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Abstract

Abstract

Air pollution is a major environmental and public health concern, especially in
urban areas where both emission sources and population are concentrated. The
association between atmospheric particulate matter mass levels (PM) and particle
number concentration (N) with respiratory and cardiovascular morbidity and mortality
has been demonstrated by many epidemiological studies. Thus, aerosol sources and
processes are being thoroughly investigated in order to identify those contributing to
an increase in N and PM and develop according abatement strategies.

The sources and evolution of aerosols and gaseous pollutants once emitted into
the atmosphere vary in each region, depending on geographical, climatological and
meteorological conditions. This is applicable to Europe, with varying features from the
cold and rainy northern countries to the warmer and drier southern regions. In
particular, the Western Mediterranean Basin, and the coastal city of Barcelona (Spain)
in particular are characterized by a warm dry climate, with scarce precipitation and
high urban density and being geographically constrained by the coastal range it is also
affected by the sea breeze regime.

Within this context, the intensive SAPUSS (Solving Aerosol Problems by Using
Synergistic Strategies) campaign was developed in autumn 2010 in Barcelona (1 month
duration), which consisted on concurrent aerosol measurements at different sites in
the city region. The spatial distribution of the sites allowed the study of the aerosol
temporal variability as well as the spatial distribution, progressively moving away from
urban aerosol sources. The sites used in this thesis are: Road Site (RS) and Urban
Background (UB) were located on ground levels, whereas Torre Mapfre (TM) and Torre
Collserola (TC), representative of the urban/suburban environment were located at
certain height above the city (150 m a.s.l. and 415 m a.s.l., respectively). Finally the
Regional Background site (RB) located 50 km from the city allowed for the study of the
transport of urban emissions outside the city.

Simultaneous sampling of aerosol size distributions during SAPUSS at the RS, UB,
TC and RB with a Scanning Mobility Particle Sizer (SMPS) sites were studied after

performing a k-means cluster analysis on the combined data sets. This allowed the
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Abstract

classification of all size distributions in 9 clusters which could be grouped in 3 main
categories: "Traffic" (Traffic 1 "Teus 1" - 8%, Traffic 2 "Teus 2" - 13%, Traffic 3, "Teius 3" -
9%), "Background Pollution" (Urban Background 1 "UBgys 1" - 21%, Regional
Background 1, "RBgys 1" - 15%, Regional Background 2, "RBgys 2" - 18%) and "Special
cases"” (Nucleation "NUqys" - 5%, Regional Nitrate, "NITys" - 6%, and Mix "MIXqus"- 5%).
As expected, the frequency of traffic clusters (Teus 1-3) followed the order RSsite, UBsite,
TCsite, and RBsite. These showed typical traffic modes mainly distributed at 20-40 nm
and the shrinking of freshly emitted particles was detected as they were transported
from the traffic hot spots towards urban background environments. The urban
background sites (UBsi. and TCsi) reflected also as expected urban background
number concentrations (average values, N = 1.0-10* cm™ and N = 5.5.10° cm®,
respectively, relative to 1.3-10* cm™ seen at RSgie). The cluster describing the urban
background pollution (UBgs 1) could be used to monitor the sea breeze circulation
towards the regional background study area. Overall, the RBsie was mainly
characterised by two different regional background aerosol size distributions: whilst
both exhibited low N (2.7-10° for RByys 1 and 2.2:10° cm™ for RBeus_2), RBaus 1 had
average PM;o concentrations higher than RBgys 2 (27 vs 23 pg m™=). As regards the
minor aerosol size distribution clusters, the "Nucleation™ cluster was observed during
daytime whilst the "Regional Nitrate" was mainly seen at night. The ninth cluster
("Mix") was the least well defined and likely composed of a number of aerosol sources.
When correlating averaged values of N, NO, and PM for each k-means cluster, a linear
correlation between N and NO; with values progressively increasing from the regional
site RBsire to the road site RS Was found. This points to vehicular traffic as the main
source of both N and NO,. By contrast, such an association does not exist for the case
of the nucleation cluster, where the highest N is found with low NO, and PM. Within
the measurement range of SMPS (Nis.226 nm) @nd Condensation Particle Counters (CPC,
Nss nm), Ultrafine particles within the range 5-15 nm in urban areas were found the
most dynamic, being a complex ensemble of primary evaporating traffic particles,

traffic tailpipe new particle formation and non-traffic new particle formation.

Road traffic emissions are often considered the main source of ultrafine particles

(diameter smaller than 100 nm) in urban environments. However, this thesis and other
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recent studies worldwide have shown that - in high-insolation urban regions at least -
new particle formation events can also contribute to UFP. In order to quantify such
events three cities located in predominantly sunny environments were systematically
studied: Barcelona (Spain), Madrid (Spain) and Brisbane (Australia). Three long term
datasets (1-2 years) of fine and ultrafine particle number size distributions (measured
by SMPS) were analysed. By applying the same k-means clustering analysis, the
collected aerosol size distributions we categorized as: “Traffic” (prevailing 44-63% of
the time), “Nucleation” (14-19%) and “Background pollution and Specific cases” (7-
22%). Measurements from Rome (Italy) and Los Angeles (USA) were also included to
complement the study. The daily variation of the average UFP concentrations for a
typical nucleation day at each site revealed a similar pattern for all cities, with three
distinct particle bursts. A morning and an evening spike reflected traffic rush hours,
whereas a third one at midday showed nucleation events. The photochemically
nucleated particles burst lasted 1-4 hours, reaching sizes of 30-40 nm. On average, the
occurrence of particle size spectra dominated by nucleation events was 16% of the
time, which represented 22% of the annual average N, showing the importance of this
process as a source of UFP in urban environments exposed to high solar radiation. On
average, nucleation events lasting for 2 hours or more occurred on 55% of the days,
this extending to >4hrs in 28% of the days, demonstrating that atmospheric conditions
in urban environments are not favourable to the growth of photochemically nucleated

particles.

The composition of the fine particulate matter fraction (PM;, PM mass levels
below 1 um) was studied during the SAPUSS campaign in Barcelona. The samples
collected at the RS and UB sites were analysed for organic and inorganic compounds,
and the PMF EPA v5.0 (Possitive Matrix Factorization version 5.0 from US-EPA) was
applied to the data. This yielded 9 factors which apportioned the main pollution
sources to PM; levels in the Barcelona urban environment: (1) Fresh traffic (RS: 2.9
ugm, 18% of PMy; UB: 1.2 ugm™, 10% of PM), (2) Organic urban mix (RS: 3.5 pgm,
21%; UB: 0.2 pgm™, 2%), (3) Nitrate (RS: 2.8 pgm™, 17%; UB: 1.3 pgm>, 11%), (4)
Industrial NE & sea salt (RS: 2.5 pgm™, 16%; UB: 2.2 pgm, 18%), (5) Industrial SW &
pin (RS: 0.8 ugm™, 5%; UB: 1.3 ugm™, 11%), (6) Shipping (RS: 2.4 pgm™, 15%; UB: 2.6
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ugm>, 22%), (7) SIA (RS: 0.4 ugm™, 2%; UB: 0.6 ugm™>, 5% ), (8) Bio SOA (RS: 0.9 pgm®,
6%; UB: 2.3 pgm™, 19%) and (9) Biomass burning (RS: 0.1 pugm™, 1%; UB: 0.2 pgm®,
2%). The analysis of both inorganic and organic species made possible the
identification of the industrial NE & sea salt source for the first time in the study area
in the PM; fraction. Moreover, the joint study of inorganic and organic species resulted
in a more complete and realistic study with a higher number of identified sources, as
opposed to traditional studies limited to one kind of species. Industrial and shipping
emissions accounted on average for 42% of the PM; mass, being the most relevant
contributor to this size fraction, followed by secondary aerosols (29% on average) and
traffic sources (28% on average). The biomass burning contribution was very low (1%
on average), as previously reported in the study area. A clear decrease in
concentration levels was detected with the distance to the emission sources; while the
RS was dominated by traffic emissions (39% of PM;), the UB was heavily impacted by
industrial sources (51% of PM;). Secondary aerosols were also more relevant at the UB
than at the RS (RS: 25% of PMy; UB: 35% of PM,).

The sources contributing to the PMy, fraction (PM mass levels below 10 um) were
also analysed during the SAPUSS campaign. In this case the focus was set on evaluating
the sources affecting this size fraction in both the horizontal and vertical levels. For this
purpose, concurrent sampling at two ground sites (RS and UB) and two tower sites
elevated above the city ground (TM and TC) was carried out. PMj, concentrations
decreased from the traffic hot spots to the city background (RS 30.7 ug m*, UB 25.9 ug
m3, T™M 24.8 ug m® and TC 21.8 pg m™). Further sources apportionment of the
inorganic species at the four sites by means of PMF v3.0 and ME-2 (Multilinear Engine-
2) produced 8 factors: (1) Vehicle exhaust and wear (2-9 ugm™, 20-27% on average),
(2) Road dust (2-4 ugm™, 9-12%), (3) Mineral dust (around 5 ugm®, 14-26%), (4) Aged
marine (3-5 pgm™, 13-20%), (5) Heavy oil (0.4-0.6 ugm™, 2%), (6) Industrial (around
1.0 pgm3, 3-5%), (7) Sulphate (3-4 pgm, 11-17%) and (8) Nitrate (4-6 pgm™, 17-21%).
The concentrations registered at the ground sites (RS and UB) were two times higher
than at the tower sites (TM and TC) for the vehicle exhaust and wear, road dust and
industrial factors, evidencing the influence of the distance to emission sources. The

factors contribution were relatively homogeneous both in horizontal and vertical
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levels. However, proximity to the emission sources, air mass origin and meteorological
parameters played a key role in influencing the variability of the factors
concentrations. The mineral dust and “aged marine* (due to chemical reaction with
anthropogenic pollutants) factors were found to be a mixture of natural and

anthropogenic components and were thus further investigated.

Overall, 3 types of dust were identified to affect the urban area: road dust (35% of
the dust load, 2-4 pgm™ on average), Saharan dust (28%, 2.1 ugm™) and background
mineral dust (37%, 2.8 pgm™). As regards of the aged marine factor, anthropogenic
marine sulphate of regional origin (44% of the marine load, 1.8 ugm'3 on average,
related with the SO, shipping emissions near the catalan coast) was found to be
internally mixed with this factor. This marine sulphate did not correlate with the PMF
sulphate factor, thus being attributed to the intense regional shipping emissions in the
Western Mediterranean Basin, whereas the sulphate factor was attributed to mainland
power generation and industrial sources. Our results evidence that although the city
shows a homogeneous distribution of PMj, pollution sources, primary vehicle
emissions and road dust are found to decrease in concentration with the distance to

the emission points.

Overall, the complete study of aerosol fractions affecting the urban area of
Barcelona and similar urban environments (Madrid, Brisbane, Roma and Los Angeles),
from ultrafine to coarse particles, enables the identification of the main sources
affecting each size fraction in particular and aerosol pollutants in general. Owing to the
results obtained and the different techniques applied, some recommendations

regarding air pollution studies and air quality measures are proposed:

e Although road traffic is the main source of ultrafine particles, due to the
influence of nucleation events in highly insolated urban environments (on
average 22% of the total particle number concentration), BC
measurements are proposed as a more accurate parameter to monitor
road traffic emissions.

e Regarding epidemiological studies, it would be advisable to study the

morbidity and mortality associated with the daily N concentration,
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differentiating between the nucleation particles and the traffic related

ones, as they are thought to affect human helth differently.

The inclusion of both organic and inorganic species in the source
apportionment studies leads to a better understanding of the complex
pollution scenario affecting urban environments and a higher number of
resolved emission factors.

Regarding the PMy, fraction, it is recommended to study effective
abatement strategies to reduce the mineral dust of anthropogenic urban
origin and to further investigate the regional sulphate concentrations due
to the intense maritime traffic in the Mediterranean basin, as they both
represent a relevant contribution to the mineral load and the total
sulphate, respectively (38% of the mineral load and 32% of the sulphate
load).
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La contaminacio atmosferica s’ha convertit en un motiu de preocupacio degut al
seu impacte en el medi ambient i en la salut de les persones, especialment en zones
urbanes on es concentren les principals fonts d’emissio aixi com una alta densitat de
poblacio. Diversos estudis epidemiologics han demostrat la relacié existent tant entre
els nivells de massa de matéria particulada atmosferica (PM), com de la concentracio
del nombre de particules (N), amb la incidencia de malalties respiratories i
cardiovasculars. Per aquest motiu, s’esta investigant de forma exhaustiva les fonts
d’emissio i els processos que afecten als aerosols atmosferics, amb la finalitat d’
identificar aquells que hi contribueixen a incrementar els nivells d’aquests

contaminants i poder desenvolupar-hi mesures mitigadores efectives.

Les fonts d’emissid i I'evoluci6 dels aerosols un cop emesos a I'atmosfera varien a
cada regio en funcié de les condicions geografiques, climatiques i meteorologiques. A
Europa, els paisos del nord es caracteritzen per un ambient més fred i plujés, mentre
que al sud el clima és més temperat i sec. En la conca Mediterrania Occidental, i més
concretament en la ciutat costanera de Barcelona, el clima es caracteritza per ser calid
i amb escassa precipitacidé. A més a més, la ciutat es troba molt densament poblada a
més d’estar limitada geograficament per la serralada litoral i trobar-se sota la

influencia de la brisa marina.

En aquest context es va desenvolupar la campanya intensiva SAPUSS (Solving
Aerosol Problems by Using Synergistic Strategies) durant la tardor de 2010 a Barcelona
(1 mes de durada), que va consistir en mesures simultanies d’aerosols a diferents
ambients de la ciutat. La distribuci6é espacial de les estacions de mesura va permetre
estudiar la variabilitat espacial i temporal dels aerosols a mesura que un s’allunyava
del centre de la ciutat. Les estacions de mesura utilitzades en aquesta tesi son:
I'estacio de transit “Road Site” (RS) i la de fons urba “Urban Background” (UB) estaven
situades a nivell de carrer, mentre que “Torre Mapfre” (TM) i “Torre Collserola” (TC),
representatives d’escenaris urbans/suburbans, es trobaven a una certa algada (150 m

a.s.l. i 415 m a.s.l., respectivament). Per Gltim, I'estacié de fons regional “Regional
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Background” (RB), situada a 50 km de Barcelona permeté I'estudi del transport de les

emissions urbanes a zones rurals properes.

La mesura de nivells d’aerosols en funcio de la mida de particula simultaniament a
RS, UB, TC i RB amb Scanning Mobility Particle Sizer (SMPS) i la posterior aplicacié de
técniques estadistiques de k-means clustering han permes fer-ne un estudi conjunt
combinant les dades recollides a les 4 estacions. Aixi doncs, els 9 clusters o categories
en que s’han classificat les distribucions de mida es poden agrupar en tres categories
principals: “Transit” (Traffic 1 "Tays 1" - 8%, Traffic 2 "Teus 2" - 13%, Traffic 3, "Teus 3" -
9%), "Contaminaci6 de fons" (Urban Background 1 "UBgys 1" - 21%, Regional
Background 1, "RBgus 1" - 15%, Regional Background 2, "RBgys 2" - 18%) i "Casos
especials” (Nucleation "NUqys" - 5%, Regional Nitrate, "NITgys" - 6%, and Mix "MIXqys"-
5%). Tal com era d’esperar, la freqiiencia dels clisters de transit (Teus 1-3) Segueix
I'ordre RSsite, UBsite, TCsite, @and RBsite. Aquests clisters mostren les modes tipiques del
transit distribuides entre 20-40 nm. També s’observa una disminucio de la mida de les
particules “fresques” emeses pel transit mentre es transporten dels llocs d’emissio cap
a ambients de fons urbans. Les estacions de fons urba (UBsie i TCsite) reflecteixen
concentracions de N més baixes que les més properes al transit (valors mitjans, N =
1.0-10°cm™®i N = 5.5.10° cm™®, respectivament, comparat amb 1.3-10* cm™ registrat a
RSsite). El clUster que descriu la contaminacio de fons urbana (UBgys 1) €S pot emprar
per a descriure la circulacié de la brisa marina que transporta la contaminacio cap a
I'estacio de fons regional. En general, I'estacid RBsite €S caracteritza pels dos cllsters
representatius de la contaminacié de fons regional, que mostren diferéncies entre ells:
encara que ambdds es caracteritzen per un baix N (2.7-10° el RBgys 1 i 2.2:10° cm™ el
RBeius_2), RBeus 1 Mmostra una mitjana de concentracio de PMio més alta que RBgys 2 (27
vs 23 pg m™). Pel que respecta els clisters minoritaris, “Nucleation” s’observa durant
el migdia, mentre “Regional Nitrate” s’observa normalment durant la nit. El nove
claster (“Mix”) es troba poc definit i probablement es tracta d’'una mescla de diverses
fonts de contaminants. En fer les correlacions entre les concentracions mitjanes de N,
NO; i PM i cadascu dels clasters, s’observen correlacions lineals entre N i NO,, amb
valors augmentant progressivament de I'estacié regional RBsi a I'estacié de transit

RSsite, pOSant en evidéncia que el transit rodat és la principal font d’N i NO,. Pel
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contrari, no s’observa aquesta relacié per al clister de nucleacié, donat que les altes
concentracions de N estan inversament relacionades amb les de NO, i PM. Dins del
rang de mesura de I'SMPS (N1s.228 nm) | dels Condensation Particle Counters (CPC, Nss
nm), les particules ultrafines en el rang 5-15 nm en ambients urbans sén molt
dinamiques, ja que contenen una complexa mescla de particules primaries del transit
que poden evaporar, particules de nova formacié en els tubs d’escapament i altres de

nova formacié no relacionades de forma directa amb el transit.

Es considera doncs, en el nostre estudi i en d’altres que les emissions del transit
rodat son la principal font de particules ultrafines (diametre inferior a 100 nm) en
ambients urbans. No obstant, aquesta treball i altres estudis recents han mostrat que
almenys, en regions exposades a alts nivells d’insolacio, els episodis de formaci6 de
noves particules poden contribuir als nivells de particules ultrafines. Amb I'objectiu de
quantificar aquests episodis es van escollir tres ciutats situades en climes caracteritzats
per una elevada insolacid: Barcelona, Madrid i Brisbane (Australia). Per aquest motiu
es van analitzar tres sets de dades de llarga durada (1-2 anys) de distribucié de mida de
particules fines i ultrafines (mesurades amb un SMPS). Mitjancant la mateixa técnica
estadistica del k-means clustering foren classificades en tres categories principals:
“Transit” (prevalenca del 44-63% del temps), “Nucleacio” (14-19%) i “Contaminacio de
fons i casos especifics” (7-22%). Per tal de complementar I'estudi també s’han inclos
mesures de Roma (Italia) i Los Angeles (EEUU). La variacid mitjana de les particules
ultrafines durant un dia tipic de nucleacié presenta similituds entre totes les ciutats,
mostrant clarament tres puntes de nivells de N, dos d’ells relacionats amb les
emissions del transit rodat a les hores punta del mati i del vespre i un tercer pic al
migdia associat a episodis de nucleaci. Els pics de particules originades per processos
de nucleaci6 fotoquimica tenen una durada de 1-4 hores i les particules assoleixen
mides de 30-40 nm. De mitjana, els episodis de nucleacié dominen la distribucié de
mida de particula un 16% del temps, que representa un 22% de I’'N mitja anual, fet que
demostra la importancia d’aquest procés com a font de particules ultrafines en
ambients urbans exposats a alts nivells de radiacié solar. Tipicament, aquests
processos tenen una durada superior o igual a 2 hores el 55% dels dies, mentre que la

xifra es redueix al 28% dels dies per a durades superiors a 4 hores. Aquest fet demostra
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que les condicions atmosfériques que es troben en ambients urbans no afavoreixen el

creixement de les particules fruit de processos de nucleacié fotoquimica.

La composicié de la fracci6 fina de la matéria particulada (PM;, nivells de massa de
PM inferior a 1 um de grandaria) també fou objecte d’estudi durant la campanya
SAPUSS en Barcelona. Les mostres foren recollides a les estacions de transit RS i fons
urba UB i analitzades per a compostos organics i inorganics. Posteriorment es va
aplicar el model de contribuci6 de fonts PMF EPA v5.0 (Possitive Matrix Factorization
versio 5.0 de la US-EPA) que va donar com a resultat 9 factors que contribueixen als
nivells de PM; en aire ambient a Barcelona: (1) Fresh traffic (RS: 2.9 pgm?, 18% de
PMy; UB: 1.2 ugm™, 10% de PM,), (2) Organic urban mix (RS: 3.5 pgm, 21%; UB: 0.2
ugm, 2%), (3) Nitrate (RS: 2.8 ugm™, 17%; UB: 1.3 pgm™, 11%), (4) Industrial NE & sea
salt (RS: 2.5 pgm™, 16%; UB: 2.2 ugm™, 18%), (5) Industrial SW & pin (RS: 0.8 pgm,
5%; UB: 1.3 ugm™, 11%), (6) Shipping (RS: 2.4 ugm, 15%; UB: 2.6 ugm=, 22%), (7) SIA
(RS: 0.4 pgm™, 2%: UB: 0.6 ugm™, 5% ), (8) Bio SOA (RS: 0.9 ugm™, 6%; UB: 2.3 pgm™®,
19%) i (9) Biomass burning (RS: 0.1 pgm=, 1%; UB: 0.2 pugm™, 2%). L’analisi tant
d’especies inorganiques com organiques va permetre la identificacié de la font
industrial NE & sea salt per primer cop a la fraccié PM; en aquesta area d’estudi. A més
a més, I'estudi conjunt d’ambdds tipus d’espécies va permetre la identificacié d’un
nombre major de fonts, donat que els estudis tradicionals fets fins ara que només
inclouen un dels dos tipus d’especies. Les emissions de fonts industrials i del transport
maritim son les més rellevants i representen un 42% de la massa de PM;, seguides dels
aerosols secundaris (29% de mitjana) i del transit rodat (28% de mitjana). La
contribuci6 de la crema de biomassa fou molt baixa (1% de mitjana), tal com es va
trobar en estudis previs. S’ha observat una clara disminucié dels nivells de
concentracié amb la distancia a les fonts emissores; mentre I'estacié de transit RS
estava dominada per les emissions del transit rodat (39% de PM,), I'estacié de fons
urba UB presentava un major impacte de les fonts industrials (51% de PM;). També es
destaca que els nivells d’aerosols secundaris eren més elevats al fons urba que al

centre de la ciutat (RS: 25% of PMy; UB: 35% of PM,).

Les fonts que contribueixen a la fraccié PMyg (nivells de massa de PM inferiors a 10

um) també van ser estudiades durant la campanya SAPUSS. En aquest cas, I'estudi es
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va centrar en avaluar les fonts que influencien aquesta fraccio tant a nivell horitzontal
com vertical sobre I'atmosfera de Barcelona. Amb aquest proposit es van recollir
mostres a dues estacions a nivell de carrer (RS i UB) i a una certa algada (TM i TC). Els
nivells de PMo presenten una clara disminucié de concentracié des dels ambients més
propers al transit fins als més nets (RS 30.7 ug m™, UB 25.9 pg m™>, TM 24.8 pg m™i TC
21.8 ug m*). L'analisi de contribucié de fonts mitjancant PMF v3.0 i ME-2 (Multilinear
Engine 2) d’espécies inorganiques obtingudes a les 4 estacions han resultat en 8
factors: (1) Vehicle exhaust and wear (2-9 ugm™, 20-27% de PMy, de mitjana), (2) Road
dust (2-4 pgm™, 9-12%), (3) Mineral dust (al voltant 5 ugm™, 14-26%), (4) Aged marine
(3-5 pgm™®, 13-20%), (5) Heavy oil (0.4-0.6 pgm™, 2%), (6) Industrial (al voltant d’ 1.0
ugm, 3-5%), (7) Sulphate (3-4 pgm?, 11-17%) i (8) Nitrate (4-6 pugm™, 17-21%). Els
factors relacionats amb el transit rodat aixi com el factor industrial mostren el doble de
concentracié a les estacions RS i UB en comparacio amb les torres (TM i TC), mentre la
resta de factors mostren una distribucié homogeénia a nivells horitzontals i verticals.
Aixi i tot, la proximitat a les fonts d’emissid, I'origen de les masses d’aire i els
parametres meteorologics també influencien les concentracions dels factors. Els
factors de la pols mineral i aerosols marins “envellits” (per reaccié quimica amb
contaminants antropogénics) han resultat ser una mescla de fonts naturals i

antropogéniques, i per aguest motiu han estat analitzades en més profunditat.

S’han identificat 3 tipus de pols mineral que afecten I'ambient urba: la pols de
carretera o rodament (35% dels pols mineral; 2-4 ugm™ de mitjana), la pols Sahariana
(28%, 2.1 ugm™) i la pols mineral de fons (37%, 2.8 pgm™). Pel que respecta a I'aerosol
mari, es va trobar que el sulfat mari d’origen antropogénic regional (degut a les
emissions d’SO; del transit maritim enfront de les costes catalanes) estava inclos en
aquest factor (44% de I'aerosol mari, 1.8 pgm™ de mitjana). Aquest sulfat mari no
presentava cap correlacio amb el factor sulfat, i per tant es va associar a I'intens transit
maritim, mentre que el factor sulfat s’associa a fonts de generacié eléctrica i
industrials. Els resultats d’aquesta tesi posen en evidéncia que encara que la ciutat
mostra una distribucié relativament homogenia de les fonts d’emissié de PMyy, les
concentracions relacionades amb emissions primaries de vehicles i la pols de rodament

disminueixen amb la distancia als focus emissors.
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L’estudi complet de les diferents fraccions d’aerosols que afecten I'area urbana de

Barcelona i ambients urbans similars (Madrid, Brisbane, Roma i Los Angeles), cobrint

des de les particules ultrafines fins a les més grolleres, ha permés la identificacié de les

principals fonts que afecten a cada fraccié en particular i als aerosols en general.

Considerant els resultats obtinguts en aquesta tesi i gracies a les diferents técniques

emprades,

es proposen les seglient recomanacions referents als estudis sobre

contaminants atmosferics i les consequients mesures de millora de la qualitat de I'aire

aplicables:

Xviii

Encara que el transit rodat és la font principal de particules ultrafines en
ambients urbans, donada la influencia dels processos de nucleacié en
ambients urbans sota alta insolacié (de mitjana 22% de la concentracio
mitjana anual del numero total de particules), les mesures de BC
constitueixen un parametre més adequat per a monitoritzar les emissions
del transit rodat.

Per a estudis epidemiologics, s’aconsella estudiar la mortalitat i morbiditat
associada a la concentracio diaria del numero de particules, pero també la
diferenciant entre el numero de particules de nucleacié i de transit, donat
que els efectes en la salut seran molt diferents.

El fet d’incloure espécies organiques i inorganiques en I'analisi de
contribuci6 de fonts a PM millora I'analisi del complex escenari d’emissions
que afecten els ambients urbans, a més de resoldre un major nombre de
fonts.

Pel que respecta a la fraccid de PMyy, es recomana la implementacié de
mesures de control efectives per a reduir la concentracié de pols mineral
de fons d’origen antropogénic i continuar investigant la contribucié del
sulfat d’origen regional lligat a la intensa activitat maritima al Mediterrani,
donat que ambdues representen una fraccié important de la fraccié
mineral i de sulfat totals, respectivament (38% de la fraccié mineral i 32%

del sulfat total).



Resumen

Resumen

La contaminacion atmosférica se ha convertido en un motivo de preocupacion
dado su impacto en el medio ambiente y en la salud de las personas, especialmente en
zonas urbanas donde se concentran las principales fuentes de emision asi como una
alta densidad de poblacion. Numerosos estudios epidemioldgicos han demostrado la
relacion existente tanto entre los niveles de masa de materia particulada atmosférica
(PM) como de la concentracion del nimero de particulas (N), con la incidencia de
enfermedades respiratorias y cardiovasculares. Por este motivo, se esta investigando
de forma exhaustiva las fuentes de emisién y los procesos que afectan a los aerosoles
atmosféricos, con la finalidad de identificar a aquellos que contribuyen a incrementar

los niveles y asi poder desarrollar medidas mitigadoras efectivas.

Las fuentes de emision y la evolucion de los aerosoles atmosféricos varian en cada
region en funcion de las condiciones geogréficas, climaticas y meteoroldgicas. En el
caso de Europa, los paises del norte se caracterizan por un ambiente mas frio y
lluvioso, mientras que los del sud se disfrutan de un clima mas templado y seco. En la
cuenca Mediterranea Occidental, y mas concretamente en la ciudad costera de
Barcelona (Espafia), el clima se caracteriza por ser calido y seco, con escasas
precipitaciones y alta densidad de poblacion, ademés de estar limitado

geograficamente por la cordillera litoral y estar bajo la influencia de la brisa marina.

En este contexto se desarrollé la campafia intensiva SAPUSS (Solving Aerosol
Problems by Using Synergistic Strategies) durante el otofio de 2010 a Barcelona (1 mes
de duracién), que consisti6 en medidas simultdneas de aerosoles en diferentes
ambientes de la ciudad. La distribucién espacial de las estaciones de medida permitio
estudiar la variabilidad espacial y temporal de los aerosoles a medida que uno se aleja
del centre de la ciudad. Las estaciones de muestreo utilizadas en esta tesis son: la
estacion de trafico “Road Site” (RS) y la de fondos urbano “Urban Background” (UB)
estan situadas a nivel de calle, mientras que “Torre Mapfre” (TM) y “Torre Collserola”
(TC), representativas de escenarios urbanos/suburbanos se encontraban a una cierta

altitud (150 m a.s.l. y 415 m a.s.l., respectivamente). Por ultimo, la estacion de fondo
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regional “Regional Background” (RB), situada a 50 km de Barcelona permitio el estudio

del transporte de las emisiones urbanas en zonas rurales cercanas.

La medida de niveles de aerosoles en funcion del tamafio de particula
simultaneamente en RS, UB, TCy RB con el Scanning Mobility Particle Sizer (SMPS) y la
posterior aplicacion de técnicas estadisticas de k-means clustering han permitido
realizar un estudio conjunto combinando los datos recogidos en las 4 estaciones. Asi
pues, los 9 clusteres o categorias en las que se han clasificado las distribuciones por
tamarfio se pueden agrupar en tres categorias principales: “Trafico” (Traffic 1 "Teus 1" -
8%, Traffic 2 "Taus 2" - 13%, Traffic 3, "Teus_ 3" - 9%), "Contaminacion de fondo™ (Urban
Background 1 "UBgys 1" - 21%, Regional Background 1, "RBgys 1" - 15%, Regional
Background 2, "RBgus 2" - 18%) and "Casos especiales” (Nucleation "NUgys" - 5%,
Regional Nitrate, "NITgus" - 6%, and Mix "MIXqus"- 5%). Como era de esperar, la
frecuencia de los cllsteres de trafico (Teius 1-3) Sigue el orden RSsite, UBsite, TCsite, Y RBsite.
Estos clusteres muestran las modas tipicas del tréafico distribuidas entre 20-40 nm.
También se observa una disminucion del tamafio de las particulas “frescas” emitidas
por el trafico mientras son transportadas de los sitios de emisién hacia ambientes de
fondo urbano. Las estaciones de fondo urbano (UBsite ¥ TCsite) reflejan concentraciones
de N més bajas que las méas cercanas al trafico (valores promedio, N = 1.0-10*cm®y N
= 5.5.10° cm®, respectivamente, comparado con 1.3-10* cm™ registrado en RSsie). El
cluster que describe la contaminacion de fondo urbana (UBgys 1) Se puede utilizar para
describir la circulacion de la brisa marina que transporta la contaminacion hacia el
fondo regional. En general, la estacion RBge Se caracteriza por dos cllsteres
representativos de la contaminacién de fondo regional, aunque se pueden observar
diferencies entre ambos: aunque los dos se caracterizan por un N bajo (2.7-10° el
RBeius_1 Y 2.2-10° cm™ el RBqus_2), RBaus 1 Muestra una concentracion promedio de PMig
mas alta que RBgys 2 (27 vs 23 g m™). Por lo que respecta a los clsteres minoritarios,
“Nucleation” se observa durante el mediodia, mientras que “Regional Nitrate” se
observa normalmente por la noche. El noveno cllster (“Mix”) es el que estad menos
definido y probablemente se trata de una mezcla de varias fuentes de contaminantes.
Las correlaciones entre las concentraciones promedio de N, NO, y PM y cada uno de

los clusteres, muestran correlaciones lineales entre N 'y NO,, y los valores aumentan
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progresivamente de la estacién regional RBsite a la estacion de trafico RS, quedando
en evidencia que el tréafico rodado es la principal fuente de N y NO,. Por el contrario
esta relacion no se cumple para el cluster de nucleacion, dado que las altas
concentraciones de N estan inversamente relacionadas con NO, y PM. Dentro del
rango de medida del SMPS (Nis.228 nm) ¥ de los Condensation Particle Counters (CPC,
Ns>s nm), las particulas ultrafinas en el rango 5-15 nm en ambientes urbanos son muy
dinamicas, dado que contienen una compleja mezcla de particulas primarias de tréafico
que poden evaporarse, particulas de nueva formacion en los tubos de escape y otras

de nueva formacioén no relacionadas con el trafico de forma directa.

Asi pues, se considera en nuestro estudio y en muchos otros, que las emisiones del
trafico rodado son la principal fuente de particulas ultra finas (diametro inferior a 100
nm) en ambientes urbanos. No obstante, este trabajo y otros estudios recientes han
mostrado que al menos, en regiones expuestas a altos niveles de insolacion, episodios
de formacién de nuevas particulas pueden contribuir a los niveles de particulas ultra
finas. Con el objetivo de cuantificar la incidencia de estos episodios se escogieron tres
ciudades situadas en climas caracterizados por una alta radiacion solar: Barcelona
(Espafia), Madrid (Espaiia) y Brisbane (Australia). Por este motivo se analizaron tres
sets de datos (1-2 afios) de distribuciéon por tamafio de particulas finas y ultra finas
(medidas mediante un SMPS). Aplicando la misma técnica estadistica del k-means
clustering se han clasificado en tres categorias principales: “Trafico” (prevalencia del
44-63% del tiempo), “Nucleacién” (14-19%) y “Contaminacion de fondo y casos
especificos” (7-22%). Para complementar el estudio también se han incluido datos de
Roma (Italia) y Los Angeles (EEUU). La variacion promedio de las particulas ultra fines
durante un dia tipico de nucleacién presenta similitudes en todas las ciudades,
mostrando claramente tres picos niveles de N, dos de ellos relacionados con las
emisiones del trafico rodado en les horas punta de la mafiana y la tarde y un tercer
pico al mediodia asociado a episodios de nucleacion. Los brotes de particulas
originados por procesos de nucleacion fotoquimica tienen una duracion de 1-4 horas y
las particulas crecen hasta los 30-40 nm. En promedio, los episodios de nucleacion
dominan la distribucién por tamafios un 16% del tiempo, que representa un 22% del

promedio anual de N, lo que demuestra la importancia de este proceso como fuente
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de particulas ultra fines en ambientes urbanos expuestos a altos niveles de radiacion
solar. Tipicamente, estos procesos tienen una duracién superior o igual a 2 horas el
55% de los dias, mientras que la cifra se reduce al 28% de los dias para duracion
superiores a 4 horas. Este hecho demuestra que las condiciones atmosféricas que se
encuentran en ambientes urbanos no favorecen el crecimiento de las particulas fruto

de procesos de nucleacion fotoquimica.

La comparacion de la fraccion fina de la materia particulada (PM3, niveles de masa
de PM inferior a 1 um de tamafio) también fue objeto de estudio durante la campafia
SAPUSS en Barcelona. Las muestras fueron recogidas en las estaciones de trafico RS y
fondo urbano UB y analizadas para compuestos organicos e inorganicos.
Posteriormente se aplic6 el modelo de contribucion de fuentes PMF EPA v5.0
(Possitive Matrix Factorization version 5.0 de la US-EPA) que dio como a resultado 9
factores que contribuyen a los niveles de PM; en aire ambiente de Barcelona: (1) Fresh
traffic (RS: 2.9 ugm™, 18% del PMy; UB: 1.2 pgm™, 10% del PM,), (2) Organic urban mix
(RS: 3.5 pgm™, 21%; UB: 0.2 pgm, 2%), (3) Nitrate (RS: 2.8 pgm™, 17%; UB: 1.3 pgm®,
11%), (4) Industrial NE & sea salt (RS: 2.5 pgm™, 16%; UB: 2.2 ugm™, 18%), (5)
Industrial SW & pin (RS: 0.8 pgm™, 5%; UB: 1.3 ugm™, 11%), (6) Shipping (RS: 2.4 pgm™,
15%; UB: 2.6 ugm'3, 22%), (7) SIA (RS: 0.4 ugm'3, 2%; UB: 0.6 ugm'3, 5% ), (8) Bio SOA
(RS: 0.9 pugm™, 6%; UB: 2.3 ugm™, 19%) and (9) Biomass burning (RS: 0.1 pgm™, 1%;
UB: 0.2 ugm™>, 2%). El anlisis tanto de especies inorganicas como organicas permitié la
identificacion de la fuente industrial NE & sea salt por primera vez en la fraccién PM;
en esta area de estudio. Ademas, el estudio conjunto de ambos tipos de especies
permitié la identificacion de un mayor numero de fuentes que los estudios
tradicionales realizados hasta ahora que sélo incluyen uno de los dos tipos de especies.
Las emisiones de fuentes industriales y del transporte maritimo son las mas relevantes
y representan un 42% de la masa de PM;, seguidas de los aerosoles secundarios (29%
en promedio) y del trafico rodado (28% en promedio). La contribucién de la quema de
biomasa fue muy baja (1% en promedio), de acuerdo con estudios previos. Se ha
observado una clara disminucion de los niveles de concentracion con la distancia a las
fuentes emisoras; mientras la estacion de trafico RS estaba dominada per las

emisiones del trafico rodado (39% de PM,), la estacion de fondo urbano UB
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presentaba un mayor impacto de las fuentes industriales (51% de PM;). También se
destaca que los niveles de aerosoles secundarios eran mas elevados en el fondo

urbano que en el centro de la ciudad (RS: 25% of PM;; UB: 35% of PM).

Las fuentes que contribuyen a la fraccion PMyo (niveles de masa de PM inferior a
10 um de tamafio) también fueron objeto de estudio durante la campafia SAPUSS. En
este caso, el estudio se centrod en evaluar las fuentes que influyen esta fraccion tanto a
nivel horizontal como vertical sobre la atmosfera de Barcelona. Con este proposito se
recogieron muestres en dos estaciones al nivel de la calle (RS y UB) y a una cierta
altitud (TM y TC). Los niveles de PMj presentan una clara disminucién de
concentracién desde los ambientes mas influenciados por el trafico hasta los mas
limpios (RS 30.7 pg m=, UB 25.9 ug m*, TM 24.8 pg m™> and TC 21.8 pg m'3). El analisis
de contribuciéon de fuentes PMF v3.0 y ME-2 (Multilinear Engine-2) de especies
inorganicas obtenidas en las 4 estaciones han resultado en 8 factores: (1) Vehicle
exhaust and wear (2-9 pgm, 20-27% de PM1, en promedio), (2) Road dust (2-4 pgm,
9-12%), (3) Mineral dust (around 5 pgm=, 14-26%), (4) Aged marine (3-5 ugm=, 13-
20%), (5) Heavy oil (0.4-0.6 pgm, 2%), (6) Industrial (alrededor de 1.0 ugm™, 3-5%),
(7) Sulphate (3-4 ugm?, 11-17%) y (8) Nitrate (4-6 pgm?, 17-21%). Los factores
relacionados con el trafico rodado asi como el factor industrial muestran el doble de
concentracién en las estaciones RS y UB en comparacion con les torres (TM y TC),
mientras que el resto de factores muestran una distribucion homogénea a niveles
horizontales y verticales. Aun asi, la proximidad a les fuentes de emision, el origen de
las masas de aire y parametros meteoroldgicos també influyen en los niveles de
concentracion de los factores. Los factores del polvo mineral y los aerosoles marinos
“envejecidos” (por reaccion quimica con contaminantes antropogénicos) han resultado
ser una mezcla de fuentes naturales y antropogénicas, y por este motivo han sido

analizados en mas profundidad.

Se han identificado 3 tipos de polvo mineral que afecten al ambiente urbano: el
polvo de carretera o rodamiento (35% del polvo mineral; 2-4 pgm™ en promedio), el
polvo Sahariano (28%, 2.1 ugm™) y el polvo mineral de fondo (37%, 2.8 pgm™). Por lo
que respecta al aerosol marino, se ha encontrado que sulfato marino de origen

antropogénico regional (debido a las emisiones de SO, del trafico maritimo frente a las
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costas catalanas) estaba incluido en este factor (44% del aerosol marino, 1.8 ugm™ en
promedio). Este sulfato marino no presentaba ninguna correlacion con el factor
sulfato, y por lo tanto se asoci6 con el intenso trafico maritimo frente a las costas
catalanas, mientras que el factor sulfato se asocia a las fuentes de generacion eléctrica
e industriales. Los resultados de esta tesis ponen en evidencia que aunque la ciudad
muestra una distribucién relativamente homogénea de las fuentes de emision de
PMio, las concentraciones relacionadas con las emisiones primarias de vehiculos y el

polvo de rodamiento disminuyen con la distancia a los focos emisores.

El estudio completo de las diferentes fracciones de aerosoles que afectan al area
urbana de Barcelona y a ambientes similares (Madrid, Brisbane, Roma y Los Angeles),
cubriendo desde las particulas ultra finas hasta las mas gruesas, permite identificar las
principales fuentes que afectan a cada fraccion en particular y a los aerosoles en
general. Considerando los resultados obtenidos en esta tesis y gracias a las diferentes
técnicas empleadas, se proponen las siguientes recomendaciones referentes a los
estudios sobre contaminantes atmosféricos y sus consiguientes medidas de mejora de
la calidad del aire aplicables:

e Aunque el tréfico rodado es la fuente principal de particulas ultra finas en
ambientes urbanos, dada la influencia de los procesos de nucleacion en
ambientes urbanos bajo alta insolacion (un 22% de la concentracion
promedio anual de N), las medidas de BC constituyen un parametro mas
adecuado para monitorizar las emisiones del trafico rodado.

e Para estudios epidemioldgicos se aconseja estudiar la mortalidad y
morbilidad asociada a la concentracion diaria del numero de particulas
pero también diferenciando entre el nimero de particulas de nucleacion y
las de trafico, ya que seguramente sus efectos en la salud seran muy
diferentes.

e El hecho de incluir especies organicas e inorganicas en el analisis de la
contribucién de fuentes a PM mejora el estudio del complejo escenario de
emisiones que afectan a los ambientes urbanos, ademas de resolver un

mayor nimero de fuentes.

XXIV



Resumen

e Por lo que respecta a la fraccion de PMj, se recomienda la
implementacion de medidas de control efectivas para reducir la
concentracién de polvo mineral de fondo de origen antropogénico y
continuar investigando la contribucion del sulfato de origen regional ligado
a la intensa actividad maritima en el Mediterrdneo, dado que ambas
representan una fraccion importante de la fraccion mineral y de sulfato

total, respectivamente (38% de la fraccion mineral y 32% del sulfato total).
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Chapter 1 INTRODUCTION

1. Introduction

1.1 Air pollution

Air pollution is a major environmental concern, especially in urban agglomerations
where anthropogenic emissions are an important source. The pollutants (gases or
particulate matter, PM) can be emitted to the atmosphere either by anthropogenic
sources like industry, traffic or agriculture or by natural sources such as sea spray,
mineral dust and volcanic emissions; however, in urban areas the first largely prevails
over the second. Particulate pollutants are commonly referred to as aerosols, which
are found suspended in the atmosphere in liquid or solid phase (Mészar6s, 1999).
Aerosol sizes vary from 1 nm to 10°> nm and they have been historically classified into
different categories regarding their mass concentration. PMjo represents the mass
concentration (ug m~) of particles with a diameter below 10 pm, PM,s includes
particles with diameter smaller than 2.5 um and PM; accounts for particles below 1
um, while ultrafine particles (UFP) refer to those under 0.1 um and are usually
reported in number concentration (cm™). The formation mechanisms of atmospheric
particles can be primary or secondary (Seinfeld and Pandis, 2006). Primary particles are
those emitted directly to the atmosphere while secondary particles are generated
through chemical reactions, such as gas to particle conversion, and represent an
indirect emission. The study of ambient PM concentrations in urban environments has
been of particular interest due to its adverse effects on human health (Pope and
Dockery, 2006; Lim et al., 2012), such as respiratory and cardiovascular diseases
(McCreanor et al. 2007; Pope et al., 2009)). Additionally, aerosols influence the Earth’s
radiative balance, either directly or indirectly, through their effect on the albedo and
lifetimes of clouds (IPCC, 2007).

1.2 Natural and anthropogenic sources

Aerosols have a natural or an anthropogenic origin and may be emitted to the

atmosphere directly or formed as a result of different atmospheric processes. Natural
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sources include sea spray, mineral dust, volcanic emissions, biomass burning, biogenic
emissions and organic matter. On the global scale, these sources account for 98% (12
100 Tg y™) of total global emissions, whereas anthropogenic emissions are estimated
to be around 300 Tg y* (Andreae and Rosenfeld 2008; Durant et al., 2010). The most
abundant natural aerosols are sea spray and mineral dust (10130 Tg y* and 1600 Tg y’
! respectively as seen in Figure 1.1). The sea water bubbles are ejected from the sea
surface and incorporated to the atmosphere, being typically found in the PMjg
fraction. The interaction between sea salt and other anthropogenic components that
might have a local or regional origin, such as sulphate and nitrate causes an ageing of
the sea salt and increases the contribution of marine aerosols to the PM load (Amato
et al., 2009, 2011). Mineral dust largest emission source are deserts, mainly located in
a broad “dust belt” that extends from the west coast of North Africa, over the Middle
East, Central and South Asia, to China in the Northern Hemisphere (Prospero et al.,
2002). These crustal particles are injected in the atmosphere due to wind resuspension
and may be transported long distances in high atmospheric layers (Ginoux et al., 2012).
Local and regional soil resuspension by strong winds as well as anthropogenic activities
such as construction and demolition works, mining and agriculture also contribute to
the mineral load of PM (Querol et al., 2001, 2004b). Additionally, primary bioaerosols
(pollen, spores and sulphates from biogenic gases), biogenic secondary organic
aerosols (BSOA) from oxidation of biogenic volatile organic compounds (BVOCs) and
volcanic emissions (crustal material and sulphates from volcanic SO,) complete the

contribution of natural aerosols (Seinfeld and Pandis, 2006).
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Figure 1.1: Global fluxes of primary and secondary atmospheric particulate matter (total of 12,400 Tg y’
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. Obtained from Gieré and
Querol (2010).

Although natural sources remain the main contributors to global aerosols
concentrations, anthropogenic emissions may be very intense in highly populated
areas and industrialized regions (Putaud et al., 2004). Natural emissions might also
affect urban areas, depending on geographical and meteorological features. Some of
the naturally formed aerosols might be long range transported to urban areas, adding
to the already complex urban scenario of pollution sources (Figure 1.2). Reversely,
anthropogenic emissions might also be transported to rural areas (Lelieveld et al.,
2002).
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Figure 1.2: Global aerosols distribution produced by a GEOS-5 simulation at a 10-kilometer resolution.
Aerosols sources emissions may be distinguished: dust lifted from the surface (red), sea salt (blue),
smoke from biomass burning and forest fires (green), and sulfate particles (white) stream from
volcanoes and fossil fuel emissions. Source: http://www.nasa.gov/multimedia/imagegallery/image
_feature_2393.html#.VYk_6Ua3vgV

Within urban environments, road traffic is found to be the main source through
both exhaust and non-exhaust emissions (Amato et al., 2009; Kumar et al., 2011; Pant
and Harrison, 2013; Pey et al., 2009). Vehicle exhausts emit both primary particles
(mainly in the UFP range) and gaseous pollutants which may later form new particles
or condense onto pre-existing ones (mostly in the fine range). Domestic and residential
heating, cooking, construction and demolition, shipping emissions as well as air traffic
and harbours also contribute to the source apportionment in the city environment
(EMEP/EEA air pollution inventory guidebook, 2013). Brake and pavement wear and
road dust resuspension (coarse mode) also contribute to urban pollution. Additionally,
the transport of pollution plumes from nearby industrial facilities may also add to the

urban pollution load.

In addition to the natural and anthropogenic emissions, in the last years it is
becoming relevant the so called “enhanced” formation of BSOA aerosols due to the
interaction of BVOCs with other anthropogenic pollutants such as NOy and O3 (Hoyle et
al., 2011). Thus, although the origin of BVOCs is natural the causes of the formation of
enhanced biogenic secondary organic aerosols (eBSOA) is attributed to anthropogenic

factors.
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1.3 Aerosol formation and transformation processes

Primary sources are those that directly emit aerosols to the atmosphere (Seinfeld
and Pandis, 2006). In urban environments they are mainly related to tailpipe emissions
as a result of incomplete combustion (Kumar et al., 2011; Pant and Harrison, 2013).
Also relevant are non-exhaust emissions linked to road traffic, such as brake and
pavement wear (Amato et al., 2009). Industrial facilities involving high temperature
processes such as smelters, waste incineration plants, power generation plants and
other industrial combustion sources (Yang et al., 1998) as well as construction and
demolition activities also emit primary particles (Amato et al., 2009; Dorevitch et al.,
2006).

Secondary aerosols are those derived from gaseous precursors emitted directly to
the atmosphere (Seinfeld and Pandis, 2006). They undergo different chemical
processes in the atmosphere that lead them to particle formation. The most common
precursor gases are NOy, SO,, NH; and VOCs. Homogeneous nucleation due to a gas to
particle conversion process and condensation of gaseous pollutants onto pre-existing
particles, as well as coagulation between particles are the most common aerosol
transformation processes. All these physical and chemical transformations lead to
varying aerosols sizes, chemical composition and structure, resulting in aerosol aging
(see Figure 1.3). Removal of particles from the atmosphere is usually done through wet
and dry deposition on surfaces (Mészaros, 1999). Aerosols may also result in cloud
nuclei onto which water vapor condenses, forming cloud droplets and thus entering
the water cycle (IPCC, 2013). Wet deposition remains as the main removal mechanism
for atmospheric aerosols (Levin and Cotton, 2009). Dry deposition, on the other hand,
is heavily influenced by external factors such as wind dispersion and diffusion
depending on aerosol size (Knippertz and Stuut, 2014). For the UFP, coagulation and
agglomeration accounts for a drastic reduction of life times of the finest UFP (Seinfeld
and Pandis, 2006). As a consequence, the lifetime of atmospheric aerosol varies widely
from hour to weeks, depending on their physico-chemical characteristics, their size

and the meteorological factors (Seinfeld and Pandis, 2006).
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Figure 1.3: A simplified schematic illustration of atmospheric aerosols, sources, transformation
processes and removal mechanisms (Cusack, 2013).

1.4 Aerosol chemical composition

Chemical composition of atmospheric aerosols is known to be varied, mainly
depending on the emission sources and the atmospheric formation processes and
interaction with other particles or gaseous precursors (Finlaysson-Pitts and Pitts,
2000). Meteorological conditions as well as the location may cause a wide variation
both in spatial and temporal scales. Mineral matter, carbonaceous compounds, sea
spray and secondary inorganic species such as sulphate, nitrate and ammonium, as
well as some metals and water are the main chemical species found in atmospheric

aerosols (Seinfeld and Pandis, 2006).

Mineral matter has a primary origin and its chemical composition varies
depending on the emission area of crustal components (type of soils) and
anthropogenic emissions such as mining, agriculture or construction related activities.
The major components are Si, Al, Ca, Fe, Ti, K and Mg, while a number of trace
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elements such as Co, Rb, Ba, Sr, Li, Sc, Cs and Rare Earth Elements (REEs) are present in
trace concentrations (Chester et al., 2006). The main mineral composition of PM is
quartz, calcite, dolomite, clay minerals and feldspars. In minor concentrations are also

found calcium sulphate and iron oxides (Querol et al., 2002).

Sea spray is made up of NaCl, with minor contributions of MgCl,, MgSO, and
Na,SO4 (Mészaros, 1999). The oxidation of biogenic dimethyl sulphite (DMS) emitted
by phytoplancton produces secondary organic sulphur compounds (Simpson et al.,
1999). Other trace elements like Al, Co, Cu, Fe, Mn, Pb, V and Zn might contribute to

this type of aerosols.

Carbonaceous aerosols are mainly composed by carbon with variable proportions
of O, H and other hetero-atoms; although mineral carbon from carbonate minerals is
not included in this category as it constitutes mineral matter. Carbonaceous aerosols
are divided in elemental carbon (EC) and organic carbon (OC). EC is a primary
graphitized material emitted by incomplete combustion from fossil fuels or biomass
(Goldberg, 1985). Vehicle emissions constitute the main source of EC in urban
environments, although power generation, industrial combustion processes and
anthropogenic biomass combustion also contribute to this load (Bond et al., 2013). It
accounts for a high light absorbance, directly influencing the warming effect of
aerosols on climate (Hendricks et al., 2004), as well as for significant health outcomes
(Health effects of BC WHO report, 2012). Anthropogenic OC is mainly due to fossil fuels
combustion or biomass burning as well as agricultural activities. Polycyclic aromatic
hydrocarbons (PAHs), alkanes, alkenes and several organic acids are also OC
components (Seinfeld and Pandis, 2006). Bioaerosols, pollen, spores, windborne plant
debris among other natural organic compounds constitute primary organic aerosols,
whereas the secondary ones result through photochemical oxidation and
condensation of VOCs (Jimenez et al., 2009). The condensed low volatility gases onto
pre-existing particles may later evaporate, causing a shift to lower particle sizes
(Dall'Osto et al., 2011b).

Secondary inorganic aerosols (SIA) refer to the main inorganic compounds in the

atmosphere: sulphate (SO,%, nitrate (NO3) and ammonium (NH,"). They are formed
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through gas-to particle conversion processes from their precursor species such as SO,
NO, and NHj3 (Hidy, 1994).

The emission of SO, to the atmosphere as a result of industrial processes such as
energy generation, domestic and residential emissions, shipping, road traffic and
natural sources such as volcanoes is found to oxidize in the atmosphere and react with
other gaseous precursors to form PM (Mészéaros., 1999). The most common
atmospheric reaction is that which involves sulphuric acid and ammonia to form
ammonium sulphate (Hidy, 1994). Additionally but in a minor proportion, sulphuric
acid can also react with calcium carbonate and sodium chlorine to form calcium or
sodium sulphate (Querol et al., 1998a, 1998b) . Ammonium sulphate is found in the
fine fraction, while calcium and sodium sulphate show a coarser size (>1um, Mildford
and Davidson, 1987).

Nitrogen oxides (NOx) are emitted to the atmosphere as NO (mainly primary) or
NO, (primary and secondary sources) from combustion sources. In urban
environments road traffic is the main emission source, although other industrial and
residential combustion sources also contribute (EEA, 2014). As a result of an
atmospheric chemical reaction, nitrogen oxides convert to nitric acid, which is also
highly reactive and can be neutralized to originate (fine) ammonium, (coarse) sodium

or (coarse) calcium nitrate (Mészaros, 1999).

1.5 Size distribution and PM fractions

Given that aerosol sizes cover five orders of magnitude (1 to 10° nm) and in some
measure reflect their formation mechanisms, particles have been classified into
different size modes (Seinfeld and Pandis, 2006). Particle size is also directly related to
the CCN efficiency (Andreae and Rosenfeld, 2008).

UFP (<100nm) include nucleation mode (<20nm) and Aitken mode particles (20-
100 nm). Accumulation mode particles (100 nm-1 pm) link the UFP with the fine
aerosols (<1 um), while the coarse mode corresponds to particles 1-10 um (Seinfeld

and Pandis, 2006). UFP are very abundant in number but have little aerosol mass
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(Harrison and Yin, 2000), whereas fine and coarse particles are scarce in number but

have high aerosol mass.

The nucleation mode includes particles below 20 nm, which are usually dominated
by the gas-to-particle conversion mechanism (Seinfeld and Pandis, 2006). In urban
environments road traffic exhaust emissions are the main contributors to this factor as
these particles can be formed in the engine or in the atmosphere after emission from
the tailpipe (Charron and Harrison, 2003; Morawska et al., 1999; Shi and Harrison,
1999). Primary particles related to traffic are emitted during the dilution and cooling of
road vehicle exhaust (Charron and Harrison, 2003; Kittelson et al., 2006) or as
carbonaceous soot agglomerates formed by fuel combustion (Kittelson, 1998; Shi et
al., 2000). Secondary particles related to traffic are formed behind the exhaust tailpipe
as the exhaust gases are diluted and cooled with ambient air (Charron and Harrison,
2003). The most crucial aspect of particle formation behind the exhaust tailpipe is the
three-dimensional representation of the dilution pattern, which involves varying
length and time scales (Huang et al., 2014; Uhrner et al., 2007; Wehner et al., 2009;
Zhu et al., 2002).

Additionally, new particle formation (NPF) can be originated through
photochemical reactions enhanced by gaseous precursors such as H;SO4, NH3 and
VOCs (Kulmala et al., 2000). Low volatility vapours nucleate into neutral molecular
clusters that are stabilized by amines, ammonia and organic vapours, and are activated
by condensation of low-volatility organic compounds (Kulmala et al., 2013; see Figure
1.4). High insolation and wind speed, low relative humidity, available SO, and low pre-
existing particle surface area are common features that enhance new particle
formation events (Kulmala and Kerminen, 2008), characterised by a great increase in N

in the nucleation mode and subsequent particle growth, if conditions are favourable.
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Figure 1.4: Schematic description of main size regimes of atmospheric neutral clusters and the main
processes related to those size ranges (Kulmala et al., 2013).

NPF of regional origin due to photochemical reactions (Costabile et al., 2009;
Kulmala et al., 2004; Wehner et al., 2007) has also been detected in urban areas. This
is in contrast to what was assumed in the past, which is that photonucleation events
only occur in background and regional environments such as clean coastal (O’Dowd et
al., 2010), forest areas (Boy and Kulmala, 2002), semi-clean savannah (Vakkari et al.,
2011), high altitude locations (Sellegri et al., 2010) and regional background sites
(Wiedensohler et al., 2002). This is usually attributed to the fact that such natural
environments are characterised by a low condensation sink (CS), thus facilitating
nucleation. By contrast, urban environments are often characterised by high CS, so
that a lower frequency of nucleation events is expected. Nevertheless, there are
studies showing that these events in fact can be detected in urban areas, as originally
demonstrated in Atlanta, USA (Woo et al., 2001), Birmingham, UK (Alam et al., 2003)
and Pittsburgh, USA (Stanier et al., 2004), and subsequently in many cities worldwide
(Betha et al., 2013; Cheung et al., 2013; Costabile et al., 2009; Dall’Osto et al., 2013;
Pey et al., 2008, 2009; Rimnacova et al., 2011; Salma et al., 2011; Wu et al., 2008).

The Aitken mode refers to particles with diameters from 20-100 nm. This mode is
dominated in urban areas by traffic-related particles, as both diesel and gasoline
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vehicle emissions have been found to emit primary carbonaceous particles in the range
30-120 nm (Charron and Harrison, 2003). Moreover, growth, coagulation and
condensation of nucleation mode particles contribute to this mode. The continuation
of such processes lead to particles occasionally reaching the accumulation mode
(Seinfeld and Pandis, 2006).

The accumulation mode particles comprehends those with sizes 0.1-1 um and are
usually dominated by former Aitken particles that have undergone further
atmospheric processes such as coagulation onto pre-existing particles and
condensation of semi-volatile compounds causing an increase in particles diameter
(Seinfeld and Pandis, 2006). As a result, particle number concentrations decrease
whereas an increase in particle mass is detected. These aged aerosols are found to be
easily transported to distant areas, both urban originated aerosols being transported
to rural areas (Cusack et al., 2013b) and rural aerosols, such as biomass burning
particles reaching urban environments (Salimi et al., 2014). These particles, contrarily
to UFP are found in low number concentration in the atmosphere but are

characterised by higher mass concentrations.

Coarse aerosols are those with a particle diameter higher than 1 pm. Most of them
have a primary origin and usually derive from mechanical processes, such as marine
aerosols, mineral dust, road dust and biogenic debris. In addition to the primary
dominant load of coarse PM, a secondary contribution may arise from the interaction
of gaseous precursors such as NOx and SO; (easily transformed to HNOs; and H,SO,)
with mineral matter (mainly CaCO3;) and sea salt (mainly NaCl), yielding to the
formation of CaSO,4, Ca(NOs3),, Na,SO4 and NaNOs. The importance of quantifying the
sources affecting the mineral dust load and marine aerosols in PMyq resides in the
need to distinguish natural from anthropogenic contributions and develop effective
abatement strategies to improve air quality. Despite the efforts in reducing the
exhaust and the emissions of gaseous precursors of secondary PM like NOy and SO,
non-exhaust emissions have not been targeted yet and contribute to non-compliance

of the established PM, limit values (Harrison et al., 2008).

19



Chapter 1 INTRODUCTION

1.6 Effects of aerosols

Atmospheric aerosols are ubiquitous in ambient air and have played a key role in
the development of the Earth’s atmosphere. Without them rainfall would not occur
and the world climate would be very different (Mészaros, 1999). However,
atmospheric chemical composition has changed over time due to various
anthropogenic emissions, mainly derived from combustion sources, such as power
plants, road vehicles and domestic stoves (Brimblecombe, 2001). Moreover, the
increased anthropogenic emissions of certain condensable gaseous species such as
sulphur dioxide, nitrogen dioxides and volatile organic compounds also have a large
impact on local pollution problems. For example, the interaction between atmospheric
aerosols and solar radiation has an impact on visibility, due to the scattering and
absorption of radiation. In polluted urban environments the high concentration of
anthropogenic particles may reduce the visibility to a few meters (Blumenthal et al.,
1978; Deng et al., 2008; Husar et al., 1981; Wu et al., 2005). Additionally, atmospheric
particulate matter deposition on buildings produces the degradation of exposed
construction materials, such as stone, cement and metallic structures (Alastuey, 1994,
Torfs and Van Grieken, 1997).

The interaction between aerosols and ecosystems can lead to aerosol deposition
on plant leaves and soils as well as acid rain production, causing an acidification of the
environment. On the other hand, the transport of mineral dust from arid areas over
long distances has also important positive effects on biogeochemical cycles, as it
represents an important source of primary nutrients like calcium, iron, nitrogen,
potassium and phosphorus (Avila et al., 1998; Prospero, 1999; Jickells, 2005) to both

continental and marine ecosystems.

One of the most important negative effects of aerosols is the deterioration of
human health, especially for those living in dense urban environments, which
represents around 50% of the global population (UN World Urbanization Report: 2009
Revision). The high concentration of anthropogenic emissions due to transport and
industrial activities generate a negative impact in populations’ health and also affect
the global radiation budget. Therefore, these effects will be further discussed in the

following sections.
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1.6.1 Health effects

Epidemiological studies have evidenced that exposure to fine and UFP are related
with an increase of respiratory and cardiovascular diseases and premature mortality
(Dockery et al., 1993; Dockery and Pope, 1994; Schwartz et al., 1996). Development
impairments due to air pollution have also been reported (Bobak et al., 1999; Ritz et
al., 2002). Some investigations indicate that PM can induce inheritable mutations in
mice (Somers et al., 2004), while it is related to lung cancer in humans (Pope et al.,
2002). Laden et al. (2000) found that an increase of 10 pgm™ in PM,5s from mobile
sources accounted for a 3.4% increase in daily mortality and the equivalent increase
from coal combustion sources accounted for a 1.1% increase, while crustal particles
were not associated with daily mortality. Pope et al. (1995) reported an association
between increased mortality and sulphate and PM, s concentrations. Particle surface
area, UFP concentrations, bioavailable transition metals, PAHs, and other particle-
bound organic compounds are suspected to be more important than particle mass in
determining the health effects of air pollution (Lighty et al., 2000). There is growing
evidence that the most harmful effects of PM are related to particle size, as smaller
particles are hypothesized to increase acidity and penetrate into the lower airways
(Kim et al., 2015). The health effects of PM sources were analysed in the city of
Barcelona (Ostro et al., 2011). This work found that traffic, sulphate from shipping and
long-range transport, and construction dust are important contributors to the adverse
health effects linked to PM.

UFP are ubiquitous in urban environments (Kumar et al., 2014), and are very
abundant in number but have little aerosol mass (Harrison and Yin, 2000). Because of
their small size they are suggested to be more toxic than coarser particles per unit
mass (Davidson et al., 2005; Seaton et al., 1995). Epidemiological studies have shown
that particle number concentration is directly related to cardiovascular mortality
(Atkinson et al., 2010) and they have a great potential for lung deposition (Oberddrster
et al.,, 2005). Oberdorster et al. (2005) showed that they can penetrate the cell
membranes, enter into the blood and even reach the brain. There is increasing
scientific evidence that removal of particles deposited in the lung is size-related (Salma
etal., 2015; Kim et al., 2015).
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Although evidence of a relationship between mortality and fine aerosols in urban
areas has been stronger than for coarse particles, coarse PM has been suggested to be
linked with hospital admissions due to cardiovascular and respiratory diseases
(Brunekreef and Forsberg, 2005 and references therein). There is evidence for effects
of coarse aerosols on mortality, especially in dry regions due to resuspension of
mineral dust (Ostro et al., 2000; Perez et al., 2008). Given the frequent outbreaks of
Saharan dust in the Mediterranean region, adverse health effects of coarse particles
during Saharan dust outbreaks were found in a study in Madrid, Spain (Tobias et al.,
2011). In a study in 5 cities in the Mediterranean environment, the association
between main chemical species of PMiy and PM,s aerosols and hospital admissions
and mortality was investigated (Basagafia et al., 2015). EC and Ni were mainly related
to an increase in morbidity, although many other species showed increased percent
changes, while also EC, Ni and SO,* were found to have the highest association with

respiratory mortality.

1.6.2 Effects on climate

Atmospheric aerosols play a key role in global atmosphere, as they are directly
related to the radiative balance due to their absorbing, reflecting and dispersive nature
(IPCC, 2013). Although their variation in time and space has always been dynamic, due
to intensive natural point emissions, such as volcanic eruptions and occasional
wildfires, anthropogenic emissions have provoked a dramatic change (IPCC, 2013). The
scattering and reflection of aerosols add to the negative radiative forming,
contributing to cool the Earth’s surface (Figure 1.5). On the other hand, absorbing
aerosols such as black carbon, greenhouse gases and clouds absorb radiation and thus
have a warming effect (Bond et al., 2013). According to the IPCC fifth assessment
report (IPCC, 2013) and shown in Figure 1.5 the warming effect caused by greenhouse
gases and short-lived gases is estimated in 3.0 Wm™, whereas the cooling effect of
aerosols directly and through cloud effects is estimated in -0.82 Wm™. The total
radiative budget leaves a warming global effect of 2.29 Wm™. The total contribution of
aerosols to the radiative budget is still poorly understood, due to the high uncertainty
in the measurements and modelling (IPCC, 2013). This has important implication also

for the weather and climatic prediction models, which present limitations due to this
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insufficient knowledge. The great dynamism of aerosols in the atmosphere, including
multiple transformation processes, varying sources, spatial distribution and lifetime,

make this a challenging topic.
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Figure 1.5: Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the
main drivers of climate change (IPCC, 2013).

1.6.3 Air quality regulations

The main objective of the regulations is to protect human health and the natural
environment from the hazardous effects of aerosols. Therefore, the current European
policies aim to improve air quality and strengthen the emissions control. The actual air
quality European directives 2008/50/CE and 2004/107/CE establish the annual, daily
and hourly or 8-hours limits or target values that should not be surpassed of the
following pollutants: PM;o, PM2 5, O3, BaP, Pb, As, Cd, Hg, Ni, BaP, SO,, NO,, CO and
NOy. Both European directives have been transposed in Spain into a Royal Decree RD
102/2011. They require the implementation of air pollution monitoring sites, which
should be located close to road traffic sources, in urban background environments,

industrial and rural areas.
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For PMyo concentrations, the annual value should not exceed 40 um?, whereas
the daily limit value of 50 pm™ should not be exceeded more than 35 times a year.
Regarding PM,s, the annual limit value is 25 pm™, which should be reduced to 20 pm
by 2020. Annual average of Pb contained in PMj, aerosols should not exceed 500 ngm’
% whereas annual targets As, Cd, Ni and BaP should not exceed 6, 5, 20 and 1 ngm™,

respectively.

All the members of the European Union must comply with these directives. To this
end they should implement the emission directives and apply additional actions, such
as low emission zones, to further improve air quality in their countries/regions
(Holman et al., 2015). Both NO« (mostly associated with traffic sources) and SOy levels
(mostly of industrial origin) EU emissions have followed a decreasing trend for the last
10 days, especially since the in deep implementation of the Large Combustion Plants
(LCP) and the Integrated Pollution Prevention and Control (IPPC) directives in 2008
(Figure 1.6). However, PMy emissions levels have slightly increased, probably due to
the widespread use of biomass burning for domestic heating. Currently, due to the
advances in scientific research, BC measurements and N are being proposed as
additional parameters to control air pollution. BC is a main contributor to climate
forcing and has also been related to adverse health effects (WHO, 2012). As previously
discussed, particle mass is not a suitable parameter for controlling the ambient air UFP
due to their abundance in number but little mass. Moreover, these have been related

to harmful effects on populations’ health (HEI Review Panel, 2013).
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Figure 1.6: Contribution to EU emissions from main sources sectors (Gg/year=1000 tonnes/year) of
PMyg, PM; 5, NOy, SO, NMVOC, CO, NH;z and CH, (EEA Report Air Quality in Europe, 2014).
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1.7 Specifics of southern European countries

Current regulations address the amount of ambient particulate matter expressed
as a mass concentration of particles (PM), and not N concentrations. However, the
European Union (EU) has recently taken initial steps to set N concentrations emission

regulations for vehicular emissions (EU, 2012).

Regarding UFP, the variability of particle levels in urban ambient air is not only
dependent on the number of vehicles but it is also influenced by the geographical,
climatological and the meteorological features of the study area (Birmili et al., 2000;
Hussein et al., 2006; Olivares et al., 2007). A large gradient of N is found within urban
areas of Europe. In northern European countries N is usually correlated with primary
traffic markers during all seasons (Hussein at al., 2004), whereas in the Southern
European countries the scenario is far more complex. Indeed, Reche et al. (2011)
showed that the high insolation registered in Mediterranean cities enhances

nucleation events, thus increasing N.

Within Northern Europe, nucleation events in many urban areas are not very often
detected (Alam et al., 2003; Wegner et al., 2012; von Bismarck-Osten et al., 2013).
However, Reche et al. (2011) showed that a different behaviour was observed in
southern European cities, where new particle formation processes at midday did occur
with higher frequency than in northern European cities. The main cause for this
difference is likely to be the higher intensity of solar radiation in the Southern

European areas, and/or possible site specific chemical precursors.

The intermediate fine fraction (PM; or PM;s) presents a wide variation with
Europe depending on the type of site and the different regions (Querol et al., 2004b). It
is usually dominated by combustion and photochemical processes in urban
environments (Morawska et al., 2008). When moving away from the traffic hot spots
to more remote sites, an increase in organic aerosols and a decrease in EC is recorded
in the fine fraction (Yin and Harrison, 2008). Additionally, air mass origin and
seasonality heavily influences the formation of secondary organic and inorganic
aerosols in remote environments (Ripoll et al., 2015). Industrial processes emissions

also contribute to PM; aerosols, especially thermal processes (Ehrlich et al., 2007).
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Regarding coarse particles, in southern European countries, due to the drier
climate conditions, mineral dust resuspension and Saharan dust outbreaks
substantially contribute to increase PM concentrations. Overall, higher PM;, levels
were recorded for southern European countries in comparison to central EU regions,
mainly due to the mineral dust input (Putaud et al., 2010; Querol et al., 2004b).
However, the factors influencing aerosol mass concentrations and the contributing
sources are many, causing a high variability in PM levels within Europe input (Eeftens
et al., 2012; Putaud et al., 2010; Querol et al., 2004b). In northern European countries,
the road dust originated by pavement abrasion due to the use of studded tires
(Norman and Johansson, 2006), high sea salt concentrations in the coastal areas (Yin et
al., 2005) and the use of biomass burning for heating purposes (Puxbaum et al., 2007)

are significant sources of PM.

Additionally, the low dispersion and recirculation of air masses in summer mainly
in coastal areas increase PM concentrations (Millan et al., 1997). The intense maritime
transport in the Mediterranean Sea and related harbour activities contribute to
degrade air quality in southern European coastal areas due to PMy, NO, SO,, PAH and
N emissions (Pandolfi et al., 2011; Viana et al., 2014). High pollutants emissions from
urban and industrial agglomerates are also relevant (El Haddad et al., 2013; Rodriguez
et al., 2004; Tolis et al., 2014), whose dispersion is disfavoured by the high density of

urban structures (Sicard et al., 2011).

1.8 Western Mediterranean Basin

In the areas surrounding the Western Mediterranean Basin (WMB) the low
dispersion conditions due to scarce rainfall (concentrated in spring and autumn), the
long-range transport of natural aerosol and the intense anthropogenic emissions in the
basin present a complex pollution scenario (Rodriguez et al., 2002). The low
precipitation rates favours road resuspension, as well as the dense urban structure,
difficulting pollutants dispersion. Winter anticyclonic episodes are associated with
stagnant atmospheric conditions, favouring the accumulation of pollutants in the

mixing layer on a regional scale (Jorba et al., 2013). As a consequence an increase in
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pollutants levels is observed. The mild Mediterranean climate accounts for high
insolation levels, thus activating sea breezes in coastal areas that have a direct
influence in pollution sources concentrations as they transport marine aerosols from
the coastal areas further inland (Minguill6n et al., 2014; Pandolfi et al., 2013). This is
reflected in the high pollution levels recorded in the WMB respect some other

European areas (Putaud et al., 2010).

The intensified solar radiation induces photochemical nucleation processes, which
can have either an urban or regional origin (Dall'Osto et al., 2013b). Photochemical
nucleation episodes in the Barcelona urban environment were first reported by Pey et
al. (2009) and further investigated by Perez et al. (2010). Since then, several studies
have deepened in the knowledge of this events characteristics and frequency
(Dall'Osto et al., 2012; Reche et al., 2011). It should be kept in mind that the
Mediterranean climate is not exclusive of the Mediterranean Basin and can be
encountered in other worldwide cities like Los Angeles (Hudda et al., 2010). Additional
effects of intense solar radiation is the oxidation of biogenic emissions due to the
abundance of coniferous forest areas spread across the Basin, enhancing the
formation of secondary organic aerosols in the rural areas of the WMB (Minguillon et
al., 2011).

In the Barcelona urban environment, carbonaceous aerosols (related to road
traffic, among other sources) have been reported to dominate the PM; fraction,
followed by secondary inorganic compounds such as sulphate, nitrate and ammonia
(Pérez et al., 2010). Mineral matter, sea spray and trace elements contribution were
minimal. Additionally, fuel oil combustion and industrial sources were identified by

using a positive matrix factorization model (Amato et al., 2009).

The main sources of PMjo in the Barcelona urban environment are mineral dust
and road traffic emissions (Amato et al., 2009; Pérez et al., 2010; Querol et al., 2001).
Mineral sources include both natural (Saharan dust) and anthropogenic emissions
(road dust) (Escudero et al., 2005; Querol et al., 2004a). Other minor sources comprise
shipping (being V and Ni common tracers; Viana et al., 2014), both locally due to the
city harbour and regional sources in the Mediterranean Basin (Pey et al., 2010; Querol

et al., 2009a). Industry (heavy industry emissions traced by Mn, Pb, As, Cd, Cu and Sb)
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represents usually less than 10% of PM;p mass (Amato et al., 2009, 2014). Biomass
burning contribution to PMy is relatively low in the Barcelona area (Minguillon et al.,
2011; Reche et al., 2012). Secondary aerosol components affect PM;, especially during
regional recirculation episodes, were the stagnant conditions lead to the accumulation
of pollutants (Pandolfi et al., 2014). In addition, due to the coastal location of the study
area, sea breeze (during the day) and mountain breeze (during the night) also

influence pollution transport from/towards the urban area.

Three main components of mineral dust in the WMB have been reported in the
literature: road dust, Saharan dust and urban or regional background dust (Querol et
al., 2004a). Road dust is associated with resuspended road dust by passing vehicles
and wind, and is traced by Fe, Ca, Al, Si, Ti, Cu, Sb, Sn, Ba, Zn, OC and EC (Schauer et al.,
2006). A background source rich in Ca, Si, Al and Ti was attributed to regional
anthropogenic and natural resuspension such as wurban dust from
construction/demolition works, unpaved areas and parks, among other sources
(Amato et al., 2009). Querol et al. (2001) reported a urban/regional background
mineral dust factor enriched in Al and Ca, which presented higher concentrations in
summer than in winter. In addition, Saharan dust outbreaks transporting dust (made of
quartz, clays, calcium carbonate and iron oxide and traced by Al, Si, Ti among others)
regularly impact the study area (Querol et al., 2001). Efforts have focused on
quantifying this contribution to the average mineral loading, both for air quality
purposes (Pey et al., 2013; Querol et al., 2009b) and its impact on population’s health
(Perez et al., 2008).

1.9 Previous studies

The Environmental Inorganic Geochemistry research group at IDAEA-CSIC has
focused its research on the characterisation of atmospheric aerosols in the Iberian

Peninsula (IP), especially in the WMB.

The measurements of TSP and PMy levels and chemical speciation started in 1995
at the Teruel coal-fired power station. The influence of Saharan dust and resuspension

processes on coarse aerosols were also reported (Querol et al., 1996, 1998a and b).
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Querol et al., (2001) reported that hourly levels of PM,s and PM; reflected the
daily cycle of road traffic gaseous pollutants in Barcelona. The impact of meteorology
on PM levels was investigated by Rodriguez (2002), as well as the impact of dust
sources in the urban environment. The measurements carried out in the urban
environment revealed annual exceedances of the daily limit values, mainly caused by
local sources (Viana, 2003). Escudero (2006) found an important influence of Saharan
dust outbreaks to the regional background, while Castillo (2006) studied the impact on

levels and chemical speciation of aerosols in NE Spain.

Minguillén (2007) studied levels, composition and sources of PM in the industrial
ceramic area of Castell6 and possible abatement strategies. A reduction of 3-5 pgm™ in

PMy, for urban areas was proposed, especially aiming to decrease the mineral fraction.

For the first time, Pey (2007) monitored N and size distributions in Spain,
concluding that UFP concentrations directly depended on vehicle exhaust emissions,
although secondary processes such as photochemical nucleation also contributed,

especially to the nucleation mode.

Pérez (2010) collected a long PM data series until 2007, introducing PM; as a
relevant fraction in Barcelona urban environment. It also included BC as a
complementary measure to monitor vehicle emissions. Amato (2009) investigated
road dust emissions by means of a PMF, highlighting the contribution of non-exhaust
emisssions to urban pollution sources. In order to reduce such emissions, the

effectiveness of several abatement strategies was evaluated.

Reche (2012) highlighted the importance of intense solar radiation in the
occurrence of photochemical nucleation processes that were thus enhanced in
Southern European urban environments in comparison to Northern regions. This work
also further evaluated several sources impacting the urban environment such as NHs

and biomass burning as well as the toxicological effects of urban particles.

Cusack (2013) further investigated the PM characteristics of the WMB regional
background environment using long term PM data series. Photochemical nucleation

regional events and their evolution in the rural atmosphere were also analysed.
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Alier (2014) investigated the sources of submicron organic aerosols in the urban
background environment of Barcelona of both biogenic and anthropogenic origin.
Among the organic compounds analysed were PAHSs, dicarboxilic acids and isoprene
and a-pinene oxidation products. Van Drooge et al. (2012) also analysed the impact of

natural emissions in the WMB, considering only the organic fraction.

Ripoll (2015) studied the impact of natural and anthropogenic sources in the WMB
continental background, using both online and offline PM chemical speciation

instruments. Additionally, physical and optical aerosol properties were investigated.

1.10 The SAPUSS and VAMOS projects

Abundant studies and PhD thesis have been carried out in the research group as
described in the previous section. However, there are still gaps of knowledge that
should be covered. Regarding UFP, the sources and processes influencing nucleation
events in a Mediterranean environment need to be further investigated, especially
regarding the evolution of freshly nucleated particles. The origin and variation of
atmospheric aerosols in the WMB have been previously analysed; however concurrent
measurements at both horizontal and vertical levels of PM was lacking, as well as an
inclusive study of organic and inorganic chemical speciation. With the aim of filling
these gaps, the VAMOS (Combination of new generation aerosol measurements at
surface to interpret their time and spatial variability in the Western Mediterranean)
and SAPUSS (Solving Aerosol Problems by Using Synergistic Strategies) projects were

developed.

The present PhD is carried out in the framework of the SAPUSS and VAMOS
projects and it is done with the support of a doctorate grant (BES-2011-046110)
sponsored by the National Plan of Research from the Spanish Ministry of Economy and
Competitiveness assigned to the VAMOS project (CGL2010-19464). The VAMOS
project focuses on studying the source origin and atmospheric processes controlling
aerosol levels and characteristics during the winter and summer PM pollution episodes
in NE Spain. It aims at studying the origin and variability of PM and N over the city of

Barcelona, by simultaneously measuring in diverse urban scenarios at different
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heights. Special emphasis is given to the sources of organic and mineral matter in
urban and regional aerosols, as well as the temporal and spatial variations of NHs
levels in urban and rural areas. Finally, it also aims at characterising the high nucleation
midday summer episodes occurring in the WMB. This project was aimed at providing
long-term aerosol measurements in the Barcelona area, such as particle number size
distribution. It also included the SAPUSS project, an intensive sampling campaign
aimed at monitoring the Barcelona urban environment by deploying state-of-the-art

aerosol instrumentation at several sampling sites.

The SAPUSS project is a Marie Curie EU Action that was developed in order to
address several knowledge gaps in the urban agglomerate of Barcelona (NE of Spain).
The city is located in the WMB, showing high population (1.7 million inhabitants) and
car densities (6100 cars km™) and very dense urban structure as it is geographically
confined by the coastal range of Collserola to the north, the Mediterranean Sea to the
south-east and two river valleys, the Besos River to the north-east and the Llobregat
River to the west. All this factors contribute to a complex and multi-faceted pollution
scenario. As described in previous sections, several atmospheric sources had already
been targeted as important contributors to atmospheric aerosols (i.e. photochemical
nucleation events to UFP, industrial sources to the fine fraction, dust sources to the
coarse fraction), although further knowledge of formation and/or transformation
processes as well as the 3D variation of PMy and N concentrations was lacking.
Therefore, several sampling sites were chosen within the urban area both in horizontal
and vertical levels (Dall’Osto et al., 2013a). Concurrent measurements in up to 6 sites
took place from 20 September to 20 October 2010, including a road traffic site, two
urban background sites, a regional background site and two tower sites (150 m a.s.l.
and 545 m a.s.l., respectively). In each site, multiple instruments working under
different techniques and principles were simultaneously deployed to characterise
particulate matter, gaseous pollutants and meteorological scenarios, aiming for a
better understanding of the atmospheric chemistry and physics governing the

Mediterranean urban environment.
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1.11 Objectives

The specific objectives of this PhD thesis are:

1- To identify the atmospheric processes and sources affecting the size selected
aerosol concentrations simultaneously detected at four different monitoring sites in

the Barcelona area during the SAPUSS campaign.

2- To categorise sources of UFP in urban environments situated in temperate
regions affected by high solar radiation levels. Specifically, we aim to assess the
frequency and influence of nucleation events on UFP levels and variability, as well as

the atmospheric conditions facilitating such events.

3- To characterise the main sources contributing to PM; urban aerosols by a
source apportionment study of both inorganic and organic species, as previous source
apportionment studies in the area had been carried out separately for inorganic and
organic species. The differences in sources concentrations between a traffic road side

and the urban environment are also investigated.

4- To assess the main sources contributing to PMj, aerosols fraction both in
horizontal and vertical levels (4 sites in total) in the urban agglomerate of Barcelona.
Specifically we aim to study the main factors influencing the variability of aerosol

sources over the whole area.

1.12 Structure of the thesis

Following the introduction, the methodology section will describe the main study
areas and the monitoring sites in detail, and outline the sampling instruments and the
data treatment tools applied. The results section will be divided in four parts, ranging
from ultrafine particles to coarse particles in the Barcelona urban environment. A brief
introduction and state-of-the-art will introduce each of the different subsections of
this chapter. The first two parts will focus on the characteristics of aerosol size
distributions in Barcelona during the intensive SAPUSS campaign and in several
worldwide cities sharing a similar climate to Barcelona, respectively. Then, the source

apportionment for the PM; and PMy fractions at several sites during SAPUSS will be
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analysed, with special emphasis on the organic fraction (PM;) and the mineral and
marine aerosols (PMyg). Afterwards, a common discussion ranging from the finest UFP
to the coarse aerosols and the dominating sources and processes affecting each
fraction will be presented. A conclusion chapter will sum up the main conclusions
regarding air pollution in a WMB urban environment and include some remarks and

implications for air quality. Finally, future work and literature references will be listed.
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2. Methodology

The methodology section is divided in five main sections. The two first sections
describe the study areas and the sampling sites used during the long-term
measurements and the intensive SAPUSS campaign. After that, the measurements
performed at each sampling site are presented, followed by a detailed description of
the air pollution sampling instruments. Finally, a description of the data treatment

tools applied is given.

In order to clarify the structure of the thesis and the sampling sites discussed in

this section, Table 2.1 describes the data that has been used in each chapter.

Table 2.1: Sampling sites used in each of the chapters of this thesis. |.t.m. stands for long term
measurements and i.c. for intensive campaign.

Chapter 3 Chapter 4 Chapter 5
Sites (Results) (Discussion) | (Conclusions)

31 32 33 34| 41 42 5
Barcelona (I.t.m.)
-BCN X X X
Barcelona (i.c. SAPUSS)
-RS X X X X X X
-UB X X X X X X
-T™M X X X
-TC X X X X X
-RB X X X
Madrid (I.t.m.)
- MAD X X X
Brisbane (I.t.m.)
- BNE X X X
Rome (l.t.m.)
-ROM X X X
Los Angeles (I.t.m.)
-LA X X X

2.1 Study areas

The Mediterranean climate is categorised as dry-summer subtropical (type Csa/b
in the Kdppen climate classification) due to its mild winters and warm summers with

scarce rainfall. It is characterised by annual average temperatures of 12-18°C, with
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dominant clear sky conditions (annual global irradiance intensity of 180-190 Wm).
Precipitation is concentrated in autumn and spring and is very scarce during summer;
its annual average is about 600 mm. Although it prevails in the coastal Mediterranean
Sea Basin areas, it is also present in other parts of the world, such as south-western
USA, the west and southern Australian coast, south-western South Africa and central
Chile (see Figure 2.1).

BCN ROM

N Ik,

J e ‘_\& © BNE

B Mediterranean climate areas

Figure 2.1: Location of the cities selected for the study. The 3 main cities Barcelona (BCN), Madrid (MAD)
and Brisbane (BNE) are marked in green, whereas the supporting cities of Los Angeles (LA) and Rome
(ROM) are shown in black. The cities of BCN, MAD, ROM and LA are located in Mediterranean climate
regions, whereas BNE has a humid subtropical climate. Image source: US National Park Service California
Mediterranean Research Learning Center.

With the objective of categorising sources of UFP in urban environments similar to
that encountered in the Barcelona study area, a number of cities situated in temperate
regions affected by high solar radiation levels were chosen. In addition to Barcelona,
two more cities in the western Mediterranean Basin were selected for this study:
Madrid and Rome. For the American continent the city of Los Angeles was chosen (it is
also located in a Mediterranean climate region). Finally, the city of Brisbane (Australia)
was also included. Its climate is categorised as humid subtropical (type Cfa) due to the

higher mean annual rainfall (1150 mm versus 600 mm for the Mediterranean climate),
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although otherwise presents many climatological similarities to the Mediterranean
regions with mild winters and warm summers with prevalent sunny days (average

annual global irradiance of 208 Wm, see Table 2.2).

Table 2.2: Average annual meteorological parameters for each site during the respective study periods.
Due to the reduced data availability in Los Angeles, values in parentheses represent annual values
provided by NOAA or NASA.

Solar radiation

City T(°C) RH (%) Rain (mm) Wm?)
Barcelona 1816 68116 432 190270
Madrid 1547 66+23 438 182+265
Brisbane 2015 72120 1072* 240+337
Rome 19+7 59+17 732" 203274

Los Angeles  19+6(19%)  58+20 (71%) 126 (452%) (225"

* Australian Government Bureau of Meteorology

* http://www.weatherbase.com/weather/weatherall.php3?s=124261&refer=&units=metric
® National Oceanic and Atmospheric Admisnistration (NOAA)

* National Aeronatics and Space Sdmisnistration (NASA)

Although the selected cities are located in similar climatic environments, some
differences regarding meteorological conditions were encountered (see Table 2.2). All
cities show mild annual temperatures, ranging from 15°C in Madrid (due to its inland
location) to 20°C in Brisbane (due to its latitude, closer to the equator, see Figure 2.1).
Relative humidity varies by 10% across the cities, showing highest values in Brisbane
(72%). This is probably related to the higher precipitation rate registered in this city
(1072 mm), two times higher than in BCN, MAD or LA (430-450 mm). As expected, the
highest average annual values of solar radiation are recorded in Brisbane and the
lowest in Madrid (240+337 Wm?and 182+265 Wm™, respectively).

In addition to meteorological features, other factors influence UFP emission
sources in these urban areas, especially regarding traffic-related pollutants. The vehicle
fleet composition is not homogeneous among the sampling sites, as a tendency
towards dieselization has been experienced in some European countries over the last
years, especially in Spain (Amato et al., 2009), where 55% of vehicles are diesel-
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powered versus 44% gasoline (Direccion General de Trafico, 2015). In Italy 37% of the
vehicles used diesel fuel and 62% used gasoline in 2007 (Istituto Nazionali di Statistica,
2009). On the other hand, in the USA or Australia the diesel share represents only
around 20% (Gentner et al., 2012; Australian Bureau of Statistics, 2014). Diesel vehicle
engines are known to emit much higher N than gasoline ones (Harris and Maricq,
2001), which might imply a higher concentration of primary UFP in European countries
in comparison to the USA and Australia. Another relevant difference between the
cities relates to their urban structure. While both Brisbane and Los Angeles are
extensively suburbanised cities with relatively low population densities, favouring
dilution and diffusion of pollutants, southern European cities are dense urban
agglomerates that favour the trapping and accumulation of pollutants. Given these
differences between the cities, we nevertheless view the climatic similarities to be
strong enough to consider the urban background environments in which the data have

been sampled to be broadly comparable.
2.1.1 Barcelona

The city of Barcelona has 1.7 million inhabitants and around 4 million counting the
metropolitan area, being the second largest city in Spain. It is located in the North East
of Spain in the WMB, confined by the coastal range of Collserola to the North, the
Mediterranean Sea to the South-East and two river valleys, the Besos River to the
North East and the Llobregat River to the West (Figure 2.2). Along the river valleys
there is a relevant industrial structure including cement kilns, metallurgy among
others, resulting in its pollution plume often reaching the city (Amato et al., 2009;
Minguillon et al., 2014). Nonetheless, the major PM pollution source is traffic, as the
city has a high vehicle density (5800 cars km? Anuari Estadistic de la Ciutat de
Barcelona, 2011).

Due to its location in a coastal area, the transport and dispersion of atmospheric
pollutants within the study area is dominated by the sea-breeze during the day and the
less strong land-breeze at night. Moreover, due to its geographical location, the WMB
is affected by the influence of the Azores high-pressure system, which depending on its

latitudinal location favours or blocks the passing of low-pressure systems over the
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Iberian Peninsula. The renewal of air masses is more favoured in winter due to the
southerly position of the Azores anticyclone, favouring the transport of clean Atlantic
air masses. On the other hand, from late spring until autumn the intensity of the high
pressure system enhances the development of local and mesoscale circulations
favouring the recirculation of polluted air masses (Jorba et al., 2013; Sicard et al.,
2011). Additionally, during summer African air masses loaded with Saharan dust
frequently reach the study area, contrarily to advection episodes from central-Europe,

which usually affect the WMB on autumn, spring and winter (Pey, 2007).

The development of the sea breeze and the boundary layer plays a key role not
only in the city but in the surrounding areas as well. In the urban environment,
emissions from the city harbour are transported inland, while a higher boundary layer
enhances pollutants dilution at midday (Reche et al., 2011). In the rural environment
both the sea and mountain breezes transport inland anthropogenic pollutants from
the coastal industrial facilities and urban nucleuses increasing the pollution load in

rural areas (Cusack et al., 2013).
2.1.2 Madrid

Madrid is the Spanish capital city, located in the centre of the IP in a plateau about
650 m a.s.l., it features 3.3 million inhabitants although the metropolitan area
accounts for more than 6 million. It is constrained to the north-northwest by a high
mountain range (Sierra de Guadarrama, 40 km distant) and to the northeast and east
by lower mountainous terrain (Gébmez-Moreno et al., 2007). The weather in Madrid
corresponds to a typical mid-latitude continental area, with cold winters, hot dry
summers and mostly sunny days. Mean annual precipitation is around 400 mm, mainly
concentrated during spring and autumn (Gémez-Moreno et al., 2011). It shows intense
seasonal contrasts concerning temperature and rainfall, causing seasonal patterns for

specific pollutants.

Madrid industrial activities consist of light industry and therefore most emissions
arise from road traffic and residential and domestic sources (cooking and winter
heating systems based on fossil fuels, including a small proportion based on coal)

(Gémez-Moreno at al. 2011). Although the IP is usually under stable atmospheric
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conditions due to the Azores anticyclone, Atlantic and north advections are also
common. In winter the stagnant anticyclonic conditions and the appearance of
radiative nocturnal surface inversions lead to persistent pollution episodes over the
city. On the other hand, thermal convective activity dominates during summer thus

contributing to the mixing layer development (G6mez-Moreno at al. 2011).
2.1.3 Brisbane

Brisbane is located on the eastern Australian coast; it has two million inhabitants
although the metropolitan area accounts for 3 million. The city is centred along the
Brisbane river, close to its estuary and is surrounded by mountains from south to
north, facing the Pacific ocean to the east (Cheung et al., 2011). This city’s climate is
classified as humid subtropical (type Cfa in the Koppen classification). The main
difference with the Mediterranean climate is the higher mean annual rainfall (1150
mm versus 600 mm for the Mediterranean climate), as otherwise they are both

characterised by sunny days, mild winters and warm summers.

Traffic exhaust emissions are the main pollution source, although plumes coming
from the airport, harbour and industrial facilities can also contribute. The region is
governed by SE synoptic flows, although a NE breeze is also a daily feature (Morawska
et al.,, 1998). The recirculation of polluted air masses under certain atmospheric
conditions (coincident NW synoptic flow with overnight SW drainage) can lead to

photochemical smog events (Cheung et al., 2011).
2.1.4Rome

Rome is the Italian capital, located 24 km inland from the Mediterranean Sea and
features 2.7 million inhabitants although the metropolitan area accounts for 4 million.
The city is located in the Tiber valley, and the river crosses the city before flowing into
the Mediterranean. Being a Mediterranean climate city, the city has cool humid
winters and hot dry summers.

Air pollution in Rome originates mostly from motor vehicle traffic. As a result,
concentrations of CO, NO,, Oz and airborne particles are generally high, but with

different seasonal patterns, whereas SO, levels are usually low (Fusco et al., 2001).
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However, the anthropogenic urban pollutants may be transported further inland to
rural locations. This aspect has been studied at the suburban site of Montelibretti,
which is exposed to the urban plume of Rome whenever the sea-land breeze system
drives the air mass circulation in the Tiber Valley (Costabile et al., 2010).
Photochemical smog episodes can be detected from March to late October when
cyclonic weather is established in central Italy or when southeastern flow advects

warm air from the African continent (Ciccioli et al., 1999).

2.1.5Los Angeles

The city of Los Angeles is located on the Pacific coast of the USA and it is a
metropolitan area that exceeds 15 million inhabitants. The Los Angeles basin is
surrounded by mountains on three sides and opens to the Pacific Ocean in the
southwest, tending to confine pollutants within the coastal basin (Lu and Turco, 1995).
It shares the mild winters and hot summers, with rainfall concentrated in spring and

autumn with the other Mediterranean climate cities.

Primary direct emissions (mainly from road traffic) and transported aged aerosols from
upwind locations contribute to PM loadings in Los Angeles Basin (Hudda et al., 2010).
Due to its location in a coastal area surrounded by elevated terrain, sea and land-
breezes govern the transport and distribution of pollutants. It is characterised by
frequent anti-cyclonic atmospheric conditions leading to the accumulation of both
primary and secondary pollutants (Alier et al., 2014). The strong subsidence inversion
layer, frequently present in winter and almost permanent in the summer, limits

vertical dispersion of air pollutants (Hudda et al., 2010).
2.2 Monitoring sites
2.2.1 Intensive SAPUSS campaign

In order to investigate the sources and processes of atmospheric pollutants in the
WMB as outlined in the objectives, 6 monitoring sites were positioned in the

surroundings of the Barcelona area both at ground level and at certain height above
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the city environment during the SAPUSS campaign (20" September to 20" October
2010).

The setup of the SAPUSS campaign aimed at monitoring the variability of pollution
sources in the city environment (see Figure 2.2). Therefore, to study the intensity of
the impact of pollution sources within the city environment monitoring sites were
located both at ground level and at certain height. Two sites were located at ground
level, one reflecting a road traffic environment (RSs.) and the other one
representative of the Urban Background (UBsite). TWo more sites within the city area
were located at certain height in an urban and suburban environment, respectively
(TMsiee and TC). TCy was located close to TC at ground level on a hill and both sites
constituted the TCsw. Finally, the nearby regional background environment was
monitored with the RBsi. It is important to stress that this spatial lay-out allows us to
study point source emissions at the RS being transported to the urban background
sites (UBsite, TMisite and TCsire) and later on to the RBgite (Figure 2.2).

Figure 2.2: SAPUSS monitoring sites specific location within the Barcelona area (adapted from Dall’Osto
etal., 2013a).

44



Chapter 2 METHODOLOGY

2.2.1.1 Road site (RSsite)

The RSsite Was located in the car park of Escola Técnica d’ Enginyeria Industrial in
the Urgell Street (41°23'18” N, 02°09°0" E, elevation 40 m a.s.l.), a street canyon with
four vehicle lanes (one direction) and two cycling lanes in both directions. This street is
representative of the urban traffic related to commercial activity, and during the
SAPUSS campaign the approximate vehicle intensity was 17 000 cars day™. Three
parked vans located 4 m from the kerb housed the majority of instruments (see Figure
2.3). Ambient air was drawn through several inlets located at the roof of the vehicle at
an approximated height of 4 m. Several trees, a fence and a pedestrian path separated
the road from the instruments. Two traffic lights are found 50 m on the right side
(close to a subway entrance) and 150 m on the left side. Several restaurants and shops

are also located in the surroundings.

e
L Meteorological
- )
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Figure 2.3: RSgte monitoring site lay-out. Instruments were located inside the vans with their sampling
inlets located on the roof.

2.2.1.2 Urban Background site (UBiite)

The UBsite Was located in a park of a residential area at the North-West of the city
centre (41°23’15” N, 02°07°05”" E, elevation 80 m a.s.l). It was also close to the busy
Diagonal Avenue (9 lane road) that crosses the city from East to West and is primarily
used by commuters. It reflects the rush hour traffic peaks and has a traffic volume of

about 62 000 cars day™ (Dall’Osto et al., 2013a). Two cabins contained the monitoring
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instruments, with inlets also located on the roof about 4 m height, with additional PM

samplers located outside (Figure 2.4).

PM, samplers

Figure 2.4: UBgie monitoring site lay-out. Instruments were located inside two conditioned cabins with
their sampling inlets located on the roof. Additionally PM samplers were located outside the cabins.

2.2.1.3 Torre Mapfre site (TMsite)

The TMsie Was located on the rooftop of a skyscraper (41°23'16” N, 02°11°51" E,
150 m a.s.l.) 200 m from the coast in the Olympic Port of Barcelona, close to a
recreational harbour and leisure area (to the south). North of the tower there is a
tunnelled motorway ring road (four lanes) at 50 m distance from the building and two
three-lane roads at ground level. Several instruments were deployed on the tower’s
terrace while some others were placed inside a room at the top floor, with an inlet
(Figure 2.5).

T

Figure 2.5: TMge monitoring site lay-out: a) Torre Mapfre skyscraper, b) instruments placed at the
rooftop terrace of the building and c) instruments placed inside a room at the top floor with an inlet to
sample ambient air.
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2.2.1.4 Torre Collserola site (TCsite)

Collserola mountain range is part of the Catalan coastal range, and limits the city
of Barcelona to the NE between the Llobregat and the Besos rivers (located south and
north of the city, respectively). This forested area is a natural park, being its highest
peak at 512 m a.s.l.. The main telecommunication tower of Barcelona (Torre Collserola,
TC) is located on one of its hills (41°25°02” N, 02°06’51" E, 445 m a.s.l.), and on its
fourth floor some instruments were deployed (80 m a.g.l). Due to the limited space
available in the tower, several instruments were placed in the nearby Fabra
astronomical observatory (41°25’56”" N, 02°07°27 E, 415 m a.s.l), and located about
450 m (900 m road distance) from the tower Collserola site (TCy). Therefore, two
different monitoring sites were used to characterise the Torre Collserola site: TCy at
ground level and TC at the top of the tower (Dall'Osto et al., 2013). In summary,
meteorological data and N were measured at TC, whereas PM and N size distribution
were sampled at TCy (see Figure 2.6). Regardless of these location differences, both
sampling sites are considered to represent the same environment and will be further
referred to as TCsit. This site characterizes the suburban environment of the city and is

affected by the boundary layer daily cycle and the sea/mountain breeze circulation.

Inbuilt

ivu GRIMM

Figure 2.6: TCsite monitoring site lay-out: instruments located at TC, (a-c) and TC (d-e).
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2.2.1.5 Regional Background site (RBsite)

The RBiite is located in the Montseny natural park (41°46°45” N, 02°21'29” E, 720
m a.s.l.), about 50 km to the North-North East of Barcelona. This measuring station is
part of the ACTRIS network (Aerosols, Clouds, and Trace gases Research InfraStructure
Network; formerly EUSAAR) under the abbreviation MSY. It is located 30 km from the
Mediterranean coast and is regularly affected by a diurnal mountain breeze (Cusack et
al., 2013a; Pérez et al., 2008a; Pey et al., 2010). The monitoring site lay-out can be

seen in Figure 2.7.

'.

Meteorological

q /I e ’
Figure 2.7: RBg, monitoring site lay-out. Two conditioned cabins contained the aerosol instruments,

which sampled ambient air through inlets placed in the cabins’ roof. Addtionally, PM samplers were
located outside the cabins.

1
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2.2.2 Long term measurements in worldwide cities
2.2.2.1 Barcelona (BCN)

Long term PM measurements in the urban background of Barcelona have been
carried out since 1999, with varying locations within the city. In 2011 the site was
definitely established at Palau Reial, located close (350 m) to a major highway
(Diagonal Avenue: 90 000 vehicles per working day), which is primarily used by
commuters (see Table 2.3). This current site is 200m distant to the UBsje Used during
the intensive SAPUSS campaign (autumn 2010), therefore being both fully comparable.
For simplicity, this sampling site will be further referred to in the text as Barcelona or
BCN.

2.2.2.2 Madrid (MAD)

The SMPS sampling site was located at the CIEMAT (Centro de Investigaciones
Energéticas, Medioambientales y Tecnolégicas) facilities, NW of the city centre and
considered as a suburban background area (see Table 2.3). It is situated close to two
green areas, with an extensive forested area spreading to the north, although it is

close (around 1 km) to the ring road M30 and the highway A6.

2.2.2.3 Brisbane (BNE)

The monitoring site was located in the campus of the Queensland University of
Technology (QUT), located to the SE of the city centre, with a major highway (the
Pacific Motorway) situated along the SW side of the campus. Measurements were
performed about 10 m a.g.l. on the top floor of a campus building, in an area

considered as urban background (see Table 2.3).

2.2.2.4 Rome (ROM)

The sampling site is located in Montelibretti, 30 km NE from the Rome city centre
(Table 2.3). Although considered as a regional background site, it is regularly impacted
by pollutants transported from the area of Rome, due to the sea-breeze circulation
(Ciccioli et al., 1999). Additional emissions sources are the town of Monterotondo (35
000 inhabitants, 5 km to the WSW) and a four-lane highway (10 000 veh day™, 2km to
the W; Costabile et al., 2010).
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2.2.2.5 Los Angeles (LA)

The data were sampled in downtown Los Angeles at the University of Southern
California (USC) site, representative of the urban background pollution of the city (see

Table 2.3).The site is influenced by the freeway I-110 (120 m distance).

Table 2.3: Exact locations of the selected worldwide sampling sites, their elevation and site type.

Elevation

City Site Latitude Longitude (mas.l) Site type
Barcelona, Spain  Palau Reial ~ 41°23'14"N 2°6'56"E 78 m Urban background
i i o ' " o ' " Suburban
Madrid, Spain CIEMAT 40°27'30"N  3°43'30"W 655 m
background
Brlsban_e ’ QUT 27°28'43"S  153°1'44"E 10m Urban background
Australia
Rome, Italy ~ Montelibretti 42°06'38"N  12°38'05°E  47m Regional
background
Los Angeles, USA usC 34°1'9"N  118°16'39"W  61m Urban background

2.3 Measurements

The following table broadly describes the type of measurements carried out at
each site. For more detailed information on the sampling periods and instrument

techniques and models used see the tables in this section.
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Table 2.4: Main aerosol measurements carried out at all monitoring sites. The abbreviation I.t.m. stands
for long term measurements and i.c. for intensive campaign.

Particle Off-line PM Other parameters
Sites number .
SMPS CPC| PM; PMy | Meteorology Gaseous On-line BC
pollutants PM

Barcelona (I.t.m.)
-BCN X X X X X X X
Barcelona (i.c.
SAPUSS)
-RS X X X X X X X X
-UB X X X X X X X X
-T™ X X X X
-TC X X X X X X X X
-RB X X X X X X
Madrid (l.t.m.)
- MAD X X X X X
Brisbane (I.t.m.)
- BNE X X X X X X
Rome (I.t.m.)
-ROM X X X X
Los Angeles (l.t.m.)
-LA X X X X X X

2.3.1 SAPUSS campaign measurements
2.3.1.1 Size segregated aerosol concentrations

Four different Scanning Mobility Particle Sizer (SMPS) instruments with 5 minute
time resolution were simultaneously deployed at four sites (RSsite, UBsite, TCsite @nd
RBsite). Although the use of aerosol drier is advisable (Colbeck and Lazaridis, 2014,
Swietlicki at al., 2008) in future studies, unfortunately it was not possible to use during

this campaign. The instrument specifications at each site are as follows:

. RSsite: Differential Mobility Analyser (DMA) TSI 3080 and a TSI
Condensation Particle Counter (CPC) 3010 (size measuring range of 11-322 nm for

a total of 511 hours).

3 UBsite: DMA TSI 3080 coupled with a TSI CPC 3775 (size measuring range
of 15-228 nm for 424 hours).

° TCsite: DMA TSI 3034 with an inbuilt CPC (size measuring range of 10-470

nm for 585 hours).
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. RBsite: the SMPS deployed was a EUSAAR IfT Model coupled with a TSI
CPC 3772 (size measuring range of 10-470 nm for 486 hours).

The size ranges and the number of size bins were different for each SMPS (RSqit 48
bins, UBsite 39 bins, TCsite 54 bins, RBsite 54 bins). In order to harmonize the data, they
were averaged at hourly resolution to the size ranges of the UBsii, in order to obtain a
homogeneous data set that could allow an intercomparison between all sites. This
resulted in a data matrix of particle size distributions ranging from 15 to 228 nm (39
bins) that contained 2006 hours of measurements distributed across the four sites. All
SMPS instruments were calibrated and intercompared beforehand, resulting in
excellent agreement as shown in Dall’Osto et al. (2013a). They also provided an

excellent temporal overlap (85%, see Table 2.5).

Table 2.5: SMPS instrument models used at the monitoring sites and their data availability during the
SAPUSS.

Site  SMPS model SMPS measurements availability
RS TSI 3080 DMA

and TSI CPC

3010
UB TSI 3080 DMA

and TSI CPC T ’ T

3775

TC, TSI 3030 DMA
with inbuilt CPC

RB EUSAAR IfT
Model and TSI T TT T
CPC 3772

o B T N NN N B TR o B FH TR B ) R B RN B (RN R R e RN S o
21/09/2010  25/09/2010  29/09/2010  03/10/2010 07/10/2010  11/10/2010  15/10/2010  19/10/2010

SAPUSS campaign

2.3.1.2 Particle mass concentrations

Gravimetric PM measurements were carried out by high volume samplers DIGITEL
DHA-80 and MCV CAV-A/mSb (30m® h™) equipped with PMy, and PM; heads that
collected 12 h samples (from 11:00 to 23:00 and from 23:00 to 11:00, local time) on
quartz fibre filters (Pallflex 2500QAT-UP).

PM1o samples were collected at five monitoring sites (RSsite, UBsite, TMsite, TC4 and

RBsite). Due to technical problems, the amount of data collected at the RB site for PMyg
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was not considered sufficient, therefore these data were not considered for this study
(Table 2.6). A total of 221 filter samples were collected, from which 93% were sampled
simultaneously at the four monitoring sites (54 concurrent samples per site).
Regarding PM; samples, they were concurrently collected at the RS and UBsite,

resulting in 98% concurrent samples (53 concurrent samples per site).

Table 2.6: Particulate matter off-line data availability at the monitoring sites during the sampling period.

Site Particulate matter off-line measurements availability
RS
— RS_PMy,
..... RS_PM, e L R
UB
— UB_PMyo
UB_PM,
™ — TM_PM,
TCg — TC_PMy,
RB — RB_PMy, - —_—
———————————————————T———————————
21/09/2010  25/09/2010  29/09/2010  03/10/2010  07/10/2010  11/10/2010  15/10/2010  19/10/2010
SAPUSS campaign

2.3.1.3 PM chemical analysis

2.3.1.3.1 Inorganic chemical analysis

PMij, and PM; mass concentrations from filter samples were determined
gravimetrically. Subsequently, the samples were analysed following the methodology
described by Querol et al. (2001). Briefly, a quarter of the filter was acid digested
(HNO3:HF:HCIO,4), and the resulting solution was analyzed for Al, Ca, K, Mg, Fe, Ti, Mn,
P, S, Na and 25 trace elements by Inductively Coupled Plasma Atomic Emission and
Mass Spectrometry (ICP-AES and ICP-MS), respectively; a quarter of the filter was
water-extracted and the concentrations of SO,%, NOs and CI, and NH," were
determined by ion chromatography (IC) and selective electrode, respectively. A section
of 1.5 cm? of the filter was used to determine organic carbon (OC) and elemental
carbon (EC) by a thermal—optical transmission technique (Birch and Cary, 1996) using a

Sunset Laboratory OCEC Analyzer following the EUSAAR2 temperature protocol (Cavalli
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et al., 2010). Laboratory and field blanks were analysed following the same procedure.
Ambient concentrations were calculated based on the samples and the blanks
concentrations.

2.3.1.3.2 Organic chemical analysis

Additionally, the PM; filter samples were also analysed for organic aerosols (Alier
et al., 2013; van Drooge and Grimalt, 2015), preserving an 1/8 section of each filter for
this purpose. This section was ultrasonically extracted with (2 : 1, v/ v)
dichloromethane : methanol (3x5 mL; Merck, Germany) for 15 min. Before extraction
25 pL of the surrogate standards levoglucosan-d;, n-Casdso (Cambridge Isotopic
Laboratories,  UK), succinic  acid-d;  (Sigma  Aldrich),  anthracene-dsj,
benz[a]anthrancene-di,, benzo[k]fluoranthene-d;; and benzo[ghi]perylene-d;, (Dr.
Ehrenstorfer) were added. The extracts were filtered over 0.45 um teflon membrane
filters (Whatman) in order to remove insoluble particles. Then, they were

concentrated to 1mL under a gentle N,-gas stream.

Anhydro saccharides, acids, polyols and nicotine were analyzed following a
procedure that was similar to others described previously (El Haddad et al., 2011;
Medeiros and Medeiros, 2007; van Drooge et al., 2012a). Briefly, an aliquot of the
extract (25 uL) was evaporated under a gentle N, stream until dryness. Then, 25 plL of
bis(trimethylsilyl)trifluoroacetamide (BSFTA)+trimethylchlorosilane (99 : 1) (Supelco)
and 10 pL of pyridine (Merck) were added for derivatization of the saccharides, acids
and polyols to their trimethylsilyl esters at 70 °C during 1 h. Before injection into a gas
chromatograph coupled to a mass spectrometer (GC-MS), 25 uL of the internal

standard, pyrene-d;o, were added to the vial.

For the analysis of polycyclic aromatic hydrocarbons and hopanes, the remaining
extract was evaporated to almost dryness under a gentle Np-gas stream and re-
dissolved in 0.5mL hexane+dichloromethane (9 : 1 v/v) (Merck, Germany). Then, it was
cleaned up by adsorption column chromatography on 1 g of aluminum oxide (Merck,
Germany) that was activated overnight at 120 °C. The analytes were eluded with 4mL
of (9 : 1 v/v) hexane:dichloromethane and 4mL of (1 : 2 v/v) hexane:dichloromethane,

respectively (Merck, Germany). The collected fraction was concentrated under a gentle
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N,-gas stream to 50 pL, and the internal standard, pyrene-d;o, was added before

injection into GC.

Sample extracts were injected into a Thermo GC/MS (Thermo Trace GC Ultra —
DSQ II) equipped with a 60m fused capillary column (HP-5MS 0.25mm x 25 um film
thickness). The oven temperature program started at 60 °C held for 1 min, and then it
was heated to 120 °C at 12 °C min™ and to 310 °C at 4 °C min™ where it was held for
10 min. The injector, ion source, quadrupole and transfer line temperatures were 280
°C, 200 °C, 150 °C and 280 °C, respectively. Helium was used as a carrier gas at
0.9mLs™. The MS selective detector was operated in fullscan (m/z 50- 650) and

electron impact (70 eV) ionization modes.

Besides comparison of retention times, levoglucosan and mannosan were
identified with ion m/z 204, galactosan with ion m/z 217 and nicotine with ion m/z 84.
Acids, polyols and 2-methyltetrols were identified with the following ions: malonic acid
(m/z 233), succinic acid (m/z 247), glutaric acid (m/z 261), pimelic acid (m/z 289),
suberic acid (m/z 303), azelaic acid (m/z 317), glyceric acid (m/z 292), malic acid (m/z
233), tartaric acid (m/z 292), phthalic acid (m/z 295), tricarballytic acid (m/z 377),
cispinonic acid (m/z 171), 3-hydroxyglutaric acid (m/z 349), 3- methyl-1,2,3-
butanetricarboxylic acid (MBTCA) (m/z 405), 2-methylglyceric acid (m/z 219), C5-
alkene triols (m/z 231), 2-methylthreitol and 2-methylerythritol (m/z 219).
Quantification was performed with the external standard calibration curves. All
concentrations were corrected by the recoveries of the surrogate standard succinic
acid (m/z 251) and levoglucosan-d7 (m/z 206). No standards were available for 3-
hydroxyglutaric acid, MBTCA, 2-methylglyceric acid, C5 alkene triols, 2-methylthreitol
and 2-methylerythritol. Their chromatographic peaks were identified by comparison of
their mass spectra to literature and library data (Claeys et al., 2007; Kourtchev et al.,
2005; Clements and Seinfeld, 2007), and they were quantified with the calibration
curve of succinic acid. Application of the calibration curves of other standards leads to
lower concentrations with a maximum variation of factor of 3. Therefore, caution

should be taken when comparing these results with those from other studies.
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PAH were identified by retention time comparison of the peaks with the following
ions in SIM mode: phenanthrene (m/z 178), anthracene (m/z 178), fluoranthene (m/z
202), pyrene (m/z 202), benz[a]anthracene (m/z 228), chrysene+triphenylene (m/z
228), benzo[b]fluoranthene (m/z 252), Dbenzo[k]fluoranthene (m/z 252),
benzo[e]pyrene (m/z 252), benzo[a]pyrene (m/z 252), indeno[1,2,3- cd]pyrene (m/z
276), benzo[ghi]perylene (m/z 276) and coronene (m/z 300). 17(H)a-21(H)B-29-
Norhopane and 17(H)a-21(H)B-hopane were identified in the m/z 191 mass
fragmentogram and the corresponding retention times. Quantification was also
performed by the external standard method, and the calculated concentrations were
corrected for the recoveries of the abovementioned surrogates: anthracene-do (m/z
188), benz[a]anthrancene-d;; (m/z 240), benzo[k]fluoranthene-d;, (m/z 264) and
benzo[ghi]perylene-D;, (m/z 288).

In all cases the recoveries of the surrogate standards were higher than 70 %. Field
blank levels were between 1% and 30% of the sample levels. All concentrations were
corrected for blank levels. Limits of quantification (LOQ) were calculated by dividing
the lowest measured levels in the standard calibration curves by the volumes of the
analyzed sample fraction. These were 0.1 ngm™ for the anhydrosaccharides, 0.06

ngm™ for the acids and 0.005 ngm™ for PAHs and hopanes (Alier et al., 2013).

2.3.1.4 Meteorological parameters

Meteorological parameters (temperature, relative humidity, solar radiation,
atmospheric pressure and wind components) were recorded at five sites (RSsite, UBsite,
TM;site, TCy and RBsite). The meteorological instrumentation was located in the same
monitoring sites with the exception of the UB site, which data were obtained from a
close meteorological station located on the roof terrace of the Physics Faculty of the

Universitat de Barcelona.

As can be seen in Table 2.7 however, the wind components were not measured at
TM;ie and at the RSsite they were compromised due to the street canyon conditions of

the sampling location.
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Table 2.7: Meteorological parameters data availability at the monitoring sites during the sampling
period. Meteo refers to temperature, relative humidity, solar radiation and rain, whereas wind refers to
the wind components.

Site Meteorological parameters measurements availability
RS
— RS_meteo
=== RS_wind
UB — UB_meteo
----- UB_wind
™
—— TM_meteo
=== TM_wind
TCg —— TC_meteo
----- TC_wind
RB —— RB_meteo
----- RB_WIﬂd S R AR SRS g R Ry S
T T T T T T T T T ] T T T T T T
21/09/2010  25/09/2010  29/09/2010  03/10/201 07/10/2010  11/10/2010  15/10/2010  19/10/2010
SAPUSS campaign

2.3.1.5 Gaseous pollutants

Gaseous pollutants such as NO, NO,, Os, SO,, CO were also measured using the
standard air quality reference techniques. NO and NO, were obtained by
chemiluminescence, O; by UV absorption, SO, by UV fluorescence and CO by IR
absorption. Data coverage was very high for all gaseous pollutants at all sites (see
Table 2.8).

Table 2.8: gaseous pollutants measurement availability at the sampling sites during the sampling period.

Site Gaseous pollutants measurements availability
— RS_NOy
RS B Ty [E s R R R Ly o Tt T e e il B e e S R R B o
----- L2l =T T i e e D e L e e P e P R e e S o
RS_CO
uB s 5 | I 5 4 . 5 O 0 e e 1 1 NG i
DB SO, [ dermh imemnmsbemeksmsdomsirmnbbam s scabovmsdasdennabrens by sdos sl enbiitks s sy sed e bnlom satsmednsn sk e
- UB_CO
TC

RB 15

21/09/2010  25/09/2010  29/09/2010  03/10/2010  07/10/2010  11/10/2010  15/10/2010  19/10/2010

SAPUSS campaign
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2.3.1.6 Black carbon

Levels of Black Carbon (BC) were measured with a Multi-Angle Absorption
Photometer (MAAP) or a Magee Aethalometer (see Table 2.7). MAAP instruments
were deployed at the RSgite, UBsite, and TC sites whereas an Aethalometer was placed at
TMsie. MAAP instruments were found to give excellent agreement between them as
reported by Dall’Osto et al. (2013a). The intercomparison between these instruments
and the Aethalometer yielded and R?=0.98 (Dall’Osto et al., 2013a). However, the data
availability at the RS and UB was scarce, as the instruments operated correctly less

than 50% of the duration of the campaign (Table 2.9).

Table 2.9: Black carbon instruments used at the sampling sites and their data availability during the
sampling period.

Site | BC instrument BC measurements availability
RS | MAAP
UB | MAAP

TM | Magee  AE-16
Aethalometer

TC | MAAP

T L

T T | L
21/09/2010  25/09/2010  29/09/2010

T
03/10/2010

L — T T T

T T T L
07/10/2010  11/10/2010  15/10/2010  19/10/2010

SAPUSS campaign

2.3.1.7 Particle number concentration

In addition to particle number size distribution, total particle number
concentrations were measured at five monitoring sites (RSsite, UBsite, TMsite, TC and
RBiite). At the RSt and TC the CPC deployed was a buthanol-based TSI Model 3022A
with a 50% cut-point at 7 nm while at the UB and RBsie the CPC deployed was a water-
based TSI Model 3785 with a lower cut-point at 5 nm. The CPC’s were intercompared
before and after the campaign, giving excellent overlap, with uncertainties around 5%
both times (Dall’Osto et al., 2013a). Biswas et al. (2005) intercompared both water-

based and buthanol-based instruments and concluded that they showed a similar
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response, always within the uncertainty of the manufacturer (£10%). See Table 2.10

for the instruments availability at the sampling sites.

Table 2.10: CPC instruments used at the sampling sites and their data availability during the sampling

period.
Site | CPC instrument CPC measurements availability
RS TSI13022 CPC
UB | TSI 3785 CPC N 1Lt
TM | TSI 3022 CPC
TC TSI13022 CPC
2‘;/09‘.’2[;10 ‘ 25‘4'09[120‘10 I 25;105;120:10 ‘ 03‘110|120“10 | 07ll10|/20:\0 l 1';/101/20;[) | 15'1‘10[1‘20;0 I 1!;11[!';'20;[}
SAPUSS campaign

2.3.1.8 On-line PM measurements
Simultaneously with sampling, PMi, PM25s and PM; were continuously online
measured with optical dust monitors (Grimm Labortechnik Model 1107). Table 2.11
shows that the data coverage ranged between 70-100% of the campaign at the
different sites. These values were corrected by the gravimetric PM concentrations.

Table 2.11: On-line PM instruments used at the sampling sites and their data availability during the
sampling period.

Site | PM online PM on-line measurements availability

RS | Grimm 1107

UB | Grimm 1107

T™M | Grimm 1107

TCq | Grimm 1107 | |1

RB | Grimm 1107
L I I Y L L L L L L L
21/09/2010  25/09/2010  29/09/2010  03/10/2010  07/10/2010  11/10/2010  15/10/2010  19/10/2010

SAPUSS campaign
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2.3.2 Measurements at the complementary study areas
2.3.2.1 Particle number size distributions

The detailed characteristics of the sampling periods, SMPS models and size ranges
at each city can be seen in Tables 2.12 and 2.13. Although the use of aerosol drier is
advisable (Swietlicki at al., 2008; Colbeck and Lazaridis., 2014), it was not possible at
the time of sampling. Nevertheless, data were thoroughly checked to avoid possible
humidity influences (Costabile et al., 2010). The SMPS low-cut point ranged from 10.2
nm to 17.5 nm whereas the SMPS high-cut point varied from 101.8 to 615.3 nm. The
lack of measurements below 10 nm does not allow for proper identification of the
start of new particle formation events, therefore our so-called “nucleation events”
reflect photochemically nucleated particles that have grown over the low-cut
detection limits of each instrument. In addition, such events were evaluated visually by
inspecting the trends of the SMPS size distributions. More information reporting a
detailed analysis of the aerosol size distributions used in this work can be found in
previous studies (Madrid: Gomez-Moreno et al., 2011; Brisbane: Cheung et al., 2011;
Rome: Costabile et al., 2010; Los Angeles: Hudda et al., 2010). Due to the different
time resolution of each instrument, all measurements were averaged to 1 hour

resolution. All data herein reported should be read as local time.

Table 2.12: Sampling period of the SMPS instruments and their characteristics and size range at each
selected city.

City Sampling period SMPS model SMPS size range Size bins
Barcelona 30/07/2012-04/08/2013 TSI (DMA 3081,
(BCN) (7295 h) cpcarry)  L133%8.7nm o7
Madrid ~ 10/01/2007-12/12/2008 TSI (DMA 3071,
(MAD) (12482 h) cPc3ozz)  L7>r29nm 34
Brisbane  01/01/2009-31/12/2009 TSI (EC 3080,
(BNE) (6227 h) cpcargyy  10-21018nm 65
Rome  26/09/2007-07/05/2009 TSI (DMA 3081,  15.1-224.7 nm 76
(ROM) (3373 h) CPC3775)  (10.2-615.3nm) (87,93, 104)
Los Angeles  04/09/2009-10/12/2009 TSI (DMA 3081,
(LA) (2184 h) cPc3022a) 1> 7-3718nm 89
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Table 2.13: SMPS data availability at the five selected sites: Barcelona (BCN), Madrid (MAD), Brisbane
(BNE), Rome (ROM) and Los Angeles (LA).

Site Long-term SMPS measurements availability
Barcelona BCN_SMPS
(BCN)
Madrid MAD_SMPS
(MAD)
Brisbane BNE_SMPS e e
(BNE)
Rome ROM_SMPS = o |
(ROM)
Los
Angeles LA_SMPS
(LA) L e T e
01/01/2007 01/01/2008 01/01/2009 01/01/2010 01/01/2011 01/01/2012 01/01/2013 01/01/2014

2.3.2.2 Meteorological parameters and other air pollutants

Meteorological (temperature, relative humidity, wind components and solar

radiation), gaseous pollutants (NO, NO,, O3, CO, SO,) and other parameters (PMy, N, BC

and particulate nitrate concentrations) were obtained at the site or from the closest

available air quality station (see Table 2.14). These data were averaged to 1 hour

resolution to match the SMPS measurements.

Table 2.14: Summary of the online measured parameters at the selected cities. V' indicates the
measurement site is different to the SMPS site.

Meteorological data Gaseous Pollutants Particulate Matter Other
City | Ancillary data site ws/
T RH o Rain SR|NO NO, O; CO SO,|PMj; PM,s PM; NO; | N BC
BCN PalauReial, I\« o v fly oy v v v v vy VARRY,
Fac. of Physics
MAD CIEMAT, LV V.V VvV V|V V VvV V V]|V VvV
Casa de Campo
BNE Rocklea” (VAR VAR VAR VAR VAl VAR VAR Vi vV v
ROM Buf' (VAR VAR VAR VAR VAl I VAR VAR VA v
South Coast P + + + + + + + +
LA AQMD+ ViV Vv V v Vv VvV Vv V V V
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2.4 Air pollution sampling instruments
2.4.1 Particle number concentration

The particle number concentration was measured using a Condensation Particle
Counter (CPC). The most commonly used time resolution is 5 min and usually a PM;
cyclone is placed at the airflow entrance to avoid the penetration of larger particles.
The aerosol enters the sample inlet and reaches a wetted media soaked by either
water or butanol, depending on the model. Due to the heater saturator placed in this
first chamber and the following cooler condenser, the liquid condenses onto the
particles causing them to increase their size and thus allowing its detection with an
optical system (Figure 2.8). Different CPC models were used at the monitoring sites

(see details in Table 2.10), usually with a low-cut diameter of 5-7 nm.

b)

Figure 2.8: Condensation particle counter: a) schematic diagram of a TSI 3772/3771 model, b) TSI 3772
CPC instrument.

2.4.2 Particle number size distributions

Particle number size distributions were measured by means of a scanning mobility
particle sizer (SMPS). This instrument consists of a differential mobility analizer (DMA)
connected to a condensation particle counter (CPC). Ambient air is pumped through
the sampling inlet, reaching a bipolar charger or neutralizer, which is usually a
radioactive source such as Kr®®. Following their neutralization, aerosols then enter the
DMA, where they are classified according to their electrical mobility. The selected

monodisperse aerosols exit the DMA and reach the CPC, where their number
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concentration is determined for that size range (Figure 2.9). The models used in each

of the sampling sites as well as the size range are reported in Tables 2.4 and 2.12.
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Figure 2.9: SMPS for measuring on-line particle number particle concentration: a) schematic diagram of
the functioning of the TSI 3081 DMA (TSI, 2009), b) SMPS consisting of a TSI DMA 3081 and a TSI 3772
CPC.

2.4.3 Off-line particle mass concentration

PM3i, and PM; samples were collected every 12 h on 150 mm diameter quartz
microfiber filters (Pallflex 2500QAT-UP) at most of the SAPUSS monitoring sites using
DIGITEL or equivalent MCV CAV-A/MSb (Figure 2.10) equipped with PMyg and PM;
cutt-off inlets, respectively. Before sampling, all filters followed a strict protocol to
ensure data quality. First they were treated under high temperatures (200°C) in an
oven for a minimum of 4 hours to eliminate volatile impurities. After that, they were
placed in a temperature-controlled chamber at 20°C and 50% relative humidity for 48
hours. Then, the filters were weighted on three different days three times in the same
climate-controlled chamber according to the EN 12341 standard (CEN, 1999). After
sampling they remained 48 hours longer on the same chamber and were weighted
again twice on two consecutive days under the same conditions. The mass
concentration was determined from the increase in filter mass and air volume sampled

for each filter.
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Ambient air was sampled at a flow rate of 30 m® h™* through the inlets and the
nozzles of the sampling head by means of an in-built pump. The geometric design of
the nozzles determines the cut-off diameter for the sampled particle size fraction,
whereas larger particles are adhered to a vaseline daubed plate placed inside of the
head, allowing for the desired particles to pass through and deposit on the filter. The
PM; head is comprised of a 2-stage impactor, an upper one where particles larger than
2.5 um are firstly removed and a lower one where particles in the range 2.5-1 um are
further removed. Regular maintenance such as cleaning sampling heads and flow rate

control was done during the duration of the campaign.

b)
Figure 2.10: High-volume samplers: a) MCV, b) Sequential Digitel.

2.4.4 On-line particle mass concentration

On-line measurement levels of PMy fractions (PMj, PM25s and PM;) were carried
out by means of PM optical counters at most of the sites (see Table 2.11 and 2.14).
During the SAPUSS campaign Grimm Labortechnik GmbH & Co. KG model 1107 was
deployed at the monitoring sites, whereas in the BCN site the Grimm model 180 was
used. The selected time resolution was either 30 min or 1 hour although all
measurements were later averaged to 1 hour resolution.

The Grimm monitors measure light scattering by individual particles as they go
through a narrow light beam. A fraction of the scattered light is collected at a 90 angles
by a mirror and transferred to a photodetector (Figure 2.11), where it is converted to a
proportional voltage pulse (McMurry et al., 2000). Particle size is determined from the
number of single particle counts registered in each channel, and it is converted to mass

by using a particle-density based equation thus obtaining PMy concentrations. The
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advantage of the model 180 is the lower maintenance required, as it has been

designed for continuous, unattended automatic operation in a sheltered space.

aperture
angle

Figure 2.11: GRIMM optical counter: a) model 1107, b) model 180, ¢) schematic operational diagram
(GRIMM, 2007).

2.4.5 Aerosol absorption coefficient measurements

Levels of Black Carbon (BC) were monitored at all SAPUSS sites and at some of the
cities (Tables 2.8 and 2.14). Most of the measurements were carried out using a multi-
angle absorption photometer (MAAP, Thermo ESM Andersen Instruments) set to 1-5
min resolution with a PMyg inlet. This instrument determines the absorption properties
of light of airborne aerosols, based on light attenuation by absorption, scattering and
reflection of particles accumulated on a moving filter tape (Figure 2.12). The
absorbance is converted to the mass concentration of BC (ugm'3) using a mass
absorption cross section at 637 nm (Mdiller et al., 2011) of 6.6 m* g™ recommended by
the manufacturer.

At TMie an Aethalometer AE-16 from Magee was deployed to measure BC. This
instrument analyses BC measuring the attenuation of an 880 nm beam light
transmitted through the sample when collected on a fibrous filter (Magee Scientific,
2005). We used in this case the Absorption/BC conversion factor provided by the
manufacturers that was 16.6 m*g™.

Good agreement was found between the MAAPs and the AE-16 and correction

factors were applied when necessary.
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Figure 2.12: Black carbon monitoring instruments: a) MAAP, b) schematic diagram of the MAAP detector
(Thermo, 2004), c) MAGEE AE-16 front panel and d) fibre filter of the AE-16 located in the rear inside
part of the instrument (Magee, 2005 and 2008).

2.5 Data treatment
2.5.1 Particle number size distribution

Particle number size distribution data sampled by the SMPS usually generates
large data matrixes that are complex to analyse without the use of statistical tool. For
example, one year of continuous size distribution data with hourly resolution
comprises 8760 size spectra. In order to address this issue, several techniques have
been developed, being k-means the preferred one (Salimi et al., 2014). This technique
has also been found very useful for studying aerosol dynamics and new particle

formation events (Vaananen et al., 2013).

2.5.1.1 k-means clustering analysis

The k-means tool applied in this thesis is based on the technique developed by
Beddows et al. (2009). This method classifies spectra with the highest degree of
similarity into the same category or cluster therefore reducing the number of spectra
to analyze. The number of clusters was conservatively chosen using the Dunn Index

and the Silhouette Width. The larger the Dunn Index and Silhouette Width, the more
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compact and well separated were the clusters and the more similar were the elements
within each cluster (Beddows et al., 2009). Preference was given to a solution with a
higher cluster number to reduce the likelihood that any one of the clusters grouped
together spectra reflects more than one source. Although we reduce the possibility of
losing information by ‘over-clustering’, it is likely that when comparing the average size
distributions - together with the corresponding gaseous pollutants, meteorological
parameters, and various temporal trends (daily, weekday-weekend, monthly) - that
more than one size distribution may (or even may not) originate from a similar
process/source. More often than not, when considering the average size distributions
and auxiliary measurements from over-clustered data (e.g. similarly low NO
concentrations among the clusters, similar daily trends, etc.), one or more clusters are

combined together thus reducing the number of clusters in the final solution.

This methodology has already been successfully applied to a number of studies
involving one (Dall’Osto et al., 2012) or multiple monitoring sites (Beddows et al.,
2009, 2014; Dall'Osto et al., 2011b). In a nutshell, this method creates manageable
groups of clusters that can be classified into aerosol size distributions types (i.e.
characteristic of emission or formation processes) and permits a simplification of the

data analysis that facilitates its interpretation.

To account for the uncertainty of the method, the uncertainty limits for all the
clusters size distributions have been calculated using the confidence limits p:
0
vn

where x are the size bin values dN/dlogDy, n is the number of values used in the

uw =mean (X) £t

average, o is the standard deviation, t is the Student t-value. We approximated the
degrees of freedom to o<, due to the high number of hours contributing to each cluster
- in the range of hundreds to thousands. We considered 99.99% of the confidence
level, obtaining a  Student  t-value of 3.291 according to
http://www.webassign.net/harrischnem/4-02tab.gif (last entry Dec 2014). The
corresponding uncertainty bands have been plotted around each cluster size

distribution.

67



Chapter 2 METHODOLOGY

During the SAPUSS campaign, particle number size distributions were collected at
4 different monitoring sites (RSsie, UBsite, TCsite @nd RBsite). All data were averaged to
hourly resolution and the size range were harmonized to the common size range (15-
228 nm, 39 size bins), resulting in a total of 2006 size spectra. The k-means clustering
analysis was applied to the data matrix containing all four sites spectra, which allowed
study of the transport and spatial evolution of aerosols in the urban environment of

Barcelona and its region.

On the other hand, long-term measurements of particle number size distributions
from BCN, MAD, BNE, ROM and LA, were collected over a longer time at each site
(ranging from 2 years to 3 months), therefore a different approach was used. In this
case, separate k-means clustering analyses for each city were carried out, and the

specific resulting clusters were later compared.

2.5.2 PM chemistry

2.5.2.1 PM mass closure

In the PMyo fraction, the calculations for the crustal and sea salt aerosols
concentration were performed carefully due to having some common elements
contributing to both sources (Na, Mg and Ca). Moreno et al. (2006) reported the
average composition of mineral dust originated in the North African region that later
reached the WMB. Based on the average Na/Al ratio of the North African dust, the
mineral Na (or non-sea salt Na, nss Na) can be calculated from the Al concentrations,
hence the remaining Na is attributed to sea salt (ss Na). The sea salt load for each
sample was calculated based on the ss Na and the standard sea salt composition which
includes Na, CI, ss Mg, ss Ca and ss SO4* (Mészaros, 1999). Crustal matter was then
calculated as the sum of SiO,, COs”", Al,Os, nss Ca, Fe, K, nss Mg and nss Na. SiO,
concentrations were estimated as 3*Al,0s. COs>" concentrations were estimated as
1.5*Ca, assuming that Ca is present as carbonates. Organic matter (OM) was estimated
as OC multiplied by a factor 1.4 at the RS, 1.6 at the UBsite and TMsiee and 2. 14t at the
TCsite, according to Turpin and Lim (2001). Secondary Inorganic Aerosols (SIA) was
calculated as the sum of SO,%, NOs” and NH,". The sum of OM, EC, crustal material, sea

salt and trace elements accounted for the determined PM mass. The difference
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between the weighted PM, mass and that determined through chemical mass closure
accounted for the undetermined mass, being attributed to formation, crystallization

and moisture water that had not been removed during the sample conditioning.

2.5.2.2 Source apportionment by Positive Matrix Factorization (PMF)

With the chemical database obtained from the PM;o and PM; speciation during
the intensive SAPUSS sampling campaign at several sites (RSsite and UBsite for PM3o and
PM; and also TMsie and TCsite fOr PM3p) @ source apportionment analysis to both PM

fractions was performed in order to identify and quantify source contribution.

PMF is a widely used receptor model based on the mass conservation principle:
p
X = O fu+e; i=12,..m =120 (1)
k=1

Where x; is the i™ concentration of the species j, gi is the i™ contribution of the
source k and fj is the concentration of the species j in source k, and ej are the
residuals. Equation (1) can be also expressed in matrix form as X=GF"*E. PMF solves

equation (1) minimizing the object function Q:

Q= ii(eij /Sij)2 (@)

i=1 j=1

Where s are the individual data uncertainties. The uncertainty estimates were
based on the approach by Escrig Vidal et al. (2009) and Amato et al. (2009) and
provided a criterion to separate the species which retain a significant signal from the
ones dominated by noise. This criterion is based on the signal-to-noise S/N ratio
defined by Paatero and Hopke (2009). Species with S/N < 2 are generally defined as
weak variables and downweighted by a factor of 3. Nevertheless, since S/N is very
sensitive to sporadic values much higher than the level of noise, the percentage of
data above detection limit was used as complementary criterion. The combination of
both criteria permitted to select 27 inorganic and 35 organic species for PM; and 32
species out of the 61 available species for the PMF analysis in the case of PM;,. All the
samples collected for each fraction were gathered in one data matrix. This data

assembling allows exploring a larger area of the N-dimensional source contributions
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space. The data matrix was uncensored, i.e. negative, zero and below detection limit
values were included as such in the analyses to avoid a bias in the results (Paatero,
2007).

Two different constrained Positive Matrix Factorization (PMF, Paatero and Tapper,
1994) models were applied to the PM3, and PM; data matrices separately. In the case
of PMjg the Multilinear Engine (ME-2) (Paatero, 1999) open script was applied with the
opportune modifications (see below), whereas for the PM; data matrix the EPA PMF
v5.0 software was chosen, which also implement ME-2 scripting but without access to

the script. The differences between the two programmes are subtle.

Advantages of the ME-2 open script:
e Uncomplete datasets can be handled, without values imposition or case
deletion.
e It is easier to implement constraints on G by means of loops, whereas for
the EPA PMF each constraint needs to be imposed separately
e A species concentration in factor profiles can be easily incorporated,
whereas species conentrations must be normalized in the EPA model, thus

needing the total variable (PMx)

Advantages of the EPA PMF v5.0:
e It is more user friendly than the ME-2 open script, thus less time
consuming
e It provides more methods to evaluate output errors: the Displacement

(DISP) and Boostrapping Displacement (BS-DISP) techniques.

The displacement technique explicitly explores the rotational ambiguity in a PMF
solution by assessing the largest range of source profile values without an appreciable
increase in the Q-value, while bootstrapping (BS) is used to detect and estimate
disproportionate effects of a small set of observations on the solution and also, to a

lesser extent, effects of rotational ambiguity (EPA PMF 5.0 user guide).
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2.5.2.2.1 Particularities of the PMF PM; source apportionment

A total of 107 samples (53 at the RS site, 54 at the UB site) were collected for the
PML1 fraction, and each sample analysed for a total of 62 species (27 inorganic and 35
organic). The EPA PMF v5 model was run on the total data matrix and the variables Sn,
Ba and Cl were marked as weak. Also, unrealistic differences between RSt and UBiite
for one of the industrial sources were minimized. A seed value of 23 was used with 20
runs. Rotational ambiguity was reduced by means of the implementations of the
aforementioned and additional constraints in the chemical profiles (see Results
section) and evaluated through bootstrapping. Fpeak rotations were not explored due
to the fact that constraints already allow exploring matrixes rotations. An additional
7% uncertainty to all data was applied. The final number of factors was chosen based
on several criteria: Q values, factors profiles and contributions, distribution of scaled

residuals and G space plots.

2.5.2.2.2 Particularities of the PMF PM;g source apportionment

Regarding the PM10 source apportionment analysis, a total of 221 samples
containing 32 different species were included in the PMF which was run by means of
the programme-2 open script allowing to introduce a priori information as shown in
the Results section A bootstrap technique was used to estimate the uncertainties of
factor profiles, based on the EPA PMF v3.0 script. It consisted on three different steps:
re-sampling, reweighting and random rotational pulling (Tukey, 1958; Efron and
Tibshirani, 1986). A seed value of 7 was used with 20 runs. Rotational ambiguity was
reduced by means of the implementations of the constraints and evaluated through
bootstrapping. Fpeak rotations were not explored due to the fact that the script does
not implement it, however the implemented constraints already allow to explore
matrixes rotations. The final number of factors was chosen based on several criteria: Q
values, factors profiles and contributions, distribution of scaled residuals and G space

plots.
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2.5.2.3 African dust and sea salt concentrations to the PMjg fraction

The PMF model has been applied to a wide variety of areas with positive results.
However, this statistical tool is usually unable to differentiate between natural and
anthropogenic sources contributing to the same factor. This was the case for mineral
dust in the PMy, fraction, as Saharan dust outbreaks impact regularly southern
European countries, adding to the mineral load. In order to differentiate two distinct
sources, other estimation methods have been developed. The methodology proposed
by Escudero et al. (2007) for estimating the Saharan dust daily contribution for
different mass fractions consists in subtracting to the average concentrations
registered at the city (Barcelona) those measured at the nearest regional background
site (Montseny, 720 m.a.s.l., 50 km NE of Barcelona). However, the Saharan dust
loadings exceeded in some cases the concentrations registered at the SAPUSS sites,
thus indicating the different impact of Saharan dust on the city and its surrounding
area given the higher altitude of the rural reference site (Escudero et al., 2007).
Therefore, a different methodology was applied for subtracting the Saharan dust load
from the mineral factor. Thus, we calculated the in situ baseline of mineral dust levels
at each site during the Saharan intrusions, taking into account the concentrations
registered before and after the episodes, and extracted these from the mineral dust
load for each sample at each site. The resulting concentration exceedance of mineral

dust was interpreted as the Saharan dust contribution.

In the case of marine aerosols, sea salt can be internally mixed with other sources,
such as sulphate (Waked et al., 2014). However, the primary natural sea salt can be
extracted from this source by stoichiometrically calculating its contribution to the

marine aerosols, as described in section 2.5.2.1.

2.5.3 Complementary methods

Several tools were used to complement the data analysis on aerosol pollutants
and sources, by using statistical tools (Openair) and air mass back trajectories. This
helped identify the main pollution sources and their possible origin/location as well as

complementing the meteorological data analysis.
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2.5.3.1 Openair

The statistical data management has been done with the OPENAIR package of R,
providing with many useful graphs and figures of the meteorological and pollutant
data (Carslaw and Ropkins 2012).

One of the most interesting functions is polarPlot, which plots pollutants
concentrations and wind speed and direction simultaneously, helping to identify their
sources and intensity. These plots represent the concentration (in our case of certain
PMF factors extracted from PM;o and PM; filters) depending on the wind direction and
speed. Note that for the sites located in the city (RSsite, UBsite and TMsite) the wind data
used is that measured at the Faculty of Physics as it is representative of the city

conditions. The wind components applied to the TCqie Site are those measured at TC,.

2.5.3.2 Air mass back trajectories during the SAPUSS campaign

To complete the study the back trajectories of the air masses arriving to Barcelona
were calculated for each day of the duration of the campaign, depicting the path taken
by the air masses over the previous five days. The back trajectories were run using the
online HYSPLIT model developed by the National Oceanic and Atmospheric
Administration (NOAA) (Draxler and Rolph, 2003). The classification into different air
mass types was made also taking into account local meteorlogical conditions at the
five sampling sites. Five air mass scenarios were found: Regional (REG), Atlantic (ATL),
North African West (NAF_W), North African East (NAF_E) and European (EUR), as seen
in Figure 2.15. Days with multiple air mass type within the same day were classified as

transition.

The typical REG meteorological situation is shown in Figure 2.13. This type was
characterized by a continental polar air mass, occurring for a total of 9 days (most
frequent scenario during SAPUSS campaign). Three distinct episodes were found: 20—
21 September, 29 September-1 October and 14-17 October. These air masses are
typical of the summer months in the WMB, characterized by high temperatures and
insolation (Millan et al., 1997). On a synoptic level, these scenarios were dominated by
the Azores anticyclone, with the formation of thermal lows developing over the Iberian

Peninsula (IP) along with strong land-sea breezes over the coasts (Millan et al., 2000).
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These regional episodes are characterized by a lack of a significant synoptic air mass
advection, leading to recirculation episodes and the accumulation of pollutants,

consequently showing lower wind speeds (Dall’Osto et al., 2013a).

The ATL scenario (marine polar air mass type) occurred for a total of 7 days, being
the second most frequent regime. Three distinct episodes were found: 25-28
September, 5 October and 18-19 October. This scenario is characterized by intense air
mass advections from the Atlantic ocean, associated with cold fronts crossing the IP.
Meteorological values for this air mass type showed the driest conditions recorded
during the study associated with the coldest temperatures, sunny days and strong

northerly winds (Dall’Osto et al., 2013a).

The EUR air mass is originated in Eastern Europe (continental polar air mass type),
reaching the IP after having crossed all Europe and lasting for 2 days (11"-13"
October). This air mass transported pollutants from mainland Europe to the sampling
sites, although in this case being associated with rainy weather enhanced pollutants
scavenging in the Barcelona area. Therefore, it was associated with low solar radiation,

strong winds and high relative humidity (Dall’Osto et al., 2013a).

The NAF (North African) air masses are originated in the North African Saharan
desert, being a continental/ marine tropical air mass type. A total of three events (six
days in total) were identified under this regime. The advection of southerly air masses
was associated with high temperature (Dall’Osto et al., 2013a), as well as resuspended
dust from the the Saharan desert (Escudero et al., 2005). Escudero et al. (2005) found
foure different meterological situations which originated the transport of African air
masses towards the WMB: (1) a North African high located at surface levels (NAH-S),
(2) an Atlantic depression (AD) located in front of Portugal, (3) a North African
depression (NAD), and (4) a North African high located at upper atmospheric levels
(NAH-A). During the SAPUSS campaign, two different NAF regimes: NAF_E and NAF_W
depending on the origin and path described by the air masses before reaching the
WMB (see Figure 2.15). While the NAF_W an air mass trajectory originated in the

tropical Atlantic Ocean and arrived from the south-west to Barcelona (NAF_W), the
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NAF_E has its origin in the Saharan region and arrived at Barcelona from the easterly

wind sector (Figure 2.15).

REG NAF_W

Pressure (mb)

i
NN oNoNoNoNoNoNoNoNoNelolNololoNolcNecBeR-Nelc ool ool No)
DO - ANOMITWON~NO0 o T I I I T T T T T T I I I I oI I oI
FANANANANANANANNNANOOrTNOGOTOONDODODS-NOITWH OGN OB D
™ ™ T T s T T o

Figure 2.15: Atmospheric pressure and air mass origins during SAPUSS (adapted from Dall’Osto et al.,
2013a).
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3. Results

The results of this thesis are presented in four main sections, showing main
outputs from research carried out from UFP to coarse particles measured and sampled
in the study areas. The first two sections analyse the sources and processes affecting
UFP in the Mediterranean urban environment of Barcelona during the intensive
SAPUSS campaign (section 3.1) and more generally in developed cities under high
insolation (section 3.2). The following two sections investigate the source
apportionment of both PM; and PMyq fractions (section 3.3 and 3.4, respectively)

during the SAPUSS campaign at multiple sites in the urban environment.
3.1 Aerosol size distributions over the area of Barcelona during SAPUSS

The Barcelona area presents a complex mixture of sources and processes affecting
UFP. It is highly populated (population density 15810 people km?, Idescat 2014),
shows a high density of vehicles (5800 vehicles km?, DGT 2015) and a compact urban
structure, thus causing the accumulation of anthropogenic pollutants emissions and
hampering their dispersion. Moreover, the geographical constraints and the sea-
breeze circulation condition the evolution of pollutants over the study area.

Within urban environments, the main emission source is road traffic due to
tailpipe emissions (Pey et al., 2009; Kumar et al., 2014). Vehicle exhausts emit both
primary particles and gaseous pollutants that can lead to semi-volatile organic
compounds rapidly converting into aerosols by secondary processes (Charron and
Harrison, 2003). In addition to road traffic sources, geographical, climatological and
meteorological features of the area under study also influence the variability of
particle levels (Zwack et al., 2011). Indeed, in northern European countries, N
concentrations are mostly related to traffic emissions (Wegner et al., 2012; Wehner et
al., 2002) while in the southern countries, the different climatological conditions
(higher solar radiation) enhance photochemical formation (Pey et al., 2009; Reche et
al., 2011).

In order to study the sources and processes influencing N concentrations in the

study area, four SMPS were simultaneously deployed at four sites during the intensive
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SAPUSS campaign: a road side (RSsite), an urban background site located in the city
(UBsite), @n urban background located in the nearby hills of the city (Torre Collserola,
TCsite) @and a regional background site located about fifty km from the Barcelona urban
areas (RBsite). The spatial distribution of sites allows study of the aerosol temporal
variability as well as the spatial distribution, progressively moving away from urban

aerosol sources.
3.1.1 K-means clustering analysis

The k-means clustering analysis performed on the SAPUSS SMPS data resulted in
nine clusters. Cluster validation indices were used to choose the optimum number of
spectra to divide the data as described elsewhere (Beddows et al., 2009; Dall’Osto et
al., 2011a). This is solely a statistical optimisation, not accounting for the scientific
context in which the data were collected, based on the shape of the spectra. To reduce
the possibility that any clusters combined spectra from two different sources or
processes, a higher optimum cluster number (in the range 10-20) was selected in the
initial analysis. Having studied the cluster within a scientific context, common clusters
were recombined (Dall’Osto et al., 2011a) and for our dataset this procedure resulted
in a nine cluster solution. The results herein presented summarise all the particle size
distributions acquired during SAPUSS at the four monitoring sites (Figure 3.1.1). The
size distributions reported in Figure 3.1.1 are extrapolated to the largest size
depending on the site, given the good agreement shown between the harmonized

(resulting from the k-means clustering analysis) and the raw spectra.
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Figure 3.1.1: Aerosol size resolved distributions of the nine clusters result of the k-means analysis
performed on the SMPS data at all SAPUSS monitoring sites.

The nine clusters show a very different frequency among the four different

monitoring sites (Table 3.1.1). This is expected due to the different aerosol sources

affecting each site.

Table 3.1.1: Overall occurrence (%) of each cluster and classified into different scenarios as well as in
each site (Rssitea UBsite, TCisite and RBsite)-

Time k-means Rqad Urban Torre Regional
Type (%) cluster Site Back. Collserola Background
(RSsite) (U Bsite) (TCsite) (RBsite)
8% T(rTaff'C)l 24% 1% 5% 2%
clus_1
Traffic: Traffic 2
0, 0, 0 0, 0
30% 13% (Tows.2) 47% 1% 3% 1%
9% Traffic 3 1% 22% 14% 0%
(Tclus_3)
2195 UrbanBack 1 g 28% 26% 14%
Background (UBas 1)
Pollution: ~ 15%  Reg-Back.1 0% 19% 18% 220
54% (RBcIus_l)
18y  Reg-Back.2 3% 17% 15% 39%
(RBcIus_Z)
50 ~ Nucleation 1% 11% 6% 1%
Special (NUos)
Case: gy  neg Nirate 1% % 14%
16% (N ITclus)
5%  Mix (MXaw) 7% 0% 6% 7%
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Such a complex scenario can be broadly summarized in three main aerosol categories:

82

Three of the clusters are associated with "Traffic" (Teus 1, Teius 2 @nd Teus 3) and
prevailed during 30% of all measured hours. Within the Traffic category, the
differences between clusters are due to the proximity to the traffic source and to
the atmospheric processes affecting aerosols after emission, such as evaporation
(Dall'Osto et al., 2011b; Harrison et al., 2012). As expected, the RS is the most
affected by traffic emission as it is located close to traffic sources (Table 3.1.1).
Indeed, Teus_1 and Teus_2 clusters are almost exclusive to the RS and account for
24% and 47% of the hours measured at this site, respectively (Table 3.1.1). In
contrast, Teus_3 IS associated with the urban background stations of UBsie (22%)
and TCsie (14%) which are more distant from traffic sources. As expected, the

regional RBsite Is Not characterised by primary traffic size distributions.

Three clusters referred to the "Background Pollution” category (UBgys 1 - Urban
Background 1, RBgys_1 - Regional Background 1 and RBgys_» - Regional Background
2) characterised the overall aerosol population for 54% of the sampling time. They
were predominantly found at the background sites of UBsjw, TCsite and RBsit.
Cluster UBgus 1 Wwas found at all four sites and had very dynamic characteristics. It
was found more frequently at the UBg and the TCge (around 25% of hours at
each site) in contrast to the 15% of hours registered at both RS and RBsite (Table
3.1.1). On the other hand, clusters describing a Regional Background pollution
environment (RBgus 1 and RBgys 2) were found more commonly at the SAPUSS
monitoring sites not affected by anthropogenic sources. This is the case of the
RBaus 1 Cluster, seen at the RBsite, UBsite and TCsire for 22%, 19%, and 18% of the
time, respectively. RBgus » was also found frequently at the RBsie (39%), followed
by UBsite (17%) and TCsite (15%).

Three clusters (Nucleation - NUys, Regional Nitrate - NITgus and Mix - MIXgys)
associated with "Special Cases" accounted for the remaining 16% of the aerosol

size distribution overall population. The NU cluster was seen primarily at the
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urban background stations and rarely at the RS Or the RBsie. The NIT cluster

occurred mostly at the RBsite While the MIX cluster (the least characterised among

all) was observed in almost the same proportion at all sites except for the UB;ie

(Table 3.1.1).

Figure 3.1.1 shows the particle size distribution for each of the nine clusters. In

order to support the interpretation of this figure, the log-normal fitting modes of each

cluster and their modal diameters and mode area percentages are presented in Figure

3.1.2 and Table 3.1.2, respectively.
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Figure 3.1.2: Log normal fitting curves and the peak values for each cluster: a) Traffic 1, b) Traffic 2, ¢)
Traffic 3, d) Urban Background 1, e) Regional Background 1, f) Regional Background 2, g) Nucleation, h)

Regional Nitrate, i) Mix.

Table 3.1.2: Summary of the lognormal fitting of the 9 clusters separated into the nucleation, Aitken and
accumulation modes. Peak maximum values were found between 14-24 nm for the nucleation mode,
33-77 nm for the Aitken mode and particles larger than 100 nm correspond to the accumulation mode.

The total area percentage for each peak is also indicated.

Type k-means cluster nucleation Aitken accumulation
Traffic 1 23x1 nm (21%) 336 nm (79%) -
Traffic Traffic 2 241 nm (4%) 341 nm (96%) -
Traffic 3 15+1 nm (6%) 42+4 nm (94%) -
Urban
0, 0 -
Background 1 16+1 nm (2%) 531 nm (98%)
Background Regional 0 0 135+8 nm
Pollution Background 1 20+2nm (4%) 51x3nm (9%) (87%)
Regional 0 0 )
Background 2 17+1 nm (2%) 77x1 nm (98%)
Nucleation 15+1 nm (16%) 285 nm (84%) -
Special Case  Regional Nitrate - 52+1 nm (100%) -
Mix - 39+1 nm (100%) -

Furthermore, Table 3.1.3 shows the dominant air mass for each cluster presented.
This is achieved following the procedure described in Dall’Osto et al. (2013a),
classifying the air mass origin of each day of the campaign as: Atlantic (ATL), European-
Mediterranean (EUR), North African East (NAF_E), North African West (NAF_W) or
Regional (REG), as explained in the Methodology section.

84



Chapter3 RESULTS

Table 3.1.3: Air mass origin dominating at each cluster (average percentage values). The air mass types
are: Atlantic (ATL), Regional (REG), North African West (NAF W), North African East (NAF E) and

European (EUR).
Type k-means cluster Dominant air mass

Traffic 1 56% REG

Traffic Traffic 2 39% REG
Traffic 3 40% ATL

Urban Background 1 35% REG

B?vZITFJg:)JQd Regional Background 1 57% REG
Regional Background 2 49% NAFE

Nucleation 78% ATL

Special Case Regional Nitrate 50% REG
Mix 63% ATL

Additionally, the average values of air pollutants and meteorological parameters

for each cluster at each site can be found in Table 3.1.4, and the diurnal trends are

shown in Figure 3.1.3.
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Table 3.1.4: Average values for each of the nine SMPS clusters at each site with relevant occurrence (more than 30 counts) of air pollutants and meteorological parameters. In bold text are the
relevant values for each cluster at the different sites.

Cluster Sites N 15:300m N 3g208nm Nis228nm N5(7), NO NO, NOy 03 SO, Cco BC PMyq PM,5 PM; T RH SR R WS
- E - nm 3 3 3 -3 -3 -3 -3 3 3 -3 o g Et
name Em% em)  em) O (gmY) gm?) (gmY) (gm?) @gmY) (mgm?) (gm?)  @gmI  (gm?) (gm? - (C) %)  (wm?) (ms?)
Traffic 1 RS 2110° 2410° 4510° 1510 9+7 39+15 52+22 44+20 312 0.4+0.2 3.3+1.4 34+15 1849 1648 20+4 54+16 68160 0.7£1.6
Traffic 2 RS 1310° 2110° 3410° 1.410° 818 39+18 51+28 42+20 34425 04402 3.3%1.7 35+17 20+8 17+7 21+3 67+11 69+66 0.6+0.6
UB 2110° 3710° 5810° 1610° 8+13 41+24 54+41 50+27 1.6+1.7 0.4+0.2 2.4+1.7 25+8 1545 1243 19+4 67+16 1273171 1.6+1

Traffic 3
TC 1.010° 1710° 2710° 5610° 242 19+10 22+12 67+15 1.240.7 0.3#0.1 0.8#0.5 20+9 14+6 915 1843 74+14 2234223 442
RS 5310° 1410° 1910° 8.210° 4+4 25+15 31+19 52+20 2615 0.3+0.1 2.0+1.2 32+11 22+7 20+7 20+3 74+10 50451 1.3+1.1
Urban UB 1.010° 2610° 3610° 1.010 4+4 30+16 35+20 57+23 1.3+0.7 0.3#0.1 1.6%1.2 29+11 1949 1445 18+4 68+15 140+200 2.6+1.7

Background
1 TC 6.7:10° 1710° 2410° 4710° 242 20+15 22+17 68+16 1.4+1.4 0.3#0.1 0.8#0.5 25+11 18+7 1346 1743 78+11  160+200 443
RB 5.010° 1510° 2.010° - 1.0£0.2 443 543 75+16 0.5+0.9 0.2+0.0 - 23+9 1243 12+4 14+4 7618 176+223 0.7+0.7
UB 4010° 1610° 2.010° 5910° 243 1710 20+14 60+18 1.0£0.0 0.3#0.1 1.2+0.6 34+12 25+9 1845 1543 71+14  125+210 3.8+2.2

Regional
Background TC 2010° 1010° 1210° 2510° 1.1+05 916 1046 76+15 1.1+#0.2 0.330.0 0.5%#0.2 29+11 21+7 16+7 1543 8418 504100 543

1

RB 2710° 2010° 2710° - 1.0£0.1 443 613 62+19 0.5+0.2 0.2+0.0 - 27+10 14+4 1545 12+4 85+8 140+207 0.840.8
UB 5810° 2910° 3510° 7.210° 1614 1548 1710 64+18 1.240.7 0.3#0.1 0.6%0.3 24+11 16+7 1243 1845 75120 87+167 2.8+1.7

Regional
Background TC 3.310° 1.710° 2010° 4210° 1.2:09 13+12 15+12 79+18 34 0.3x0.1 0.7x05 21+9 1545 1145 17+2 81+9 88+172 4.2+2.6

2

RB 2510° 1910° 2.210° - 1.0£0.2 443 543 66+17 0.4+05 0.2+10.0 - 23+11 12+4 1145 1543 82+15 105182 0.5+0.6
UB 2410° 2.010° 4.410° 1510° 2418 23+15 27+16 64+18 1.0£0.2 0.3#0.1 - 2315 10+2 9+1 20+2 47+13  233+273 2.6%1.6

Nucleation
TC 2110° 1.710° 3.810° 1.1.10° 15:08 14+7 1648 75+13 1.240.6 0.2#0.1 0.7+04 1643 11+2 742 1943 63+16 365+285 3.5+1.4
Regional TC 29.10° 2210° 2510° 5110° 1.0:0.0 12+11 14+11 86+17 516 0.240.0 0.4+0.3 15+11 10+4 742 16+1 72+13 23+79 543
Nitrate RB 29.10° 1710° 2010° - 1.0£0.0 241 4+1 60+22 0.5+0.3 0.2+0.0 - 1145 742 612 12+4 81+19 77+149  0.5+0.7
RS 8.7.10° 2010° 2910° 1.310* 10+13 45+20 60+40 37+20 543 0.440.2 312 26+10 15+4 14+4 20+2 66+9 56+83 0.2+0.1
Mix TC 1.010° 2.810° 3.810° 8.010° 1.2+0.6 14+11 16+12 78+18 242 0.240.0 0.5+0.3 1443 9+1 5+1 1743 61+14 107+153 3.8+1.5
RB 3910° 1310° 1.710° - 1.0£0.0 312 442 63+11 0.3x0.3 0.1+0.0 - 9+4 611 5+1 13+4 74+17 91+159 0.6+0.9

86



Chapter3 RESULTS

0.16
0.14
0.12

5 01

5 00

& 0.06

= 0.04
0.02

0.08

o
o
>

o
o
=

frequency

o
o
~

frequency

o o o o

o o o o @
N B (o3} [e5] =

o

0.14
0.12
0.1
20.08
S 0.06
g
& 0.04
0.02

s UB
— TC

RB

(@)

Traffic 2

VY S e—

0 2 4 6 8 10 12 14 16 18 20 22 2

hour

(©)

Urban Background 1

0 2 4 6 8 10 12 14 16 18 20 22 24
hour

()

Regional Background 2

0 2 4 6 8 10 12 14 16 18 20 22 24
hour

(¢)]

Regional Nitrate

10 12 14 16 18 20 22 2
hour

0 2 4 6 8

(i)

0.14
0.12
0.1
2 0.08
&
> 0.06
15
£ 0.04
0.02

frequency

o o o o
o o o o ©@°
N A O o =

o

0.16
0.14
0.12

> 01

< 0.08

§ 0.06

< 0.04
0.02

frequency

o o o o
o o o o @
N B OO =

o

Traffic 1

: A

_——

10 12 14 16 18 20 22 24
hour

02468
(b)

Traffic 3

~ —_ m—

0 2 4 6 8 10 12 14 16 18 20 22 24
hour

(d)

Regional Background 1

o-\

<

10 12 14 16 18 20 22 24
hour

0246 8
(f)

Nucleation

VDB

N\

0 2 4 6 8 10 12 14 16 18 20 22 24
hour

(h)

I\
L 0T

0 2 4 6 8 10 12 14 16 18 20 22 24
hour

Figure 3.1.3: Daily trends for each k-means cluster at the 4 sites (RSsite, UBsite, TCsite and RBsite) @) legend,
b) Traffic 1, c) Traffic 2, d) Traffic 3, €) Urban Background 1, f) Regional Background 1, g) Regional
Background 2, h) Nucleation, i) Regional Nitrate and j) Mix.
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Figure 3.1.4: Comparison of meteorological factors and gaseous pollutants average values for each
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radiation, d) wind speed, €) NO, f) NO,, g) NO,, h) Og, i) SO, j) CO.
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Figure 3.1.5: Comparison for each significant cluster at each site (RS, UB, TC, RB) of: a) particle number
concentration measured with the SMPS (N1s5.228nm), b) particle number concentration measured with the
CPC (Ns(7)-1000nm), €) black carbon (BC), d) PMyo, €) PMz 5, f) PM;.

It should be noted that clusters showing a lower incidence than 30 counts (hours)
at any site were not considered. According to the data obtained, each cluster can be

described as follows:

3.1.1.1 Traffic related clusters

e Taus 1 represents 8% of the total sample and is exclusively observed at the RSt
(24%). It presents one of the highest N showing a bimodal size distribution with a
well-defined nucleation size mode at 23+1 nm and a broad Aitken mode at 33+6
nm (Figures 3.1.1 and 3.1.2a, Table 3.1.2). It is associated with high concentration
levels of traffic pollutants such as BC (3.3+1.4 pg m®), NO (9+7 pg m*®) and NO;
(39+15 pg m™, Figures 3.1.5¢, 3.1.4e and f). Regarding particle mass it shows high
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PMo concentration values (34+15 pg m™) and also high N values in the nucleation
mode Nis.3onm (2.1 10° cm™), as shown in Table 3.1.4. It also has the lowest relative
humidity (54+16 %) of all clusters at the RSt and occurs mainly in the afternoon

and early evening (Figure 3.1.3b).

Taus 2 prevails during 13% of the time and is the dominant cluster at the RS
(47%). Like cluster Teus 1, it Shows a bimodal particle size distribution peaking at
241 nm and 34+1 nm and it has similar concentration values of BC (3.3+1.7 ug m
%), NO (848 pg m®) and NO, (39+18 pg m™). The most important difference
between this cluster and the previous traffic cluster (Teus 1) IS that this one is
associated with higher RH conditions (6711 % versus 54+16 %). It also contains
less particles in the nucleation mode range Nis.sonm (1.3-10° cm™ and 2.1-10° cm™,
respectively). This points to an opposite trend between RH and ultrafine particle
concentrations, as further discussed in Section 4.1.2. This cluster correlates
temporally with the morning rush hour (8 am) and is maintained until the
afternoon (2 pm). Its frequency rises again coinciding with the evening rush hour

(8 pm) as can be seen in Figure 3.1.3c.

Taus 3 prevails 9% of the time and characterises the traffic environment detected
at the urban background stations of UBsite (22%) and TCsite (14%). Like Teus 1 and
Teius 2, Telus_3 @lso shows a bimodal distribution with one peak in the nucleation size
mode and a second in the Aitken mode, although with different size modes (a
much reduced nucleation mode at 15+1 nm and broader Aitken mode at 42+4 nm,
respectively, see Table 3.1.2). Teus 3 IS associated with the highest levels of traffic
pollutants at the urban background UBsie and TCsite, With traffic gaseous average
concentrations similar to Teys 1 and Teus 2 (See Figure 3.1.4e, f and g). However, it
presents the lowest N concentrations among the three traffic clusters (Table
3.1.4). Furthermore, Teus 3 i related to the predominance of Atlantic air masses.
This is in contrast to Teus 1 and Teus_2 Which are found under regional stagnant air
mass conditions (see Table 3.1.3). Teus_3 occurred mainly during the daylight hours

and late evening at UBsite, and reaches TCgte at midday due to transport by the sea
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breeze circulation (Figure 3.1.3d). Further consideration on the difference among

the three traffic related clusters is given in Section 4.1.1.

3.1.1.2 Background Pollution clusters

Urban Background 1 (UBgs 1) is the most prevalent of all clusters (21% of the
time) as it has a significant occurrence at all the four monitoring sites (Table 3.1.1).
However, it occurs more frequently at the urban background sites (UBsite 28% and
TCsite 26%). Like the traffic clusters, it exhibits a bimodal distribution with a small
nucleation size mode (16x1 nm) and a broader Aitken mode (531 nm).
Nevertheless, it is important to note that the nucleation mode is less pronounced
in comparison to the Traffic clusters and N concentrations are lower (Figure 3.1.1,
Tables 3.1.2 and 3.1.4). This cluster is also affected by moderate levels of traffic
pollutants: e.g. at the RSse the level of NO, reached 25+15 pg m?™. This
background cluster is prevailing during night time at the RS, likely representing
the cleanest conditions at the road monitoring site. By contrast, at the UBsit this
cluster does not show a clear diurnal variation, confirming its urban background
nature (Figure 3.1.3e). It is interesting to note that this cluster was monitored
during the morning in the hilly background environment (TCsie) and later on in the
afternoon at the regional RBsi. This suggests that the urban background pollution
(represented by this cluster, hence named after it) can be transported by the sea

breeze circulation from the city centre to the regional background (Figure 3.1.3e).

The Regional Background Pollution 1 (RBguys 1) cluster prevails 15% of the time and
is present at all sites except at the RSgt. At the RBgie it accounts for 22% of the
time while at the urban background UBsite and TCsjte represents the 19% and 18%,
respectively. This cluster was the only one to have a tri-modal size distribution,
with size modes at 20+2 nm, 51+3 nm and 1358 nm, the accumulation mode
being the dominant one (Table 3.1.2). It shows the highest PM concentrations of
all clusters for UBsie, TCsite and RBiite (€.9. at UBgie PMyg is 34412 pg m>, PM,s is
25+9 pg m™ and PM; is 1845 pg m, Table 3.1.4). It is also associated with the

highest wind speed values of all clusters at UBe (3.8+2.2 ms™), TCsite (5+3 ms™)
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and RBge (0.8+0.8 ms™). Figure 3.1.3f shows that it prevails during the night in
TCsite, When the site is less influenced by the urban background. At the UB;ie it
occurs regardless of the hour, suggesting that regional background size
distributions can also describe the lowest urban background conditions at the
UBsite.

The Regional Background Pollution 2 (RBgys 2) cluster occurs more often at the
regional background RBsie (39%) and then decreases in occurrence as we come
close to the city: TCsite (15%) and UBsite (17%). It has a small nucleation size mode
at 17+1 nm and a dominant Aitken mode at 77+1 nm. Regarding the diurnal trends
(Figure 3.1.3g) it can be observed that it is similar at all four sites, peaking at night.
The main differences between RBgys 1 and RBgys 2 Clusters is that the first one
accounts for aged and long-transport aerosols (highly loading of PM mass, Table
3.1.4) and is dominated by the accumulation mode (Table 3.1.2). By contrast,
cluster RBgys 2 presents a broad peak in the Aitken mode with higher N and lower

mass concentration levels.

3.1.1.3 Minor clusters

The Nucleation cluster (NUgys) represents only 5% of all observations and occurs
mainly at the urban background UBsie and TCsite (11% and 6% respectively). It has a
main nucleation size mode at 15+1 nm and a small Aitken mode at 28+5 nm
(Figure 3.1.2g). This cluster prevails under intense solar radiation at both UBsjc
(233+273 Wm™) and TCgre (365+285 Wm?) as well as relatively high ozone
concentrations at UBg (64418 pg m™) and TCste (7513 pg m™, Table 3.1.4,
Figures 3.1.4 and 3.1.5). The high total N concentrations (1.5-10* cm™ at UBsje and
1.1-10% cm™ at TCst) and the concentration for the nucleation mode Nis.3onm at
both UBsite (2.4-10° cm™) and TCsie (2. 1-10° cm™®) should also be noted. The diurnal
trends also confirm that this cluster is associated with photochemical nucleation
events peaking during the afternoon and early evening at the UBsite (14h-20h) and
TCsite (12h-15h), respectively (Figure 3.1.3h). This cluster was found to describe

well the nucleation events studied in detail by Dall’Osto et al. (2013b). However, it
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should be noted that during this study only particles above 15 nm were monitored
due to the SMPS configurations. Therefore, the NUg,s accounts for the nucleating
particles that have grown to such detectable sizes - thus leading to an
underestimation of the early stage nucleation processes. It is also of note that the
frequency of this NUqys increase in June-August (Dall’Osto et al., 2012) compared

to September-October (this study).

The Regional Nitrate cluster represents 6% of the total, and occurs predominantly
at the TCsite (7%) and RBsite (14%). It exhibits a unimodal aerosol size distribution
peaking at 52+1 nm (Figure 3.1.2h). It is found to peak mainly during night time
(Figure 3.1.3i). This mode is smaller than a similar k-means cluster (cluster
regional, 90+12 nm) found in the clustering analysis of Dall’Osto et al. (2012) for
the whole year 2004 in the urban area of Barcelona. In this regard, it is interesting
to note that the nitrate cluster of this study was found to occur mainly at the TCijte
and RBsite, the two sites that are away from the urban city centre, suggesting
different aerosol size distributions for urban background (Dall’Osto et al., 2012)
and regional background nitrate (this study). Additionally, SAPUSS measurements
were restricted to the autumn season, whereas the previous study included a
whole year of measurements (Dall’Osto et al., 2012). It is likely that the larger size
mode of the previous study reflects the winter time high nitrate mass loadings not

monitored during this intensive SAPUSS field campaign.

The Mix cluster occurs 6-7% of the time at the RS, TCsite and RBsie. It exhibits a
unimodal size distribution with a peak in the Aitken mode at 39+1 nm (Table
3.1.2). The temporal trends and the average values of the air quality parameters
were not well defined (Figure 3.1.3j, Table 3.1.4), likely due to a mix of sources
and atmospheric processes describing this factor. This factor cannot be associated
with any specific source and was found to be the least well defined of all the nine
clusters. It is associated with high concentrations of traffic-related pollutants (NO,
CO and black carbon) and SO, but is clearly not heavily influenced by fresh traffic

emissions.
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3.1.2 SMPS k-means clustering results explained by cluster proximity diagram
during SAPUSS

The results described in the previous section (3.1.1) are graphically summarised by

a Cluster Proximity Diagram (CPD) in Figure 3.1.6.

Modal-diameter increases

Figure 3.1.6: Cluster Proximity Diagram during SAPUSS. In black are traffic related clusters (Taus 1. Teius 2,
Taus_3), in red background clusters (UBgys 1, RBaus 1, RBaus 2) and in grey, purple and blue the special cases
(NUC|U51 MIXcIus and NchIus)-

The CPD displays how the clusters are arranged relative to each other based on
the similarity of the elements in each cluster measured using the Silhouette Width
(Beddows et al., 2009). While k-means clustering matches together the most similar
spectra into the nine clusters (Figures 3.1.1 and 3.1.3), the CPD positions these clusters
according to the degree of similarity within each cluster. The more similar the
elements within a selection of clusters are, the closer the nodes representing those
clusters are placed to each other in the diagram (€.9. Teius 1, Teius 2 and Teys 3).  Using
the optimum number of clusters (9), the elements of this selection (e.g. Teius_1, Telus 2
and Teys_3) are sufficiently similar to each other to be placed next to each other in the
diagram but they are not sufficiently similar to form a new cluster. Likewise, pairs of
nodes furthest apart in the diagram represent clusters whose elements are the most
dissimilar (e.g. NUqys and RBgiys 1). In particular, this is illustrated further in Figure 3.1.6

where the average modal diameter of the clusters increases from left to right.
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Clusters Teus 1 and Teus 2 are associated with primary traffic aerosols and are
positioned in the same vertical area of the diagram. Cluster NUg s and cluster Tgys 3 are
confined in the smallest modal diameters, in the far left part of the CPD. This is due to
the atmospheric sources and the processes affecting cluster NUgys (new particle
formation) and cluster Tys_3 (evaporation of traffic related particles Teys 1-2, Dall’Osto
et al. (2011b). By contrast, the largest modal diameters detected (right part of CPD,
Figure 3.1.6) are associated with regional background clusters (RBgus 1 and RBgus 2,
same vertical position in the CPD). Cluster MIXqys - not well defined - stands in the
middle of the CPD and is likely to be a mixture of all sources and processes. By
contrast, NITs Stands in a position close to the RB clusters. Finally, it is interesting to
note that cluster UB1 (which is associated with the urban background pollution) is
linked to all but two (NUgys and Taus 1) Of the clusters. This suggests that the
sources/processes loading clusters Teius 3, Telus_ 2, MIXeius, NITelus, RBeius 2 and RBeius 1 all
consequently develop and contribute to urban background aerosol. Clusters Tgys 1 and
NU.s are strong ultrafine aerosol sources which are somehow modified (for example
by growth or evaporation) before contributing to the urban background aerosol

population.

In summary, the main sources of the smallest UFP detected during SAPUSS are
due to new particle formation (NUys) and the evaporation of traffic-related particles
(Teiws_3, coming from Teus 1 and Teus 2). The lowest N concentrations and the highest
modal diameters are related to regional background conditions (RBgys 1, RBeus 2,
NITeus). Finally, all these diverse clusters contribute directly into the urban background

general aerosol particle spectra (UBgus 1), which is indeed at the centre of Figure 3.1.6.
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3.2 Aerosol size distributions in high insolation developed urban environments

As discussed in the Methodology section, the Mediterranean climate can be found
in other worldwide regions in addition to the Mediterranean Basin (Figure 2.1). With
the purpose of categorising sources of UFP in urban environments situated in
temperate regions affected by high solar radiation levels, long-term aerosol size
distributions were sampled in several worldwide cities. As seen in section 3.1, traffic
emissions are the main contributors to UFP in urban environments. However,
photochemical nucleation events have been detected in urban environments, such as
in Barcelona (Pey et al., 2009; Dall’Osto et al., 2012), Madrid (Gbmez-Moreno et al.,
2011), Huelva (Fernandez-Camacho et al., 2010), Marseille and Athens (Petdja et al.,
2007) where the high solar radiation levels registered in the Mediterranean Basin play
a key role (Reche et al., 2011). The Mediterranean climate characteristics are also
shared in other worldwide areas, where photochemical nucleation events in urban
environments have also been reported (Los Angeles: Hudda et al., 2010; Brisbane:
Cheung et al., 2010)

Hence, the objective is to study the sources and processes affecting UFP in
worldwide developed urban environments under high insolation. Specifically we aim to
assess the frequency and influence of nucleation events on UFP levels and variability,
as well as the atmospheric conditions facilitating such events in. Therefore, long-term
size-resolved particle number concentration measurements were carried out at several
cities. The main databases are taken from two cities in Southern Europe (Barcelona
and Madrid, Spain) and one in Eastern Australia (Brisbane). To complement the study,
two additional datasets from high insolation areas (also located in temperate climatic
areas) are analysed: two years of data from a regional background site regularly
impacted by the Rome (Italy) pollution plume and three months of data from an urban
background site in Los Angeles (USA). The complexity of the data is further reduced by
applying k-Means clustering analysis to each data set separately (Beddows et al., 2009,
2014; Dall’'Osto et al., 2011b, 2012; Sabaliauskas et al., 2013; Salimi et al., 2014). The
identification of the main pollution sources contributing to UFP affecting urban
environments enables quantitative estimation of the temporal prevalence of each

source and a further comparison between the selected cities.
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3.2.1 k-Means clustering

A k-Means clustering analysis was performed on each of the five SMPS data sets,
resulting in a number of representative clusters for each city that ranged between 7
and 15. After careful consideration (see section 2.5.1.1), such results were further
simplified to 4-7 clusters per monitoring site (see Figures 3.2.1 and 3.2.5). Additionally,
the reduction to three more-generic classifications, while not based on statistics, is
based on existing knowledge of distributions typically observed and associated with
these categories. The uncertainty bands plotted for each cluster (Figures 3.2.1 and
3.2.5) show the 99.9% confidence limits for the hourly size distributions contained
within each cluster. This means that with a probability of 99.9%, all hourly spectra
contained in each cluster are found within the uncertainty bands. The fact that none of
the uncertainty bands of the spectra overlap over the full size range at any of the sites
reflects the robust cluster classification achieved by k-Means analysis. To further
characterise each k-Means cluster, its corresponding size peaks were extracted; and
hourly, weekly and annual cluster trends were analysed. Moreover, the corresponding
average values of meteorological parameters and available air pollutants for each
cluster at each site were calculated. The analysis of each cluster characteristics allows
its classification into different categories depending on the main pollution source or

process contributing to it.

The majority of the clusters were found common to most of the cities, although
showing some site specific characteristics depending on the location of the site
(proximity to pollution sources), the sampling size range (low-cut 10.2-17.5 nm and
upper-cut 101.8-615.3 nm, see Table 2.10) and the particular emission and
atmospheric features of each city (see Figures 3.2.1 and 3.2.5). To further simplify the
results, the clusters have been carefully divided in three main categories: “Traffic”,
“Nucleation” and “Background pollution and Specific cases”. The most relevant
categories common to all sites are Traffic and Nucleation, which display very different
characteristics. Broadly, Traffic clusters dominate the aerosol size distributions during
rush hours, showing very high NOy levels. In contrast, Nucleation clusters are seen at
midday, under high temperature, solar radiation and ozone levels and low NOy levels.

Detailed features of each k-Means size distributions can be found in Tables 3.2.1 to
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3.2.4 and Figures 3.2.1 and 3.2.5. Finally, it is important to remember that the
clustering results can provide a much higher amount of information than that
presented here. Nevertheless, the objective of this study is to present main aerosol
size distribution categories in order to quantify the impact of photochemical
nucleation processes in urban environments under high solar radiation. In order to
show averaged annual results only the cities of Barcelona, Madrid and Brisbane were
considered for several reasons. In Rome, the sampling site is not located in an urban
environment, although it is affected by the Rome pollution plume. The monitoring
sites in the cities of Barcelona, Madrid, Brisbane and Los Angeles were classified as
urban background, whereas the one in Rome was further away from the city.
Regarding Los Angeles only three months of measurements were available, which was
not sufficient for studying the annual trends. However, we believe the sites of Rome
and Los Angeles add some important supporting information to further validate our

findings.
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Figure 3.2.1: Aerosol size distribution results of the k-Means cluster analysis performed on the SMPS
data at the main cities: a) legend, b) Barcelona, ¢) Madrid and d) Brisbane. Shaded areas around the
curves represent the confidence limits p calculated for 99.9% confidence level. Note the different scales
for dN/dlogD,,.
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Table 3.2.1: Log-normal fitting peaks for each cluster category k-Means size distribution at the main sites
and the corresponding peak area percentage.

Category Subcategory Barcelona Madrid Brisbane
26+1 4%), 25%1 31%), 211 30%),
Traffic 1 (T1) 61 nm (84%) 51 nm (31%) nm (30%)
130+4 nm (16%) 70£6 nm (69%)  77+1 nm (70%)
23+2 nm (31%),
3143 30%),
Traffic Traffic 2 (T2) 36+1 nm (8%), nm (30%),
839 nm (70%)
7522 nm (61%)
11+1 21%), 21+1 24%), 14+1 18%),
Traffic 3 (T3) nm (21%) nm (24%) nm (18%)
48+1 nm (79%)  92+3nm (76%) 5214 nm (82%)
: . 16+1 nm (53%), 19+1nm (24%), 13+1nm (74%),
I Nucl N
Nucleation ucleation (NU) 69+2 nNm (47%)  48+2nm (76%)  77+1 nm (26%)
22+1 1% 40+1 %
Urban Background nm (61%), 0£1 nm (53%), 632 nm (100%)
(UB) 961 nm (39%)  119+1 nm (47%)
Background Summer Background
pollution (sB) g - 44+1 nm (100%) -
d Specifi .
2236 (‘;i;' '© " Nitrate (NIT) 36+1nm (100%) 631 nm (100%) -

Growth 1 (G1)

281 nm (100%)

Growth 2 (G2)

371 nm (100%)

Table 3.2.2: Overall occurrence (%) of each cluster at each site, classified into different categories
(Traffic, Nucleation and Background pollution and Specific cases).

. . Los
Category Subcategory Barcelona Madrid Brisbane Rome Angeles
Traffic 1 (T1) 27% 25% 24% % 36%
Traffic Traffic 2 (T2) 24% 22% - 27% -
Traffic 3 (T3) 12% 11% 20% % 25%
Nucleation Nucleation (NU) 15% 19% 14% 6% 33%
Urban Background (UB) 15% 6% 22% 25% 6%
Background g, mmer Background (SB) - 7% - - -
pollugon Regional Background (RB) - - - 28% -
Spae'li e Nitrate (NIT) 7% 10% i i i
cases Growth 1 (G1) - - 10% - -
Growth 2 (G2) - - 10% - -
Total 100% 100% 100%  100% 100%
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Figure 3.2.3: Diurnal trends for the main clusters: a) Trafficl (T1), Traffic2 (T2), Traffic3 (T3) and Urban
Background (UB); b) Nucleation (NU) and Nitrate (NIT). Although they are extracted from the results for
Barcelona, they are representative of the rest of the cities.
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Figure 3.2.4: Meteorological parameters and gaseous pollutants for the main clusters: a) Temperature,
b) Relative Humidity, c) Rain, d) Solar Radiation, ) Wind Speed, f) NO, g) NO,, h) NOy, i) Os, j) CO, k) SO,
[) Black carbon, m) PMyg, n) PM ;5, 0) PMy, p) Nig.360- Although they are extracted from the results for
Barcelona, the trend followed by clusters is representative of the rest of the cities.

3.2.1.1 Traffic-related clusters

e Traffic 1 (T1): this cluster can be seen at all monitoring sites, occurring 27-24%

of the time (Table 3.2.2). It exhibits a bimodal size distribution, as typically

found in vehicle exhausts, with a dominant peak at 20-40 nm (traffic-related

nucleated particles) and another at 70-130 nm (soot particles) (see Table 3.2.1).

Its diurnal trends are driven by traffic rush hours and display very high levels of

traffic pollutants, such as NO, NO,, BC and CO (see Figures 3.2.3a and 3.2.4).
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102

Regarding particle mass concentrations, T1 is associated with high values of
PMio (see Figure 3.2.4). We attribute this cluster to freshly emitted traffic

particles.

Traffic 2 (T2): this cluster is seen in Barcelona and Madrid, occurring 22-24% of
the time (Table 3.2.2). It shows a bimodal size distribution with a minor peak at
20-40 nm and a dominant one at 70-90 nm (see Table 3.2.1). It is usually
observed during the evening and night, and contains high concentration of
traffic pollutants, like T1 (see Figures 3.2.3a and 3.2.4). The main difference
with T1 is that it accounts for particles with traffic origin that might have
undergone physicochemical processes after being emitted, such as
condensation or coagulation and that have resulted in a change of the size
distribution with respect to T1. This change can be appreciated for each city in
Figure 3.2.1. The evolution of this aerosol size distribution modes attributed to
traffic have already been widely discussed in previous studies (Dall'Osto et al.,
2011b, 2012).

Traffic 3 (T3): this traffic-related cluster was found in all the monitored cities
11-20% of the time (see Table 3.2.2). It presents a bimodal size distribution,
with a low peak in the nucleation mode at 10-20 nm and a main peak at 50-90
nm (see Table 3.2.1). It occurs throughout all day, with a peak during daytime,
and it is associated with the lowest pollution levels of all the Traffic clusters
(see Figure 3.2.3a). The shift to smaller sizes of the 20-40 nm peak of T1 and T2
towards the nucleation mode in T3 might indicate particle evaporation in
Barcelona, Madrid and Brisbane (see Figure 3.2.1b-d). More information on the
evolution of traffic-related cluster T1-T2 towards traffic-related cluster T3 can
be found in section 3.1.1, where aerosol size distribution modes simultaneously
detected at four monitoring sites during SAPUSS are reported. As recently
discussed in Kumar et al. (2014), the volatile nature of the traffic nucleation
mode particles raises issues in relation to their reliable measurement and may
also enhance their spatio-temporal variability following their emission into the

atmospheric environment (Dall'Osto et al., 2011b). A traffic-related cluster
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peaking during noontime was also related to the extension of the morning
traffic peak, which is similar to the diurnal variation of NO (Liu et al., 2014).
The pattern of this factor is similar to the local traffic factor found in Beijing in a

previous study (Wang et al., 2013a).

3.2.1.2 Nucleation cluster

Nucleation (NU): the Nucleation cluster was found to be common to all sites -
stressing the importance of the occurrence of new particle formation processes
in high-insolation urban environments (see Table 3.2.2). It occurs between 14
and 19% of the measured periods and has a dominant nucleation mode peak in
the range 10-20 nm and a minor size peak in the Aitken mode at 50-80 nm (see
Table 3.2.1), the latter being attributed to background aerosols. NU is observed
at midday or early afternoon more intensely during spring and summer (see
Figure 3.2.3b). This cluster is generally characterised by very high solar
irradiance, high wind speed and low concentration of traffic pollutants (see
Figure 3.2.4). The N/NOy ratio from 8 a.m. to 12 a.m. was calculated for the
Nucleation and Traffic 1 clusters for each city. In all cases it was found to be
higher for the Nucleation than for the Traffic 1 clusters, highlighting both the
clean atmospheric conditions favouring nucleation (low NOy levels) and the

contribution of nucleated particles to N.

3.2.1.3 Background pollution and Specific cases clusters

Urban Background (UB): the Urban Background cluster can be observed at all
three sites 6-22% of the time (see Table 3.2.2). The size distributions present a
bimodal peak at 20-40 nm and at 60-120 nm (see Table 3.2.1). At Barcelona and
Madrid - cities highly influenced by road traffic emissions - the dominant peak
is the finest one, whereas in Brisbane the larger peak prevails (see Table 3.2.1).
Urban background clusters were usually observed during the night time,
associated with relatively clean atmospheric conditions in the urban

environment (see Figures 3.2.3a and 3.2.4).
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Summer Background (SB): this cluster occurred 7% of the time in Madrid (see
Table 3.2.2). The unimodal size distribution shows a peak in the Aitken mode at
44+1 nm (see Table 3.2.1). It is seen during the summer nights and is thus
influenced by low levels of traffic pollutants, pointing towards clean summer

atmospheric conditions.

Nitrate (NIT): this cluster was observed in the two Spanish cities, occurring 7%
of the time in Barcelona and 10% of the time in Madrid. This cluster is
characterised by its prevalence at night during the colder months (see Figure
3.2.3b). Moreover, in Madrid a minor peak was also seen during midday.
Although the Nitrate cluster occurs more frequently at night, photochemically
induced nitrate formation accounts for higher mass concentrations during the
day, especially in winter in Madrid (Gomez-Moreno et al., 2007; Revuelta et al.,
2012).

The two size distributions associated with nitrate in Barcelona and Madrid
are unimodal although presenting different modes. BCN_NIT shows a finer
mode at 36+1 nm, whereas MAD_NIT shows a larger size mode at 63+1 nm.
This might be due to the location of the sampling sites, closer to traffic sources

in Barcelona (urban background) than in Madrid (suburban background).

Growth 1 and 2 (G1, G2): these clusters were found to be exclusive to the
Brisbane monitoring site and both accounted for 10% of the time. They show a
unimodal peak at 28+1 and 37+1 nm, respectively. These are frequently seen in
the afternoon after photonucleation occurs (BNE_G2 follows BNE_G1), and are
likely related to further growth of nucleated or traffic particles (see section
3.2.3 and Figure 3.2.6c).

It is worthy of note that weekday/weekend ratios were calculated for each cluster

at each city in order to analyse the impact of traffic/urban emissions on the clusters

occurrence. The highest average ratio (1.3) was found for the T1 cluster, strengthening

its relation to fresh traffic emissions. On the other hand, T2 and T3 clusters average

ratio was 1-1.1, indicating relative independence on fresh traffic emissions, in contrast
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to T1. The nucleation cluster was found to occur more often during weekends (average
ratio 0.9). The lowest ratio was recorded for the UB cluster during weekends (average

ratio 0.7) reflecting its background nature.
3.2.2 Supporting k-means cluster results from Rome and Los Angeles

Both Rome and Los Angeles clusters were classified into the same categories as
the main cities, thus similar characteristics regarding meteorological parameters and

gaseous pollutants as in the main cities apply.
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Figure 3.2.5: Aerosol size distribution results of the k-Means cluster analysis performed on the SMPS
data at the selected complementary cities: a) legend, b) Rome and c¢) Los Angeles. Shaded areas around
the curves represent the confidence limits calculated for 3 sigmas. Note the different scales for

dN/dlogD,,

Due to its location in a regional background area under the influence of the Rome
pollution plume, the Rome clusters showed some differences with respect to those of
Barcelona, Madrid and Brisbane. For Rome, the Traffic (T1-T3) and Nucleation clusters
displayed a lower occurrence (41% and 6%, respectively) as well as a shift in its peaks

to larger sizes, reflecting their aged nature (see Tables 3.2.3 and 3.2.4).
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Table 3.2.3: Log-Normal fitting peaks for each cluster category k-Means size distribution at the

supplementary sites and the corresponding peak area percentage.

Category Subcategory Rome Los Angeles
, 37x1 nm (65%), 0
Traffic 1 (T1) 130+7 nm (35%) 21+1 nm (100%)
, , 59+2 nm (91%),
Traffic Traffic 2 (T2) 102¢8 nm (9%)
, 1941 nm (20%), <15 nm (73%),
Traffic 3 (T3) 75+1nm (80%)  66+1 nm (27%)
. . 231 nm (43%), <15nm (62%),
Nucleation Nucleation (NU) 10242 nm (57%)  67+3 nm (38%)
27+2 nm (46%), 0
Urban Background (UB) 105+1 nm (54%) 4511 nm (100%)
Summer Background (SB) - -
Background
pollution Regional Background (RB) 89+1 nm (100%) -
and

Specific cases Nitrate (NIT) ) )

Growth 1 (G1) - -

Growth 2 (G2) - -

Table 3.2.4: Cluster categories (Traffic, Nucleation and Background pollution and Specific cases) and
their occurrence at the supplementary sites.

Category Rome Los Angeles
Traffic 41% 61%
Nucleation 6% 33%
Background 53% 6%

100% 100%

Indeed, previous studies have showed that an aged nucleation mode of particles in
the size range 20-33nm is related to photochemically nucleated particles downwind of
Rome growing in size while being transported to the sampling site (Costabile et al.,
2010). Moreover, in addition to the Urban Background cluster, a unique Regional
Background cluster occurring 28% of the time (Table 3.2.2) was found specific to this
site, and corresponded to the Regional Background PCA factor described in Costabile
et al. (2010). Regarding Los Angeles, although this site was located in an urban
background environment, aerosol size distributions were only measured from
September to December (see Table 2.10). Two Traffic clusters and an Urban
Background cluster were identified (representing 61% and 6% of the time,

respectively), reflecting the proximity of the sampling site to main roads. The
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Nucleation cluster was found to occur 33% of the time, due to the enhancement of

photochemical nucleation events during warm months (see Table 3.2.2).
3.2.3 k-means clustering results explained by the cluster proximity diagram

Another way of looking at the k-Means results is through the Cluster Proximity
Diagram (CPD), which is obtained using the Silhouette Width (Beddows et al., 2009).
This diagram positions each cluster according to the similarity with the rest of the
clusters (Figure 3.2.6). The closer nodes represent similar clusters, although not
sufficiently alike to form a new cluster. Conversely, the more distant nodes represent

the most dissimilar clusters. The average cluster modal diameter increases from left to

right.

Modal-diameter increases Modal-diameter increases

Modal-diameter increases

(a) (b)
Los Angeles
Modal-diameter increases Modal-diameter increases
(d) (e)

Figure 3.2.6: Cluster proximity diagram (CPD) for each selected city. In black are represented the Traffic
clusters (T1, T2, T3); in green the background clusters (UB, SB, RB), in red the nucleation cluster (NU), in
dark blue the Nitrate cluster (NIT) and in light blue the growth clusters (G1, G2) for: a) Barcelona, b)
Madrid, c¢) Brisbane, d) Rome and e) Los Angeles.

Figure 3.2.6 shows the corresponding CPDs for the selected cities. The Nucleation
clusters NU are located in the far left side of the diagram, as they account for a very
fine size mode (see Tables 3.2.1 and 3.2.3). Traffic clusters (T1-T3) are positioned next
to NU, although their location within the CPD varies depending on the city. In general,

T3 and T1 are confined closer to the NU clusters than T2, given their association with
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primary traffic emissions (T1) and evaporation of traffic particles or nucleation (T3).
Clusters T2 are an intermediate step between fresh traffic emissions (T1) and the
Urban Background clusters (UB). Regarding the Background Pollution clusters (UB and
SB), their location on the right side of the graphs suggests that the sources/processes
loading the Nucleation and Traffic clusters develop and contribute to this category.
Barcelona and Madrid (Figures 3.2.6a and b, respectively) show site specific clusters.
The SB cluster in Madrid is loaded with traffic particles from T1 and T2 before it
contributes to the Nitrate (NIT) cluster. Other site specific clusters such as Nitrate (NIT)
are only observed in Barcelona and Madrid (Figures 3.2.6a and b, respectively). In the
case of Barcelona, NIT is linked to the Traffic clusters T1 and T2, highlighting its urban
nature. On the other hand, although the Traffic clusters T2 and T3 contribute to the
formation of Nitrate in Madrid, both Background Pollution clusters UB and SB add to
its loading, thus resulting in a higher modal diameter for the NIT cluster in Madrid than
in Barcelona (Table 3.2.1). The remaining Growth clusters in Brisbane (G1 and G2) are
positioned in the centre of the CPD (Figure 3.2.6¢) and represent particle growth from
NU or the Traffic clusters (T1 and T3) before contributing to the UB. This is also

supported by their time occurrence after the NU or T clusters.
3.3 PM; organic and inorganic species at traffic and urban sites during SAPUSS

The fine aerosol fraction (PM;) in an urban environment is affected by several
sources mainly with an anthropogenic origin (Pérez et al., 2010). Pollution sources
contributing to the PM; fraction in the urban atmosphere of Barcelona include mainly
road traffic, and secondary species (sulphate and nitrate), as well as industrial
emissions and fuel oil (Amato et al., 2009). Reche et al. (2012) found that the
contribution from biomass burning to PM; was relatively small (5% of the mass).
Previous research in the study area by Pérez et al. (2008b) and Amato et al. (2009)
focused on the inorganic fraction, while Van Drooge et al. (2012) and Alier et al. (2013)
only analysed the organic fraction. For the first time in Barcelona, both inorganic and
organic PM; species were simultaneously analysed and apportioned to different
sources. To complement the study, an additional source apportionment analysis was
performed considering only the inorganic elements at both sites, as Alier et al. (2013)

had apportioned the organic fraction during SAPUSS. The concurrent sampling in two
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city sites with different characteristics, representing a road site (RS) and urban
background environment (UB) allowed studying the contribution and variability of the

sources.
3.3.1 Source apportionment by means of PMF of organic and inorganic species

A positive matrix factorization analysis was applied to the PM; data matrix,
containing 107 samples (53 at the RS, 54 at the UB) and 62 species (27 inorganic and
35 organic). The results of the PMF analysis yielded a 9 factors solution, with a Q
(constrained) value of 7486, being the Q/Qexp ratio 1.49, and with an increase dQ of
3.5% with respect to the base run, due to the implementation of auxiliary equations.
The nine factors yielded by the EPA PMF v5 were: fresh traffic, organic urban mix,
nitrate, industrial NE & sea salt, industrial SW & pinene, shipping, SIA (Secondary
Inorganic Aerosols), bio SOA and biomass burning (Tables 3.3.1 and 3.3.2 and Figure
3.3.1). The biomass burning factor was achieved with a K/EC constrained ratio of 0.48
obtained by Alves et al. (2010) for the Mediterranean shrubland. The pull down
maximally option of the software was used for Ti and Sr in the bio SOA and for

levoglucosan, mannosan and galactosan in the nitrate factor.

Table 3.3.1: Mean concentrations to PM; (ugm?) of the 9 PMF factors at the Road Site (RS), Urban
Background (UB) and the average of both site. The relative contribution of each factor to PM; mass at
each site can be found in parenthesis.

PM; (ugm?) RS UB average
Fresh traffic 2.9 (18%) 1.2 (10%) 2.0 (15%)
Organic Urban Mix 3.5(21%) 0.2 (2%) 1.9 (13%)
Nitrate 2.8 (17%) 1.3 (11%) 2.1 (15%)
Industrial NE & seasalt | 2.5 (16%) 2.2 (18%) 2.4 (17%)
Industrial SW & pin 0.8 (5%) 1.3(11%) 1.0 (7%)
Shipping 2.4 (15%) 2.6 (22%) 2.5 (18%)
SIA 0.4 (2%) 0.6 (5%) 0.5 (3%)
Bio SOA 0.9 (6%) 2.3 (19%) 1.6 (11%)
Biomass burning 0.1 (1%) 0.2 (2%) 0.1 (1%)
16.3(100%)  11.9(100%) | 14.1(100%)
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Figure 3.3.1: PMF sources profiles for PM; during the SAPUSS campaign.
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Table 3.3.2: Contribution (%) of each specie to each of the 9 PMF factors.

Org. Ind. Ind. . .
% of Fresh ) NE & . Bio | Biomass
. .| Urban | Nitrate SW & | Shipping | SIA .
species | traffic Mix sea oin SOA | burning
salt
PM; 14 13 15 17 7 18 3 11 1
AlL,O;3 0 0 1 7 34 10 17 27
Ca 0 46 0 43 4 0 7 0
K 0 20 0 10 18 23 0 12 17
Na 0 29 0 56 0 1 0
Mg 7 67 8 16 0 0 0
Fe 22 25 3 14 22 0 14 0
SO~ 3 6 12 23 1 38 8 9 0
Mn 9 20 2 5 49 0 6 9 0
Ti 9 5 0 24 13 40 9 0 0
Vv 0 13 2 8 4 70 3 0 0
Cr 7 6 11 35 17 17 0 7 0
Ni 0 10 0 1 20 62 0 7 0
Cu 20 6 1 3 41 2 10 8
Zn 11 15 14 42 0 0 10
As 13 4 8 11 19 21 13 12 0
Rb 0 13 25 18 21 1 8
Sr 0 0 18 42 41 0 0
Cd 15 6 18 24 13 9 13 1
Sn 13 0 17 36 8 15 2 10 0
Sb 23 8 9 0 23 18 13 0
Pb 12 0 15 13 41 1 18 0
Ba 0 23 61 9 5 1
NO3 0 67 0 9 12 0
Cl 12 9 66 0 0
NH," 0 30 15 0 27 14 2
EC 48 20 5 4 6 10 2
ocC 20 24 10 14 9 10 0 10 1
Malonicaci 0 18 14 12 8 15 21 0 13
Succinicac 4 3 13 19 12 16 14 10 10
Glutaricac 0 7 18 8 17 15 20 10
Pimelicaci 0 45 0 20 5 19 4
Subericaci 0 40 3 24 9 9
Azelaicaci 1 51 0 10 5 13 5 9
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Ind.
% of Fresh Org. NE & Ind. Bio | Biomass
. .| Urban | Nitrate SW & | Shipping | SIA .
species | traffic . sea . SOA | burning
Mix pin
salt
Glycericac | 10 9 17 24 1 0 19 4 15
Malicacid 2 0 16 3 2 12 44 15 7
Tartaricac 0 4 22 3 0 0 61 7 3
Tricarball 2 3 7 0 4 37 32 12 5
3-Hydroxyg 4 0 7 4 5 20 31 21 8
2Methylgly 7 8 8 2 6 14 9 42 6
CsAlkenetr 9 0 9 9 0 0 12 58 4
Phthalicac 9 6 6 27 4 6 18 15 10
2Methylthr 0 0 9 0 11 13 63
2Methylery| O 1 6 2 9 10 6 61
MBTCA 12 4 6 0 5 10 17 37
Cis-pinoni 3 0 0 7 40 3 7 29 11
Levoglucos 1 0 8 8 1 3 20 56
Galactosan 4 0 2 6 8 3 17 59
Mannosan 1 3 0 8 7 3 4 13 62
Nicotine 19 75 3 0 0 1 2 0 0
1 21
7a(H)21B | o 6 4 4 9 18 0| 11 0
(H)-29-
17a(H21B | oy | g 5 3 9 16 0| 8 0
(H)
Phenanthr |0 | 19 8 | 16 | 5 11 0| 1 3
ene
A”théace” a | 22 8 9 6 7 0| 5 0
Fl h
voranthe | o | 19 | 12 | 18 | s 3 2 | o 1
ne
Pyrene ol 21 8 11 4 4 1 0 0
Benzlalant | ) | 35 | 3 5 | 5 1 1] 6 3
hracene
Chrysene 40 31 6 6 5 1 1 5 5
Benzofluor 36 16 0 2 13 12 5 5 12
Benzolelpy |5 | 27 | 4 2 | 7 6 0| 4 5
rene
Benzofalpy | 4o | o7 1 0 | a4 0 1| 3 7
rene
Benzofghi] | 30 | 54 3 3 | 5 2 0| 6 6
perylene
Coronene 26 37 2 11 7 1 0 8 8
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The average concentrations of each factor registered at each site are shown in

Figure 3.3.2, where the traffic related factors (fresh traffic, organic urban mix and

nitrate) show significantly higher concentrations at the RS that at the UB, as also

observed on the concentrations temporal trend over the SAPUSS campaign (Figure

3.3.3). The polar plots presented in Figure 3.3.4 help identify the emission sources, by

showing the prevalent wind and the factors concentrations.

(Hgm3)

4.0 -
3.5 A
3.0 A
2.5 A
2.0 ~
1.5 A

0.5 A

0.0 A mUB

Figure 3.3.2: Contribution to PM; concentration levels of each of the nine factors at the Road Site (RS)
and Urban Background (UB).

The nine factors obtained by PMF analysis can be described as follows:

The fresh traffic factor was characterized by EC and OC originated from vehicle
exhaust emissions (48% and 20% of the species, respectively), as well as Sb, Fe,
Cu (23%, 22%, 20% of the species, respectively) as seen in Figure 3.3.1 and
Table 3.3.2, that are usually related to brake and tyre wear (Sternbeck et al.,
2002; Ntziachristos et al., 2007; Amato et al., 2009). It was also defined by
strong contributions from Low Molecular Weight (LMW) PAH and hopanes,
which pointed to primary emissions of diesel vehicles as a relevant source
(Rogge et al., 1993; Zielinska et al., 2004). 19% of nicotine was contained in this
factor, evidencing the relationship between heavily trafficked scenarios and
tobacco smoke. Due to its direct traffic origin, this factor accounted for a higher
mass contribution at the RS (18%, 2.9 pg m™) than at UB (10%, 1.2 ug m*), and
the polar plots reflected the local origin of this factor (Figure 3.3.4).
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The organic urban mix factor (OUM) contained high concentrations of OC and
EC (24% and 20% of the species, respectively) as well as Fe (25% of the specie)
and several PAHs signal (12-37% of the species) as seen in Figure 3.3.1 and
Table 3.3.2, reflecting the influence of road traffic emissions to this factor.
Moreover, a strong association with pimelic (45%), suberic (40%) and azelaic
acids (51%), which are related to oxidation of unsaturated fatty acids and food
cooking emissions (Robinson et al., 2006) was also found. It also contained 75%
of the nicotine signal. The high concentration difference between RS and UB
site (21% at RS and 2% at UB of PM;, Table 3.3.1) point towards local urban
sources as the main contributors to the factor. Moreover, concentrations were

on average 77% higher during the day than at night at the RS.

The nitrate factor was mainly traced by NOs, but NH;* and SO also
contributed in a minor proportion (67%, 30%, 12% of the species, respectively).
Contributions from organic species are found negligible as they are lower than
25% for all compounds (see Figure 3.3.1 and Table 3.3.2). Average
concentrations doubled at the RS compared with the UB (RS: 2.8 ug m™, 17%:
UB: 1.3 ug m?, 11%:; see Table 3.3.1), pointing towards local urban traffic as the
main source contributing to this factor. Concentrations were on average 60-
80% higher during the night time and increased notably during the last days of

the campaign coinciding with a strong regional recirculation episode.

The industrial NE & sea salt factor was characterized mainly by CI', Na, Sn, Cr,
Rb, Cd, SO4> (66%, 56%, 36%, 35%, 25%, 24%, 23%) and organic species such as
phthalic and glyceric acid (27% and 24% of the specie, respectively) and the
PAHs fluoranthene, phenanthrene and pyrene (18, 16 and 11%, respectively),
as seen in Figure 3.3.1 and Table 3.3.2. Concentrations were similar at both
sites (RS: 2.5 ug m™, 16%; UB: 2.2 pg m, 18%). The Na/Cl ratio exceeded the
sea salt ratio, thus indicating that the excess CI" could be attributed to an
industrial source. Moreover, the contribution of both trace metals and organic
combustion tracers in significant concentrations confirmed that an industrial

combustion source was the main source contributing to this factor. Indeed,
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fluoranthene, phenanthrene and pyrene have been previously associated with
municipal waste incineration plants (Besombes et al., 2001; Liu et al., 2010;
Maitre et al., 2003). A waste incinerator plant and an industrial glass industry
are located NE of the city, which considering the higher concentrations
registered under NE winds (see Figure 3.3.4), points towards this industrial area

as the main source contributing to this factor.

The industrial SW & pinene traced by Mn, Zn, Sr, Pb, Cu, Fe, Ni and As (49%,
42%, 42%, 41%, 41%, 23%, 22%, 20% and 19% of the species, see Figure 3.3.1
and Table 3.3.2) was related to the smelters and cement kilns located along the
nearby Llobregat valley, NW of the city (Amato et al., 2009; Moreno et al.,
2011). Cis-pinonic acid showed 40% of the specie, which is a primary product of
pinene oxidation (Claeys et al., 2007; Szmigielski et al., 2007), pointing towards
the forested areas located along the Llobregat valley as the main sources of
these biogenic emissions. The industrial emission plume was advected towards
the city by the night land breeze, adding biogenic emissions to its load while
being transported to the city area (see Figure 3.3.4). Concentrations at the UB
site were higher than at RS due to its closeness to the industrial facilities (RS:
0.8 ug m, 5%; UB: 1.3 pg m™, 11%) and also displayed an average increase by
40% at night time at the UB, while at the RS the difference was not significant.

The shipping factor is mainly traced by V, Ni, SO, and NH4" (70%, 62%, 38%,
27% of the specie, respectively, see Figure 3.3.1 and Table 3.3.2) pointing both
towards direct harbour emissions and high-sulphate background pollution in
the Mediterranean Basin due to intense maritime transport. Since the
implementation of the Air Quality Plan in 2007, petcoke and fuel oil cannot be
used for power generation in or around Barcelona (Decret 152/2007),
therefore V and Ni are attributed to shipping emissions, as shown by Amato et
al. (2009) and Minguillén et al. (2014). Although the relative contribution of this
factor was higher at the UB (22%) compared to RS (15%), similar concentrations
were detected at both sites (around 2.5 pg m™). Concentrations registered at

the UB during daylight were on average 43% higher, whereas at the RS the
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percentage reduced to 17%. The cruise and commercial port of the city is
located south of the city, and thus under S-SW winds the highest shipping

concentrations are recorded at both sites (see Figure 3.3.4).

The secondary inorganic aerosols (SIA) factor is characterised by S04%, NOs” and
NH," (Figure 3.3.1). Tartaric and malic acid (61% and 44% of the species,
respectively, see Table 3.3.2) are also tracers of this factor, showing a
contribution of secondary organic oxidation products. Although it showed
higher concentrations at the UB site, the contributions to PM; mass at both
sites were low (2-5%, see Table 3.3.2). Daylight concentrations were found on
average 78% higher at the UB site, while an increase of 44% on average respect

night time was detected at the RS.

The biogenic secondary organic aerosols (Bio SOA) factor is characterised by
SO, and NH," (Figure 3.3.1). Organic tracers such as 2Methylthreitol,
2Mehtylerythritol, C5 Alkene triols, 2Methylglyceric, MBTCA and Cis-pinonic
acid (63%, 61%, 58%, 42%, 37%, 29% of the specie) also characterise this factor.
Both first and second generation oxidation products of cis-pinonic acid are
reflected in this factor, such as 2-methyltetrols (2-MT, first product, Claeys et
al., 2004; Surrat et al., 2007) and MBTCA (second product, Claeys et al., 2007;
Szmigielski et al., 2007) as seen in Figure 3.3.1 and Table 3.3.2. As a
consequence of its secondary nature, it shows more than two times higher
concentrations at the UB (2.3 ugm'3) than at the RS (0.9 ugm?, see Table 3.3.1).
Moreover, low NO concentrations enhance the photo oxidation of biogenic
VOCs (such as isoprene) that lead to the formation of biogenic SOA (Hoyle et
al., 2011; Lin and Surratt, 2012). Alier et al. (2013) reported two times higher
concentration of 2-MT at the UB than at the RS, which were explained by the
lower NO levels at UB respect RS. The daylight concentrations are on average
30% higher at the UB, whereas at the RS the day-night difference was not

significant.
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The biomass burning factor is defined by mannosan, galactosan and
levoglucosan (62%, 59% and 56% of the specie), generated by thermal
alteration of cellulose and emitted in large quantities during biomass burning
(Simoneit et al., 2002; Fine et al., 2004) and by a contribution of Al,O; and K
(27% and 17% of the specie, respectively) as seen in Figure 3.3.1 and Table
3.3.2. Although the contribution to PM; mass is limited to 1-2% at both sites, it
is two times higher at the UB than at the RS (0.2 ugm™ vs 0.1 ugm™) as seen in
Table 3.3.2. The small contribution of this factor to PM; mass is in agreement
with the results obtained by Reche et al. (2012) in the same study area (5% of
PM3). The highest concentrations of biomass burning were registered during a
regional recirculation episode at the end of the campaign coinciding with the

permission to burn stubble from the surrounding fields (DOGC, 1995).

117



Fresh traffic
Organic Urban Mix

- RS

r 0LozZrL6L
aLozioLsl
QLOZI0LILE
0L0ZMOLAL
oLozioList
- 0L0ZI0LIwE
- 0LOZIOWEL
alozioLek
- 0LOZI0LL L
+ 0LOZOLOL
0LOZI0L/60
- 010Z/01L/80
I 0LOZIOLILO
L 0L0Z/0L/90
L 0102/01/S0
+ 0L0Z/OWPO
- 0L0ZI0L/E0
L 0L0Z/0LZ0
+ oLoziakio
+ 010Z/60/08
= 0102/60/62
- 0L0zZ/60/82
- 0102160112
- 010Z/60/92
H 0L0Z/60/52
oLozieove
0L0Z/60/£2
0L0Z/60/22
oLozieorne

- RS
-8~ us.

Nitrate

-~ RS
|=-us
Industrial NE & sea salt
Industrial SW & pinene
Bio SOA
Biomass burning

- RS
-~ UB
T
Shipping

Chapter3 RESULTS

— 0L0Z/60/02

>
(_wbr) {_wbri) (,wor) (wbrh (o) (_wB)
L

Temporal variation of each PMF factor at the RS and UB sites.

Figure 3.3.3

118



Chapter3 RESULTS

Fresh traffic

Organic Urban Mix
s ! ?e % . 0.5
vl ‘M: lspeed (ms ™) g ) '1Q o
? . § -
% ‘ 0.2
Nitrate

Industrial NE & sea salt

Industrial SW & pin

T s S s R s S | — ]

119



Chapter3 RESULTS

N ugm N ugm’
B B 35
6 30
® N
25
. ) 25
= 2w = o S
= : peed (Ms™) .= 20
w e 20
= 10 1.0
05 05
0.0
s s
=
N ugm N g m
7 . 7 . 08
06 -
€ ] = o7
& - gl 05 ==
2 vingspeed 2 windspeed (ms ) 06
1 04 1
w — E w E 05
= n 03
: 04
B et 0.2
03
S S

ugm’ N
14

1.0

)

2 vindspeed (ms )

=z
m

0.8

0.6

W‘I»h

0.4

0.2

Biomass burning

pgm? N
05 0.45
0.40
0.20 0.35

0.30

5
o

0.15 0.25
0.20
0.10
0.15

0.05 0.10

0.05

W)
e
)
{id

Figure 3.3.4: Polar plots of the nine PMF factors at both Road Site (RS) and Urban Background site (UB).

3.3.2 Source apportionment by means of PMF of the inorganic species only

A positive matrix factorization analysis was applied to the PM; data matrix,
containing 107 samples (53 at the RS, 54 at the UB) and 27 inorganic species or
elements. The results of the PMF analysis yielded a 5 factors solution obtained with

the base run, with a Q (minimum) value of 2215, being the Q/Qexp ratio 1.12,. The five
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factors yielded by the EPA PMF v5 were: Sulphate & industrial NE & aged sea salt ;,
Traffic ;, Nitrate ;, Shipping j and Industrial SW ; (Table 3.3.3 and Figure 3.3.5).

Table 3.3.3: Mean concentrations to PM; (ugm) of the 5 PMF inorganic factors at the Road Site (RS),
Urban Background (UB) and the average of both site. The relative contribution of each factor to PM;
mass at each site can be found in parenthesis.

PM; inorganics (ug m™) RS UB average
Sul.&Ind. NE &aged sea salt; | 3.3 (30%) 2.8 (36%) 3.0 (32%)
Traffic ; 3.4 (31%) 1.1 (14%) 2.2 (24%)
Nitrate ; 2.3 (21%) 1.8 (23%) 2.0 (22%)
Shipping ; 1.3 (12%) 1.3 (16%) 1.3 (14%)
Industrial SW ; 0.7 (6%) 0.8 (11%) 0.8 (8%)
11.0 (100%)  7.8(100%) | 9.3 (100%)
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Figure 3.3.5: Source profiles and temporal variation of the PM; inorganic compounds source

apportionment.
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Table 3.3.4: Contribution (%) of each specie to each of the 5 PMF factors.

Sulphate
% of species &Industrial NE Traffic ; Nitrate ; Shipping i | Industrial SW ;
&aged sea salt ;

PM; 32 24 22 14 8
Al205 0 0 42 14 44
Ca 36 42 0 11 11
K 29 14 11 17 28
Na 42 30 0 11 17
Mg 16 67 10 6 1
Fe 25 47 4 0 25
SO,” 50 0 18 28 4
Mn 7 28 2 2 61
Ti 48 14 0 23 14
\Y 0 11 5 84 0
Cr 26 19 13 18 24
Ni 0 18 1 67 13
Cu 13 26 8 3 50
Zn 0 28 24 0 48
As 27 15 13 20 26
Rb 25 9 24 17 26
Sr 23 0 0 27 50
Cd 26 17 27 13 17
Sn 17 13 21 30 19
Sb 23 27 12 12 26
Pb 15 4 16 4 61
Ba 22 0 31 11 35
NO; 0 8 83 3 5
Cl 70 0 11 0 19

NH,’ 38 0 42 20

EC 16 64 10 10

oC 26 40 15 10
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The five inorganic factors obtained by PMF can be described as follows:

e The Sulphate & Industrial NE & aged sea salt ; was characterised by S0,* and
NH," (50% and 38%, respectively), industrial tracers such as Ti, As, Cd, Cr, Rb, Sr
and Sb (48%, 27%, 27%, 26%, 25%, 23% and 23% of the species, respectively)
and sea salt components CI and Na (70% and 42% of the species, respectively)
as can be seen in Table 3.3.4 and Figure 3.3.5. As seen in Table 3.3.3, this factor
explains 32% (3.05 ug m®) of PM; inorganics mass on average, with higher
concentrations at RS compared to UB (RS: 3.3 pg m™, 30%; UB: 2.8 pg m>,
36%). The excess CI respect the Na/Cl ratio indicates that in addition to sea salt
aerosols an industrial source also influences this factor, which is attributed to

the industrial area NE of the city.

e The Traffic ; factor contained high concentrations of EC and OC (64% and 40%
of the species, respectively), Mg, Fe, Ca and Zn (67%, 47%, 42%, 28% of the
species, respectively) as seen in Table 3.3.4 and Figure 3.3.5, reflecting the
influence of direct and indirect road traffic emissions (Amato et al., 2009). This
factor contributed 24% (2.2 pg m™) to PM; inorganics mass on average, being
the contributions at the RS more than two times higher than at the UB site (RS:
3.4 ugm=, 31%; UB: 1.1 ug m™, 14%).

e The Nitrate ; factor was dominated by NO3 representing 83% of the specie.
NH," and S04 also contributed but in a lower proportion (42% and 18% of the
species, respectively) as seen in Table 3.3.4 and Figure 3.3.5. It contributed on
average to 22% (2.0 ug m®) of the total PM; inorganics mass, and showed
higher concentrations at the RS than at the UB (RS: 2.3 ug m?, 21%; UB: 1.8 pg
m3, 23%).

e The Shipping ; factor was mainly characterised by V, Ni and SO4% (84%, 67% and
28% of the species, respectively) as seen in Table 3.3.4 and Figure 3.3.5,
attributed to shipping emissions from the nearby city harbour. It contributed

14% (1.3 ug m™) to the PM; inorganics mass on average and despite showing
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the same concentration at both sites, it displayed higher relative
concentrations at the UB than at the RS (RS: 1.3 pug m*, 12%; UB: 1.3 ug m?,

16%), being the UB site located closer to the port area.

e The Industrial SW ; factor was characterised by industrial tracers such as Mn,
Pb, Cu, Sr and Zn (61%, 61%, 50%, 50% and 48% of the species, respectively) as
seen in Table 3.3.4 and Figure 3.3.5. It represents the lowest contribution to
PM; inorganics mass on average (8%, 0.8 pg m®). The UB site was more
impacted by this factor, being, located closer to the emission area SW of the
city (RS: 0.7 pg m, 6%: UB: 0.8 ug m™, 11%).

3.4 PMyg sources in horizontal and vertical levels during SAPUSS

The PMjo aerosol fraction in the Barcelona urban environment is affected both by
anthropogenic and natural sources. In addition to the source contributions described
for PM; in the prior chapter, mineral dust resuspension and Saharan dust intrusions
are relevant sources to PMj,. Previous studies (Amato et al., 2009) have reported
natural sources (mineral dust and aged sea salt) to represent 35% of the PMyo in an
urban background environment. Vehicle exhaust and road dust were found to
contribute 21% and 17% of PMyo, respectively. Secondary sulphate (13%) and nitrate
(11%) as well as fuel oil combustion (5%) and industrial emissions (1%) completed the
source apportionment. However, these values were obtained in a single urban
background site and the sources evolution over the study area both in horizontal and
vertical levels had not been studied. Therefore during the intensive SAPUSS campaign
4 sampling sites, two at ground level (RS and UB) and two at a certain height (TM, 150
m a.s.l. located close to the sea side and TC, 415 m a.s.l. located on the suburban hills)
within the Barcelona urban area concurrently sampled PMyy, allowing to chemically
characterizing aerosol loadings and sources in a three dimensional scenario. Using the
source apportionment study, sources estimations were also carried out to account for

the natural and anthropogenic sources.
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3.4.1 PMy, concentration and chemical composition in a 3D scenario during
SAPUSS

The average PMj, concentrations at the 4 monitoring sites during SAPUSS
followed a decreasing trend from the site closest to traffic sources to the one located
in the suburban background at 415 m a.s.l. (RS 30.7, UB 25.9, TM 24.8 and 21.8 ugm'3
at TC; Figures 3.4.1 and 3.4.2). The UB concentrations were very close to the annual
PMiy mean recorded at this site for 2010 (23 pg m'3). The variability in PMyg
concentrations and air mass scenario (according to the classification presented by
Dall'Osto et al. (2013a)) during SAPUSS is shown in Figure 3.4.1. Indeed, air mass origin
seems to play a key role in the temporal variability of PMjo. PM;o concentrations
particularly increased under the influence of regional (REG) and North African air
masses (West (NAF_W) and East (NAF_E)). On the other hand, changes in air mass
origin, or transition periods usually led to a relative decrease in PMjy concentrations
(Figure 3.4.1). In addition, the European air mass (EUR) episode, coinciding with rainfall

during SAPUSS, contributed to lower PM levels.
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Figure 3.4.1: PMyy variation at the 4 sites (RS, UB, TM, TC) during the SAPUSS campaign under different
air mass origin (Regional (REG), North African West (NAF_W), Atlantic (ATL), North African East (NAF_E),
European (EUR)). Saharan dust daily contribution to PMy, is indicated.
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Figure 3.4.2: Mean composition of PMy, concentration in ug m™ measured during the SAPUSS campaign
at: a) Road Site (RS), b) Urban Background (UB), c) Torre Mapfre (TM) and d) Torre Collserola (TC). Data
are given in pgm™ and %. On the top right of each graph average gravimetric PM;, concentration are
represented.

The major PM3p components are summarised in Figure 3.4.2, which show the
absolute and relative contributions to PMjo at each site. The concentration of each
analysed species (both major components and trace elements) is shown in Table 3.4.1
at each monitoring site. Several main and trace elements have been reported to be
associated with different emission sources, thus Figure 3.4.3 summarises the most

relevant ones at each sampling site.
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Table 3.4.1: Average concentration of PMy, analysed species at each site (RS, UB, TM and TC).

RS UB ™ TC
PMyo (ugm™®) 30.7 25.9 24.8 21.8
OC (ugm™) 3.7 25 25 2.2
EC (ugm™) 14 0.9 0.7 0.5
Crotar (HgM™) 5.8 3.4 3.1 2.7
EC+OM (ugm™) 7.6 5.2 4.9 5.2
CO;™ (ugm™) 1.1 0.9 0.7 0.6
Si0, (ugm™) 1.9 1.3 1.5 1.3
AlL,O5 (ugm™®) 0.6 0.5 0.5 0.4
Ca (ugm™) 0.7 0.6 0.5 0.4
Fe (ugm™) 0.6 0.4 0.3 0.2
K (ugm™) 0.3 0.2 0.2 0.2
Mg (ugm™) 0.2 0.2 0.2 0.1
Na (ugm™) 1.1 0.9 1.2 0.7
SO, (ugm™) 2.8 2.8 2.7 2.3
NOs (ugm™) 2.6 2.2 2.4 1.6
Cl (ugm™) 1.3 1.0 1.2 0.8
NH," (ugm™) 0.9 0.7 0.7 0.5
Li (ngm™®) 0.2 0.3 0.2 0.2
Be (ngm™) <0.1 <0.1 <0.1 <0.1
Sc (ngm™®) 0.1 <0.1 <0.1 <0.1
Ti (ngm™) 20.1 19.9 15.4 13.8
V (ngm™) 6.4 5.9 6.8 4.9
Cr (ngm™) 6.7 4.6 1.9 1.0
Mn (ngm’®) 9.3 94 6.8 5.3
Co (ngm™) 0.2 0.2 0.2 0.1
Ni (ngm™) 4.8 5.2 2.9 2.5
Cu (ngm™) 23.9 15.9 8.3 5.3
Zn (ngm’) 41.1 61.9 27.9 23.8
Ga (hgm™) 0.1 0.1 <0.1 0.1
Ge (ngm™) 0.2 0.2 <0.1 <0.1
As (ngm™) 0.4 0.4 0.3 0.3
Se (hgm™) 0.5 0.5 0.5 0.4
Rb (ngm™) 0.5 0.5 0.4 0.4
Sr (ngm™®) 2.9 2.3 2.2 1.5
Y (ngm™®) 0.5 0.3 <0.1 <0.1
Zr (ngm) 5.8 2.7 5.1 5.3
Nb (hgm®) <0.1 0.1 <0.1 <0.1
Mo (ngm™) 6.1 4.8 3.8 <0.1
Cd (ngm™) 0.1 0.1 0.1 0.1
Sn (hgm™) 5.8 4.6 2.1 2.9
Sb (ngm™) 2.5 1.8 1.3 0.8
Cs (ngm™) <0.1 <0.1 <0.1 <0.1
Ba (ngm™) 10.9 13.0 5.6 4.1
La (ngm™) 0.3 0.2 0.2 0.2
Ce (ngm™) 0.7 0.5 0.4 0.4
Pr (ngm™) <0.1 <0.1 <0.1 <0.1
Nd (ngm®) 0.2 0.2 <0.1 <0.1
Sm (ngm) 0.1 0.1 <0.1 <0.1

127




Chapter3 RESULTS

10

RS UB ™ TC
Eu (ngm™) <0.1 <0.1 <0.1 <0.1
Gd (ngm™) 0.1 0.1 <0.1 <0.1
Tb (ngm™) <0.1 <0.1 <0.1 <0.1
Dy (ngm™®) 0.1 0.1 <0.1 <0.1
Ho (ngm®) <0.1 <0.1 <0.1 <0.1
Er (ngm™) <0.1 <0.1 <0.1 <0.1
Tm (ngm™) <0.1 <0.1 <0.1 <0.1
Yb (ngm™®) <0.1 <0.1 <0.1 <0.1
Lu (ngm™) <0.1 <0.1 <0.1 <0.1
Hf (ngm™®) 0.1 0.1 <0.1 <0.1
Ta (ngm™) <0.1 <0.1 <0.1 <0.1
W (ngm™) 0.1 0.1 0.1 <0.1
Tl (ngm®) <0.1 <0.1 <0.1 <0.1
Pb (ngm™®) 6.6 6.8 4.9 5.1
Bi (ngm®) 0.3 0.3 0.2 0.1
Th (ngm™) 0.1 0.1 0.1 0.1
U (ngm™) 0.1 0.1 <0.1 0.1
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Figure 3.4.3: Average PM;, concentration of main and trace elements for different emission sources at
each site (RS: Road Site, UB: Urban Background, TM: Torre Mapfre, TC: Torre Collserola). REE denote
Rare Earths elements.

The main emission sources affecting the PM;, fraction were analysed for each

sampling site as they impacted with different intensity over the study area:

Crustal elements accounted for 14-17% of the mass, which means an
unexpectedly homogeneous relative contribution to the total PMo across the
Barcelona urban area (see Figure 3.4.2). However, mass concentrations of
crustal matter decreased from the city centre sites (5.2 pgm™ at RS) to those

located further inland (3.1 pgm™ at TC) (see Figures 3.4.2 and 3.4.3a). .

Sea salt aerosols relative contribution was homogenous at all sites ranging from
7-11% (1.5-2.7 ugm™), as can be seen in Figures 3.4.2 and 3.4.3b. The highest
concentrations were recorded near the sea side (TM, RS) while a decreasing
gradient was recorded towards inland. Despite TM being located a few meters
from the sea side, it shows similar concentrations to RS, 4 km distant. This
might be due to the elevation of the TM sampling site (150 m a.s.l.) causing

dilution of surface pollutants.

Secondary inorganic aerosols (SIA: sulphate SO,%, nitrate NO3” and ammonium
NH,") display altogether similar concentrations at the city sites (6.3 pgm™ on

average at RS, 5.7 pgm™ at UB and 5.8 pgm™ at TM) and decrease around 25%
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at TC (4.4 ugm™) (see Figure 3.4.3c). Sulphate and nitrate contributed in similar
proportions at all sites, ranging from 7-10% each (1.6-2.6 pgm™ for nitrate and
2.3-2.8 ugm™ for sulphate), although in absolute concentrations a decrease of
15-35% at the TC was detected. The contribution of ammonium was similar at
all sites, around 2-3% (0.5-0.9 pugm) of PM1o mass. Overall, SIA accounted for
20-23% of the mass (4.4-6.3 pgm) (see Figure 3.4.2).

e Elemental carbon (EC) concentration was clearly influenced by traffic sources,
as its contribution decreased with the distance to traffic hot spots (RS: 1.4 pgm
% 5%: UB: 0.9 ugm™, 4%; TM: 0.7 pgm, 3%; TC: 0.5 pgm™, 2%) (see Figures
3.4.2 and 3.4.3d).

e Organic matter (OM) accounted for 16-21% of the mass and was found in the
highest relative proportion at the TC site due to its location on a nearby hill in a
suburban environment. The lowest concentrations were observed at UB and
T™ (4.2 ugm™), followed by TC (4.6 pugm™), while the highest ones were
recorded at the RS (5.2 pgm™) (see Figures 3.4.2 and 3.4.3d).

Despite the low contribution of trace elements to the bulk PMy, (around 0.1%),
their concentrations provide valuable information by tracing specific pollution sources.
Figure 3.4.3e-j shows the concentration of a selection of trace elements associated
with four known sources affecting the metropolitan area of Barcelona: crustal, road
traffic, industry and shipping. The most abundant crustal tracer is Ti followed by far by
Rb, Y, Ce, La, Li, Nd, and Ga that were found in higher concentrations at the ground
sites (RS and UB) than at the tower sites (TM and TC). This might be due to the dust
resuspension by road traffic or other anthropogenic sources such as construction
works or parks, thus producing a vertical decreasing gradient. The spatial variability of
vehicle wear tracers such as Cu, Sn and Ba (Schauer et al., 2006) is driven by the
proximity to traffic sources, being the RS the most polluted site. Out of the industrial
emissions tracers for the city of Barcelona Zn, Mn, Pb, As and Ni (Amato et al., 2009)
showed higher concentrations at the UB followed by the RS, TM and TC. The higher
concentration registered at the UB site might be due to the pollution plume originating

from the industrial area along the Llobregat Basin (south-western side of Barcelona
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metropolitan area) that first impacts the UB site (Minguillon et al., 2014). On the other
hand, the remaining industrial tracers Cu and Sb (showing a decreasing gradient with
the distance to traffic sources) might account for both industrial and traffic-related
emissions. Both traffic and industrial tracers showed significant higher values at the
ground sites respect the tower sites. V and Ni (Figure 3.4.3i-j) are usually associated
with shipping emissions (Agrawal et al., 2008; Kim and Hopke, 2008). Indeed, higher V
levels were found at the sites closer to the coast (TM and RS), in agreement with
findings from Minguillon et al. (2014). However, higher Ni concentrations were
recorded at the ground sites (UB and RS) respect to the tower sites (TM and TC),
probably due to the contribution of other Ni sources reaching the ground sites (e.g.
smelters, Minguillén et al., 2014). Viana et al. (2014) reported a V/Ni ratio associated
to shipping emissions of 2.3-4.5. In our study the only site within this range was TM
(2.4), located closest to the sea side. RS and UB showed lower ratios (1.3 and 1.1,
respectively) probably due to the higher impact of an industrial plume containing Ni.
TC ratio was 2.0, which might indicate an additional V loading of crustal origin, due to

its location on a nearby hill.
3.4.2 Source apportionment and temporal variability in a 3D scenario

The PMF analysis was applied to the PMj, data matrix, which contained 221
samples (56 at RS, 54 at UB, 55 at TM and 56 at TC) and 27 inorganic species. The
results of the PMF analysis yielded an 8 factor solution, with a Q (constrained) value of
6627, being the Q/Qexp ratio 1.17, and with an increase dQ of 7.5% with respect to the
base run, due to the implementation of auxiliary equations. The eight factors yielded
by the PMF ME-2 were: vehicle exhaust and wear, road dust, mineral, aged marine,
heavy oil, industrial, sulphate and nitrate (Figure 3.4.4, Tables 3.4.2 and 3.4.3). The
road dust source was pulled towards the composition of local road dust (average of
city centre samples, as reported by Amato et al., 2009), the Na/Al ration pulled
towards the value reported for Earth’s crust composition by Mason (1966) in form of
auxiliary equations (Paatero and Hopke, 2009). In addition, for selected days,
unrealistic differences between RS and UBsite for mineral and road dust factors were

minimized.
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Table 3.4.2: Mean concentrations (ugm'3) of PMF factors at the Road Site (RS), Urban Background (UB), Torre
Mapfre (TM) and Torre Collserola (TC).

PMF Factors (ugm™) RS UB ™ TC

Exhaust & wear 8.7 (27% (17%) 2.9 (11%) 1.9 (10%)
Road dust 3.8(11 (12%) 2.3 (9%) 1.6 (9%)
Mineral 4.6 (14 (18%) 4.8 (19%) 4.9 (26%)
Aged marine 4.6 (14% (13%) 5.2 (20%) 2.6 (13%)
Heavy oil 0.5 (2%) 0.6 (2%) 0.6 (2%) 0.4 (2%)
Industrial 1.2 (4%) 1.4 (5%) 0.7 (3%) 0.9 (4%)
Sulphate 3.5(11%) 4.2 (15%) 3.8 (15%) 3.3(17%)
Nitrate 5.7 (17%) 4.9 (18%) 5.5 (21%) 3.6 (19%)
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Figure 3.4.4: PMF sources profiles for PM;, during the SAPUSS campaign: vehicle exhaust and wear, road
dust, mineral, aged marine, heavy oil, industrial, sulphate, nitrate. Uncertainties were obtained by
bootstrapping.

Table 3.4.3: Explained variation for each element and each PMF PM, factor. In bold are the species that
most contribute to each factor.

Exhaust | Road Mineral Aggd He?“’y Industrial | Sulphate | Nitrate
&wear | dust marine oil

F1 F2 F3 F4 F5 F6 F7 F8 |Residuals
PMyg 0.16| 0.10 0.16 0.15 0.02 0.05 0.13| 0.15 0.08
Si0,CO;3 0.02| 0.43 0.33 0.00 0.01 0.00 0.00/ 0.05 0.16
Al,O3 0.00/ 0.35 0.42 0.00 0.00 0.00 0.00f 0.02 0.20
Ca 0.22| 0.37 0.07 0.06 0.07 0.00 0.00/ 0.06 0.15
K 0.09] 0.11 0.18 0.10 0.00 0.10 0.08/ 0.13 0.23
Na 0.01| 0.01 0.08 0.75 0.09 0.00 0.03| 0.00 0.04
Mg 0.00/ 0.13 0.20 0.48 0.06 0.03 0.00/ 0.03 0.07
Fe 041 0.24 0.19 0.00 0.00 0.06 0.01| 0.00 0.09
S0~ 0.04| 0.01 0.17 0.22 0.08 0.00 0.39] 0.00 0.08
Mn 0.16| 0.16 0.10 0.03 0.05 0.31 0.00/ 0.06 0.13
Ti 0.07| 0.29 0.45 0.03 0.03 0.01 0.00/ 0.00 0.12
Vv 0.01| 0.03 0.04 0.00 0.71 0.06 0.00f 0.11 0.04
Cr 0.46| 0.10 0.03 0.02 0.00 0.07 0.01| 0.00 0.30
Ni 0.18| 0.03 0.00 0.03 0.45 0.03 0.04| 0.00 0.24
Cu 0.67| 0.19 0.00 0.00 0.00 0.04 0.00/ 0.00 0.10
Zn 0.14| 0.07 0.00 0.00 0.01 0.44 0.09/ 0.03 0.24
As 0.19| 0.05 0.06 0.07 0.02 0.15 0.21| 0.08 0.17
Ga 0.03| 0.21 0.34 0.00 0.00 0.13 0.07| 0.08 0.13
Rb 0.03| 0.26 0.36 0.04 0.03 0.05 0.12| 0.03 0.09
Sr 0.13| 0.23 0.17 0.18 0.06 0.03 0.00/ 0.06 0.14
Cd 0.13| 0.04 0.12 0.00 0.00 0.19 0.20f 0.10 0.22
Sn 0.39| 0.07 0.00 0.00 0.00 0.08 0.16/ 0.00 0.30
Sh 0.53| 0.23 0.00 0.00 0.01 0.01 0.09/ 0.03 0.11
Pb 0.00/ 0.08 0.03 0.05 0.00 0.50 0.27| 0.00 0.08
Li 0.00/ 0.30 0.26 0.11 0.08 0.04 0.09| 0.01 0.11
Se 0.10| 0.01 0.22 0.14 0.04 0.03 0.19| 0.12 0.15
La 0.13| 0.13 0.27 0.06 0.12 0.06 0.00/ 0.05 0.19
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Exhaust | Road Mineral Age_:d He?“’y Industrial | Sulphate | Nitrate

&wear | dust marine oil
Ba 0.26| 0.09 0.15 0.00 0.00 0.05 0.00f 0.11 0.34
NO3 0.00( 0.00 0.00 0.00 0.01 0.00 0.00f 0.97 0.02
Cl 0.04| 0.01 0.07 0.52 0.00 0.04 0.00( 0.06 0.25
NH," 0.00f 0.01 0.00 0.00 0.00 0.03 0.73] 0.10 0.13
EC 0.68| 0.07 0.12 0.00 0.02 0.00 0.03| 0.00 0.09
oC 0.33| 0.07 0.06 0.04 0.00 0.09 0.10f 0.11 0.19

The average concentrations of each factor registered at each site are shown in
Figure 3.4.5 and Table 3.4.2, while Figure 3.4.6 displays the temporal variation of each
factor for all sites. Figure 3.4.7 shows the average concentrations at each site under
the 5 air mass scenarios identified during SAPUSS: Atlantic (ATL), Regional (REG), North
African West (NAFW), North African East (NAFE) and European (EUR). To further
complete the analysis and interpretation of the results, Figure 3.4.8 present the polar
plots, which display the different factors concentrations depending on the blowing

wind direction and speed, thus allowing deducing the main pollution sources origin.
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Figure 3.4.5: Contribution to PM;o concentration levels of each of the eight factors: a) at each
of the 4 sites (RS, UB, TM, TC) and b) at ground (RS and UB) and tower levels (TM and TC) and
the concentration ratio between ground and tower sites during the SAPUSS campaign.

The identified factors characteristics are as follows:

e The vehicle exhaust and wear factor was characterized by EC and OC originated
from vehicle exhaust emissions, as well as Cu, Sb, Cr, Fe and Sn (67%, 53%,
46%, 41% and 39% of the variation, respectively) which are usually present in
the brake and tyre wear (see Figure 3.4.4a) (Sternbeck et al., 2002;
Ntziachristos et al., 2007; Amato et al., 2009). Due to its direct traffic origin, this
factor accounts for the highest mass contribution at the RS (27%, 8.7 pug m™),

followed by UB (17%, 5.0 pg m), TM (11%, 2.9 pg m™) and TC (10%, 1.9 ug m)
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(see Table 3.4.2 and Figure 3.4.5a). Thus clear horizontal and vertical gradients
were evidenced for the contributions to PMyq of this source. It originated at the
traffic hot spots near RS, UB and TM and was later transported upslope
towards TC by the sea breeze, where the maximum concentrations were
recorded under SE winds from the city (Figure 3.4.8). Concentrations were 32%
higher under REG and NAF_W air masses due to low pollutants dispersion (6.1

ug m=vs 4.6 pg m™ on average, Figure 3.4.7a-b).

The road dust factor was constrained using the emission profile reported for
the city of Barcelona by Amato et al. (2009) by means of a pulling equation. It
contained high concentrations of Al,Os, Ca, Fe, Li, Ti but also explained around
20% of the variation of Cu and Sb (Table 3.4.2 and Figure 3.4.4b). As expected,
this factor concentration followed also a decreasing trend from RS (11%, 3.8 ug
m) and UB (12%, 3.3 g m™) to TM (9%, 2.3 pug m™) and TC (9%, 1.6 pg m™),
although the ratio between ground and tower sites was lower than for the
vehicle exhaust and wear factor (1.8 vs 2.8, see Figure 3.4.5b). The road dust
was transported from the nearby busy streets towards the sites, as seen in
Figure 3.4.8. A decrease in concentrations of 90% on average, due to wet
deposition and less resuspension, was recorded under EUR air masses, as they
were associated with rain during the study period (0.3 pg m=vs 2.7 ug m?, see
Figure 3.4.7c-d).

The mineral factor was mainly made up of Al,Os, Ti, Rb, La, Li and Se (42%, 45%,
36%, 27%, 26%, 22% of the variation, respectively). Unexpectedly, average
absolute concentrations were very homogeneous across the city (4.6 to 5.1 pg
m™3, 14-26%) pointing to a source affecting the whole urban area. Under North
African air masses (NAF_W and NAF_E), average concentration levels nearly
doubled with respect to the average levels for non-African days (9.2 pg m™ vs
4.9 pg m*, Figure 3.4.5 and 3.4.7e-f). This issue will be further investigated in

section 3.4.5.
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The aged marine contribution is characterised by Na and Cl (75% and 52% of
the variation, respectively) and also a proportion of Mg and SO, (48% and 22%
of the variation, respectively). The ratio S0,%/Na exceeded the calculated sea
salt ratio, indicating its aged nature. As expected, the highest concentrations
were reached at the sites located closer to the sea (TM, 20%, 5.2 ug m*; RS,
14%, 4.6 ug m™; UB, 13%, 3.6 pg m™; TC, 13%, 2.6 ug m>). It displays a
homogeneous temporal variation at the four monitoring sites except under the
influence of NAF_E and EUR air masses when aged marine concentrations were
more than double (9.2 pg m™ vs 4.0 pg m™ on average, Figure 3.4.7g-h). The
trajectory followed by the air masses during these two episodes over the
Mediterranean Sea (Dall’Osto et al., 2013a) resulted in high marine loadings
transported inland and thus a higher variability between sites, as marine
emissions impact decreases with the distance to the emission point (Minguillon
et al., 2014). Consequently the highest concentrations at all sites were reached

under E-SE blowing winds (caused by sea breeze, Figure 3.4.8).

The heavy oil factor was characterized by V and Ni (71% and 45% of the
variation, respectively) and showed a relevant concentration of SO,% and EC. It
was attributed to fuel oil combustion from shipping emissions since power
generation around Barcelona is only allowed by using natural gas since 2008.
Furthermore, 98% of domestic heating systems use natural gas, and the spatial
distribution of V concentrations evidenced higher levels as we approach the
coast (Figure 3.4.3, Table 3.4.1). Average concentrations varied between 0.4-
0.6 pg m>, representing 2% of the load at each site (Table 3.4.2). Higher
concentrations of this factor were found on average under the REG_1 and
NAF_W episodes from 30 September to 4 October (1.3 ug m3vs 0.5 ug m=, see
Figure 3.4.7). REG_1 episode was characterized by the recirculation of air
masses in the study area, thus allowing the transport of heavy oil towards the
city with the development of the sea breeze, whereas in the REG_2 episode the
poor development of the sea breeze minimized the transport of the shipping
emissions towards the city (Figure 3.4.9). The variability between sites does not

follow a consistent trend, although higher concentrations were often recorded
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at TM due to its proximity to the sea side. The cruise and commercial port of
the city is located south of the city (Figure 3.4.8), and thus under NAF_W air
masses and S-SW winds the highest heavy oil concentrations were recorded at
all sites, pointing towards direct port emissions as the main contributor to this

factor.

The industrial factor defined by Pb, Zn, Mn and Cd (50%, 44%, 31% and 19% of
the variation, respectively) was related to the smelters and cement kilns
located along the nearby Llobregat valley, NW of the city (Amato et al., 2009;
Moreno et al., 2011). The emission plume was advected towards the city by the
night land breeze (Figure 3.4.8), reaching the ground sites UB and RS in a
greater measure due to proximity of the sources (RS, 4%, 1.2 pg m™; UB, 5%,
1.4 ug m>; T™M, 3%, 0.7 pg m; TC, 4%, 0.9 pg m™). Indeed, the highest peaks
(6-8 pgm™) were recorded for the UB site the 5 October and the 10 October
(Figure 3.4.6), being the average concentration 4.0 ugm®. This is further
confirmed by Figure 3.4.8 showing the highest concentrations at all sites under
NW winds. Indeed, the highest concentrations were recorded under ATL air
mass scenarios, which showed a prevalent N wind direction, and REG, favouring
the recirculation of air masses and the accumulation of pollutants (Figure
3.4.7).

The sulphate factor was traced by SO,* and NH;* (39% and 73% of the
variation, respectively). OC is also present in significant concentration (around
10%), suggesting the contribution of secondary organic aerosols to this factor.
As a consequence of its regional origin and secondary nature, it shows
homogeneous concentration values at the four sites (3.5-4.2 pgm?, 11-17%;
see Table 3.4.2). Under REG and NAF_W scenarios, concentrations gradually
increase at all sites up to 14 pgm™ (Figures 3.4.6 and 3.4.7), reaching values
60% higher than the average (5.9 vs 3.7 ugm'3), especially during the REG_2
episode (14-17 of October), as possibly an industrial source adds to the loading.

At all sites this factor appears to have a regional origin (Figure 3.4.8).
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The nitrate factor was mainly traced by NOs™ (97% of the variation), but NH,",
OC and CI'" also contributed in a minor proportion (10%, 11% and 6%,
respectively). It also shows homogeneous concentration values at the three city
sites (around 5.4 ugm™), whereas at TC concentrations were 33% lower (3.6 g
m?, see Table 3.4.2). This revealed a dominant local urban origin of this factor,
as nitrate was diluted while being transported to the suburban area.
Nonetheless, regional nitrate contributed to the loadings under certain
scenarios. The highest concentrations were recorded under REG air mass due
to the accumulation of pollutants (Figure 3.4.7). Namely, during the REG_2
recirculation episode (14-17 October), nitrate concentrations were doubled

(10.7 vs 4.9 ugm'3

on average) at the four monitoring sites, reaching
occasionally higher levels at the tower sites (TM, TC) than at ground levels (RS,
UB). Unlike sulphate, concentrations reached during REG_1 episode were 50%
lower compared to REG_2 (5.3 vs 10.7 ugm'3), given the higher ambient
temperatures during REG_1 (Figure 3.4.9), which shifted nitrate towards the

gas phase (Zhuang et al., 1999).
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Figure 3.4.6: Temporal variation of the 8 PMF factors (vehicle exhaust and wear, road dust, mineral,
marine, heavy oil, industrial, sulphate and nitrate) and the calculated contributions of Saharan dust,
background mineral dust and anthropogenic marine sulphate during the study period.
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Figure 3.4.7: Average PMyq, contributions from the eight PMF factors at each of the sites (RS, UB, TM and
TC) under different atmospheric scenarios (Atlantic, ATL; Regional, REG; North African West, NAFW;
North African East, NAFE and European, EUR) during the SAPUSS campaign: a) and b) Vehicle exhaust
and wear, ¢) and d) road dust, e) and f) mineral, g) and h) marine, i) and j) heavy oil, k) and I) industrial,
m) and n) sulphate, 0) and p) nitrate.
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Figure 3.4.8: Polar plots representations for each of the eight PMF factor at each site, calculated sea salt
and anthropogenic marine sulphate contributions. Note the different concentration scales.

3.4.3 Variability of aerosol sources across sites and ground-tower ratio

The distance to the emission source strongly influences the concentration levels of
certain factors detected at the sampling sites as can be observed in Figure 3.4.5a. This
is the case of the exhaust and wear and road dust factors, presenting a decreasing
concentration gradient with the distance to the traffic hot spots, as the highest
concentrations were found at the RS, followed by UB, TM and TC. Regarding the aged
marine factor, the distance to the sea influenced the average concentrations, being
highest at TM, followed by RS, UB and TC. In the case of the industrial factor, whose

main source is located SW of the city, the UB was the first site impacted by this plume
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as it showed the highest concentrations, followed by RS, TC and TM. On the other
hand, homogeneous concentrations were recorded at the sites for mineral and heavy
oil factors, evidencing that its sources affect the whole urban area. Regarding sulphate,
similar concentrations were recorded at the sites, although the higher concentrations
displayed at the UB site remain unexplained at this stage. Concerning nitrate,
concentrations are found to decrease with the distance to traffic sources from RS to
TC; however at TM higher concentrations than at UB are recorded due to the elevation

of the tower site above the ground favouring the formation of particulate nitrate.

To further study the vertical variability in the factors concentration, the ratio
between the average concentrations at the ground sites (RS, UB) and tower sites (TM,
TC) was calculated for each factor (see Figure 3.4.5b). The highest differences were
found for the exhaust and wear and road dust factors, where the concentrations at the
ground sites were 2.8 and 1.8 times those at the towers, respectively. The industrial
factor concentration at the ground sites were on average 1.6 times higher than at the
towers, pointing towards the greater impact of the SW industrial plume on ground
levels, although a contribution of the small industrial facilities spread within the city
should not be discarded. On the other hand, most of the remaining factors (mineral
factor, aged marine and heavy oil) showed similar contributions at ground and tower
sites, whereas for sulphate and nitrate factors concentrations are slightly higher at the
ground than at the tower sites, although as previously registered there is a trend to

increase nitrate formation close to traffic and also with altitude.
3.4.4 Aerosol sources variability relative to air mass category

Aerosol concentrations levels of the factors were influenced by air mass origin,
due to the different sources (natural and anthropogenic) and formation processes
(primary or secondary) affecting the study area. REG and NAF_W air masses were
related to recirculation of air masses over the study area, thus favouring the
accumulation of both primary (vehicle exhaust and wear factor, industrial) and
secondary pollutants (sulphate, nitrate). Air masses with an African origin (NAF_W and
NAF_E) influenced mainly the mineral factor, as they transported Saharan dust that

contributed to this factors loading (see Figure 3.4.7). Road dust showed the highest
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concentrations during NAF_E scenarios due to the increase of its loading and
subsequent resuspension. During the study period EUR air masses were related to a
rainfall event, thus wet deposition caused a radical decrease in road dust
concentrations under this scenario. On the other hand the aged marine factor
concentrations were found to increase, due to the trajectory followed by this air mass
over the Mediterranean Sea. The NAF_E air mass also crossed the WMB (see Figure
2.13), blowing easterly winds inland and also causing an increase in aged marine
aerosols concentration. The high concentrations of heavy oil pollutants registered
under NAF_W air mass scenarios might be similarly attributed to advected westerly
winds, thus enhancing pollutants transport from their source area (located S-SW of the
city area). ATL air masses were generally related to low concentrations for the
different factors (due to pollutants dilution) except for the industrial factor, which

might be explained similarly by the accompanying westerly winds under this scenario.
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Figure 3.4.9: Average diurnal trends of temperature, wind speed and wind direction during two different
regional episodes (REG_1: 29/9-2/10 and REG_2: 14/10-17/10).

3.4.5 Mineral dust sources

Mineral sources in a Mediterranean urban environment are diverse, such as road dust,
Saharan dust and background dust of regional/urban origin. In order to elucidate the
contributions to ambient PM,, concentrations a combination of several techniques were

applied. The use of constraints for the source apportionment model by using pulling equations
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enabled to quantify the road dust fraction of the mineral dust. The road dust factor was
characterised by a clear decreasing concentrations gradient with the distance to traffic sources

and it contributed with 1.6 to 3.8 ugm™.

In addition, different sources of local and regional origin add to the mineral factor loading
registered in the study area (Pérez et al., 2008a; Pey et al., 2013). Following the method
described in section 2.5.2.3, the average contribution of Saharan dust for the whole study
period at the four sites was 2.1 pgm™ (32% of the PMy, mineral load). Upon subtraction of the
calculated Saharan dust contribution at each site, the remaining mineral loading corresponds
to background mineral dust of urban or regional origin, which was 2.5 to 3.0 pgm™. This
relatively narrow concentration range for the four sites (Figure 3.4.10), independently of the

height and urban location points towards a regional origin of this background mineral matter.

(ug m-3)

RS uB ™ TC

MRoad dust mBackground dust m Saharan dust

Figure 3.4.10: Average sources contributing to the mineral dust load during SAPUSS at the four
monitoring sites RS, UB, TM and TC. Mineral background dust contributes on average 2.6 ug m?, road
dust 1.6 ug m™ and Saharan dust 2.4 ug m™.

3.4.6 Sea salt aerosols

Sea salt has a primary and natural origin. However, due to the high impact of
anthropogenic activities on the WMB and the frequent recirculation of regional
polluted air masses on the region, an interaction between natural and anthropogenic
sources was expected (Querol et al., 2009a). Indeed, 22% of the variability of SO,* was
attributed to the aged marine factor (Figure 3.4.4, Table 3.4.3), therefore evidencing

that this factor was internally mixed with anthropogenic pollutants.

The stoichiometrically calculated sea salt concentration for each sample was

obtained following the methodology explained in section 2.5.2.3. The difference in
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concentration for each sample of the aged marine PMF factor and the calculated sea
salt allowed the identification of the anthropogenic marine sulphate contribution,
which has a regional origin. Therefore, the PMF marine factor (2.6-5.2 pgm™) could be
broken down into calculated sea salt (1.5-2.7 pgm™, 51-59%) and anthropogenic

marine sulphate of regional origin (1.1-2.5 pgm™, 41-49%).
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Figure 3.4.11: Average sources contributing to the sea salt factor during SAPUSS at the four monitoring
sites RS, UB, TM and TC. Calculated sea salt contributes on average 2.2 jg m™ and marine sulphate from
regional pollution 1.8 pg m™.

These results evidence that both the calculated sea salt and the anthropogenic
marine sulphate aerosols contributed in a similar proportion to the aged marine factor
(Figure 3.4.11). The marine sulphate of anthropogenic origin derived from the aged
marine factor shows a different origin to the PMF sulphate factor. As can be seen in
Figure 3.4.8 the highest concentrations of anthropogenic marine sulphate were
recorded under eastern winds at all sites, whereas for the PMF sulphate factor no
dominant wind direction was found. Namely, the highest sulphate factor
concentrations were recorded under REG air masses while the anthropogenic marine
sulphate shows relatively low concentrations. Conversely, under NAF_E air masses the
marine sulphate of regional origin shows the highest concentrations, contrarily to the

secondary sulphate factor (Figure 3.4.6).
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4. Discussion

4.1 Ultrafine particles

Ultrafine particles are very numerous in the urban atmosphere, mainly related
with road traffic emissions (Kumar et al., 2014). However, several other sources have
been identified to affect these environments (e.g. new particle formation due to
photochemical nucleation processes), especially those located in highly insolated
regions (Reche et al., 2011). The dynamism of UFP in the urban atmosphere accounts
for a high variability in their physical and chemical characteristics, influenced mainly by
the transformation processes related with the changing atmospheric conditions or
interactions with pre-existing particles and/or gaseous pollutants. The simultaneous
sampling of size distributions at four sites in Barcelona during the intensive SAPUSS
campaign enables an in depth discussion of the evolution of UFP (grouped in cluster
categories) over the urban environment of Barcelona (section 4.1.1). In section 4.1.2
the relationship between primary traffic emissions sampled during SAPUSS and
meteorological factors is analysed, due to the fundamental role the variation of this
parameters plays on UFP formation and evolution. Using the data sampled during the
intensive campaign the correlations of the cluster categories N with air quality
parameters are investigated in section 4.1.3. The similar climatic features (e.g. high
solar radiation) encountered in many worldwide regions shared with the
Mediterranean climate areas influence the atmospheric processes governing aerosol
evolution. Therefore, the analysis and comparison of long-term aerosol size
distributions sampled in high insolation urban environments enable the study of the
common sources and processes affecting such areas, especially urban nucleation
events (section 4.1.4). Finally, the main sources affecting the studied urban
environments are discussed, with a special focus on the photochemical nucleation

events, their types and characteristics in such environments (section 4.1.5).
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4.1.1 Evolution of ultrafine particles size distribution in the urban atmosphere of
Barcelona during SAPUSS

The results presented in section 3.1 were expected in the sense that the
monitoring sites closest to traffic pollution are the ones most influenced by vehicle
exhaust emissions (Traffic k-means category). In contrast, when moving away from the
city centre, the particle size distributions are mainly described by the k-means clusters
representative of the background conditions (Background Pollution k-means category).
The dominant clusters at RSsite (Tcius 1 and Teus 2) Show very similar size modes in the
nucleation and Aitken sizes, centred between 20-35 nm and typical of roadside aerosol
size distributions (Charron and Harrison, 2003; Dall'Osto et al., 2011b; Ronkko et al.,
2007) . The finest mode (23x1 nm for Tgys 1 and 24+1 nm for Tqys 2) is well defined
(Figure 3.1.2a, b) and can be attributed to particles generated from vehicle exhaust
emissions. The Aitken modes, peaking at 336 nm and 341 nm (Taus 1 and Teus 2,
respectively), are broader than the nucleation ones (see Figure 3.1.2a, b). This mode is
somehow in between the position of the modes at around 20 nm associated with
nucleation mode particles generated during dilution of diesel exhaust emissions
(Ntziachristos et al., 2007) and at around 50-60 nm corresponding to solid
carbonaceous particles from diesel exhaust (Harrison et al., 2011; Shi et al., 2000). Out
of the two Traffic clusters at RSsite, Teius 2 reflects the traffic rush hour diurnal variation
(Figure 3.1.3c) and is therefore more representative of fresh vehicle exhaust emissions.
By contrast, Teus 1 IS Seen mainly during day time (Figure 3.1.3b) and is more affected
by other sources and meteorological conditions (lower RH). Tqus 1 has a wider
nucleation mode area (21%, see Table 3.1.2) whilst Tgys 2 Shows a higher dominance of

the Aitken mode (96% of the total area).

When moving away from the traffic hot spot emission sources (RSsit), the aerosol
size distributions describing such sources showed a strikingly different aerosol size
mode. This is well seen in our study of cluster Tuys 3, Which is the one that best
describes the diluted traffic conditions detected at the urban background sites (UBsite
and TCgie). In this case, the nucleation mode peak is found reduced in diameter by 25%
(at 15 nm) relative to the nucleation mode detected at the RSsi.. Moreover, there is a

loss of area under the nucleation mode (Figure 3.1.1) which also means a loss of
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particle number within the 15-228 nm size range. This suggests that primary particles
originating close to traffic sources (around 20 nm mode, like Tuus1 and Tes 2
nucleation mode peaks) can reduce their sizes by evaporation processes during
advection to the urban background site, thus leading to a shift towards smaller size
modes (Dall'Osto et al., 2011b; Harrison et al., 2012). On the other hand, the modal
diameter of the Aitken mode of cluster Teus 3 (42 nm) is larger than the other two
traffic clusters (33 nm for Tuys 1 and 34 nm for Teys_2), Suggesting that coagulation and
condensation can occur on the Aitken mode. This shows that fine OC mode aerosols
(more volatile) tend to evaporate whereas the solid EC aerosols (more stable) do not
(Dall'Osto et al., 2011b; Harrison et al., 2012).

The size distribution of cluster UBqys 1 suggests that it contains evaporating
aerosols (nucleation peak located at 16 nm) but also aged aerosols with an
anthropogenic origin (Aitken peak at 53 nm). The latter may also represent the
involatile solid graphite particles in vehicle exhaust (Harrison et al., 2011). This cluster
describes the urban background pollution, which can reach the suburban (TCsite) and
regional monitoring (RBsite) Sites during the afternoon sea breeze circulation (Dall’Osto
et al., 2013a). An example of this aerosol transport and evolution of size distributions
can be seen for day 28th September 2010 (Table 4.1.1, Figure 4.1.1).

Table 4.1.1: Hourly k-means cluster size distributions for daylight hours of 28" of September 2010 at the
four monitoring sites (RSsite, UBsite, TCsite, RBsite)-

Time RSsite U Bsite TCsite RBsite

28/09/2010 08:00 Telus 2 Tous 3 RB_1

28/09/2010 09:00 Teius 2 Teus_3 UBulus 1

28/09/2010 10:00 Teius 2 Teus_3 UBulus 1

28/09/2010 11:00 Teius 2 Teius 3 UBius 1

28/09/2010 12:00 Telus 2 Teus_3 Teus_3

28/09/2010 13:00 Telus 2 Teus_3 Teus_3

28/09/2010 14:00 Teius 1 Tewus 3 NUous

28/09/2010 15:00 Tclus_l Tclus_3 Tclus_3 U Bclus_l
28/09/2010 16:00 Tclus_2 Tclus_3 Tclus_3 U Bclus_l
28/09/2010 17:00 Tclus_2 Tclus_3 Tclus_3 U Bclus_l
28/09/2010 18:00 Teius 2 Teus_3 UBuius 1
28/09/2010 19:00 Telus 2 Toius_3 UBcius 1
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Figure 4.1.1: Aerosol size distributions at daytime during the 28th of September 2010 at the four
monitoring sites (RSsite, UBsite, TCsite, RBsite)-

By contrast, a very different scenario was found at the RBse, dominated by
background clusters (RBgus 1 and RBgus 2). They all present much lower N in their size
distributions in comparison to the Traffic clusters (Figure 3.1.1). The RBgys 1 cluster is
found under Regional air mass conditions, it shows low N and a dominant
accumulation mode, thus pointing to aged anthropogenic aerosols, typical of regional
recirculation of air masses. In addition, high PM concentrations are measured for

RBeius_1 in the urban and rural background stations.

Regarding the minor clusters, the most relevant is the Nucleation cluster, showing
that photo-nucleation processes occur in urban environments in southern
Mediterranean areas, primarily in urban and suburban background scenarios when the
solar radiation is very intense (Dall’Osto et al., 2012; Pey et al., 2009; Reche et al.,
2011). This cluster will be further discussed in section 4.1.5.2 as a result of long-term
measurements of size distributions in several high insolation urban environments. The
Regional Nitrate cluster appears more frequently at the RBsie during night time. The

Mix cluster was not well defined.
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4.1.2 The effect of meteorology on primary traffic emissions and secondary

nucleation processes during SAPUSS

The high values of N recorded in the urban area of Barcelona can be mainly
attributed to primary vehicle exhaust emissions (Pey et al., 2009). However, Reche et
al. (2011) showed that in Barcelona nucleation events can occur in the middle of the
day all year round, contributing to an average of 54% of total N (average of year 2009).
Indeed, during SAPUSS the particle number concentrations (Nss,m) were highly
correlated with black carbon (BC, a primary marker for traffic emissions) at all
monitoring sites only under strong vehicular traffic influences (Dall'Osto et al., 2013a).
By contrast, under cleaner atmospheric conditions three types of nucleation and
growth events were identified (regional only, regional all, urban). An in depth study of
these new particle formation events during SAPUSS can be found under Dall’'Osto et al.
(2013a). Overall, during SAPUSS the city centre of Barcelona was found to be a source
of non-volatile traffic primary particles (29-39% of Nss nm), but other sources, including
secondary freshly nucleated particles contributed up to 61-71% of particle number

(Nssnm) at all sites (Dall’Osto et al., 2013a).

However, previous studies considering only particles larger than 13 nm found that
photochemically induced nucleation particles make only a small contribution to the
total particle number concentration (2-3% of the total, Dall'Osto et al., 2012).
Considering aerosol size distributions above 15 nm (N>1snm), @ Small percentage of N
(<2% of the total number) was associated with nucleation events, calculated by
considering the percentage of time the Nucleation cluster occurred (5%, see Table
3.1.1) and the nucleation mode area in it (16%, see Table 3.1.2). In other words, within
clean Atlantic air masses, nucleation processes strongly affect Nss,m concentrations
(Reche et al., 2011; Dall'Osto et al., 2013a). However, such particles often fail to grow
above the SMPS detection limit of 13 nm (Dall'Osto et al., 2012) or 15 nm (this study)

in the Mediterranean urban environment.

Less is known on the effect of meteorology on freshly emitted traffic-related

ultrafine aerosols in the Mediterranean region. Hence, this section aims to investigate
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the effect of meteorology on primary traffic emissions. Our objective is to investigate
the effect of meteorological parameters on freshly emitted particles from vehicles for
a given primary traffic aerosol size distribution. For this purpose, we consider only the
traffic hot spot monitoring site (RSsite). We therefore monitor a specific SMPS cluster
(Taus_2, Figure 3.1.1) which best represents traffic emissions and also shows a good
correlation with traffic counts at the RS reported in the SAPUSS overview (R? = 0.9;
Dall'Osto et al., 2013a). We additionally removed from this analysis the days
dominated by nucleation events (25" September, 5™ October, 17" October 2010) and
rain episodes (11" October 2010), thus obtaining a homogeneous dataset
representative of the average fresh traffic emissions (26 days in total). In other words,
we only considered hourly data characterised by a specific aerosol size distribution
(SMPS cluster Teys 2) sampled in a road site hot spot (RSsite). This is a unique query
which allows us to study how meteorological parameters affect the total N (measured
by CPC, Ns.1000nm) fOr a given aerosol size distributions (measured by an SMPS, Nis.

228nm)-

In order to do so, we plotted the ratio of N measured by the CPC (Nssnm) and the
SMPS  (Nis.228nm) deployed at the road site (RSsie) versus key meteorological
parameters (Wind Speed, Solar Radiation, Temperature and Relative Humidity). The
ratio Nssnm/Ni1s-228nm @ccounts for particles with diameters mainly between 5 and 15
nm. Perhaps surprisingly, no meteorological variable was found to give a significant
correlation with the total particle number ratio, despite earlier studies (e.g. Charron
and Harrison, 2003) finding an inverse relationship to temperature, and a positive
relationship with wind speed. It therefore appears likely that other factors such as the
road traffic composition and local condensation sink are more important in influencing
the nanoparticle number concentration at the RSgt. Figure 4.1.2 shows hourly values
of RH versus Ns.1000/N1s.228 , were the solid circle points are also coloured as a function

of the air mass origin (ATL, REG, NAF_W and NAF_E).
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Figure 4.1.2: Particle number concentration ratio of Ns.igoonm/ Nis.208nm VErsus relative humidity (RH).
Colour plot indicates the four different air mass types encountered. Please note that only hourly data
characterised by a specific size distributions (Traffic 2) at a specific hot spot road site (RSs.) are
considered in this analysis. Regional nucleation and raining event days are not taken into account.

Figure 4.1.2 suggests that for a specific aerosol size distribution associated with
primary traffic emissions (Tuus 2), there is a very high variability of ultrafine particles in
the range 5-15 nm. However, the trend is not significant (R?<0.1) for the hourly values
(Figure 4.1.2). These findings highlight the difficulty of establishing meaningful
standards for vehicle emissions based upon particle number concentration given the
highly remarkable dynamics of traffic related particles in the urban atmosphere
(Dall'Osto et al., 2011b; Fujitani et al., 2012; Li et al., 2013).

4.1.3 Correlations of N with air quality parameters during SAPUSS

The current European directive on air quality (2008/50/CE) is based on particle
mass although mass concentration limit values do not protect against high N (Atkinson
et al., 2010). Figure 4.1.3 shows several plots of Nis.30nm @and Nis.228nm Versus selected
air pollutant concentrations (NO,, BC, PM,s and PM;s.10). Each point shows the
average value of Ny versus an average of a specific air quality parameter for each of the
k-means clusters obtained at each monitoring site. Average parameters that presented
less than 30 total counts for each k-mean cluster were omitted from the diagrams
presented in Figure 4.1.3. Figure 4.1.3 shows that the current SMPS SAPUSS datasets
can be greatly simplified, allowing a better description of the airborne particle number

concentrations and their correlations with other air quality parameters.
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Figure 4.1.3: Regressions of particle number concentration (N) against air quality parameters and other
pollutants. The "Traffic" k-means cluster category at all monitoring sites is represented with grey-black
dots, the "Background" k-means cluster category is coloured in green (light and dark) and the "special
cases" k-means cluster category in brown (light and dark).: &) Nis.30 nm VS NO2, b) N15.228 nm VS NO2, €) Nys.
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VS PMcoarse. PMcoarse refers to the fraction PMyg-PM,s. N concentrations are calculated from the SMPS
data.

Figure 4.1.3a and 4.1.3b shows the NO, concentrations correlating with N, given

that the most polluted clusters are the Traffic ones (black spots), followed by UBgus 1,
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RBeius_1 and RBgys 2. It should be noted that the main difference between Nis.3o / NO;
and Nis.228 / NO; is given by the location of the NUys. These clusters show a high
average N (2000-2500 cm™) but an intermediate NO, concentration (15-25 pg m™),
confirming nucleation events are a source of N not directly related to primary traffic
emissions (Dall’'Osto et al., 2013b). A similar conclusion - although less clear - can be
drawn if BC is used as an air quality parameter (Figure 4.1.3c, 4.1.3d). The same applies
to CO (although not shown). PM;;s is regulated by the 2008/50/CE Directive. Figure
4.1.3e and 4.1.3f show that RBgys 1 and RBgs » clusters are the ones that recorded the
highest PM_ 5 levels and lower N concentrations in both cases. UBguys 1, Teius 1-3 and
NUqus show lower PM;s and higher N concentrations progressively, this trend being
clearer for the total fraction Nis.o2snm (Figure 4.1.3f). Figures 4.1.3g and 4.1.3h show
the corresponding graphs for PMcearse, the mass concentration of PM between 2.5 and
10 um. Both figures clearly show three main groups: a first one enclosing the city
monitoring sites (UBsit, RSsite), @ Second one associated with the background hill urban
site (TCsite) and a third one containing Background Pollution clusters. In both figures,
the Traffic and Nucleation clusters associated with the city sites (UBsie, RSsie) are
located at the top right corner. When considering the same clusters but for TCiie,
although they still show high N, they contain less coarse particles than at the RS and
UBsite, implying the city is a source of urban dust coarse aerosols not found in the
background monitoring sites. This clearly suggests that the coarse dust detected in the
city mostly arises from anthropogenic sources found in the city (UBsit, RSsite) but not in
the suburban areas (TCsite). The discussion regarding the coarse fraction will be further
developed in section 4.2.2. Finally, in the bottom part of the graphs we find the
Regional Background clusters. They show low values of N and moderate values of

coarse particle mass.
4.1.4 Ultrafine particles sources in 5 high insolation urban environments

The study of the evolution of UFP in the previous sections provides a deeper
knowledge of the dynamics of UFP in a typical Mediterranean urban environment.
However, to fully apportion the sources and processes affecting such environments,
longer sampling periods are needed, due to the seasonal variability affecting sources

and processes of UFP. Therefore in this section we will focus on the discussion of the
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results presented in section 3.2. The clustering results for the cities of BCN, MAD and

BNE (representative of high insolation urban environments) can be summarised and

simplified in three main categories:

160

Traffic: this category includes all clusters directly related to traffic emission
sources. It contains 3 subcategories (Traffic 1-Traffic 3) ranging from fresh
traffic emissions to aerosols that have been affected by atmospheric processes
after emission, such as coagulation, condensation or evaporation (Dall'Osto et
al., 2011b). This is the dominant category at all sites, showing the high
prevalence of traffic emissions in the ultrafine N concentration in urban
background sites. This category was found to be the main one in all the studied
cities, ranging from 44% in Brisbane to 63% in Barcelona (see Table 4.1.2). The
average Traffic size distribution shows a main peak in the Aitken mode at 31+1
nm and a minor one in the accumulation mode at 120+2 nm (see Figure 4.1.4
and Table 4.1.3). According to vehicle emission studies, the Aitken mode
corresponds with grown nucleated particles associated with the dilution of
vehicle exhausts (Kittelson et al., 2006; Ntziachristos et al., 2007), while the
larger mode is associated with solid carbonaceous compounds from exhausts
(Shi et al., 2000; Harrison et al., 2011). The clusters included in this category are
characterised by the highest levels of traffic-related pollutants, such as NO,
NO,, CO and BC. These values are usually higher for clusters T1 and T2 and

decrease for T3 (see Figure 3.2.4).

Nucleation events: they accounted for 14-19% of the hourly observations, with
an average of 16% of the time, indicating nucleation as an important source of
UFP in high insolation urban areas (see Table 4.1.2). The average Nucleation
size distribution (Figure 4.1.4) is characterised by a high N nucleation mode
peak at 17+1 nm and a lower N peak in the Aitken mode at 53+7 nm (Table
4.1.3). It occurs under intense solar irradiance, clean air conditions (high wind
speed and low concentrations of CO, NO and NOy), low relative humidity and
relatively high levels of SO, although still low SO, levels in absolute

concentration values (see Figure 3.2.4). It presents the highest N (12000+8000
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cm’®) of all categories (see Figure 4.1.4). In the case of Madrid, the nucleation

peak coincides with a decrease in N at the end of the morning rush hour.

e Background pollution and Specific cases. These clusters characterise the urban
background and regional background pollution of the sites. They are likely
composed of a mixture of aerosol particle types with different sources and
origins. The Urban Background cluster usually describes the cleanest conditions
encountered at the urban sites, ranging from 6 to 22% of the time (note that
this cluster is common to all sites, see Table 3.2.2). The resulting average
spectra for all Urban Background clusters (Figure 4.1.4) show a trimodal size
distribution, with two peaks in the Aitken mode (at 38+3 nm and 72+2 nm) and
a minor one in the accumulation mode at 168+14 nm, reflecting aged aerosols
mostly of an anthropogenic origin (see Table 4.1.2). Specific cases were
associated with "Nitrate" containing aerosol particles, "Growth" of new particle
formation events and “Summer Background” conditions. The Nitrate cluster
was observed in Madrid and Barcelona, the Summer Background was typical of
Madrid, whereas the Growth clusters were only seen in Brisbane. Each cluster
represents around 10% of the time at their respective sites (see Table 3.2.2).
The difference in the Nitrate size distributions of Barcelona and Madrid might
be due to the urban site characteristics of this cluster in Barcelona, while in
Madrid it is also enriched with Background clusters (see Figure 3.2.1b-c). The
Growth clusters reflect the size mode increase of nucleation particles due to
subsequent growth (see Table 3.2.1), since they are recorded after nucleation
episodes. The Summer Background reflects the lower pollution levels recorded

during summer in Madrid.

Table 4.1.2: Cluster categories (Traffic, Nucleation, Background and Specific case (SC)) and their
occurrence at the main sites.

Category Barcelona Madrid Brisbane

Traffic 63% 58% 44%

Nucleation 15% 19% 14%

Background 0 0 0

and SC 22% 23% 42%
100% 100% 100%
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Figure 4.1.4: Average aerosol size distributions for the main k-Means cluster category: Traffic,
Nucleation and Urban Background. Only the main cities BCN, MAD and BNE were considered.

Table 4.1.3: k-Means cluster categories average size distribution size mode peaks and corresponding
area percentage. Only the main cities BCN, MAD and BNE were considered. Note the 2 Aitken modes for
Urban Background.

Category Nucleation Aitken Accumulation
Traffic - 31+1 nm (86%) 120+2 nm (14%)
Nucleation 17+1nm (43%) 53+7 nm (57%) -

Urban Background - 383 nm (71%), 168+14 nm (4%)

72+2 nm (25%)

4.1.5 Main sources of ultrafine particles in high insolation developed urban

environments

4.1.5.1 Road traffic emissions

As previously discussed in section 4.1.4, traffic is a main source of UFP in the urban
atmosphere, accounting for 44-63% of the time. The quantified particle number
concentration contribution of motor vehicle emissions was also the major source in
other urban locations: 47.9% in Beijing (Liu et al., 2014), 69% in Barcelona (Pey et al.,
2009; Dall’Osto et al., 2012), 65% in London (Harrison et al., 2011; Beddows et al.,
2015), 69% in Helsinki (Wegner et al., 2012), 42% in Pittsburgh and 45% in Rochester
(Woo et al.,, 2001; Stanier et al.,2004). Recent source contributions of ultrafine
particles in the Eastern United States also identified gasoline automobiles being
responsible for 40% of the ultrafine particle number emissions, followed by industrial
sources (33%), non-road diesel (16%), on-road diesel (10%), and 1% from biomass

burning and dust (Posner and Pandis, 2015). Vehicle emissions consist of hot gases and
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primary particles, which are a highly dynamic and reactive in nature mixture (Kumar et
al., 2011), resulting in rapid physical and chemical transformations of the emitted
particles following atmospheric dilution and cooling. There is a need for more field
studies to map traffic related particle number concentrations and to understand the

particle dynamics and their dispersion in urban areas (Goel and Kumar, 2014).

4.1.5.2 Photochemical nucleation

Secondary nucleation processes attain for a relevant contribution to UFP, overall
dominating the size distribution for 16% of the time on average, resulting in the
second major source of ultrafine particles in the urban atmosphere of the developed
urban areas herein presented (see section 4.1.4). Overall, this represented on average
21% of total N (Barcelona 22%, Madrid 13% and Brisbane 28% of total N). The
evolution of photochemically newly formed particles in urban environments does not
follow the same patterns as in regional ones, which usually show a banana-shape
(Kulmala et al., 2004). Figure 4.1.5 shows that new particle formation events in high-
insolation urban environments often fail to grow to sizes larger than 30-40 nm (Figure
4.1.5a-c). Further growth of these nucleated particles in urban environments following
a banana-like shape is probably constrained by the decrease in solar radiation intensity

and the prevalence of traffic emitted particles in the evening.
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Figure 4.1.5: Mean SMPS size distributions on a nucleation day at each selected city, NO, average
concentration and the frequency of occurrence of the Nucleation cluster for: a) Barcelona, b) Madrid, c)
Brisbane, d) Rome and €) Los Angeles. Please note that NO, concentrations for Madrid represent NO,/2
and for Los Angeles NO,/10. These values are 30-65% lower on nucleation days than the corresponding
sampling period average levels.

Although only three months of data are available, the same conclusion can be
extracted from the urban Los Angeles site, whereas aged nucleated particles
downwind of Rome (20-40 nm) reach the Rome regional site in the early afternoon
(Figure 4.1.5d-e). Figure 4.1.6 shows aerosol size distribution data collected in
Barcelona, Madrid and Brisbane during the days when nucleation events were
detected (as k-Means cluster NU). Additionally, temperature, relativity humidity, solar
radiation and nitrogen oxide gaseous concentrations are plotted. A clear burst of
particles can be seen at midday when gaseous pollutants are diluted and maximum

insolation occurs.
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Figure 4.1.6: Daily average N size distribution, temperature, relative humidity, solar radiation and NO,
levels on a nucleation day using data from Barcelona, Madrid and Brisbane.

164



Chapter4 DISCUSSION

It is common in the literature to refer to the frequency of nucleation events as the
percentage of days such an event has been detected. The size distribution time series
need to be visually inspected to certify that a distinct new mode starting in the
nucleation range appears, that the mode prevails over some hours and that it shows
signs of growth (Dal Maso et al., 2005). This methodology has been proven to be very
useful to detect “banana-like” nucleation events, where distinct nucleation events and
subsequent particle growth can be observed. However, this is not the most common
nucleation event type detected in the studied urban environments, where an increase
in the particle condensation sink due to traffic emissions might constrain the growth of
nucleated particles. Instead, nucleation events consist of particle bursts lasting for 3-4
hours with particle growth limited to 20-40 nm (see Figures 4.1.5 and 4.1.6).
Therefore, to adapt this methodology to our current scenario, the percentage of days
that presented nucleation events were classified considering the prevalence of the
Nucleation cluster from 2 up to 4 consecutive hours for each site. The results were
found to be very homogeneous among the main sampling sites (see Table 4.1.5).
Nucleation events were detected for 53-58% of the days lasting for two hours or more,
decreasing to 37-43% for 3 hours or more and 27-30% for 4 hours or more. The
decrease in occurrence of long nucleation events is a consequence of the limitation for
nucleated particles to grow in high-insolation urban environments. Interrupted
nucleation events were not considered, which may have led to slightly higher

occurrence if considered.

Table 4.1.5: Percentage of nucleation event days at the main cities BCN, MAD and BNE, and the
uninterrupted time prevalence of these events.

City 2hormore 3hormore 4hormore
Barcelona 54% 43% 28%
Madrid 58% 41% 30%
Brisbane 53% 37% 27%

It is important to remember that nucleation events in Northern European urban
areas are found to be infrequent. In the Helsinki urban atmosphere they are usually
observed during noon hours with a maximum during spring and autumn (Hussein et

al., 2008), and overall representing only about 2% of the time (Wegner et al., 2012).
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Additionally, these events were regional because they were observed at Hyytiéla (250
km north of Helsinki). By contrast, in Southern Europe, Reche et al. (2011) showed that
new particle formation events occur more frequently than in Northern Europe.
However, only N was reported in that study, making it harder to link aerosol sources
and processes. Nonetheless, this study clearly shows how new particle formation
events impact the urban areas studied. In order to discuss this further, we link our
discussion to that reported in (Dall’Osto et al., 2013b). At least two main different
main types of new particle formation events can be seen in the Mediterranean urban

environment:

(1) A regional type event, originating over the whole study region and impacting

almost simultaneously the city and the surrounding urban background area;

(2) An urban type event, which originates only within the city centre but whose

growth continues while transported away from the city to the regional background.

The main difference between these two types resides in the origin of the
nucleation events (regional scale in type 1 and urban origin in type 2). Moreover, the
regional events are found to start earlier in the morning than the urban type and
usually display the typical banana shape implying that photochemically nucleated
particles experience subsequent growth. On the other hand, the urban type nucleated
particles experience less growth, reaching sizes of 30-40 nm, as clearly shown in Figure
4.1.6.

The city of Brisbane exhibits new particle formation events starting in the morning
(see Figure 4.1.5¢), similar to the regional nucleation event types discussed in DallOsto
et al. (2013b) as they are often followed by particle growth showing a banana-shape
(Cheung et al., 2011). This may be due to the fact that the Brisbane site is located in a
relatively clean environment. By contrast we find that the majority of new particle

formation events detected in the other cities occur under the highest solar irradiance
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and thus around noon. Such events are characterised by a burst of particles lasting for
about 3-4 h (Figure 4.1.5, 4.1.6), as reported in Dall'Osto et al. (2013b).

It should be noted that many urban areas exposed to high insolation are also
characterised by high condensation sinks. This is the case of many developing urban
areas, where new particle formation events are limited. For example, particle bursts in
the nucleation mode size range (5-25 nm), followed by a sustained growth in size were
observed very rarely (only 5 out of 79 observation days) in a tropical Southern India
site, less frequently than at most other locations around the world during May-July
(Kanawade et al., 2014a). New particle formation at two distinct Indian sub-continental
urban locations were observed with lower frequency at Kampur (14%) than that at
Pune (26%), due to the presence of pre-existing large particles at the former site
(Kanawade et al., 2014b). Observations of new aerosol particle formation in a tropical
urban atmosphere (Betha et al., 2013) were also found to be suppressed by very high
pre-existing particle concentrations during haze periods (Betha et al., 2014). Zhu et al.
(2014) reported fewer new particle formation events in a severely polluted
atmosphere (Qingdao, China) than in Toronto (Canada). Long-term measurements of
particle number size distributions in urban Beijing and in the North China Plain showed
homogeneous nucleation events characterized by the co-existence of a stronger
source of precursor gases and a higher condensational sink of pre-existing aerosol

particles than European cities (Wang et al., 2013a, b).

Ragettli et al. (2014) recently reported spatio-temporal variation of urban ultrafine
particle number concentrations, showing that the most important predictor for all
models was the suburban background UFP concentration, explaining 50% and 38% of
the variability of the median and mean, respectively. Frequencies of new particle
formation (NPF) events in China were much higher at urban and regional sites than at
coastal sites and during open ocean cruise measurements (Peng et al., 2014). Regional
nucleation events were found to occur more frequently over the weekend in urban

areas (Sabaliauskas et al., 2013).

The occurrence of nucleation events has important implications because the city

seems to be not only a source of primary UFP but also a driver for nucleation events
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occurring only in the city. Indeed, if the daily N cycles for the five cities are considered,
three distinct peaks can be clearly seen at Barcelona, Brisbane and Los Angeles, two
mirroring rush hour road traffic emissions and a third one at midday reflecting NPF due
to photochemical nucleation processes (Figure 4.1.7a, c, e). In the case of Madrid the
nucleation peak coincides with the decrease of the morning traffic rush hour (around
12 p.m.) and in Rome a minor peak can be observed at 3 p.m. when the nucleated

particles downwind of Rome reach the sampling site (Figure 4.1.7b, d, respectively).
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Figure 4.1.7: Average daily particle number concentration for the study periods at each city: a)
Barcelona, b) Madrid, ¢) Brisbane, d) Rome and e) Los Angeles.
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4.2 Source apportionment of fine and coarse aerosols during SAPUSS

Particulate matter in the fine and coarse fractions in an urban environment is not
only apportioned by anthropogenic sources, but also by natural ones, especially in the
PMy, fraction. The simultaneous sampling during SAPUSS at several sites within the
urban environment of Barcelona enables the study of the sources evolution in
horizontal (for PM;, see section 4.2.1) and also in vertical levels (for PM, see section
4.2.2). Regarding PM;, inorganic and organic species were analysed and a joint source
apportionment study was carried out. Source factors obtained were further compared
to other source apportionment studies during SAPUSS that only comprised one type of
species (see section 4.2.1.1-4.2.1.3). Source apportionment of PMjg is discussed in
section 4.2.2, focusing on the estimation of the contribution of natural and

anthropogenic sources to the mineral dust and aged sea salt factors.

4.2.1PM;

Previous studies have reported the main sources affecting fine aerosols during the
SAPUSS campaign at RS and UB sites (PM; organic compounds, 12 h resolution: Alier et
al., 2013; PM,s PIXE measurements, 1 h resolution: Dall’Osto et al. 2013c). Source
apportionment methods were applied, being MCR-ALS the preferred one for the PM;
organic and PMF for the PM; s aerosols. This resulted in 6 and 9 factors respectively,
representing the aerosol sources affecting each fraction. For the first time organic and
inorganic species were obtained for the PM; fraction in the Barcelona urban
environment, as previous studies had reported them separately (inorganic: Amato et
al., 2009; organic: van Drooge et al. 2012). In order to investigate the different sources
obtained by combining organic and inorganic compounds or treating them separately,
comparative analyses were carried out (Table 4.2.1). Section 4.2.1.1 compares the
sources obtained by Alier et al. (2013), which only considered organic compounds,
with the present study, in which the levels of around 40 inorganic elements or species
in PM; were specifically determined for a combined organics&inorganic source
apportionment. The following section (4.2.1.2) investigates the differences between
the PMF solutions for organic&inorganic compounds and only inorganic. Furthermore,

Dall'Osto et al. (2013c) carried out a source apportionment study of hourly PM, s
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concentrations of inorganic compounds, whose factors concentrations have been

averaged to 12 h resolution in order to compare them with the results from this thesis

(section 4.2.1.3). Finally, section 4.2.1.4 summarises the similarities and differences

between the factors obtained by the different source apportionment studies.

Table 4.2.1: Comparison of source apportionment results of PM; organics&inorganics (this study) with
MCR-ALS PM; Organics (Alier et al., 2013), PMF PM; Inorganics (this study) and PMF PM, s (Dall’Osto et
al., 2013c). Road Site results are shown in black while Urban Background site results are marked in blue.

Sources

PM; organics&inorganics (this study)

PM;y
Fresh
traffic

PM;
OUuM

PM;y
Nitrate

PM1 Ind. PM1 Ind. PM1 PM1
NE&sea SWé&pin Shipping ~ SIA
salt

PM; Bio
SOA

PM;
Biomass
burning

POA Urban

OOA Urban

SOABIOPIN

SOA Aged

SOA ISO

PM; Organics (Alier et al., 2013)

BBOA
Regional

R?=0.86
R?=0.92

R?=0.45
R?=0.43

R?=0.16

R?=0.55
R?=0.50
R?=0.78

R?=0.88
R?=0.87

R?=0.88
R?=0.94

Traffic ;
Nitrate
Shipping

Sul.&Ind. NE
&aged sea
salt

Ind. SW_i

PM; Inorganics (this study)

R?=0.47
R?=0.58

R?=0.99
R?=0.96

R?=0.67
R?=0.77

R?=0.50
R?=0.83

Sulphate

Sea salt

Biomass
burning

Industrial

Qil
combustion

Waste
incinerator

Brake dust

PM, s Inorganics (Dall’Osto et al., 2013c)

Soil dust

Urban dust

R?=0.22
R?=0.40

R?=0.32
R?=0.38

R?=0.43

R?=0.63
R?=0.81
R?=0.48

R?=0.49
R?=0.13

170




Chapter4 DISCUSSION

4.2.1.1 Comparison of PMF profiles of PM; organics & inorganics and PM; organics

Organic compounds in the PM; fraction collected at the RS and UB sites during the
SAPUSS campaign have been thoroughly discussed in Alier et al. (2013). The
corresponding source apportionment study yielded 6 factors contributing to the RS
and UB with different intensity. They reported two main factors related to
anthropogenic emissions: POA Urban, which accounted mainly for primary traffic
emissions and OOA Urban, which represented a mixture of sources related to the
urban lifestyle, such as traffic emissions, tobacco smoke and cooking aerosols. As
expected, higher concentrations of both factors were recorded at the RS than at the
UB. On the other hand, the UB site was more influenced by secondary organic
aerosols, as reflected by the prevalence of SOA 1SO, SOA BIO PIN and SOA Aged
factors. The first two were represented by isoprene and a-pinene oxidation products,
while the third reflected more oxidized products of both biogenic and anthropogenic
nature. A minor factor, BBOA Regional, accounting for the biomass burning emissions

was also presented.

By including both inorganic and organic compounds in the source apportionment
analysis, a higher number of factors were obtained (9 factors). The majority of these
factors were characterised by a mixture of organic and inorganic species, although

some of them were dominated by one type.

A high similarity was found between the Fresh traffic and POA Urban factors
(R?=0.86 at the RS and R?=0.92 at the UB, Table 4.2.1). The Fresh traffic factor
contained the organic tracers of the POA Urban factor (PAHSs) in addition to high EC
and OC concentrations as well as Sh, Cu and Fe which are typical brake and road wear
tracers (Amato et al., 2009). The organic urban mix (OUM) and OOA Urban shared
organic tracers, such as PAH (related to vehicle emissions) and C;-C9 DCA, pointing
towards cooking aerosol contribution. Additionally the nicotine signal was more
relevant for the OUM (75% of the specie) compared to OOA Urban. EC and OC
concentrations were also found to significantly contribute to OUM. Altogether, a good
correlation was also found between the OUM and OOA Urban factors (R*=0.45 at the
RS and R?=0.43 at the UB, Table 4.2.1).
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The biomass burning factor and BBOA Regional factors were found to share an
almost identical temporal trend (R?=0.88 at the RS and R?=0.94 at the UB, Table 4.2.1),
given that the anhydro saccharids mannosan, galactosan and levoglucosan were the

main species contributing to both factors.

The Bio SOA factor and the SOA Isoprene also presented a high similarity in their
temporal trends (R?=0.88 at the RS and R?=0.87 at the UB, Table 4.2.1), as the main
contributors were organic isoprene oxidation products, although an additional 30% of

cis-pinonic acid was also found in the Bio SOA factor.

Regarding the SIA and SOA Aged factors, although the chemical profiles differed,
both factors contained DCA linked to secondary oxidation products such as
tricarballytic, 3 hidroxyglutaric, malonic and tartaric acids (R*=0.50 at the RS and
R?=0.78 at the UB, Table 4.2.1).

The industrial SW + pinene and SOA BIO PIN factors were found to share a higher
degree of similarity at the UB than at the RS (R?=0.16 at the RS and R*=0.55 at the UB,
Table 4.2.1). This is due to the higher impact of non-traffic sources at the UB than the

RS, as well as the UB being located closer to the industrial area and the Collserola park.

The nitrate, industrial NE & sea salt and shipping factors were not associated to
any organic factor, mainly due to being dominated by inorganic species, especially the
nitrate and shipping factors. The organic elements contributing to the industrial NE &
sea salt factor were probably not strong enough to form a new factor, and thus

remained distributed among the other factors.

4.2.1.2 Comparison of PMF profiles of PM; organics & inorganics and PM;

inorganics

The source apportionment study for the inorganic compounds done in this study
(see section 3.3.2) resulted in 5 factors: sulphate & industrial NE & aged sea salt ;,

traffic j, nitrate j, shipping ; and industrial SW ; (Figure 3.3.5).

The factor with less contribution of organic aerosols was nitrate (see Figure 3.3.1),
resulting in a very high correlation between nitrate and nitrate ; factors (R*=0.99 at the
RS and R*=0.96 at the UB, Table 4.2.1). On the other hand, the contribution of PAH and
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hopanes to the fresh traffic factor differentiated it from the traffic ; factor (R*=0.47 at
the RS and R°=0.58 at the UB, Table 4.2.1). The shipping and shipping ; factors showed
a good correlation, as their components were mainly inorganic (V, Ni and $O4%), with
only a light contribution of hopanes (R?=0.67 at the RS and R’=0.77 at the UB, Table
4.2.1). The industrial SW ; factor showed a good correlation with the industrial SW &
pin factor, especially at the UB (R?=0.50 at the RS and R°=0.83 at the UB, Table 4.2.1).
The sulphate & industrial NE & aged sea salt ; factor was not found to correlate with

any factor (see Table 4.2.1).

The factors with a higher contribution of organic aerosols, such as organic urban
mix, bio SOA and biomass burning did not match any of the PM; inorganic factors,
owing to their strong organic nature. The industrial NE & sea salt and the SIA factors
inorganic species mass was probably included in the sulphate & industrial NE & aged
sea salt ; factor, which was a mixture of different sources and showed the highest

contribution to PM; mass (see Table 3.3.2).

4.2.1.3 Comparison of PMF profiles of PM; organics & inorganics and PMas
inorganics

The comparison of the profiles obtained by Dall’Osto et al. (2013c) of hourly PM_ s
PIXE analysis with the PM; fraction of organic and inorganic species concentrations
may be helpful in determining the common sources contributing to fine aerosols at
both the RS and UB sites. Dall’Osto et al. (2013c) reported 9 factors, which could be
further grouped in 3 categories: regional (regional sulphate, sea salt and biomass
burning), anthropogenic activities (industrial activities, oil combustion and waste

incinerator) and dust (brake dust, soil dust and urban dust).

The highest correlations were obtained for two of the industrial factors: the
shipping factor showed a good agreement with the oil combustion factor (R?=0.81 at
the RS and R?=0.48 at the UB, Table 4.2.1), whereas the industrial NW & pin correlated
with the industrial activities factor (R*=0.43 at the RS and R’=0.63 at the UB, Table
4.2.1). On the other hand, the industrial NE & sea salt factor did not correlate with the
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PM_s Pb_Cl factor as might be expected, as Cl was also a main contributor to the

industrial NE & sea salt factor related to waste incineration plant emissions.

The fresh traffic factor presented similarities in its temporal trend with the PM; 5
brake dust factor, both being characterised by Fe and Cu (R?=0.22 at the RS and
R?=0.40 at the UB, Table 4.2.1). On the other hand, the soil dust and urban dust factors
did not present any significant correlation with any of the PM; factors, thus

emphasizing their coarser nature.

Regarding the regional factors, the PM,s sea salt did not correlate with the
industrial NE & sea salt factor, evidencing that the latter factor was dominated by
anthropogenic emissions and the contribution of sea salt aerosols to PM; was minimal.
A weak correlation was detected between SIA and the regional sulphate (R*=0.32 at
the RS and R*=0.38 at the UB, Table 4.2.1) as well as both biomass burning factors
(R?=0.49 at the RS and R?=0.13 at the UB, Table 4.2.1).

The soil and urban dust factors detected in the PM_ s fraction did not match any of
the PM; factors, evidencing their coarser nature. The organic urban mix and bio SOA
PM; factors did not correlate with any PM; s factor, owing to the relevant contribution
from organic species to those factors. Given that the nitrate contribution to PM;s
could not be analysed with the PIXE technique, the nitrate PM; factor found no match
in any of the PM s factors. The industrial NE & sea salt did not correlate with the PM; 5
waste incinerator factor, although both sources were related to the industrial

emissions from the area NE of Barcelona.
4.2.1.4 Summary of PM; comparison analysis

The traffic factor related to fresh primary emissions (Fresh traffic, POA Urban,
Traffic ; and Brake dust) was present in all studies, due to being characterised by both
inorganic and organic species. On the other hand, the other factor related to traffic,
the Organic Urban Mix was only reflected in the analysis of organics (OOA Urban) due
to the relevant contribution of smoking and cooking aerosols to it, which are traced by
organic compounds. The nitrate factor was prevalently inorganic, and thus was only

detected in the inorganic study.
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The industrial SW coupled with a-pinene oxidation products factor was also
present in all studies (SOA BIO PIN, Industrial SW ; and Industrial), either characterised
by the organic or inorganic fractions only. On the other hand, the Industrial NE & sea
salt factor was not correlated with any other factor. Although it is associated with
industrial emissions such as waste incineration plants it did not correlated with the
waste incinerator PM; s factor, maybe due to the different techniques applied and the
size fraction differences. Moreover, the PM, s waste incinerator factor was associated
also to Pb, which only showed 13% of the specie in the Industrial NE & sea salt factor
(see Table 3.3.2). A positive correlation between the Industrial NE & sea salt factor and
the inorganic sulphate & industrial NE & aged sea salt ; would be expected. However,
the contribution of SO, in the inorganic factor was double that of the Industrial NE &
sea salt factor (50% and 23% of the specie, respectively), thus influencing the factor’s
concentration. The shipping factor was dominated by inorganic species (V and Ni) and
thus correlated positively with the inorganic shipping ; factor and the PM;s oll

combustion factor.

The SIA and SOA Aged factors presented a positive correlation as they shared the
organic tracers of aged organic aerosols. A less positive relationship was found
between SIA and the PM; s sulphate factor, as more chemical species also contribute
to the SIA factor. Being the BIO SOA a factor mainly related to organic aerosols, only
the SOA 1SO showed a positive correlation with it. In the case of the biomass burning
factor, in addition to the correlation with the organic BBOA Regional it was also related

to the PM; s biomass burning, which was characterised by K.
4.2.1.5 Horizontal variability of PM; sources containing organic&inorganic species

The concurrent sampling in two urban environments within Barcelona, one heavily
influenced by road traffic emissions (RS) while the other represented an urban
background environment (UB) enabled the study of the horizontal variability of PM;
levels within the city. Moreover, the joint source apportionment analysis yielded the

opportunity of studying the sources intensities at each site.
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Table 4.2.2: Concentration ratio RS/UB for each PMF factor.

PMF PM; factors Ratio
Fresh traffic 2.3
Organic Urban Mix 15.2
Nitrate 2.2
Industrial NE & sea salt 1.2
Industrial SW & pin 0.6
Shipping 0.9
SIA 0.6
Bio SOA 0.4
Biomass burning 0.5

The organic urban mix factor shows the highest concentration ratio between RS
and UB (15.2, see Table 4.2.2), being associated with road traffic emissions, cooking
activities and tobacco smoke, a complex urban mix typically encountered in the city
centre and thus at the RS. The fresh traffic and nitrate factors, which are directly
related to road traffic emissions, show more than two times higher concentrations at
the RS than the UB, emphasizing their local urban nature and their dependence on the

proximity to emission sources (ratio 2.3 and 2.2, respectively, see Table 4.2.2).

The industrial NE & sea salt and the shipping factors show similar concentrations
at both sites, although for the industrial factor they are higher at the RS and for the
shipping factor at the UB (ratio 1.2 and 0.9, respectively, Table 4.2.2), also mirroring

their proximity to their respective emission sources.

On the other hand, the industrial SW & pin, SIA, biomass burning and bio SOA
factors display on average half the concentration at the RS than at the UB. Being the
UB site less influenced by road traffic, secondary aerosols are found in higher
concentrations, while its proximity to the SW industrial area explains the prevalence of

the industrial source.

4.2.2 PMyo

During SAPUSS, a decreasing PMj, concentration gradient from road traffic hot
spots to the background areas was recorded. Thus higher PM;q levels were recorded at
the RS, followed by UB, TM and TC. Nevertheless, the atmospheric scenarios exerted

an impact on the PM;, concentrations, and therefore both the proximity to traffic
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sources and the type of scenario influences overlap, leading to a wide variability in
concentrations and chemical composition of PMj, at a regional scale. Hence, during
the regional air mass recirculation episode (REG_2) in the last days of the campaign
(14-17 October), the formation of secondary aerosols increased PM;o concentrations.
Higher PM1, concentrations were also recorded under North African air masses as the
transported Saharan dust contributed to the PM;o loadings. By contrast, rainy periods
as well as air mass change favoured a decrease in pollution levels (see Figure 3.4.1).
During the periods when low concentrations were measured, a homogeneous
distribution among the sampling sites evidenced the existence of background

concentrations affecting the whole study area.

Mineral dust and organic matter were the main contributors to average PMjo
loadings at all sites, indicating that the city might be a relevant emission source for
such aerosols. The contributions from sea salt, sulphate and nitrate were similar and
homogeneous across the city (7-11%). The secondary emission factors identified by
PMF showed a higher homogeneity across the sites than expected, reflecting the
efficient pollutants mixing in the boundary layer both in horizontal and vertical levels.
On the other hand the contributions from the primary emissions factors vehicle
exhaust and wear, and road dust displayed a horizontal and vertical spatial variability
related to the proximity to the emission source. Certainly, higher concentrations were
recorded at the RS, followed by UB, TM and TC. Amato et al. (2011) and Minguillon et
al. (2014) also reported a horizontal variability for trace elements concentrations
related to vehicle exhaust and wear emissions and road dust with the distance to road

traffic sources.

The trajectory followed by certain air masses (NAF_E and EUR) over the
Mediterranean Sea enhanced the incorporation of sea salt aerosols to their loadings,
increasing the aged marine aerosol concentrations at the sites, although a decreasing
gradient reflecting the sites distance to the sea side could be observed. The incursion
of NAF_W air masses also caused the advection of shipping emissions from the
harbour into the city, as concentration peaks of heavy oil were recorded at all sites,
especially at the TM site, being closest to the sea. Recirculation of air masses during

the regional episode REG_1 also accounted for an increase in heavy oil concentrations.
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The emissions from high temperature industrial processes (smelters and cement kilns
located in the industrial area along the Llobregat valley) impacted the city under NW
winds. The impact was larger at the ground sites, causing concentration spikes,
especially at the UB site, as they were the ones located closest to the source (Figure
3.4.6).

Both the sulphate and nitrate source contributions were mainly driven by the
atmospheric scenarios. The increase of the contributions of these factors was favoured
under REG air mass due to recirculation, enhancing the formation of nitrate and
sulphate (Figure 3.4.6). However, a significant difference could be observed between
the REG_1 and REG_2 episodes. Very high concentrations of both nitrate and sulphate
were recorded under REG_2 episode, which was characterised by higher wind speed
than REG_1, an almost constant NW advection and a lower temperature than REG_1
(Figures 3.4.7 and 3.4.9). The temperature difference between these two periods
accounted for the lower nitrate levels registered during REG_1, as the higher
temperature recorded under this episode caused the volatilization of part of the

nitrate, thus reducing its concentration in the solid phase.

Unexpectedly, the mineral dust PMF factor concentrations showed a low spatial
variability among the sites. However, several sources were found to contribute to the

total mineral load and have been grouped in the following categories:

1) Road dust: the concentrations decreased from RS to TC, contributing
3.8-1.6 ugm™ on average (35% of the mineral dust in PMy, during the study
period).

2) Saharan dust: African air mass incursions occurred on 20% of the days
during the study period. Under this scenario, the excess dust from the PMF
mineral factor was extracted and attributed to Saharan dust, thus obtaining an
average Saharan dust contribution of 2.1 ugm™ (28% of the mineral dust in
PMyp in the study period).

3) Background dust: it presented a homogeneous distribution among the
sampling sites and was thus attributed to background mineral dust with a

possible urban or regional origin. A regional origin is thought to be more
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probable due to the uniform distribution of this dust type at both horizontal
and vertical levels for the whole study area. Average concentrations during the
SAPUSS study ranged from 2.7 to 2.9 ugm®, resulting in the mineral source with
the highest contribution (37% of the mineral dust in PMyg in the study period).
The estimation of the ss Na allowed for the calculation of the theoretical sea salt
(attaining to its chemical composition ratios respect Na) and the measured
concentrations at the sites. Their comparison with the PMF aged marine factor led to

the identification of the following sources or processes:

1) Calculated sea salt: presented a homogeneous relative contribution
among the sampling sites, accounting for the majority of the aged marine load
mass (51-59%, 1.5-2.7 ugm’).

2) Anthropogenic marine sulphate of regional origin: presented a
homogenous relative contribution among the sampling sites, accounting for 41-
49% of the mass load (1.1-2.5 pgm™). The anthropogenic marine sulphate
showed a different origin than the PMF sulphate and heavy oil factors. This
pointed towards the possible contribution of the WMB background sulphate
concentrations due to maritime transport and other industrial sources located

near the Mediterranean coasts, in agreement with Querol et al. (2009a).

However, the elevation of the sampling sites might also affect the variability of
factors concentrations between ground and tower measurements. Due to the location
of the TM site (influenced by two nearby roads), vehicle exhaust and wear particles
emitted at street level might evaporate and coagulate while being advected upwards
to the sampling site (150 m a.s.l.). The elevation of the site might partially account for
the decrease in concentrations levels for this factor registered at TM in comparison to
the urban background site UB. In the case of the suburban TC site (415 m a.s.l.), high
relative sulphate concentrations were recorded, although the marine sulphate of
regional origin affected the TM site more intensely due to its closeness to the sea side
(see Figure 4.2.2). Due to the predominantly urban origin of nitrate, concentrations
registered at TC were considerably lower, although the location of the TM site (150 m

a.s.l. within the city) favoured higher concentrations than at UB. Therefore, even in

179



Chapter4 DISCUSSION

vertical levels within a city environment, the exact location of the site still has a high

influence on the pollution’s impact.
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Figure 4.2.2: Sources contributing to the PMy, load extracted with the PMF tool and subcomponents at
each monitoring: a) RS, b) UB, ¢) TM and d) TC. Exhaust&Wear (E&W), Road dust (Road D), Heavy oil
(Qil), Industrial (Ind), Sulphate (Sul) and Nitrate (Nit) are direct PMF factors. The mineral factor was
broken into Background dust (Bkg D) and Saharan dust (Sah D) and the aged marine factor into
Calculated sea salt (Calc ss) and Anthropogenic marine sulfate of regional origin (AM Sul). Data are given
in ugm'3 and %. The average PMF PMy, concentration are represented at the top right of each graph for

each site.
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5. Conclusions

A detailed study of aerosol sources and processes in the Western Mediterranean
Basin urban environment of Barcelona was performed, ranging from ultrafine to
coarse particles. This geographical region presents unique and complex characteristics,
which have been investigated in a number of studies over the last years (see the
introduction section). However, the evolution of aerosols within the urban atmosphere
both in horizontal and vertical levels, their sources and processes and the influence of
meteorological and climatological features characteristic of the area needed further
study. For this reason, an intensive sampling campaign named SAPUSS (20
Septembre-20" October 2010) was developed in the Barcelona urban environment,
which consisted on concurrent aerosol sampling in 6 sites by different methods and
techniques, in order to obtain a detailed picture of aerosols features in this area
(Dall'Osto et al., 2013a). Moreover, long term measurements of particle number size
distribution were also measured in the urban background of Barcelona and were
further compared with other worldwide developed cities characterised by intense
solar radiation. This allowed for the comparison between sources and processes
affecting ultrafine particles in similar climatic environments around the globe, focusing

on urban nucleation events.

Concerning ultrafine particles, measurements of particle size distribution were
performed in the Barcelona urban area during the SAPUSS campaign. Four SMPSs were
simultaneously deployed at four different monitoring sites: a road site (RSsie), two
urban background sites (UBsi. and TCs) and a regional background station (RBiit).
Measurement size ranges for all monitoring sites were harmonised, resulting in a
homogenous dataset with particle sizes between 15 nm and 228 nm at one hour

resolution.

e A k-means clustering analysis was performed on the combined four datasets,

resulting in nine size distributions that described the overall aerosol
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population: Traffic 1, Traffic 2, Traffic 3, Urban Background 1, Regional
Background 1, Regional Background 2, Nucleation, Regional Nitrate and Mix.
Three clusters account for traffic conditions (30% of the time), three account
for background pollution (54% of the time) and three described specific

special cases (16% of the time).

e Traffic emissions heavily impact the closest sites, while the sites located in the
urban background are more influenced by background clusters. Atmospheric
and meteorological conditions play a key role in the evolution of ultrafine

particles.

e Evaporation of traffic-related ultrafine aerosols occurs when the air mass
moves away from the traffic hot spot. This process had been reported in an
urban northern European environment under different cimatological
conditions (London, Dall’Osto et al., 2011b), and is shown for the first time in

a southern European urban environment.

e The smallest ultrafine particles (between 5 and 15 nm in size) show the most
complex behaviour. On the one hand, new non-traffic particles formed in
cities often fail to grow above 15 nm. On the other hand, 20-30 nm primary

traffic particles shrink to smaller sizes soon after emission.

e Moreover, photochemical nucleation events under high solar radiation
conditions is a common feature in southern European cities and contributes
to increase N, although such particles often fail to grow to sizes above 10-15
nm, being detected only 5% of the time, on average, during SAPUSS. This
behaviour points out the extremely dynamic nature of ultrafine particles,
especially of the smaller sized ones, and how meteorological features

influence their evolution in the urban atmosphere.

The analysis of the long term size segregated particle number enabled the study of
the main sources and processes dominating similar urban environments to Barcelona
worldwide, including Madrid, Brisbane, Rome and Los Angeles. A k-means clustering

analysis was performed for each data set, which allowed the comparison of the
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sources characteristics at each city. Data sets from Rome and Los Angeles were used to
complement the study, although the main conclusions were reached considering only

Barcelona, Madrid and Brisbane.

e Traffic and nucleation events are reported as the two most relevant sources
of ultrafine particles (44-63% and 14-19% of the time, respectively). Minor
sources were Urban Background pollution and other specific clusters of each

location.

e The nucleation cluster represented on average 16% of the time. For the
SAPUSS study, the nucleation cluster only represented 5% of the time as the
campaign had a one month duration in autumn, while if 1 year of
measurements is considered the prevalence of this cluster is three times

higher.

e On average, nucleation particles accounted for 21% of total N, evidencing the
importance of nucleation processes to total concentrations of ultrafine
particles in high insolation urban areas.

e The urban nucleation events detected in these cities consist on particles
bursts starting around midday and lasting 3-4 hours while growing to 20-40
nm. Further growing of these particles in a banana shape (regional nucleation
type) is probably constrained by the increase of the condensation sink due to
traffic emitted particles in the evening coinciding with a decrease in the solar
radiation intensity. Therefore, the detected events represent a source of new
particle formation restricted to urban areas, whereas the regional nucleation

events show different characteristics and affect a wide area.

e On average, nucleation events lasting for two hours or more were detected in
55% of the days, this extending to over four hours in 28% of the days,
demonstrating that the atmospheric conditions in urban environments do not

favour photochemically nucleated particle growth.

e The urban nucleation events described in this thesis presumably have an

anthropogenic origin, or at least are influenced by anthropogenic precursors,
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due to the fact that such events are seen initiating in city hot spots and not in

the nearby background (Dall’Osto et al., 2013b).

Regarding particulate mass, the concurrent analysis of inorganic and organic PM;

species allowed the study of the main sources contributing to this factor in two distinct

urban environments (RS and UB) during the SAPUSS campaign.
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The PMF analysis performed yielded 9 factors representative of the aerosol
sources affecting both sites: Fresh traffic, Organic Urban Mix, Nitrate,
Industrial NE & sea salt, Industrial SW & pin, Shipping, SIA, Bio SOA and
Biomass burning. The proximity to emission sources had an impact on the
concentrations registered at the sites, being RS more influenced by traffic
emissions (39% of PM;) and the UB by industrial sources (51% of PM;) and
secondary species (24% of PM).

On average, traffic sources ranged between 23-36%% of the PM; mass
(minimum contribution calculated as the sum of fresh traffic and 60% of the
nitrate factor and maximum adding the organic urban mix factor), whereas
42% was related to industrial activities and shipping emissions. Secondary
aerosols accounted for 29% of the PM; mass, while the biomass burning

contribution was minimal (1%).

The industrial NE & sea salt factor was identified for the first time in the PM;
fraction in the study area, thanks to the inclusion of organic species

concentrations in the PMF matrix.

The comparison of the obtained factors with other studies using either
organic or inorganic species in the source apportionment was carried out. The
joint analysis of both species led to a higher number of identified sources (9
sources) than if the study had been carried out separately for each specie
(yielding 6 organic sources and 5 inorganic sources, respectively), resulting in
a more complete and realistic study of the aerosol sources in the urban

environment of Barcelona.
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In the case of the PMy, fraction only inorganic species were analysed. However,

the sampling sites were increased to four, with the aim of assessing and evaluating the

spatial variability in vertical and horizontal levels of PMy,. Therefore, two of the sites

were at the ground level (RS and UB), while two more were located at a certain height,

one at the rooftop of Torre Mapfre (TM, 150 m a.s.l.) close to the sea side, and a

suburban one located on the hills surrounding Barcelona, Torre Collserola (415 m a.s.l.,

TC).

The PMF analysis optimal solution contained 8 factors: Vehicle exhaust and
wear, Road dust, Mineral, Aged marine, Heavy oil, Industrial, Sulphate and
Nitrate. Overall, primary traffic emissions (Exhaust and wear and Road dust)
accounted for 19-38% of PM3p mass, primary inorganic aerosols (Mineral dust
and Aged marine) 28-39%, industry (Heavy oil and Industrial) 5-7% and
secondary aerosols (Sulphate and Nitrate) 28-36%.

Most of the factors showed a homogeneous distribution among the sampling
sites, although primary traffic emissions displayed a decreasing gradient from
the traffic sites to the suburban background (RS, UB, TM and TC).

Vehicle exhaust & wear, road dust and industrial factors showed around two
times higher concentrations at the ground sites (RS and UB) than at the tower
sites (TM and TC), evidencing that distance to pollution sources and

atmospheric vertical dilution lead to a decrease in concentrations with height.

The main factors influencing the different sources concentration at each site
were: proximity to the emission source, air mass origin and meteorological
parameters, such as wind speed and direction (influencing the sea breeze
development for both dispersion and transport of specific pollutants) or
temperature (causing the volatilization of nitrate under high temperatures).
Air mass recirculation due to regional episodes enhanced the formation of
secondary inorganic aerosols, such as sulphate and nitrate, or heavy oil. On
the other hand, precipitation and air mass transition periods were found to
favour a decrease in concentration levels due to wet deposition and low

resuspension in the first case and atmospheric dilution in the second scenario.
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e A special focus was made on the mineral dust and aged marine aerosols, as
they were both mainly found in the PM;g fraction and were a complex mixture
of anthropogenic and natural components. The mineral dust factor was
heavily influenced by the Saharan dust intrusions, causing the concentration
levels to be two times higher. By extracting the contribution of this natural
aerosol to the factor, the remaining concentrations were found to show
homogeneous levels at all sites, thus indicating the existence of a background

mineral dust source that affected the whole urban area.

e Therefore, three sources of mineral dust were identified in the urban area of
Barcelona: road dust (3.8-1.6 ugm™ and 35% on average of the mineral load in
PMyo), Saharan dust (2.1 pugm™ and 28% on average) and mineral dust of

regional origin (2.7-2.9 pgm™ and 37% on average).

e Regarding the aged marine factor, it was found to be internally mixed with
sulphate of regional origin, as the calculated sea salt (2.2 ugm'3, 56% of the
aged marine load) was aged by the mixing with anthropogenic marine

sulphate of regional origin (1.8 ugm™, 44% of the aged marine load).

e The anthropogenic marine sulphate contribution was attributed to the intense
maritime traffic and industrial emissions in the coast of the WMB, as it
showed a relative homogeneous distribution at the sites and did not correlate

with the PMF sulphate factor as it was related to inland industrial sources.
5.1 From ultrafine to coarse: concluding remarks and implications for air quality

The study of aerosols in an urban environment of the Western Mediterranean
Basin, ranging from the smallest particles (ultrafine particles, described by particle
number) to the coarsest ones (PM;o, dominated by particle mass) carried out in this
thesis allows for a general understanding of the main sources and processes affecting

aerosols.

Considering the results obtained from the SAPUSS campaign, traffic sources
dominate the ultrafine particles size distribution for 30% of the time and range

between 23-36%% of the PM; mass (minimum contribution calculated as the sum of
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fresh traffic and 60% of the nitrate factor and maximum adding the organic urban mix
factor) and 36% of PM;o on average (calculated as the sum of the vehicle exhaust and
wear, road dust factors and 60% of the concentration of the nitrate factor), evidencing
its impact in all size ranges, both to N and PM. The second most important source
contributing to ultrafine particles was urban nucleation events, also occurring in similar
climatic worldwide urban environments, which cause an abrupt increase in N but have
a negligible effect on PM. Relevant sources to the PM; fraction were industrial
emissions and shipping, which accounted for 42% of the mass on average, whereas in
PMio they only explained 6% of the mass. This difference between fractions might be
due to the industrial factors in the PM; fraction incorporating other anthropogenic
sources before reaching the sampling site (industrial NE & sea salt factor) and the
addition of pinene and other bioaerosols to the load (industrial SW & pin factor).
Secondary aerosols, such as nitrate and sulphate, were present in all size ranges, as the
nitrate cluster was detected in the ultrafine particles size range, occurring 6% of the
time during SAPUSS and 7% of the time in Barcelona on an annual basis. Moreover,
they contributed similarly to PM; and PMjy mass (on average 29% and 33%,
respectively). Primary aerosols, including mineral sources and sea salt, had a relevant
contribution to PMyg, representing on average 34% of PMjo, mass. Finally, biomass
burning aerosols were detected in the PM; fraction, but their contribution to PM was

only 1%.

According to this, it is clear that abatement strategies should focus on reducing
anthropogenic emissions, especially from traffic and industrial sources. The reduction
of primary emissions however, might cause a decrease of the condensation sink and
thus enhance nucleation processes, leading to the formation of a high number of
newly formed particles with little mass (Wichmann et al., 2000). Therefore, further
investigation is required in better understanding the secondary new particle formation
processes, their precursors and formation mechanisms to better assess effective

strategies that might lead to pollution reduction and consequently improve air quality.

According to the results obtained in this thesis, the following recommendations
should be taken into consideration regarding air pollution studies and the

improvement of air quality in urban environments:
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Concerning the establishment of ultrafine particles standards for air
quality, although road traffic is the main source of ultrafine particles, it has
to be taken into account that in high insolation developed urban
environments new particle formation through nucleation processes can
highly influence total particle number concentrations (e.g. in Barcelona it
represents 22% of the total N), especially in highly insolated regions (on
average, Nnugeation=12000+8000 cm™ and Nirsic=10000£5000 cm™). As a
result, particle number concentration as an air quality parameter would be
affected by different sources depending on the region. However, BC
measurements specifically point to road traffic emissions and would
therefore represent a more accurate parameter to monitor them than

particle number concentration.

Regarding epidemiological studies, it would be advisable to study the
morbidity and mortality associated with the daily N concentration,
differentiating between the nucleation particles and the traffic related

ones, as they are thought to affect human helth differently.

The need to include both organic and inorganic species in the source
apportionment studies by PMF, providing a more accurate description of
the emission sources, which can be dominated by inorganic or organic
elements or be a mixture of the two.

The identification of the industrial area NE of Barcelona for the first time in
the PM; fraction as a relevant pollution source, due to the joint analysis of
organic and inorganic species.

The need to reduce mineral dust of anthropogenic urban origin because it
represents an important contribution to PMy, levels (38% of the mineral
load).

The anthropogenic marine sulphate of regional origin attributed to the
maritime traffic background pollution of the Mediterranean basin is a
relevant contributor to total sulphate levels in Barcelona (32% of the

sulphate load).
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6. Future studies

The research carried out in this thesis leaves many open questions that may lead

to additional research in urban environments in the Western Mediterranean Basin.

e Itis highly interesting to obtain long-term concurrent measurements of particle
size distribution data at the urban background, regional background and
continental background monitoring sites, in order to further investigate the
nucleation events affecting the study area, especially to assess urban and
regional nucleation events.

e The incorporation of particle number size distributions measurements from 1
to 15 nm, in order to assess new particle formation events and growth,
especially in an urban background environment.

e The simultaneous analysis of long time series of air pollutants, as well as N, size
segregated N, and BC will allow investigating its association with mortality and
morbidity, and study the health effects of ultrafine particles and to discriminate
between effects of traffic-related ultrafine particles and newly formed particles
from photochemical processes.

e The chemical characterization of nucleation processes and subsequent particle
growth is highly relevant to be resolved considering the high contribution of
secondary particles to particle number and its derived health problems.

e Study the vertical distribution of N and size distributions of UFP in order to
elucidate the atmospheric dynamics that enhance new particle formation
events by using a airborne measurements.

e A better understanding of the factors influencing nucleation events would
enable for better decision making regarding the design and implementation of
air quality monitoring networks (Duyzer et al., 2015).

e Shipping emissions should be quantified in detail to evaluate its contribution to
the urban pollution scenario, especially SO, emissions, which play a key role in
the growth of nucleated particles. It might also form sulphate aerosols and

contribute to PM; and PM;ys concentration levels, especially in the
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Mediterranean basin where intense maritime traffic occurs. It is relevant in
coastal sites to discriminate between the regional marine and the harbour
contributions.

Further investigation of the emissions of the industrial area NE of Barcelona,
whose pollution plume has been detected in the PM; (this thesis) and PM;s
fraction (Dall’Osto et al., 2013c).

Deepen the knowledge of organic aerosols fractions, and quantify the
contribution of possible cooking emissions and secondary organic aerosols.
Investigate the SOA in the urban environment, in order to elucidate if it has
urban or regional origin and deepen into the formation and transformation
processes governing these aerosols.

Study the interaction of SOA, SIA and gaseous pollutants, especially NO, VOCs
and Oz in urban environments.

Further investigate the mineral background sources contributing to the PMo
fraction, such as construction dust, and investigate effectiveness of specific

abatement strategies.
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