner air
mass, within which a nucleation episode is occurring.

4. Summary and conclusions

Eight months of sub-micrometer particle number size
distributions at the RB site of MSY have been analysed
and described to determine their variability in the western
Mediterranean. The Aitken mode was observed to be the
dominant size mode in terms of particle number concentra-
tion, followed by the accumulation and nucleation modes.
Furthermore, particle number concentrations showed a
clear seasonal variability, with concentrations significantly
elevated during warmer months relative to colder months.
Owing to this seasonality observed, the dataset was divided
according to temperature; a cold period (C: November to
March) and a warm period (W: October, April to June).
Furthermore, these periods were categorised according to
scenarios of clean and polluted episodes. Under polluted
conditions during C, the observed daily variability of the
various particle properties was related to a diurnal breeze
system activated by insolation. This scenario was charac-
terised by low nocturnal number and mass concentrations
of aerosols when MSY resided above the polluted mixing
layer, with elevated daytime concentrations due to transport
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Fig. 12.

Time series of a nucleation event recorded during W: Clean on 2 April 2011 with the contour plot of the size distribution and

particle number concentration of nucleation, lower Aitken (left axis), upper Aitken and accumulation modes (right axis); PM; and BC mass

concentrations; condensation sink; a proxy for [H,SO4] concentrations, wind speed and wind direction.

of pollutants to MSY carried by upslope winds. Particle
number size distributions during C: Polluted were clearly
unimodal, both during the day and at night, with a modal
diameter around 75nm. Conversely, the diurnal profile
under clean conditions during C presented little day-to-
night variation for almost all the pollutant parameters
except for the nucleation mode and lower Aitken mode. The
absence of pre-existing particles in the form of coarser
particles, as evidenced by lower values of the condensation
sink, allowed for NPF to take place. The nucleation mode
began to increase coinciding with minimum levels of the
condensation sink and maximum intensity of solar radia-
tion. The particle size distribution is bi-modal, with a
dominant mode peaking at 35nm and a secondary mode
at 150 nm. Nucleation mode concentrations were observed
to undergo significant increases at different times of day and
to varying degrees of intensity, and this was related to NPF
events in some cases. In others, mixing events between
polluted and non-polluted boundary layer air gave rise to
short intense bursts of nucleation mode particles.

Diurnal particle number concentrations for all modes
during W were observed to be significantly different to the
diurnal profiles observed during C. The nucleation and
lower Aitken modes concentrations exhibited the largest
difference between W and C, although particle number
concentrations in all modes were elevated. Bimodal size
distributions were recorded for both W: Polluted and
W: Clean, with modal diameters around 80-90nm and
20-30nm, although particle concentrations are reduced
under W: Clean. Nucleation mode particle number con-
centrations were elevated even under polluted conditions
and the presence of an elevated condensation sink. NPF
under polluted conditions was believed to be able to occur
due to (a) increased solar radiation promoting photo-
chemical reactions, and (b) elevated concentrations of
condensable organic vapours produced from the photo-
chemical oxidation of secondary aerosol precursor gases
and biogenic emissions. An abundance of such condensable
organic vapours in the atmosphere might promote the
growth of nucleating clusters to a detectable size even in a
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relatively polluted atmosphere. The diurnal profile for
clean conditions during W differs significantly to that of
C, specifically in that BC and PM,; mass concentrations
are higher and underwent a larger day-to-night variation.
NPF clearly occurred even in the presence of pre-existing
particles capable of scavenging potentially nucleating
gaseous precursors. Finally, mixing effects between pol-
luted and non-polluted boundary layer was observed to be
an influential process at MSY, whereby it was observed
that different phases of nucleation and growth processes
within the same air mass was occurring and sampled at
different times of day at the site, giving rise to unusual size
distributions.
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Abstract

Case studies of new particle formation (NPF), subsequent growth and possible particle
shrinkage occurring in the western Mediterranean regional background are presented in
this work. Owing to the mid-altitude height of the station (720 m.a.s.l.), aerosol
processes were highly influenced by mixing layer height and development, and
mountain breezes. Nucleation processes were observed to occur both under cold and
warm conditions, when solar radiation and sulphuric acid concentrations were
sufficiently high. Intense bursts of NPF were recorded when the station resided above
the polluted mixing layer with little influence of upslope transport of pollution. NPF and
growth was also observed to occur within polluted air masses residing over the site,
owing to the probable abundance of anthropogenic and natural volatile organic
compounds (VOCs) promoting rapid particle growth after nucleation. Measurable
growth rates for the NPF episodes ranged from 1.4 to 3.8 nm h™. Reductions in modal
diameters, indicating particle shrinkage, were also frequently observed and were
attributed to the evaporation of semi-volatile species from the particulate phase to the
gas phase. Particle shrinkage was observed both for pre-existing particles and for
freshly formed particles. In the latter case, an “arch” formation was observed in the size
distribution contour plot, as the nucleating particles grew and subsequently evaporated
until the mode disappeared completely. Furthermore, rapid particle shrinkage (32.8 nm
h™) occurred after significantly rapid growth (21.6 nm h™) in the absence of an
appreciable condensation sink. We suggest that such exaggerated growth rates for a
relatively clean environment produced unstable particles from which semi-volatile
species involved in the nucleation process evaporated readily. In agreement with the
few articles on particle shrinkage published to date, evaporation appears to be favoured
under warm temperatures, high solar radiation, low relative humidity and atmospheric

dilution, causing particle-to-gas transformations.

Key words: ultrafine particles, nucleation processes, atmospheric aerosols, particle
shrinkage

1. Introduction
Atmospheric NPF and growth has been the focus of intensive study for many decades.
Understanding the processes behind the formation of new particles in the atmosphere,

both by primary and secondary formation processes, is important both for climate and
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epidemiology studies (Charlson et al., 1992; Donaldson et al., 1998). Atmospheric
particles can affect climate directly by scattering and absorbing solar radiation
(Ramanathan and Carmichael, 2008), or indirectly by forming cloud condensation
nuclei (CCN, Clarke and Kapustin, 2010; Péschl et al., 2010). Ultrafine particles (<100
nm) are believed to be especially toxic owing to their ability to penetrate deeper into the
human respiratory system (Nel, 2006).

Secondary NPF involves gas to particle processes whereby homogenous or ion-induced
nucleation of ion or neutral clusters occurs. H,SO4, formed from the oxidation of SOy, is
believed to be the most important nucleating agent in the atmosphere (Sipild et al,
2010). However, it has been shown that sulphuric acid cannot account for the observed
growth rates of nucleation clusters and other condensable vapour precursors are
believed to play an important role in subsequent growth (Tunved et al., 2006; Jimenez
et al., 2009). Thus, when sulphuric acid and other condensable vapours such as low-
volatile organics, ammonia and water are in sufficiently high concentrations in the
atmosphere, gas to particle processes can occur and grow rapidly before being
scavenged by pre-existing particles (Kulmala et al., 2013).

Recent publications have suggested that new particle growth can be reversible under
certain atmospheric conditions. Yao et al. (2010) observed particle shrinkage following
NPF in an urban environment in Hong Kong, and suggested that the observed shrinkage
was a result of evaporation of organic compounds and ammonium nitrate. Young et al.
(2013) presented several examples of particle shrinkage in Taiwan which occurred
following NPF and growth. The authors in this case similarly propose that semi-volatile
NH,*, NOs and organics in the particle phase are the likely evaporating species. Finally,
Backman et al. (2012) observed particle shrinkage in Sdo Paulo and suggested that
changes in atmospheric conditions resulting in a decrease in precursor vapour
concentrations might cause condensed semi-volatile species to evaporate, resulting in a
shrinking of particle sizes.

This current work presents case studies of NPF at a regional background mid-altitude
site in the western Mediterranean basin. Each case study presents considerably different
scenarios when NPF occurs, and a broad range of variables are presented and discussed
in order to determine the main influential factors on NPF, thus helping to identify the
favourable conditions leading to nucleation events. The influence of air mass mixing

between polluted and non-polluted boundary layer air, and NPF at different stages of
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development within the same air mass, are presented. Finally, numerous occasions

whereby apparent particle shrinkage occurs are also presented and discussed.

2. Methodology
2.1. Observation site
This current article is intended as a companion piece to a previous publication by
Cusack et al. (2013), within which full details of the measurement site, the
specifications of the instruments used, the methods used and general meteorological
conditions can be found. The Montseny (MSY) station is located 40 km to the N-NE of
the metropolitan area of Barcelona, and 25 km from the Mediterranean Sea. The area is
mountainous (site elevation of 720 m.a.s.l.) and densely forested, located in the
Montseny natural park. The site lies on the Eastern slopes of a valley stretching
perpendicularly from the Catalan pre-coastal ranges. The greater region is generally
densely populated and industrialised, and pollution from the region can affect the site
regularly. Pey et al. (2010) and Pérez et al. (2008) have described the affect of
meteorology and air mass origins on aerosols at the site. The MSY station is a member
of the ACTRIS network (Aerosols, Clouds, and Trace gases Research InfraStructure
Network; formerly EUSAAR), a Europe wide network of aerosol monitoring supersites.

2.2. Sampling and instrumentation

Particle number size distributions with mobility diameters between 9 and 825 nm were
performed using a Scanning Mobility Particle Sizer (SMPS) operated in the scanning
mode. The SMPS consists of a Differential Mobility Analyser (DMA) connected to a
Condensation Particle Counter (CPC; TSI Model 3772). The system was designed by
the Leibniz Institute for Tropospheric Research (IfT) in Leipzig, Germany in the
framework of the ACTRIS project. Wiedensohler et al. (2012) has published the full
specifications of the instrument, such as DMA dimensions, bipolar diffusion charger
etc. The SMPS was set to provide size distribution data from an up and down scan every
5 minutes, with a sheath air flow of 5 Ipm and an aerosol flow of 1 Ipm. The sheath and
sampled aerosol were both dried using a nafion dryer to maintain relative humidity
below 40% in accordance with ACTRIS requirements. The case studies presented in
this work were taken from a data set from October 2010 to June 2011. Surface plots of
the time series of the number size distributions were made and, according to the
procedure described by Kulmala et al. (2012), the dataset was visually analysed in order
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to identify and classify NPF events. Furthermore, the growth rate was determined by
using the log-normal distribution function method, as outlined by Kulmala et al. (2012).
The shrinkage rate is calculated in the same way as the growth rate.

A Multi-Angle Absorption Photometer (MAAP, model 5012, Thermo) provided real
time measurements of the cross section absorption coefficient, which was corrected
according to Pandolfi et al. (2011) to provide equivalent Black Carbon (BC)
concentrations. The sampling line and inlet for the SMPS and MAAP instruments
reached 1.5 m above the roof of a climate controlled cabin, with a cut-off diameter of 10
pum. Pollutant gas concentrations (O3, NO, NO,, SO;) were also measured on site and
were provided by the Department of the Environment of the Autonomous Government
of Catalonia. Meteorological data such as temperature, relative humidity, solar
radiation, wind direction, wind speed and precipitation was recorded in real time on site.
Absolute humidity (AH) was used as a tool to observe changes in the air mass over
MSY.

The dry aerosol condensation sink (CS) was calculated according to Kulmala et al.
(2001). A proxy for sulphuric acid, [H,SO4], was calculated from the measured SO,
concentrations and CS measurements using the method described by Petdja et al.
(2009). For this approach, H,SO, vapour is considered to be in a pseudo-steady state
between condensational losses and gas-phase production:
k[SO,]R

CS

Where k is an empirical constant (2.3 x 10° m* W? s™) and R is the measured solar

[H,S0,]= 1)

radiation. CS is the condensation sink (s calculated from the SMPS measurements and
[SO,] is the measured SO, concentrations on site.

All times reported are in GMT.

3. Results and Discussion
Overview
The topography of the area in which MSY resides, the mid-altitude height (720 m.a.s.l.)
and the station’s orientation incurs unusual aerosol processes at the site. As occurs at
most mountainous sites, MSY is regularly affected by a diurnal mountain breeze.
Owing to the sites eastern orientation, mountain breezes are activated early in the day
by insolation, which advects anthropogenic and natural emissions from the urbanised

valleys below MSY to the site. In winter MSY typically remains above the mixing
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layer, but injections of polluted mixing layer air can be brought to the site by the
mountain breeze development. In contrast, during the warmer months the mountain
breeze is still influential, but MSY also resides within the mixing layer for most of the
day, regularly exposing the site to a broad range of both anthropogenic and natural
emissions within the mixing layer, dilution processes and intense photochemical
activity. Pey et al. (2010) describes in detail the synoptic and mesoscale meteorology
that affects atmospheric aerosols at this site. Thus, the aerosol processes that occur at
MSY are often complex, and the affect of air mass mixing between polluted and non-
polluted boundary layer air gives rise to unusual particle number size distributions, as
will be discussed anon. For in depth analysis on particle number size distributions,
modality, seasonality and trends of particle number concentrations and various other
parameters at the site, please see Cusack et al. (2013). In brief, it was concluded that
during the colder months, NPF was usually observed to occur under clean air
conditions, i.e. in the absence of the polluted mountain breeze and a significant CS. On
the other hand, it was observed that during the warmer months increased concentrations
of nucleation mode particles existed regardless of elevated pre-existing background
particle concentrations, suggesting that with increased photochemistry and VOC
concentrations, NPF can still occur. During the entire measurement period, 30 episodes
of nucleation were recorded, and 10 episodes of particle shrinkage were observed. Of
those 10 episodes of particle shrinkage, 5 occurred on the same day as nucleation was
observed. It should be highlighted that complete summer measurements were not
available, and there is evidence to suggest that nucleation processes are significantly
enhanced during the summer months. In this current work, specific case studies of NPF
are presented and discussed, as well as the effect of air mass mixing on particle number
size distributions and the possibility of particle evaporation as a potential formation

process of smaller particles in the ultrafine range at the site.

Case 1. New particle formation and growth under clean atmospheric
conditions

Examples of new particle formation events which occurred on three consecutive days (6
to 8 December 2010) are presented in Fig. 1. The NPF episodes occurred during a
period of relatively low pollution and particle loading (mean of 2.3 pg m™> PM2.5 and
152 ng m™ of BC for the three days). Average daily concentrations of Ng.5 for each of
the days are 639 cm™, 1087 cm™ and 920 cm™ respectively, with maximum recorded
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hourly concentrations for each day of 3128 cm™, 4644 cm™, and 2779 cm™. Nucleation
on the first day occurs slightly later (13:00 h) than the following days (10:00 h).
Considering the peak in BC and CS, and the slight dip in solar radiation, it is likely that
NPF is delayed owing to the unavailability of condensable gaseous precursors necessary
for NPF which are consumed by the pre-existing particles. This is reflected by the
comparatively lower [H,SO4] on this day. Furthermore, solar radiation is significantly
less intense on this day compared to the following days. There are two distinct modes;
one appears to arrive with the peak in BC with a geometric mean diameter (GMD) in
the lower Aitken mode around 30 nm. The second mode exists primarily in the
nucleation mode, appearing at 12:30 h with a GMD of 14 nm, subsequently growing
into the lower Aitken mode with a growth rate from 9 — 25 nm of 1.4 nm h™.

Of the three days, the most intense NPF event occurs on the second day in Fig. 1, as
evidenced by the average and peak concentrations of Ng.. NPF commences slightly
earlier than the previous day at 10:30 h. The increased intensity of NPF on this day may
be attributable to the reduced CS and BC concentrations at the same time that NPF
commences. CS was 1.35 x 102 s™ at the beginning of NPF on day 2, compared to 3.1 x
10 s on day 1. Although SO, concentrations are significantly lower on day 2, [H2SO4]
is higher and this, combined with the reduced CS and increased solar radiation, allows
for NPF to occur with greater intensity. Furthermore, Oz concentrations are significantly
higher, which may be an important factor for the production of condensable organic
vapours which would enhance particle growth after formation. The growth rate of the
nucleating particles from 9-38 nm on day 2 was around 3.8 nm h™*, more than double
the growth rate recorded for the previous days.

Day 3 (8 Dec) undergoes a similar NPF event as that of the previous day, albeit with
reduced concentrations. Considering NPF commences at more or less the same time as
the previous day (10:00 h), with similar solar radiation intensity, CS and with slightly
higher [H,SQO,4], one might expect NPF to produce similar or higher concentrations of
No20 on day 3. However, it appears that NPF and growth is briefly interrupted by a
slight increase in CS and BC at 13:00 h, with these particles possibly consuming some
of the gaseous precursors, preventing NPF and removing the newly formed particles
through coagulation and condensation. However not all of the nucleated particles are
removed, and when CS and BC concentrations reduce, growth of the fresh particles
resumes. Although NPF is briefly interrupted, the GMD does maintain growth from 9 to
26 nm, with a growth rate of 1.7 nm h™.
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Chapter 3: Results

A study of NPF at a remote rural site in the Sierra Nevada Mountains in Northern
California was performed during winter 2009 (Creamean et al., 2011). Similarly to
MSY, the site can be exposed to anthropogenic pollution brought to the site by up-slope
winds, and NPF was observed to occur under clean atmospheric conditions and clear
skies. Growth rates at that site of 4-7 nm h™ were substantially higher than those
recorded at MSY in this case study, but solar radiation was also significantly higher

which would likely produce photochemical gaseous precursors in greater quantities.

Case 2: New particle formation and growth under polluted atmospheric
conditions

Fig. 2 displays three consecutive days of new particle formation which occurred from
the 25 to 27 December 2010. This case (case 2) differs significantly from the previous
one (case 1) in many aspects: average temperatures over the three days reach 3.1°C
compared to 10.8°C during Case 1. Solar radiation during Case 2 is also considerably
more intense. Daily nucleation mode concentrations for day 1 to 3 (25 — 27 Dec) were
554 cm, 212 cm™ and 568 cm™ respectively, with peak hourly concentrations of 2590
cm?, 735 cm™ and 2178 cm™. The NPF event recorded on day 1 is similar to the NPF
events recorded in Case 1, albeit with lower concentrations. Nucleation commences at
12 hr followed by continuous growth into the upper Aitken mode (50-100 nm) with a
growth rate of 1.8 nm h™. The freshly nucleated particles grow to merge with the
regional background mode (around 50 nm), which grows further into the accumulation
mode over the three days. Furthermore, CS was at similar levels as those recorded
during Case 1, with a daily mean of 1.71 x 10 s™. The low day-to-night variation
recorded on day 1 for BC and NO; suggest little input of polluted mixing layer air
throughout the day, allowing NPF to occur uninterrupted. On the contrary, NPF on the
following day is much less intense, even though meteorological conditions and SO;
concentrations are very similar. The lower intensity NPF can almost certainly be
attributed to the peaks in BC and CS and brief drop in [H,SO,4], occurring between
11:00 and 13:00 h, which is when NPF commenced the day before. NPF is evident
however, and a new mode emerges in the nucleation mode at 14:30 h. The appearance
and disappearance of this mode in tandem with varying levels of BC and NO, suggests
that NPF is occurring within the relatively polluted air mass brought to the site by the
diurnal breeze system. The previous day appears to occur in the cleaner atmosphere

above the mixing layer.
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Chapter 3: Results

The third day shows the effect of a change in the air mass residing over MSY, which is
evidenced by the large increase observed in absolute humidity occurring around 10:00
h. The air mass is evidently polluted as a sizeable increase in BC (daily average of 434
ng m®), NO, and SO, is recorded, and CS daily average increases to 4 x 10 s™. There
is a clear tri-modal size distribution occurring on this day, with GMDs around 80-90
nm, 40-50 nm and a well defined mode emerging in the nucleation mode around 12:30
h. Indeed, concentrations of the nucleation mode on this day are similar to those
observed under clean air conditions on day 1. Solar radiation intensity is very similar to
the previous days as are average temperatures. SO, concentrations are significantly
higher on this day but [H,SO,4] is lower owing to the higher CS. Considering that
[H2SO4] is lower than on the previous days, but Ngoo are still high, there must be a
considerable amount of condensable organic vapours within the air mass that aids in
particle growth before the fresh particles can be removed by coagulation. Seco et al.
(2011) showed that VOC mixing ratios at MSY in winter were governed by the diurnal
breeze system, with concentrations increasing significantly during the day with the
approach of the mountain breeze. If sufficient concentrations of [H,SO,] to begin NPF
and high VOC concentrations are present in the atmosphere, nucleation can occur even
under relatively high background levels of pre-existing particles (Fiedler et al. 2005).
This has been observed previously on day 1 of Case 1, whereby NPF occurred even in
the presence of high CS owing to elevated concentrations of SO,.

The growth rate of the nucleating particles (9-17 nm) is 3.7 nm h™, but further growth
slows down significantly with a growth rate of 1.5 nm h™ for particles 17-23 nm.
Kulmala et al. (2005) showed that low growth rates are a feature of cleaner
environments, whilst higher growth rates are required in more polluted environments

before nucleating particles are scavenged by the pre-existing aerosol population.

Case 3: New particle formation and effect of air mass mixing

In this case, the effect of boundary layer air mixing between polluted air masses and
cleaner air is highlighted. These processes are typical of medium to high altitude sites
such as MSY, and can result in the sampling of different parts of air masses undergoing
different aerosol processes, such as a nucleation event at different phases of
development. As is evident in Figure 3, there is a dominant background mode with
GMD around 80 nm (Dpode 1) that remains fairly constant over the three days. However,
ultrafine particles vary considerably, and more than one NPF events are recorded even
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during the same day. On 23 May a low intensity nucleation event begins at 10:00 h,
coinciding with peak solar radiation and two hours before peak CS and BC. Growth of
these particles is observed, as shown by the black stars (Dmoge 2) tracing the GMD of the
mode in Figure 3, but mixing of these growth particles is evident with the progressing
breeze. As shown in Figure 3, a new mode (Dmode 3) €emerges between 13:00 and 14:00 h
on 23 May, marked by the continuous black line with GMD of 20 nm. The emergence
of this mode coincides with peak [H,SO4], and also as CS and BC begin to decrease.
This suggests that there is a nucleation episode occurring elsewhere which arrives at
MSY after some growth has already occurred. Similar behaviour was observed during a
summer measurement campaign on a mountain site in British Colombia, Canada (Pierce
et al., 2012), whereby particles of ~20 nm were regularly recorded. The authors
suggested this was due to the transport of nucleating and growing particles occurring in
the valley floor to the site, or the entraining of nucleation particles from the free
troposphere to the mixing layer during the day. The GMD of Dpoqe 3 actually begins to
decrease at 15:00 h, from a maximum of 23 nm to 15 nm, which is maintained for an
hour before the GMD begins to increase once again. Considering the effect of air mass
mixing in this case and the inherent difficulty in distinguishing between modes under
these conditions, it is difficult to ascertain what is causing the GMD of this mode to
decrease. Numerous episodes of nucleation occurring within the same air mass at
different phases of formation and growth is a possible explanation. The stability of
absolute humidity suggests that there is no discernible change in the sampled air mass
itself, but the abrupt changes observed for CS, BC and NO; suggest that aerosols are not
evenly distributed within the air mass, or that dilution within the air mass is occurring.
However, particle evaporation may be the cause of the shrinkage observed in the GMD
which occurred on 23 May, which will be discussed in the next case study.

NPF is greatly reduced on 24 May, even though BC, CS and solar radiation are
equivalent to the previous and next day. This is likely due to the lower concentrations
recorded for [H,SO,4] for the same day, once again highlighting the importance of
sulphuric acid as a nucleating agent. Although no NPF is evident at the site, there is
evidence that two growing nucleation modes are being sampled both at 12:00 h (Dmoge 4)
and another at 14:00 h (Dmoge 5). This again indicates that freshly nucleated particles
formed elsewhere are being carried to the site after the particles have grown to sizes

greater than 20 nm.
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Fig. 3. Contour plot of the particle number size distributions, Ng.gs, and particle mode diameter (Dmoge) (bottom graph), [H2SO4], SO,, NO,, O3
and BC concentrations, solar radiation (SR), temperature (T), relative humidity (RH) and absolute humidity (AH), and condensation sink (CS)

and nucleation mode concentrations (Ng.2o).
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Fig. 4. Contour plot of particle number size distributions, Ng.gs, and particle mode
diameter (Dmogex) for the 25/05/2011.

The complexity of air mass mixing is most evident on 25 May. NPF commences on this
day around 10:00 h with much greater intensity than the previous days owing to the
abundance of [H,SQO4]. It is interrupted shortly thereafter as CS and BC increase to a
maximum around midday. Nucleation mode concentrations begin to increase once again
when BC and CS reduce but the source of these particles appear to not be from NPF.
The number size distribution and particle mode diameters for this day are shown
separately in Fig. 4. Closer inspection of the modality of the particle size distribution
highlights the complex processes occurring on this day. Two episodes of brief NPF
appear to occur within quick succession. The first begins (Dmoge 1) at 9:30 h and grows
rapidly until the mode disappears and a new nucleation mode (Dmoge 2) €merges at 10:30
h. This mode grows similarly until it merges with the particles within the polluted
breeze containing BC and NO; arriving at MSY. Following the apparent retreat of the
breeze or dilution processes (marked by the decreasing BC and NO;), two new modes
emerge (Dmode 4 and 5; Fig. 4). Dmoge 4 emerges at 13:00 h with a GMD of 24 nm and
increases steadily to 62 nm until 17:00 h. Dmoge 5 appears an hour later at 14:00 h with a
similar GMD of 26 nm. However, this mode actually decreases over time, reducing to
18 nm around 16:00 h, and then returns to growth afterwards. Thus, an exceptionally
complex size distribution is evident containing a tri-modal distribution: one relatively

constant background mode (Dmoge 1), @ growing mode (Dmoge 4) and a shrinking mode
(Dmode 5)-
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Case 4: Particle shrinkage events

As indicated previously, there is evidence to suggest that particle shrinkage may also
occur at MSY. Particle evaporation has been reported in Sdo Paulo in Brazil (Backman
et al., 2012), in subtropical central Taiwan (Young et al., 2013) and during the dry
season in Hong Kong (Yao et al., 2010). Backman et al. (2012) observed particle
evaporation from 36 nm to 16 nm and attributed this behaviour to 1) a decrease in the
precursor vapour concentrations (possibly as a result of dilution with growth in PBL)
causing the condensed semi-volatile species to evaporate and a resulting shrink in
particle size or, 2) the evaporation of NHs;NO; when the equilibrium between
HNO3/NH3/NH;NO3 favours the gas phase. Yao et al. (2010) attributed observed
particle shrinkage in Hong Kong to the evaporation of organic components and
ammonium nitrate. Furthermore, that same study in Hong Kong suggested that strong
photochemical activity would likely produce increased ambient concentrations in
secondary volatile and semi-volatile organic and inorganic species in the gas phase. Of
the studies mentioned, all shrinkage events were observed in urban or urbanised areas,
whereas MSY is a regional background site not directly influenced by local emission
sources, although pollution plumes from the metropolitan area of Barcelona can affect
the site.

An example of possible particle shrinkage on 1 May 2011 is shown in Fig. 5. A
background accumulation mode with GMD around 160 nm is stable and continuous
throughout the day. A secondary mode arrives around 9:00 h with the onset of the
mountain breeze from a southerly direction, as highlighted by the increase in BC and
CS. This mode, with GMD around 90nm, is stable until around 12:00 h, at which point
it briefly disappears. When the mode reappears at 12:30 h the GMD is reduced (66 nm)
and gradually begins to decrease from then on. Apart from the background
accumulation mode, no other modes are observed i.e. the size distribution is bi-modal,
indicating that air mass mixing is not occurring. If a mixing event was occurring, one
might expect this mode to split at some point into different modes. Furthermore, the
absolute humidity, wind direction and wind speed do not vary significantly suggesting
the air mass is homogenous. Thus, the GMD of this mode at 13:00 h is 66 nm, and
decreases thereafter to a minimum of 24 nm at 16:30 h, with a shrinking rate of 11 nm
h™. This is similar to a particle shrinkage rate of 10.7 nm h™ observed in Hong Kong
(Yao et al., 2010), but higher than shrinkage rates observed in S&o Paulo (5.2 nm h™;
Backman et al., 2012) and in Taiwan (5.1 - 7.6 nm h™; Young et al., 2013).
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However, as results on evaporation processes are so far not widely published,
comparisons of shrinkage rates are vague. As indicated by the contour plot in Fig. 5, as
the GMD of the shrinking mode decreases, the particle number concentration increases
as larger particles are dissociating and producing greater concentrations of smaller
particles. When evaporation eventually ceases at 16:30 hr, the GMD of this mode
remains constant and no further growth/shrinkage occurs. Particle shrinkage appears to
commence with maximum solar radiation intensity and ambient temperatures, which
might favour the evaporation of volatile and semi-volatile particles from the surface of
larger particles. Similarities exist between this example presented and that outlined by
Backmann et al. (2012) in Sdo Paulo. In both sites, the solar radiation suggests the early
part of the day was partly cloudy, but around noon there was little or no cloud cover.
Backmann et al. (2012) attributed this to either the breaking up of a stable nocturnal
boundary layer, or an increasing of the boundary layer height. This might dilute particle
concentrations and gas-to-particle processes are reversed. Yao et al. (2010) suggested
that when a change in atmospheric conditions (such as meteorological parameters and
pollution concentrations) occurs, a shift in gas/particle partitioning can take place,
resulting in the evaporation of volatile and semi-volatile species. In the case presented
in Fig. 5, a decrease in BC and CS and an increase in solar radiation and temperature
occur precisely when particle shrinkage appears to commence.

An example of NPF directly followed by particle evaporation on the 2 April is shown in
Fig. 6. Nucleation commences at 8:00 h with increasing [H,SO,] and as solar radiation
intensifies. The direct relationship between [H,SO,4] and NPF intensity is highlighted
here as high concentrations in [H,SO,4] also resulted in higher nucleation mode
concentrations. The GMD of the nucleation mode increases from 10 nm to a maximum
of 21 nm between 10:00 and 10:30 h, with a growth rate of 21.6 nm h™. Peak hourly Ng.
20 concentrations reach 7244 cm™ coinciding with peak [H2SO4] of 2.1 x 10" molecules
cm. This mode then appears to shrink briefly to a GMD of 18 nm at 11:30 h. The wind
direction is generally N-NW with light wind speeds (hourly maximum of 2.2 m s™).

An increase in BC, NO,, O3 and CS is also observed, with concentrations reaching
maximum around midday, consuming the evaporating volatile and semi-volatile
particles through condensation. The GMD 0of Dpoge (around 30 nm) remains relatively
constant when BC and CS are at their maximum between 12:00 and 14:00 h, but
particle shrinkage recommences when BC and CS begin to decrease. As suggested by
Backman et al. (2012), the reduction in BC and CS may indicate dilution, resulting in
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evaporation of the condensed semi-volatile species. A secondary peak in Ng.o
concentrations was recorded at 15:00 h with concentrations of 6845 cm™. Thus, on this
occasion, the rate of formation of nucleation mode particle concentrations through
evaporation processes is almost equivalent to the production of new particles by NPF.
From a maximum modal diameter of 30 nm at 14:00 hr, the GMD reduces to 11 nm at
18:00 hr before disappearing completely. The evaporation rate for the particle shrinkage
observed in the afternoon was 33 nm h™. Evaporation does coincide with a change in
wind direction but at that same point wind speeds are very low, suggesting that there is
little movement within the air mass surrounding MSY.

This “arch-like” shape has been observed and studied in the subtropical environment of
Taiwan (Young et al., 2013). Of the three publications mentioned previously where
evaporation was observed to occur, namely Backman et al. (2012), Young et al., (2013)
and Yao et al, 2010, the common feature between these sites and MSY must
undoubtedly be similar meteorological conditions, specifically intensified solar
radiation and higher temperatures, which would favour evaporation of volatile and
semi-volatile species. Comparing the two examples of particle shrinkage shown (in Fig.
5 and 6), there are significant differences. In the first instance, particle evaporation is
much slower (11 nm h™) than the second example (32.8 nm h™). Furthermore, the
growth rate of nucleating particles on 2 April was also considerably higher (21.6 nm h™)
than the previous case studies presented in this study (1.4-3.8 nm h™), which is in the
upper range of average growth rates of 1-20 nm h™ reported by Kulmala et al. (2004),
but similar growth rates have been reported in S&o Paulo (9-25 nm h™*; Backman et al.,
2012). Considering particle shrinkage on 1 May does not occur after NPF, i.e. the
particles arrive at MSY with GMD of 66 nm and decrease to 24 nm thereafter, this
suggests that the evaporating species are volatilising from stable clusters that have been
transported to the site. On the other hand, the evaporating particles on the 2 April appear
to evaporate from freshly formed particles. This suggests that the evaporating species in
the two examples may be different. As stated previously, high growth rates are typically
associated with more polluted environments. However, on the 2 April the high growth
rate in the absence of an appreciable CS may be creating unstable clusters from which
the condensing species can easily evaporate. Thus, the authors suggest that the
evaporating species on the 2 April are the same as the species involved in previous
NPF. On the contrary, the evaporating species on the 1 May may be a result of the
evaporation of volatile NH4;NO:s.
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and nucleation mode concentrations (Ng.20) on 02/04/2011.
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4. Conclusions
This study describes in detail specific episodes of NPF and particle shrinkage for a
regional background site in the western Mediterranean Basin. Case studies are presented
outlining aerosol dynamics and properties, meteorological conditions and air pollutant
concentrations, with the aim of identifying favourable conditions for NPF. The site is
classified as regional background but the variability of ultrafine particles is influenced
by plumes of anthropogenic pollution from the populated and industrialised valleys
below.
NPF was observed to occur under clean air conditions when MSY resided above the
polluted mixing layer and there was minimal influence of a polluted mountain breeze, in
which case NPF was observed to occur when solar radiation was at a maximum and
[H.SO4] concentrations were sufficiently high. Continued growth after NPF was
observed to be influenced by even slight increases in CS, which inhibited NPF or
removed the growing particles through coagulation and condensation processes.
NPF was also observed to occur within polluted air masses when BC and CS were
considerably higher. Even though [H, SO4] concentrations were lower in this case,
concentrations of nucleation mode particles were observed to be similar to
concentrations recorded two days previously for an episode of NPF occurring under
clean atmospheric conditions. This is likely due to elevated concentrations of
anthropogenic and natural VOC concentrations which would promote fresh particle
growth after nucleation, even in the presence of high CS. The effect of air mass mixing
between polluted and non-polluted boundary layer typical of mid-altitude sites was also
described.
Episodes of nucleation at different phases of formation and growth were recorded at the
site at different times during the same day, indicating that there is a decoupling between
NPF processes occurring within and above the mixing layer and that NPF may be quite
localised in the region. Measurable growth rates for NPF episodes presented in this
work ranged from 1.4-3.8 nm h™, except for one intense burst of NPF which had a
growth rate of 21.6 nm h™.
Particle shrinkage was also observed to be an important formation process of ultrafine
particles at the MSY site. In some cases, shrinkage was observed shortly after
nucleation, and in others particles appeared to evaporate from the Aitken mode to
particles of smaller diameter. In all cases, shrinkage appeared to occur after peak BC
concentrations and CS, suggesting that dilution processes, which would reduce
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precursor vapour concentrations, may allow condensed species to evaporate. Warm
temperatures, high solar radiation and low relative humidity were also a common
feature. The authors hypothesise that the evaporating species not preceded by NPF, i.e.
evaporation from pre-existing particles, may be particle-to-gas transfer of particulate
ammonium nitrate, producing NH4" and NO3’, owing to the high volatility of particulate
nitrate, and semi-volatile organics. The evaporating species involved in particle
shrinkage occurring directly after NPF may be condensing species involved in the
nucleation and growth process, with semi-volatile organics the most likely candidate.
Finally, the authors suggest that rapid particle growth in the absence of a significant CS
may produce unstable growing particles, which can readily lose condensed species

through evaporation, under suitable ambient conditions.
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Summarised Results and Discussion

The investigation of the physical and chemical processes affecting atmospheric
aerosols in the Western Mediterranean Basin (WMB) during this thesis (2008-2011) has
been possible by: a) maintaining continuous regular measurements of PM and its
chemical characterisation since the establishment of the site (2002), b) observing the
long-term trends of PM and chemical speciation and relating the trends to prevailing
emission sources across the region and other outside factors, c) inclusion of
measurements of fine PM and performing source apportionment studies on the fine PM
fraction, d) expansion of the measurement site by introducing monitoring parameters
previously not measured at the site such as BC, sub-micron particle number
concentration and size distribution and pollutant gases and e) investigating the sources
of sub-micron particles. The results obtained in this work for the specific regional
background environment of the WMB provide a clearer picture of the aerosol
phenomenology in the area, a region relatively understudied for many of the aerosol
parameters included in this work. Building upon the previous knowledge obtained from
theses and scientific publications preceding this work, a deeper understanding of
atmospheric aerosols was developed.

4.1. Levels of PM,s, PM; and sub-micron particles

Continuous sampling of PM2s since the establishment of the site in 2002 have
allowed for the compilation of a relatively long-term time series of PM, s concentrations
(Article 1). PM; sampling was also introduced in 2009 (Article 2), and are especially
relevant as the majority of anthropogenic emissions exist in the fine fraction, with less
influence of primary natural emissions such as crustal material. Measurements of PM; 5
are fairly common across Spain and Europe relative to PMy, and comparisons of PM; s
concentrations with other sites in Spain showed that levels at MSY, as a representative
site for the WMB, were higher (12.6 pg m™) than those recorded for most regional
background stations in Spain (the mean PM, s for all other regional background stations
in Spain was 8.6 pg m®). The elevated levels in MSY were attributed to higher
anthropogenic emissions across the region, which includes the metropolitan area of
Barcelona and its industrialised and populated hinterland, especially in the pre-coastal
depression. Comparisons of PM, 5 concentrations with certain regional and rural sites of
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Europe with similarly long time-series of data showed that levels were higher than
Western Europe (Portugal and Germany) and Northern Europe (Scandinavia), but lower
than those measured for Central Europe (Austria, Switzerland and Northern Italy). The
surplus in PM,s at those sites was attributed to heavy industrialisation in the case of
Northern Italy (Van Dingenen et al, 2004), and intense pollution accumulation episodes
as a result of thermal inversions arising from the mountainous topography of Austria
and Switzerland (Barmpadimos et al., 2012). Furthermore, those sites can be more
affected by long-range transport from Eastern Europe and substantial biomass burning
emissions (Barmpadimos et al., 2012). As stated previously, long-term measurements of
PM; concentrations in Spain and Europe are much less common. PM; concentrations at
Melpitz in Germany (Spindler et al., 2010) were higher (12 pg m™) than those recorded
at MSY, and levels at Payerne in Switzerland (Minguillon et al., 2012) were equivalent
(9 pg m), exhibiting a seasonality with higher concentrations in winter relative to
summer. In MSY, the opposite was seen to be the case.

Article 1 and 2 showed a clear seasonality in PM for both fractions, which was
related to prevailing meteorological conditions and emission sources across the region.
In contrast to the seasonality reported for Payerne in Central Europe for example
(Minguillén et al., 2012), PM concentrations at MSY were observed to be lowest in
winter, maximum in summer and intermediate in spring and autumn. Weather
conditions across the Mediterranean region, with hot, dry summers and relatively
temperate winters induce atmospheric conditions largely different to Northern Europe.
In summer, lower air mass renovation on a regional scale and the increase of the mixing
layer height, which favours the regional mixing of polluted air masses, are important
factors giving rise to elevated PM concentrations (Pérez et al., 2010). Furthermore,
lower precipitation, higher soil resuspension, photochemical transformations and more
frequent African dust outbreaks induce increments in PM levels (Querol et al., 2009).
Low winter concentrations were a result of more effective dispersive conditions due to
frequent Atlantic advection episodes, increased precipitation and the residence of MSY
above the polluted mixing layer (Pérez et al., 2010).

Continuous measurements of particle number size distributions and concentrations
commenced at the MSY site from October 2010, providing insight into sub-micron
particle processes for the first time in the regional background of the WMB (Article 2
and 3). The Aitken mode was observed to be the dominant particle mode with average

concentrations of 1698 cm™, followed by the accumulation mode (877 cm™) and the
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nucleation mode (246 cm™). These concentrations were observed to fall in line with
those reported in literature for other regional background sites across Europe, ranging
from 281 to 10076 cm™ (Asmi et al., 2011), however the lack of entire summer
measurements included in this study make annual concentration comparisons not
wholly reliable. Concentrations of sub-micron particles in the Eastern Mediterranean
reported in that same work were substantially higher than those recorded for the WMB,
and were dominated by a strong accumulation mode for most of the year, whereas the
Aitken mode is dominant in MSY. In winter under polluted conditions, aerosol number
size distributions at MSY bore many similarities with those reported by Asmi et al.
(2011) for Central European sites, indicating that in winter particle size distributions can
be similar across the continent with an overriding Aitken mode. In spring, a bi-modal
distribution at MSY was similar to that reported for Schauinsland in Germany, which is
at higher altitude (1210 m.a.s.l.), but is likely to be influenced by similar atmospheric
processes as MSY, such as mixing layer development and mountain breezes. Similarly
to the seasonality in PM, sub-micron particle number concentrations were also observed
to increase considerably as the months became progressively warmer, especially for
nucleation mode and Aitken mode particles which was also observed to occur in high-
altitude sites in Europe as reported by Asmi et al. (2011).

4.2. Chemical composition of PM

Chemical analysis for the determination of the major and trace components
comprising PM,s and PM; was also performed and discussed in Article 1 (PM;s) and
Article 2 (PM;). Mean concentrations of PM, s reported in Article 1 are for the period
2002-2010, whereas PM; means are calculated from autumn 2009 to early 2012. OM
was found to be the major component in both fractions, existing mostly in PM; (3.2 pg
m™) compared to PMy.,5 (1 pg m™). Sulphate was the second most abundant compound
by a significant margin with concentrations in PM; and PMy.,5 of 1.5 and 0.9 pg m™,
respectively. Ammonium was evenly distributed across both fractions (0.5 pg m PM;
and PMy.,5), whereas nitrate was mostly found in PMy.,5 (0.8 pg m™ compared to 0.2
ng m™ in PM,). EC concentrations existed exclusively in PMj, as did marine aerosol,
although concentrations were low. Finally, crustal material was more abundant in PM;.
25 (0.8 pg m™) relative to PM; (0.3 ug m™). However, it should be noted that there is
only a 1.3 year overlap between PM,5s and PM; measurements as presented in this
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work. As many components gave much higher concentrations (and subsequent gradual
reductions) in PM_s prior to commencement of PM; sampling, it should be taken into
consideration when comparing the chemical composition of the two fractions.

Sulphate levels in PM, s at MSY fall within the range for regional background sites
in Central and Southern Europe and the UK (2-4 pg m™) but are higher than those
measured at rural sites in Switzerland and Scandinavia (1-2 pg m™; Querol et al., 2009).
Elevated concentrations across the Mediterranean are probably a consequence of high
emissions from fuel-oil combustion from power generation, industrial and shipping
emissions. Concentrations of OM for sites in Central Europe reported in literature
(Putaud et al., 2004; Querol et al., 2009) are higher than those measured at MSY,
probably as a result of increased biomass burning emissions, especially in winter. Mean
nitrate levels in PMys at MSY (1.0 pg m™) are similar to concentrations measured at
Ispra in Northern Italy and are substantially lower than those recorded for Central
Europe and the UK (2-4 pug m™; Querol et al., 2009). The impact of nitrate on annual
PM concentrations is closely related to its seasonality. In warmer climates such as that
of MSY, ammonium nitrate concentrations are greatly reduced outside the winter
months owing to its thermal instability (Querol et al., 2004).

Owing to the abundance of OM and sulphate, the aforementioned seasonality in PM
concentrations was mostly attributed to the seasonal fluctuations of these compounds, as
well as the atmospheric dynamics in the region described previously. Production of
secondary aerosols as a result of intensified photochemistry in summer resulted in
higher SOA formation, higher biogenic emissions, and elevated concentrations of

sulphate. This seasonality will be further discussed in the following sections.

4.3. Trends of PM,s and chemical components

Taking advantage of the availability of the extended time series of PM,s and
chemical component concentrations, the trends and variability over time were
investigated for MSY and a selection of other regional background stations across Spain
and Europe with similarly long term measurements (Article 1). Data from stations was
collected from publicly accessible databases EMEP and AIRBASE (of the European
Environment Agency). All the stations chosen for the trend analysis underwent
decreases in ambient PM, s concentrations to varying degrees. MSY recorded a drop of
35 % in ambient PM, s concentrations over the measurement period of 2002-2010. This
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trend was followed more or less all across Europe. On average, a reduction of 32% has
been observed in PM,s levels since 2002 throughout Spain, 31% at Ilimitz, 36% at
Payerne, 34% at Ispra, 35% in Sweden, 32% across Germany, 32% in Finland, 41% in
Norway and 38% in Portugal. What was most striking of these statistics were the
similarities in reductions shown across Europe, indicating that the forces responsible
must be similar across the continent. It can be reasonably assumed that this continuous
and, in most cases, gradual reduction is a reflection on the efficacy of pollution
abatement strategies employed by member states of the E.U. The E.U. Directive
2008/50/EC specifically controls ambient concentrations of PMi, and PM; 5 and targets
industrial emissions (IPPC Directive, 2008/1/EC), and these measures clearly had a
direct effect on pollutant levels in Europe. The introduction of cleaner industrial
practices and more efficient combustion engines with lower emissions (as outlined in
EURO certifications (1991/441/EC, 1994/12/EC, 1998/69/EC, 2007/701/EC) of vehicle
emissions) showed that Europe is headed in the right direction with regards to
atmospheric pollution abatement. This decreasing trend has also been described in a
study by Barmpadimos et al. (2012). However, can all the reductions in PM, s observed
throughout Europe be attributed solely to the success of pollution abatement strategies,
cleaner industrial practices and more efficient fossil fuel combustion?

As mentioned previously, all the stations included underwent a steady and gradual
decrease for most of the duration of the study. However, yearly variations around the
linear decrease must be related to outside factors which also vary and thus affect
ambient PM,s concentrations. For many of the stations of Europe (not including the
Iberian Peninsula or Northern Italy), variations around the linear decrease are similar,
with highest concentrations recorded in 2003 and 2006, and minimum concentrations in
2004 and 2007. This implies that the causes in fluctuations in PM are felt across the
continent, and are most likely a result of large-scale meteorology. In the case of Central
Europe, and possibly as far north as Scandinavia, high levels of PM are associated with
high-pressure systems over Eastern Europe in winter that on the one hand lead to
relatively stagnant weather conditions and on the other hand to transport of relatively
polluted air masses from Eastern Europe to the west (Spangl and Nagl, 2010).
Conversely, low-pressure weather systems in Western and North-Western Europe
during winter facilitate the transport of relatively clean air masses from Western Europe
and the Atlantic, and are associated with frequent weather fronts which remove PM
effectively (Spangl and Nagl, 2010). In that same study, low concentrations of PM,s in
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2004, 2007, 2008 and 2009 and high concentrations in 2003 and 2006 were mostly
attributed to meteorological conditions. Barmpadimos et al. (2012) showed the year-to-
year variability of PM concentrations both in the raw data and adjusted data removing
the influence of meteorology. They showed that once the effect of meteorology was
removed, a linear decreasing trend was still observed. They attributed the peaks in PM
measured in Central Europe in 2003 to meteorology favouring pollution episodes in
winter and summer of that year. The summers of 2003 and 2006 were exceptionally
warm summers in Europe, and the heatwave of 2006 was most pronounced in Northern
Europe (Rebetez et al., 2009), which would have induced higher PM concentrations for
the region through soil resuspension, elevated biogenic emissions, forest fires and air
mass stagnation. Southern Europe remained relatively unaffected by these summer
heatwaves (Rebetez et al., 2009) and may explain why the peak concentrations observed
for Central and Northern Europe are not observed for the Mediterranean region.

The winter of 2006-2007 was the warmest across Europe since records began, and
the anomalous warm and dry conditions were related to advection of warm air masses
from the Eastern subtropical Atlantic as well as strong anticyclonic conditions over
large parts of the continent (Luterbacher et al., 2007). Barmpadimos et al. (2012) noted
an inverse relationship between temperature and PM, 5 in winter and related that finding
to the influence of space heating emissions in Central Europe. Space heating by wood
burning has been shown to have a large influence on winter aerosol concentrations in
Switzerland (Szidat et al., 2007; Sandradewi et al., 2008). Thus, it could be
hypothesised that warmer temperatures during the winter of 2006-2007 required less use
of domestic heating systems in Central Europe, which in turn reduced the impact of
these emissions on overall PM levels. Furthermore, enhanced advection of anticyclonic
conditions across Europe would also increase dispersion of PM, which under normal
circumstances would accumulate as a result of thermal inversions and stagnation.

The decoupling of the climate of Northern and Central Europe to that of the
Mediterranean most likely explains the differing maxima and minima in PM, s recorded
during the measurement period. In contrast to the reduction observed in 2007 in Central
and Northern Europe, concentrations of PM,5 in Spain and Northern Italy increased
slightly relative to the year previous. While the warm weather in Northern Europe
resulted in lower PM, s emissions, the same warm weather conditions may be related to
elevated levels in the WMB, or rather, the air masses associated with such warm
weather. Two of the main influential processes affecting atmospheric aerosols in the
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WMB during the winter months are Saharan dust intrusions and intense episodes of
pollution accumulation resulting from the stagnation of air masses under calm weather
conditions. The effect of large-scale meteorological systems, with the ability to affect
both Northern and Southern Europe, may go some way to explain such annual
variations seen in PMgs.

The North Atlantic Oscillation (NAO) is a large scale oscillation in atmospheric
mass, which is believed to be one of the most influential climate modes especially in
winter in the North Atlantic region, influencing temperature, precipitation and wind
speed across the European continent (Visbeck et al., 2001). The NAO index (NAQI) is a
means of quantifying the fluctuations in the dominant pressure systems (the Azores high
pressure system and the Icelandic low) over the Atlantic. When the NAO index is in a
positive phase, strong winds, precipitation and mild temperatures from the Atlantic
move across Northern Europe, and warm, dry weather is experienced in Southern
Europe. However, when the NAO index is negative, the Atlantic weather fronts are
directed toward a more southerly trajectory giving rise to wetter, windier weather across
the Iberian Peninsula and colder weather across Northern Europe (Visbeck et al., 2001).
During the warm winter of 2007, the NAOI was in a distinctly positive phase, whereas
during winter 08/09 and winter 09/10, the NAOi was in a negative phase. These
opposing phases of the NAO might have different implications for different areas of
Europe. Whereas warmer conditions in winter for Northern Europe might equate to less
domestic heating emissions, the same NAO conditions in Spain give rise to more
frequent and more intense winter pollution episodes and stagnation of air masses.
However, under negative phases of NAO the impact of these pollution episodes is
diminished through dispersion and higher precipitation associated with Atlantic weather
fronts. Indeed, winter 2010 was notable for two reasons; unusually high precipitation
over the IP which coincided with one of the most negative NAQi since measurements
began (Vincente-Serrano et al. (2011), and one of the coldest winters in decades across
northern Europe. Incidentally, winter 2010 also registered the lowest PM levels
recorded at MSY since 2002. Thus, the extreme negative phase of the NAO possibly
had two important effects on ambient PM levels that winter at MSY: increased Atlantic
advection and precipitation, and possibly less Saharan dust intrusions. As mentioned
previously, the occurrence of Saharan dust intrusions over the IP can affect PM levels
significantly. A linear relationship was observed between the frequency of NAF

episodes (in days) and the corresponding NAO index for the winter months across the
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Iberian Peninsula. This indicated that when NAO is more intensely positive, the
probability of air masses from North Africa reaching the Iberian Peninsula is much
higher. Conversely, when NAO is negative, intense Atlantic Advection directed over
the Peninsula can block North African air masses and prevent these air masses moving
northward.

Finally, one further influential factor may explain the decline in PM;s
concentrations observed. As outlined above, a declining trend was discernable
throughout Europe, and variations around this trend are likely a result of meteorology.
However, in some cases the annual variation in concentrations appeared to fluctuate less
intensely relative to previous years. Furthermore, this appeared to be preceded by a drop
in concentrations, specifically between 2007 and 2008. PM, s levels thereafter fluctuate
much less and in most cases do not exceed the linear decreasing trend. What the
countries have in common where this occurred, such as in Spain, Portugal and Italy, is
the on-going economic crisis. The countries which have been largely unaffected by the
economic recession, such as Germany, Austria, Switzerland, Finland, Sweden and
Norway, did not display any discernable larger decrease other than that which was
observed for the previous years. For example, PM,s concentrations at Ispra in the
heavily industrialised Po valley in Northern Italy dropped 6 pg m™ between 2007 and
2008, and this decrease was maintained for the year after, removing the likelihood that
the decrease was anomalous. An even more dramatic decrease was observed across
Portugal, especially for one station (Lamas de Olo) which underwent a 6.8 pg m™
reduction between 2007 and 2008 alone. In Spain, this decrease was 1.7 pg m™ (from an
average of 9.8 ug m™ before the crisis (2002-2007) to 7.4 pg m™ since the crisis began
(2008-2010)).

Considering MSY as a representative station for the WMB regional background, the
analysis of the long-term time series of the chemical constituents of PM; s allowed for
the identification of the components causing the declining concentrations (Article 1).
The largest decrease observed of all the components was for OC, with a total reduction
of 48 % from 2002-2010. Considering the regional background status of MSY, it could
be reasonably assumed that a large proportion of OC at the site is comprised of SOA
produced from both anthropogenic and natural emissions. Natural emissions of organic
aerosol would not be expected to fluctuate to any great extent, at least not linearly as
was observed, and thus the reduction must be attributed to a reduction in anthropogenic
emissions. EURO certifications control total hydrocarbon and non-methane
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hydrocarbons for vehicular emissions and the implications of this may be a net
reduction in ambient OC concentrations. SIA also decreased significantly: sulphate
concentrations underwent a declining trend and this was attributed to the phasing out of
the combustion of fuel oil for power generation around Barcelona (Bruno et al., 2007),
as V and Ni concentrations dropped similarly over the same period. Sulphate and OC
concentrations decreased gradually (and with statistical significance) and this is likely a
direct result of pollution abatement strategies. However nitrate concentrations remained
relatively constant from 2002-2007, but from 2008 onwards registered comparatively
lower concentrations. This indicates that, unlike sulphate and OC, the decline in nitrate
concentrations may be more related to a decrease in economic activity, especially road
traffic, rather than the efficacy of air quality control measures alone. Intense peaks in
nitrate concentrations are common during the winter months owing to pollution
episodes, but the impact of these pollution episodes on annual nitrate levels was
diminished considerably in the last few years, which may also be a result of the
aforementioned negative phase of NAO.

Trace elements varied considerably throughout the measurement period, many of
which experienced declining concentrations with statistical significance. Those which
experienced the greatest percentage reductions since measurements began were typical
anthropogenic emission tracers Cd, Sbh, Sn and Pb, followed by Cu, As, Ni and V. Some
of these tracers (Pb, Cd, As, Ni) are specifically targeted by pollution abatement
programmes (2008/50/CE, 2004/107/CE) and the observed decline for these trace
elements can be attributed to these controls, and the phasing out of fuel oil combustion

power plants in the case of Ni.

4.4. Source apportionment studies of PM; and sub-micron particle number

concentrations

Long-term chemical speciation of PM; for regional background sites is relatively
scarce across Europe, and a unique opportunity to perform source apportionment studies
on the fine fraction presented itself. Following regular sampling of PM; between
24/09/2009 t011/01/2012 (182 valid cases in total), a source apportionment study, by
means of Positive Matrix Factorisation, was applied to the dataset in order to identify
the prevalent emission sources of PM; (Article 2). Furthermore, the simultaneous

measurement of sub-micron particle number concentrations and size distribution
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allowed for the identification of emission sources affecting particle number
concentrations  (Article 2). Simultaneous measurements of particle number
concentration and PM; speciation was performed between 05/11/2010 to 18/12/2011
(with a hiatus in measurements between June and October), totalling 61 cases, and
potential sources of particles were identified by Principal Component Analysis (PCA).
Six sources of PM; were identified: secondary sulphate, secondary organic aerosol, fuel
oil combustion, traffic + biomass burning, industrial and secondary nitrate. The sources
affecting particle number concentration were similar, but some sources overlapped
owing to the reduced dataset. The sources identified to contribute to particle number
concentration were: Industrial + traffic + biomass burning, new particle formation +
growth (NPF + G), secondary sulphate + fuel oil combustion, crustal material and
nitrate. Thus, a source of particles (NPF + G) was identified that appears to be entirely
separate to the sources affecting mass. Owing to the lack of summer measurements of
particle number size distribution, a SOA source was not specifically identified as a
source of particles. There is evidence to suggest that SOA is influential on the NPF + G
source that will be discussed anon, and further measurements including summer months
may clarify the relationship between the two. The secondary sulphate + fuel olil
combustion source and industrial + traffic + biomass burning were merged owing to the
reduced data set. Although OM was identified as the major component of PM;, SOA
was not found to explain the largest variance in PM;, probably because OC levels were
consistently high (and less variable) compared to other components.

The secondary sulphate source in PM; was mostly characterised by ammonium
sulphate and was associated with pollution across the region, when atmospheric
recirculation causes the accumulation and aging of pollutants, especially in summer.
Thus, in summer concentrations are at a maximum as a result of regional pollution
episodes and intensified solar radiation.

SOA was the second most important source affecting PM; concentrations and was
mostly characterised by OC. The annual variation of this source was governed by two
processes: 1) SOA produced from anthropogenic VOC and biomass burning emissions
giving rise to elevated concentrations in winter, especially during intense pollution
episodes, 2) an increasing trend during the summer months was related to increased
biogenic emissions and enhanced photochemical reactions (Seco et al., 2012). Owing to
the mix of anthropogenic and natural sources of SOA, this source did not undergo any
discernable daily variation. Although a crustal source was not specifically identified by
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PMF analysis, typical crustal elements were found in both the secondary sulphate and
SOA sources. This was related to the seasonality of both these sources with elevated
concentrations in summer, which is also when crustal material concentrations are at
their highest (Pey et al., 2009a). The secondary sulphate source explained a significant
amount of the variance of OC also, further highlighting the influence of seasonality on
both these sources.

The third most influential source in terms of contribution to the PM; mass was the
fuel oil combustion source which was characterised by typical tracers V, Ni and Sn
(Pandolfi et al., 2011). Fuel oil combustion also accounted for some of the variance in
ammonium and sulphate, indicating that the sulphate and fuel oil sources are not
completely independent of each other which would be expected. The separation of fuel
oil combustion and secondary sulphate may give an indication of the age of the aerosol,
as SO, emitted alongside V and Ni during fuel oil combustion may not be oxidised to
S04* before reaching MSY. On the other hand, secondary sulphate is typically more
aged and represents emissions from across the region. The possibility of shipping
emissions was indicated by the presence of marine aerosol tracers Na and Mg in the fuel
oil combustion source. This source underwent a similar seasonal variation similar to that
of secondary sulphate, which was related to enhanced sea breezes in summer, thus
increasing the influence of shipping emissions. This source displayed gradually
increasing concentrations during the week with a notable decrease at the weekend.

A traffic and biomass burning source was characterised by EC, OC, Sb, Sn and K
(Amato et al., 2009; Minguillon et al., 2012), and explained the large majority of the
variance of EC. Traffic emissions throughout the year should remain relatively constant,
thus the observed variation must have been due to other variable factors such as winter
pollution episodes and the influence of local meteorology (mountain breezes, thermal
inversions), and also to some extent emissions from biomass burning. The peak
observed in January may be directly related to local emissions from domestic heating
systems. The peaks observed in April and October may be explained by controlled
biomass burning from local agriculture, which is common during these months. The
impact of this factor was reduced at the height of summer (July and August), when
biomass burning is prohibited to minimise risk of uncontrolled forest fires and a
reduction in traffic emissions occurred due to the vacation period in July/August and

higher dilution processes owing to the increase in mixing layer height. A clear
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increasing trend was recorded during the week followed by a reduction at weekends
owing to reduced commuter traffic.

An industrial source was identified by the presence of typical industrial tracers Pb,
As, Cd, Sn, Cu, Zn, Cr, Fe and Mn (Viana et al., 2006; Belis et al, 2013), but
contributed little to the total PM; mass as it was mostly comprised of trace elements.
Reflecting the typical working week, industrial emissions increased progressively
during the week to Friday, followed by a decline in concentrations at weekends.
Furthermore, on a monthly basis concentrations were relatively constant except for a
reduction in emissions in July/August, as a consequence of the vacation period when
industrial activity is lesser.

The final source with the least contribution to the PM; mass is the nitrate source.
This factor was majorly characterised by nitrate, and also explained some of the
variance in K and EC, possibly as a result of mixing with the traffic + biomass burning
source. On a yearly basis, nitrate was observed to contribute little to the overall PM
mass but this contribution increased substantially during the colder months when nitrate
was more abundant.

The various sources affecting particle number concentrations were found to be
mostly similar to those affecting particle mass. Particle number concentrations were
calculated for a range of particle diameters, including the nucleation mode (9-30 nm),
the lower Aitken mode (30-50 nm), the upper Aitken mode (50-100 nm) and finally the
accumulation mode, which was divided into three ranges (100-300, 300-500 and 500-
825 nm). The source which explained the largest variance in particle number
concentration was the industrial + traffic + biomass burning source, with high factor
loadings for variables typically associated with traffic emissions (EC, BC, OC, NO, Sn,
Sb), industrial emissions (Pb, Zn, Cd, Mn, Cu) and biomass burning (OC, EC, BC, K).
This component was closely associated with particles of 100-300 nm and 500-825 nm in
diameter, suggesting this source mostly influences aerosol number concentrations in
these two diameter ranges. Freshly emitted particles from these sources transported to
MSY might be expected to be smaller (N100-300). However, enduring regional pollution
episodes, such as those that occur in winter, would promote the condensation of smaller
particles onto the surface of larger particles within the aged air mass, and give rise to
higher concentrations of larger particles (Nsgo-g2s).

The second most important component in terms of particle number concentration

was NPF + G, which existed almost exclusively in the ultrafine mode (<100 nm). This
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source was not associated with any specific pollutant gas or chemical component, but
some relationship was observed with solar radiation stressing the importance of
photochemical reactions for new particle formation. Secondary sulphate + fuel oil
combustion was marked by high factor loadings for sulphate, ammonium, and V. PM;
also had a high factor loading in this source showing how this source affects the mass
and contributes less to the overall particle number concentration, although there was
some factor loading for the largest particles (500-825 nm). The seasonality of this
source, with maximum concentrations in warmer conditions, was highlighted by the
presence of high factor loadings for solar radiation and temperature.

A crustal material source was identified, characterised by typical crustal elements
and components Ce, La, Fe, Ni and Al,O3, but contributed little to the particle number
concentration as it would mostly affect the particle mass. Finally, nitrate was
characterised by high factor loadings for NOs", K and to a lesser extent NH4" in the
range of 300-825 nm. The presence of K may suggest some influence of biomass
burning in this factor. Temperature is negatively correlated with this source as expected,
as a result of the predominance of nitrate in colder conditions owing to its thermal
instability.

The mean daily contribution of each source to the particle number concentration for
different size ranges was also investigated. Episodes of intense pollution occurring
during winter resulted in relatively low particle number concentrations, especially in the
ultrafine mode, as the majority of particles existed in the accumulation mode as a result
of air mass stagnation. Under cold polluted conditions, the nitrate and industrial + traffic
+ biomass burning contributed most significantly to the particle number concentration.
Conversely, under warm polluted conditions, the nitrate source was insignificant and the
secondary sulphate was much more influential. The source NPF + G was observed to
undergo a clear seasonality, with particle number concentrations from this source
increasing as solar radiation intensity and temperatures increased. Sulphate and nitrate
related particles were relatively scarce when NPF + G was most abundant, as they
would scavenge the gaseous precursors necessary for new particle formation through
condensation and coagulation processes.

Finally, the mean contribution of each component to the particle number
concentration in various size ranges was performed. The source NPF + G contributed
the majority of particles to the ultrafine mode. The industrial + traffic + biomass
burning also contributed to the ultrafine mode and the influence of this source increased
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with increasing particle diameter. The nitrate and secondary sulphate + fuel oil source
existed almost exclusively in the accumulation mode and contributed little to the overall
particle number concentration.

The combination of source apportionment studies on both sub-micron particles and
the fine PM fraction highlights the dominating effect of anthropogenic emissions on
both parameters. Although neither is currently controlled by air quality management
protocols, there is strong evidence presented here to support measures to control both
their emissions and their ambient concentrations. An inverse relationship between
particle mass and particle number concentration has been observed (Rodriguez et al.,
2007; Pey et al., 2008) and this indicates that a reduction in ambient PM, as highlighted
in Article 1, might incur an increase in ambient particle number concentrations. When
we consider that the source identified as NPF + G was not associated with any other
source or chemical component, this appears to verify the inverse relationship. Moreover,
this source also contributes the largest concentration of particles to the overall total
number, which differs considerably to urban environments where vehicle exhaust is the
dominant source (Pey et al., 2009). Thus, whereas anthropogenic emissions are the most
important sources of PM and particles in certain environments, in rural and remote
environments PM and ultrafine particles appear to have a very definite inverse
relationship in winter. In summer, the two variables can both exist in elevated
concentrations, although remain independent of each other, as will be discussed in the

following section.

4.5. Variability of sub-micron particle number concentrations and size
distribution

The daily and seasonal variability of particle number size distributions and
concentrations were investigated (Article 3). As mentioned previously, a large increase
in both nucleation and lower Aitken mode concentrations was recorded from the colder
to warmer months. Similar studies on sub-micron particle number size distribution are
few for the Mediterranean regional background, and none others exist for the WMB
regional background as yet. Furthermore, the mid-altitude height of the MSY station
makes it further unique in that the station resides both above and below the mixing layer
depending on the season and prevailing meteorology. In Europe, many publications

report a similar seasonality with increases in nucleation mode concentrations during the
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summer months as a result of enhanced photochemical new particle formation (Venzac
et al., 2009; Sorribas et al., 2011). The climate of the Mediterranean, with frequent clear
sky conditions and intense solar radiation, provides ideal conditions for investigating
sub-micron particle processes.

Based on the observation that particle number concentrations increased substantially
during the warmer months, the dataset was initially divided into two periods based on
temperature conditions; a cold and a warm period. These datasets were then subdivided
into periods of polluted and clean air conditions (based on BC concentrations). Clean air
conditions were associated with Atlantic advection episodes or occurred after periods of
rainfall. Episodes of pollution were observed to be more varied than clean air episodes.
The influence of the diurnal breeze system was the dominant process affecting
variations in aerosol concentrations, especially during the colder season. Nocturnal
concentrations were low when MSY resided above the mixing layer, but during the day
mountain breezes carried pollution from the depressions below to the site giving rise to
substantial increases in aerosol concentrations (Pérez et al., 2008). Long-range transport
of particles occurred during African dust intrusions and transport of polluted air masses
from mainland Europe to the region also occurred, although this was infrequent during
the study period.

Particle number concentrations were elevated during the warmer period, especially
for the ultrafine fraction. Higher levels of the upper Aitken and accumulation mode
concentrations during the warmer period were attributed to the residence of MSY within
the mixing layer for longer periods during the day in warmer months and lower
precipitation. Higher number concentrations of nucleation and lower Aitken mode
particles were believed to be a result of increased nucleation and growth of nucleating
particles. As suggested in Article 2, new particle formation and growth processes are
unrelated to other pollutant parameters and dominate the ultrafine mode. The modality
of particle number size distributions for each period also showed significant differences.
Almost all scenarios displayed a bi-modal size distribution except for polluted
conditions during the colder season, which was distinctly uni-modal with a modal
diameter in the upper Aitken mode. Under clean conditions in the colder period, two
modes were recorded: one in the lower Aitken mode and a minor mode in the
accumulation mode. Conversely, during the warmer months similar modality was

observed for both clean and polluted conditions, although with largely different particle
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number concentrations. In both cases, the dominant mode was in the upper Aitken mode
with a minor mode in the nucleation mode.

Thus, the variability of particle number concentrations was investigated thoroughly
for the scenarios outlined. Polluted conditions during the colder season were typically a
consequence of the transport of polluted mixing layer air to the site. Aerosols, having
accumulated in the populated valleys and depressions below MSY, were carried to the
site by mountain breezes activated by insolation. The progression of the breeze during
the day gave rise to a large increment in pollution, followed by a nocturnal drainage
flow removing aerosols from the site. Nucleation mode concentrations were low under
these conditions, owing to the elevated condensation sink which scavenged the
necessary gaseous precursors. Similar concentrations of the lower and upper Aitken and
the accumulation mode, and the uni-modal size distribution, highlighted the aged and
mixed state of particles within the polluted mixing layer. Such conditions were also
identified in Article 2, such as during WAE when ultrafine particle concentrations were
low and accumulation mode particles dominated. These particles were associated with
nitrate, traffic, biomass burning and industrial emissions, and elevated concentrations of
PM; and gaseous pollutants.

On the contrary, under clean air conditions during the colder season, i.e. in the
absence of the polluted breeze, little variation was detected for the upper Aitken and
accumulation mode. The absence of a significant condensation sink therefore allowed
new particle formation to take place, as was evidenced by the relatively elevated
concentrations of both the nucleation mode and the lower Aitken mode (as a result of
particle growth after formation). Nucleation processes were noted to occur when solar
radiation was at its maximum strength, indicating the importance of photochemical
reactions in initiating new particle formation. The influence of new particle formation
on particle number concentrations and modality was evidenced by the size distribution,
with a major modal diameter just outside the nucleation mode (35 nm).

The diurnal variation of particle number concentrations and other pollutant
parameters under warm conditions was in considerable contrast to that observed for the
colder season. The effect of the mountain breeze on the aerosol parameters was evident
during this period also, but the duration of the peaks in pollutant concentrations was
extended compared to the cold season, owing to the higher temperatures, increase in
mixing layer height and the increase in wind speed during the warmer months. Unlike

polluted conditions during the colder season, nucleation mode concentrations were
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observed to be elevated irrespective of the high condensation sink. This suggested that
under warmer conditions, nucleation processes could still take place even in the
presence of a high background loading of particles. Freshly formed particles were
evidently being produced and growing faster than they were being removed through
coagulation and condensation processes. Similar behaviour has been observed under
polluted conditions in the warmer season in a Northern Italy boundary layer site
(Hamed et al., 2007). This was attributed to elevated concentrations of condensable
organic vapours, such as biogenic emissions emitted by local vegetation, which are
believed to contribute significantly to growth of nucleating particles. An abundance of
such biogenic compounds in the atmosphere and intensified solar radiation typical of
the climate might indeed have promoted the growth of nucleating clusters to a
detectable size before the gaseous precursors are lost through removal processes. In
Article 2, the SOA source exhibited elevated concentrations in summer when the new
particle formation and growth source was most influential. A similar diurnal variability
and modality was recorded for both clean and polluted conditions under warm
conditions, indicating that nucleation processes are not controlled by the presence of
pre-existing particles, but rather the abundance of gaseous precursors necessary for
nucleation and subsequent growth.

4.6. Case studies of new particle formation and evaporation processes

Specific cases of sub-micron particle processes were chosen for in-depth
investigation and to help identify the ideal atmospheric conditions for new particle
formation (Article 4). Intense bursts of nucleation and growth were recorded during the
winter when MSY resided above the polluted mixing layer with limited or no influence
of the diurnal breeze system, as was evidenced in Article 3. Under these conditions,
sulphuric acid, a low condensation sink and solar radiation were noted to be the most
important factors for nucleation processes. Low growth rates were also a common
feature, and it was hypothesised that less intense solar radiation and lower biogenic
emissions typical of winter conditions were the reason for this. On one occasion, a
nucleation event was recorded on the same day as the source apportionment analysis
was performed as described in Article 2 (7/12/2010). On that specific day, PM;
concentrations were low (4.4 ug m™) but was almost exclusively comprised of SOA,
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with minimum contribution of the other sources identified, further highlighting the
importance of condensable organic vapours.

Episodes of nucleation were also recorded even under polluted conditions during the
colder season, albeit as an exception to the rule outlined in Article 3 (whereby
nucleation typically only occurs during clean air conditions in winter). On one specific
occasion, a clean air mass which had remained above MSY for days previously was
abruptly replaced by a polluted air mass, resulting in a considerable increase in black
carbon, NO; and condensation sink. A well defined tri-modal size distribution occurred
on this day, with modal diameters in the upper and lower Aitken and the nucleation
mode. Nucleation mode concentrations in this case were similar to the nucleation events
recorded on the previous days (under clean air conditions) even though sulphuric acid
concentrations were lower owing to the higher condensation sink, and solar radiation
intensity was the same. Thus, it was suggested that such intense nucleation was a result
of elevated concentrations of VOCs within the polluted air mass, allowing the freshly
formed particles to grow before removal through coagulation and condensation. This
was evidenced by the higher growth rate, which is typical of more polluted
environments (Kulmala et al, 2005).

The effect of air mass mixing on sub-micron aerosol processes was also
investigated. As is typical of mid-altitude sites, mixing between polluted and clean
mixing layer air can result in the sampling of different parts of air masses undergoing
different aerosol processes, such as a nucleation event at different phases of
development. It was shown that new particle formation appeared to be occurring
elsewhere but the growing particles were being transported to the site, suggesting that
nucleation can be localised in the area. Furthermore, more than one burst of new particle
formation was recorded within quick succession during the same day. In certain
instances, it was observed that particles were observed to shrink or evaporate, causing a
gradual and distinct decrease in the geometric mean diameter of the mode. In total, 10
episodes of particle shrinkage were recorded, 5 of which occurred on the same day as
nucleation was recorded.

An example of particle shrinkage was investigated whereby the geometric mean
diameter decreased from the upper Aitken (66 nm) mode to the lower Aitken mode to a
minimum of 24 nm. As the shrinking mode decreased, the particle number
concentration increased as larger particles were dissociating and producing greater

concentrations of smaller particles. Before shrinkage occurred, solar radiation was
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variable and indicated there may have been significant cloud cover. Afterwards, solar
radiation increased and was less variable, suggesting the clouds had dispersed. At this
moment, particle shrinkage commenced as the increase in temperature and solar
radiation favoured the evaporation of volatile and semi-volatile particles from the
surface of larger particles. Furthermore, an abrupt decrease in black carbon and NO;
also occurred at the moment shrinkage commenced, indicating that aerosols were being
diluted and may have produced a shift in the gas/particle partitioning. Similar behaviour
under similar conditions has been observed in Sdo Paulo (Backman et al., 2012),
whereby shrinkage was observed to occur coinciding with an abrupt increase in solar
radiation and temperatures. Yao et al. (2010) observed particle shrinkage in Hong Kong
and they suggested that a change in atmospheric conditions, such as dilution in ambient
concentrations of aerosols, allows for a shift in gas/particle partiontioning.

An example of an intense nucleation event was recorded when ideal conditions were
present, with intensified solar radiation, elevated concentration of sulphuric acid, low
background particle loading (condensation sink) and low relative humidity. These
factors combined resulted in an extremely intense burst of new particle formation. The
nucleating particles grew rapidly, with a very high growth rate. As the particles grew to
the lower Aitken mode the geometric mean diameter was maintained while the
condensation sink and black carbon reached a maximum. As seen in the previous case,
once black carbon and the condensation sink began to decrease, particle shrinkage
commenced, again maybe as a result of dilution processes, reversing gas-to-particle
processes, and evaporation of the condensed semi-volatile species occurred. This
process produced an arch-like profile for the particle size distribution contour plot, and
concentrations of nucleation mode particles as a result of particle evaporation were
almost equivalent as for those produced by new particle formation.

Comparisons of the two shrinkage events described suggested that the processes
occurring may have been different. In the first case, particle shrinkage was not preceded
by nucleation, i.e. particles appeared to be evaporating from larger particles, and the rate
of evaporation was significantly lower than the second case. It was suggested that the
evaporating species in each case may have been different. In the first case, it would
appear that the evaporating species are volatilising from stable clusters that were
transported to the site, and evaporation was initiated by an increase in solar radiation
and temperature. However, in the second case, an intense burst of evaporation preceded
particle evaporation, and no discernable change in solar radiation occurred during the
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day. It was hypothesised that the evaporating species in the first case was a result of the
volatilisation of NH4;NOj3 associated with its thermal instability. In the second case, the
high growth rate observed which is most typical for polluted conditions, in the absence
of an appreciable condensation sink indicated that the nucleating particles formed
unstable larger particles, and the condensing species which contributed to particle

growth were easily volatilised from the fresh particles, causing the shrinkage observed.
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Conclusions

Building upon previous knowledge accumulated through previous studies at MSY
and expanding the monitoring station to incorporate a broad range of other measurement
parameters since the beginning of this work has allowed for an unprecedented
characterisation of atmospheric aerosols in the WMB regional background. Previous
studies have shown the uniqueness of atmospheric aerosol characteristics in the WMB
compared to the rest of Europe, but the majority of these studies have focused on the
variability of PM and the chemical characterisation of PMjo and PM,s. This current
work is the first time that sampling and chemical characterisation of PM; was
performed. Furthermore, the inclusion of measurements of particle number
concentration and size distribution and Black Carbon allowed for a greater
understanding of aerosol phenomenology occurring in this region. The main conclusions

that can be drawn from the work presented in this thesis are as follows:

- Concentrations of PM,s in the WMB regional background fall within range of other
regional background sites across Europe, and slightly higher than those recorded for
sites across Spain. This surplus is attributed to the influence of anthropogenic emissions
from across the region, which includes the Barcelona metropolitan area, dense
industrialisation and road traffic. Continuous measurements and chemical
characterisation of PM; are comparatively scarce across Spain and Europe, but levels at
MSY are lower than levels reported in the literature for Central Europe. PM; 5 and PM;
is majorly characterised by organic matter, sulphate, nitrate and ammonia in both
fractions, and crustal material in PM1.,5, which explains the seasonal variance. Higher
PM in summer is related to elevated concentrations of organic matter and sulphate as a
result of enhanced solar radiation, higher biogenic emissions, and regional recirculation
episodes inducing the accumulation of pollutants across the region. Nitrate levels were

negligible except during the colder months.

- The efficacy of Europe-wide pollution abatement strategies was evidenced through the
gradual decline in PM, s observed across the continent over the past decade. Reductions
of 6 pg m™ of PM,5 at MSY were recorded since 2002, and the mean reduction across
Europe was in the region of 35%. Variations around this decreasing trend were
attributed to large-scale meteorology affecting aerosol concentrations across Europe.
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Maximum levels for Northern Europe coincided with anomalously hot summers in 2003
and 2006, and minimum concentrations coincided with mild winters in 2007, resulting
in reduced emissions in domestic heating systems and greater dispersion of PM as a
result of enhanced Atlantic advection. In contrast, warmer winters in Southern Europe
gave rise to an opposing variation, with maximum concentrations recorded as a result of
intensified winter pollution episodes. It is hypothesised that large-scale meteorology,
namely the North Atlantic Oscillation, is influential on PM,s concentrations, and this
influence differs for Northern and Southern Europe. Positive phases of NAO produce
milder, wetter weather across Northern Europe (reducing PMjs) and hotter, drier
weather over Southern Europe with more frequent Saharan dust intrusions (increasing
PMas). When the NAO is extremely negative, as evidenced in the winter of 2010, the
Atlantic weather fronts move on a more southerly trajectory bringing wetter, windier
weather to Southern Europe, thus reducing pollutant levels. Furthermore, an accentuated
decline in PMys coinciding with the beginning, and continuing, economic recession in
the peripheral economic states of Europe was outlined, attributed to a reduction in
industrial activity, commuter traffic and a deflated construction industry, i.e. activities
associated with healthy economic activity. Taking advantage of the long time series of
PM,s and chemical composition data made available since the establishment of the
MSY site, the temporal trends of the major and minor chemical components of PM,s
showed that the reduction in mass observed is a result of reducing anthropogenic
organic matter and secondary inorganic aerosol concentrations. A gradual decline for
organic matter and sulphate is likely a direct consequence of pollution abatement
strategies. However, a distinct drop in nitrate since 2008 is probably due to reduced road
traffic. Similarly, declining concentrations of trace elements verify the reducing trend,
especially for trace elements associated with anthropogenic activities and those
controlled by EU Directives.

- Six identifiable emission sources contribute to PM; in the WMB, which are: secondary
sulphate, SOA, fuel oil combustion, traffic + biomass burning, industrial and secondary
nitrate. Most of the sources are seasonal, such as secondary sulphate, SOA and nitrate,
but all are prone to increased concentrations during winter pollution episodes.
Furthermore, many of the sources undergo clear increasing weekly trends with
diminished impact at the weekends. Two of the sources, specifically the industrial and

traffic and biomass burning sources, have reduced concentrations coinciding with the
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vacation period in summer. The influence of shipping emissions on the fuel oil

combustion source is indicated by the presence of marine aerosols.

- Sources affecting sub-micron particles in the WMB regional background include:
industrial + traffic + biomass burning, new particle formation + growth, secondary
sulphate + fuel oil combustion, crustal material and nitrate. Thus, similar sources of PM
and particle number concentration were identified, except for the new particle formation
+ growth which tended to have an inverse relationship with the other sources. The
importance of photochemistry on this source was indicated by the factor loading
observed for solar radiation. New particle formation + growth contributes the largest
proportion of particles, mostly to the ultrafine faction, and its contribution to the particle
number varied widely on a daily basis. The remaining sources mainly affect particles in
the upper Aitken and accumulation mode, and the nitrate and secondary sulphate vary
depending on the season.

- Particle number concentrations were observed to be in line with concentrations across
Europe. Depending on the prevailing atmospheric dynamics at the MSY site, wintertime
particle concentrations and size distribution reflected high altitude sites (clean
conditions) or continental sites (polluted conditions), but bore little relation with
concentrations and size distributions in Eastern Mediterranean sites. Springtime
concentrations at MSY appeared elevated relative to winter, probably owing to higher
biogenic emissions and active photochemistry. The majority of particles at MSY are in
the Aitken mode, followed by the accumulation mode and the nucleation mode. During
winter, local mountain breezes carrying pollutants to the site are the most influential
processes affecting the diurnal variability of aerosols, especially affecting the Aitken
and accumulation modes. Under such conditions, high background particle loadings
prevent new particle formation processes. Conversely, low particle loadings under clean
air conditions, with sufficient solar radiation and gaseous precursors, allow for new
particle formation processes in winter. In the warmer months, particle number
concentrations in all modes are elevated, especially in the nucleation and lower Aitken
mode, indicating that new particle formation processes are still active and sufficiently

rapid in order to avoid scavenging by the pre-existing particle population.
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- Thirty episodes of new particle formation between October 2010 and June 2011 were
identified (occurring on 14% of total days of measurements), and specific examples
were chosen as case studies. Ideal atmospheric conditions for new particle formation
depend on a number of variables, such as solar radiation, sulphuric acid for initial
formation of clusters and sufficient condensable organic vapours. Nucleation processes
occurring under clean air conditions are influenced by even small changes in
condensation sink levels, and generally have low growth rates. Under polluted
conditions, new particle formation can take place provided there are sufficient
concentrations of condensable vapours and growth rates are more rapid, before the
nucleating particles are removed by coagulation and condensation processes. Nucleation
episodes can also be localised, with particles at different stages of formation and growth

being carried to the site, or occurring at different stages within different air masses.

- Particle shrinkage is identified as an important process at the site, with 10 cases
identified in total (5% of all measurement days), and is a process that is currently not
well represented in literature. It is suggested that a reversal in the gas-particle
partitioning of condensed species may be caused by dilution processes, which reduce
the precursor vapour concentrations, allowing condensed species to evaporate. Warm
temperatures, high solar radiation and low relative humidity are also common
meteorological features present when particle evaporation occurs. Depending on the
original species and atmospheric conditions preceding particle evaporation, it is
hypothesised that different evaporating species may be involved, specifically by the

volatilisation of ammonium nitrate and/or semi-volatile organic species.
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Future Research and Open Questions

The research carried out in this study highlights the unusual physical and chemical
processes affecting regional background aerosols in the Western Mediterranean Basin,
and leads to further open questions and gaps in knowledge that future research will

hopefully shed some light on.

The continuation of sampling of PM;o, PM5 and PM; and chemical analysis will
provide further information on the long-term trends of PM at the site, and will ascertain
the causes for fluctuations in PM suggested in this study. Long term chemical speciation
studies of PM are relatively scarce, especially for PM; which is most influenced by
anthropogenic emissions, and thus it is essential to continue these measurements in
order to fully characterise PM for the region. Furthermore, the continuous sampling of
PM at the site is important for comparison with urban emissions in order to quantify the
emissions that can be attributed to local emissions and identify the influence of long-

range transport of pollution.

Results obtained during the DAURE intensive winter and summer campaigns are
not included in this study, but they represent a unique opportunity to characterise
organic aerosols, among other parameters, at the site to an unprecedented level. As
indicated by this work, organic aerosols are very influential on PM concentrations at the
site, as well as their involvement in growth of new particles after formation. The sources
of organic carbon are varied, emitted from both anthropogenic and natural sources, and
the data compiled during the DAURE campaign should hopefully close the knowledge
gaps in this field. The information provided by the DAURE campaign should shed light
on the sources and processes affecting organic aerosols at the site, and the subsequent

continuous measurement of OC will determine the long-term variations.

Since the establishment of the site, the number of aerosol parameters measured has
increased considerably. Measurements of aerosol optical properties such as scattering
and absorption, BC, particle number concentration and size distribution have been on-
going, and the continuation of these measurements will provide information on the long-
term trends of these properties at the site and the climate forcing capabilities of aerosols

at the site. Entire summer measurements for particle number concentration and size
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distribution were unfortunately unavailable for this work, and evidence suggests that
sub-micron particle processes during the summer are significantly different to those
during the rest of the year, especially for the ultrafine fraction. Furthermore, source
contribution studies on particle number concentrations with summer measurements
should hopefully identify the importance of organic aerosols on the source identified in

this study as new particle formation and growth.

As shown in this thesis, evaporation of ultrafine particles appears to be an important
process affecting aerosols at the site. To date, there are very few publications and
studies describing the process. The studies that do exist are still in their infancy, but
judging by the information available, it appears that particle evaporation may be a
common feature of hot climates. Continued study of these evaporation processes is
essential to further understanding of what is occurring, what the evaporating species
involved are and the thermodynamic processes allowing evaporation to occur. Real-time
measurements of sulphate, nitrate, ammonia, chlorine and organics, as provided by
aerosol chemical speciation monitors which has been deployed at the site recently,

should hopefully indicate what the chemical species involved are.

The combination of continuous chemical characterisation of PM and aerosol optical
measurements presents a unique opportunity to investigate the optical properties of
specific chemical components. Such studies are important for determining the radiative
forcing potential of specific components of PM, such as BC, sulphate, nitrate etc., and

would thus provide essential information for long-term climate studies in the region.
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