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RESUM

En aquesta Tesi s’han estudiat les fonts d’emissié de diversos contaminants
atmosfeérics, principalment a I'area de Barcelona. Els contaminants estudiats han estat
'oxid de nitrogen (NO), compost toxic que s’emet en grans quantitats pels vehicles a
causa de la combustio, 'ozd, que té naturalesa oxidant, i es troba molt relacionat amb la
preséncia d’0xids de nitrogen, i diversos contaminants organics presents en el material
particulat atmosféric. Entre els contaminants organics estudiats hi ha alguns de més
toxics com son els hidrocarburs aromatics policiclics (PAH), i d’altres presents al medi,
perd amb menor impacte sobre la salut, com son els acids dicarboxilics o els productes
derivats de I'oxidacio de I'isopré o I'a-pinene.

Les taules de dades corresponents a les concentracions de NO i O3 s’han
obtingut a partir de les bases de dades del departament de medi ambient de la
Generalitat de Catalunya. Els contaminants organics s’han determinat en mostres de
material particulat obtingudes de campanyes de seguiment ambiental a les ciutats de
Barcelona i Los Angeles. Aquests compostos han estat determinats experimentalment al
laboratori, mitjangant la seva extraccio i analisi amb cromatografia de gasos acoblada a
espectrometria de masses.

L’0s de la quimiometria ha permeés interpretar i simplificar la gran quantitat de
dades obtingudes en els estudis de seguiment ambiental realitzats en aquesta Tesi.
Depenent de la informacié que s’ha volgut obtenir en cada estudi, les taules de dades
s’han disposat en matrius de dades augmentades en dos direccions (two-way) i en
alguns casos també en estructures en tres direccions (three-way). S’han aplicat
diferents metodes quimiometrics, entre els que ha destacat el métode de resolucié
multivariant de corbes per minims quadrats alternats (MCR-ALS). L’aplicacié d’aquest
metode amb diferents tipus de restriccions com la no-negativitat i la trilinearitat ha
permés estimar les fonts d’emissid i de distribucid geografica i temporal dels
contaminants en les regions estudiades.

S’ha descrit amb detall els perfils de variacio temporal (diaria i anual) de les fonts
d’emissié de NO i O3 a la ciutat de Barcelona i a diferents regions de Catalunya. S’ha
trobat que les principals fonts d'emissi6 de contaminants atmosférics son
antropogeéniques, i s’ha confirmat que el trafic de vehicles és un dels principals emissors
dels contaminants estudiats. Altres fonts de contaminacié de compostos organics
trobades en material particulat han estat la crema de biomassa, els productes d’oxidacio
de lisopre i I'a-pinene, i els acids dicarboxilics, que poden tenir tant origens biogénics

com antropogeénics.
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1.1. Objectius

L’objectiu general d’aquesta Tesi ha estat el desenvolupament i I'aplicacié

de metodologies analitiques i quimiométriques per a I'estudi de la contaminacié

atmosférica, principalment a la ciutat de Barcelona. La interpretacié de la gran

quantitat de dades obtingudes en I'analisi dels contaminants atmosférics ha fet

necessaria I'aplicacio de métodes quimiometrics.

Es descriuen a continuacié els diferents objectius especifics d’aquesta Tesi,

separats per objectius de tipus quimiomeétric i de tipus ambiental.

Obijectius de tipus quimiomeétric

Desenvolupament i aplicacié del metode de Resolucié Multivariant de
Corbes per Minims Quadrats Alternats (MCR-ALS) a I'analisi de dades
de contaminacié atmosférica i a I'estudi de la distribucié de fonts de

contaminacié (source apportionment)

Adaptacio del métode MCR-ALS i d’altres métodes quimiometrics a
I'analisi simultania de multiples taules o matrius de dades disposades en

dues o més direccions (two-way, three-way, multi-way data).

Aplicacié de les restriccions de trilinearitat i d’interaccié entre
components en el metode MCR-ALS en estudis de contaminacio
atmosférica. Interpretacidé dels resultats obtinguts a partir d’aquestes
restriccions i comparacié d’aquests resultats amb els obtinguts amb
altres métodes relacionats (PARAFAC i TUCKERBS).

Desenvolupament d’'una nova versio del métode MCR-ALS que permet
treballar amb conjunts de dades incompletes, on alguns dels blocs de

dades es troben absents.
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Objectius de tipus ambiental

Estudi i interpretacio de les variacions geografiques i temporals de la
contaminacié atmosférica de l'aire per oOxid de nitrogen i 0zé a

Catalunya.

Desenvolupament de métodes analitics d’identificacio i de determinacid
experimental de la concentracié de contaminants organics en mostres de
material particulat a Barcelona i Los Angeles. Desenvolupament dels
procediments corresponents d’extraccio, derivatitzacio i posterior analisi

amb cromatografia de gasos acoblada a espectrometria de masses.

Comparacio de les fonts de contaminacid atmosferica en regions
distants geograficament, amb caracteristiques climatiques semblants
com son Barcelona i Los Angeles.
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1.2. Estructura de la Tesi

La present memoria es presenta en forma d'una part introductoria, una part
experimental, una part sobre el tractament quimiomeétric de les dades, una part
de discussio dels resultats obtinguts, on s’inclouen els articles cientifics
publicats, i per ultim, les referéncies emprades en les diferents parts. La
present Tesi consta de set capitols que es descriuen a continuacio.

1) En el primer capitol es presenten els objectius i es detalla I'estructura i la
relacio dels treballs cientifics de la present memoria.

2) En el segon capitol es fa una introduccid sobre la contaminacio
atmosferica, la quimiometria, i es descriuen els compostos estudiats.
Entre els compostos estudiats es troben I'0xid de nitrogen, '0z0, i
compostos organics com els hidrocarburs aromatics policiclics (PAH) i
els acids dicarboxilics entre d’altres. També es detalla la legislacié que

afecta a aquests contaminants.

3) En el tercer capitol es recullen els procediments experimentals emprats
per a I'estudi dels contaminants estudiats en aquesta Tesi detallant la

presa de mostra, el tractament de la mostra i el seu analisi.

4) En el quart capitol es descriuen els métodes quimiométrics utilitzats en la
present Tesi per al tractament de les dades, incloent les diferents
estructures en que es poden disposar les taules de dades, aixi com els

pretractaments més usuals de les mateixes.

5) En el cinqué capitol es descriuen els resultats obtinguts en els treballs
realitzats en aquesta Tesi, en dos blocs que agrupen aquests treballs
per tematiques. En el primer bloc es mostren els resultats dels estudis
dels contaminants en mostres d’aire obtinguts a partir de les xarxes de
seguiment de la contaminaci6 atmosférica de la Generalitat de
Catalunya. En el segon bloc es mostren els resultats dels estudis
realitzats sobre contaminants organics analitzats en mostres de material

particulat.
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6) En el sise capitol es recullen les conclusions generals més importants de

la present Tesi.

7) Finalment, en el seté i ultim capitol es recullen totes les referéncies

emprades en aquesta Tesi.
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1.3. Relacié dels treballs cientifics presentats en aquesta Tesi

doctoral

Article 1. M. Alier, M. Felipe-Sotelo, I. Hernandez, R. Tauler; Variation patterns
of nitric oxide in Catalonia during the period from 2001 to 2006 using
multivariate data analysis methods. Analytica Chimica Acta 642 (2009) 77-88

Article 2. Marta Alier, Mdnica Felipe-Sotelo, Isabel Hernandez, Roma Tauler;
Trilinearity and component interaction constraints in the Multivariate Curve
Resolution investigation of NO and O3 pollution in Barcelona. Analytical
Bioanalytical Chemistry (2011) 399:2015-2029

Article 3. Marta Alier, Roma Tauler; Multivariate Curve Resolution of
incomplete data multisets. Chemometrics and Intelligent Laboratory Systems
127 (2013) 17-28

Article 4. Marta Alier, Barend L. van Drooge, Manuel Dall’Osto, Xavier Querol,
Joan O. Grimalt, Roma Tauler; Source apportionment of submicron organic
aerosol at an urban background and road site in Barcelona (Spain) during
SAPUSS. Atmospheric Chemistry and Physics 13 (2013) 10353-10371.

Article 5. M. Alier, Y.-H. Lin, J.D. Surratt, M. Dall'Osto, R. Tauler, J.O. Grimalt,
B.L. van Drooge; On the origin of water-soluble organic tracer compounds in
fine aerosols in two cities: the case of Los Angeles and Barcelona.
Environmental Science and Pollution Research (2014) DOI: 10.1007/s11356-
013-2460-9.



20

Capitol 1




Capitol 2

INTRODUCCIO






Introduccio 23

La gran quantitat de contaminants produits principalment per 'home, ha
fet que l'interés per la contaminacié atmosférica hagi augmentat forga en els
ultims anys. Aquests contaminants van comengar a aparéixer quan ’home va
trencar I'equilibri ecologic en el seu desenvolupament. Els canvis produits per
aquest desenvolupament van millorar de forma notable la qualitat de vida de
I’lhome, perd van crear situacions noves, com l'efecte hivernacle, la destruccio
de la capa de I'0z6 o la creacié de noves substancies que han introduit noves
fonts de contaminaci6, i han modificat el medi, tant aquatic, terrestre com
atmosféric. La quantitat de contaminants presents en el medi ambient ha anat
creixent exponencialment i ha arribat a totes les regions del planeta, ja que la
contaminacié es dispersa per tots els compartiments ambientals. Amb el temps
s’ha comencgat a prendre consciencia de que aquests canvis afecten a la salut
del ecosistema i a la nostra propia, de manera que s’han comencat a aplicar
mesures de control d’aquests contaminants.

En els anys 70 es va crear un dels organismes més importants en quant
a la proteccié ambiental, com és la EPA (Environmental Protection Agency) i va
ser també quan es va crear una llei federal, la US CAA (US Clean Air Act) que
regulava les emissions en l'aire de fonts estacionaries i mobils. Aquesta llei va
autoritzar a la EPA a establir uns estandards de qualitat de I'aire NAAQS
(National Ambient Air Quality Standards) per protegir la salut i el benestar
public (incloent danys a animals, la vegetacio, els camps de cultiu i els edificis) i
regular les emissions de contaminants perillosos a l'aire. Aquesta llista
constava de sis contaminants (monoxid de carboni, plom, oxids de nitrogen,
0z, oxids de sofre i material particulat) que es van ampliar amb els anys, i els
nivells acceptats dels quals s’han anat reduint amb el temps. En la Unid
Europea, s’han regulat els contaminants atmosferics amb la creacié de la EU
Thematic Strategy on Air Pollution amb nivells encara més restrictius que els
EEUU, i al 1979 es va firmar el Conveni de Ginebra sobre la contaminacid
atmosférica transfronterera. Aquest conveni va establir un marc de col-laboracié
intergovernamental per protegir la salut i el medi ambient contra Ila
contaminacié atmosferica que pot afectar a diferents paisos, amb I'elaboracio
de politiques adequades, intercanvi d’informacid, realitzacié d’activitats
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d’investigacié i vigilancia. Al 1994 es va crear I'Agencia Europea de Medi
Ambient (AEMA), la qual confecciona conjunts de dades europees a partir de la
informacio recopilada en els estats membres i elabora indicadors i informes
sobre I'estat del medi ambient.

La contaminacié atmosférica és un problema cada vegada meés
preocupant. A nivell mundial, la Organitzacié Mundial de la Salut (OMS, 6 WHO
en les seves sigles en anglés, World Health Organization) ha estimat que dos
milions de persones, la meitat dels quals sén de paisos desenvolupats, moren
cada any degut a la pol-lucio de I'aire. Entre aquesta pol-lucio, el principal factor
de risc és la mateéria particulada (PM), seguida de I'0z6. La OMS, recomana
reduir I'emissié dels gasos que produeixen canvi climatic, i els limits
recomanats per I'ozé i el didoxid de sofre. També, en la revisio de les guies de la
qualitat de l'aire (Air Quality Guidelines, AQGs), es creu que si es redueixen els
nivells d’un particular tipus de contaminant com és el PMyo (material particulat
de menys de 10um), es podrien reduir el nombre de morts deguts a infeccions
respiratories, enfermetats del cor, o cancer de pulmod, en un 15% en les ciutats
més contaminades. En la unié Europea, s’ha estimat que la matéria particulada
meés petita (PM2s) causa una disminucié estadistica de 8.6 mesos de
'esperanga de vida. La OMS esta treballant amb tots els paisos per millorar
aquesta situacié i arribar als estandards de qualitat de l'aire. Hi ha molts paisos
que no tenen regulacions en la pol-lucidé de laire (ciutats asiatiques i
llatinoamericanes), ni tenen els nivells de pol-luci6 monitoritzats, i aquesta
situacio s’ha d’anar canviant amb el temps, encara que els problemes de salut
no es veuen només en les ciutats més contaminades, sind que també en

ciutats relativament netes (Europa i Nord-América).

La contaminacié atmosférica és un tema complex i en el seguent apartat
es descriuran diferents conceptes relatius a aquest tema. En aquesta Tesi
s’han fet estudis regionals de contaminants atmosferics com I'0xid de nitrogen i
'ozd, i amb contaminants organics (hidrocarburs aromatics policiclics (PAH),
acids dicarboxilics, derivats de l'isopré, levoglucosan, etc.) els quals tenen

diferents nivells de complexitat i també es descriuran a continuacio. L'estudi
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d’aquests contaminants s’ha fet amb métodes quimiomeétrics, pel que també es

fara una introduccié a aquesta disciplina.

2.1. Contaminacidé atmosfeérica

La contaminacié atmosférica és la preséncia en l'aire de materies
gasoses, liquides o solides o formes d'energia que impliquin risc per les
persones, animals i naturalesa. Aquests contaminants es dispersen i
transporten per tota I'atmosfera degut als diferents fenomens meteorologics.
Per que una substancia sigui considerada com a contaminant, no és necessari
que la seva identitat sigui diferent de la de qualsevol dels compostos naturals
de l'aire, és suficient amb que la seva proporcié no sigui la natural (Orozco,
2003). Habitualment, el terme contaminacio atmosférica acostuma a utilitzar-se
per fer referéncia a la ocasionada per fonts de naturalesa antropogénica, pero
les alteracions de la composicio de I'aire poden tenir un doble origen:

- Natural: erupcions volcaniques, meteorits, focs, incendis...

- Artificial o antropogenica: provocada per activitats humanes

(basicament les combustions de hidrocarburs fossils en el transport, i els

processos industrials).

Una vegada emesos els contaminants a la atmosfera poden sofrir
transformacions quimiques que alterin la seva naturalesa. Per aix0, quan es
classifiquen els contaminants atmosférics es distingeixen dos tipus, primaris i
secundaris (Spiro, 2004; Baird, 2001). La denominacié de contaminants
primaris s’aplica a aquells agents que s’emeten de forma directa a I'atmosfera,
mentre que, sota el terme de secundaris, s’engloben aquelles espécies que no
s’emeten com a tal a I'atmosfera, sind que es formen en ella per interaccions
entre contaminants primaris, components naturals de I'atmosfera i radiacions
incidents en la mateixa. Hi ha diferents grups de contaminants atmosfeérics
entre els que hi ha els oxids de carboni, els O0xids de sofre, els Oxids de
nitrogen, els compostos organics volatils, el material particulat i els aerosols, els

compostos oxidants i altres.
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A continuacio es fara una descripcio dels diferents grups de compostos
fent un especial emfasi en els que han estat tractats en aquesta Tesi, com sén
els Oxids de nitrogen, I'0z0, els compostos organics volatils, les particules i

aerosols.

Oxids de nitrogen

Els oxids de nitrogen inclouen I'0xid nitric (NO), el dioxid de nitrogen
(NOy) i I'dxid nitrés (N2O). L'0xid nitric i el dioxid de nitrogen s’acostumen a
considerar de forma conjunta amb la denominaci6 NOy. Son contaminants
primaris toxics i amb molta transcendéncia en problemes de contaminacio.
L’6xid nitros és inert a la troposfera pero contribueix a I'efecte hivernacle. Els
NOx tenen fonamentalment un origen antropogenic, on els majors emissors
d’aquests contaminants son el transport i altres tipus de processos on tenen
lloc reaccions de combustio a elevades temperatures. El que s’emet amb més
quantitat és el NO, que s’oxida rapidament a NO, per acci6 de 'ozé. El dioxid
de nitrogen és, en preséncia d’hidrocarburs i llum ultraviolada, la principal font
d’'ozé troposferic i d’aerosols de nitrats, que constitueixen una fraccié important
de la massa del PM,s de l'aire ambient. Habitualment es mesuren en l'aire
ambient les concentracions de NO, pero no les d’altres contaminants derivats
de la combustio, pel que és adequat mantenir un limit prudent de NO,. També
la contaminacio de NOx emesa pels vehicles és un tema d’interés, ja que els
cotxes diesel son els que més NOx emeten. Per exemple, en la nova normativa
Euro 6 que entrara en vigor al setembre de 2014 s’han establert una reducci6
dels nivells de NOx pels vehicles diésel de passatgers, lleugers i semilleugers,
que passen dels 180 mg/km acceptats en l'actual Euro 5 a 80 mg/km en la
futura Euro 6. Aquesta normativa sera especialment determinant en paisos com
Espanya, on per exemple a Barcelona, els cotxes diésel sén el 75% del total de
vehicles (Reche, 2012).

En aquesta Tesi s’ha estudiat la variacié geografica i temporal de I'0xid
de nitrogen en una determinada zona geografica (Catalunya) durant diversos
anys. Els resultats més importants d’aquest estudi s’explicaran en la secci6é de
resultats.
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Compostos organics volatils

Aquest grup inclou diferents compostos volatils d’origen natural o
antropogenic com el meta (CHy), els hidrocarburs o l'isopré i els seus derivats.
El meta és un contaminant primari, que és molt abundant i que es forma de
manera natural en diverses reaccions anaerobiques del metabolisme. El meta
no produeix problemes en la salut ni en els éssers vius, pero influeix de manera
significativa en l'efecte hivernacle i en les reaccions estratosferiques. En
I'atmosfera hi ha presents molts altres hidrocarburs, procedents de fendomens
naturals i originats per activitats humanes, sobretot relacionades amb
I'extraccio, refinatge i I'us del petroli i els seus derivats. Els seus efectes sobre
la salut son variables. Alguns no presenten problemes pero altres son toxics,
poden afectar al sistema respiratori, i poden produir cancer. Entre aquests es
troben els hidrocarburs aromatics policiclics o PAH, alguns dels quals s’han
estudiat en aquesta Tesi i dels que en parlarem amb més detall més endavant.
Els VOCs s’han estudiat ampliament, sobretot en la ultima década, i s’estudien
tant en ambients tancats, controlant per exemple els nivells d’exposicié durant
diversos anys (Matysik, 2013), com a I'atmosfera, analitzant per exemple les
diferents fonts d’emissio dels mateixos (McCarthy, 2013).

Particules i aerosols

La paraula aerosol s’utilitza per referir-se a una barreja heterogénia de
particules solides o liquides suspeses en un gas. El terme aerosol es refereix
tant a les particules solides com al gas, i la seva notaci6 com a material
particulat (PM) s'utilitza per referir-se exclusivament a les particules. La
preséncia de les particules en la atmosfera, aixi com la seva posterior
deposicio, pot generar efectes en el clima, en els ecosistemes i en els éssers
vius (Dockery, 1996; Arimoto, 2001). El terme PM1 es refereix a particules que
tenen un diametre aerodinamic de 10 um o menys (particules grosses), el
terme PM_ 5 és per les particules amb un diametre de 2.5 um o menor, el terme
PM; si les particules son de diametre 1um o menor (particules fines), i aixi
successivament s'utilitzen altres termes amb altres valors numeérics (veure
Figura 2.1). Nombrosos estudis epidemiologics afirmen que existeix una

correlacié significativa entre la exposicio al material particulat atmosféric i
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diversos efectes adversos per la salut (Kunzli, 2000; Brunekreef, 1997). Els
efectes que pot provocar la inhalacié de material particulat depenen de
diferents factors, perd un dels més importants és el de la mida de la particula.
Les particules més perilloses son les de diametre <2.5 um, perque aquestes
poden arribar a la cavitat alveolar i provocar greus afeccions a la salut. El
material particulat atmosferic també pot afectar els ecosistemes quan es
diposita sobre la superficie terrestre i la regulacido del clima, ja que les
particules en suspensié actuen com a nuclis de condensacié en la formacié de
nuvols (Mészards, 1999) i les particules afecten també a la visibilitat
atmosférica (WHO, 2002). Al principi es van legislar només els nivells
permesos de PM1 (40 ug/m® en I'actualitat com a limit de promig anual), perd
com es va veure que les particules fines eren encara més perilloses, en els
ultims anys s’ha legislat també els limits permesos de PMzs (25 pug/m® en el

limit com a promig anual).

Particulas ultrafinas
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PM2.5
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Figura 2.1. Distribucio del nombre de particules en funcié del diametre

Els aerosols atmosférics estan formats per compostos inorganics
solubles en aigua (com el sulfat i el nitrat), i per una part de pols mineral
insoluble en aigua i de compostos de carboni. Aquests compostos de carboni
poden estar, a la seva vegada, constituits per compostos organics solubles i
insolubles, i per carboni elemental. L’aerosol organic (OA) pot constituir entre

un 20-90% de I'aerosol fi (material particulat amb diametre inferior de 2.5 um)
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(Kanakidou, 2005; Zhang, 2007). Els aerosols organics poden ser emesos
directament a la atmosfera com a emissions primaries de fonts
antropogeniques (activitats humanes) i de fonts naturals. Hi ha moltes fonts
d’emissié que poden contribuir als aerosols organics primaris, com poden ser la
crema de biomassa (De Gouw, 2009) i dels biofuels (Kanakidou, 2005), el
cuinat d’aliments (Rogge, 1991), la pols del carrer, o els residus de les rodes
dels vehicles, frens, etc. (Rogge, 1993a). A més, les emissions directes de
plantes i els residus d’agricultura també poden produir aerosols organics
primaris (Rogge, 1998). Tradicionalment, s’havia assumit que I'aerosol organic
primari era una petita fraccio de l'aerosol organic, especialment en arees
urbanes, no obstant, recentment s’ha suggerit que els aerosols organics
primaris poden constituir una fracci6 més gran del que es suposava fins ara
(Donahue, 2009).

Els aerosols organics també es poden transformar a I'atmosfera donant
lloc als aerosols secundaris a partir de processos fisico-quimics que involucren
altres aerosols, gasos o particules atmosfériques amb precursors d’emissions
naturals o antropogéniques (Edney, 2005; Sullivan, 2006a, Warneck, 1988).
Aquests aerosols organics secundaris (SOA) tenen propietats fisiques i
quimiques diferents de les seves particules primaries precursores (Donahue,
2009) i es poden modificar degut a la presencia de diferents oxidants
atmosférics. Els aerosols organics secundaris consisteixen en una barreja
d’espécies organiques oxigenades que depenen del grau de processament de
I'aerosol de I'atmosfera. Els seus mecanismes de formacio i evolucié encara no
estan del tot clars (Hallquist, 2009). Aquests aerosols poden provenir de
productes d’oxidacié de diferents compostos organic volatils antropogénics o
biogénics (Volkamer, 2006; Claeys, 2004a; Hamilton, 2009; Hallquist, 2009).
Es considera que els hidrocarburs, alquens i els monoterpens constitueixen la
major font global de l'aerosol organic secundari (Engelhart, 2008) i els
hidrocarburs aromatics la major font de I'aerosol organic urba. El isopré (2-
metil-1,3-butadié, CsHs), €s un compost organic volatil biogénic molt abundant,
que s’ha estudiat extensament com a precursor per a la formacié d’aerosols
organics secundaris (Henze, 2006). Un dels camins de produccié d’aerosols
organics secundaris és l'oxidacio de compostos organics volatils biogénics o
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antropogenics amb compostos com el 0z0, el radical hidroxil (OH') i el radical
nitrat (NO3’) (Kroll, 2008). També, els compostos organics volatils gasosos es
poden absorbir en les gotes dels nuvols i experimentar la seva oxidacio quimica
en fase aquosa (Kanakidou, 2005). Els compostos altament volatils queden
exclusivament a la fase gas, mentre que els productes no volatils s’acumulen
en la fase particulada. Els productes de volatilitat intermedia, anomenats
compostos semi-volatils, estableixen un equilibri de particié entre la fase gas i
la fase particulada. Aquest equilibri depén de multiples factors, entre els quals
s’inclou la pressié de vapor de saturacié del compost, la temperatura ambient, i
la quantitat de massa organica-aquosa d’aerosol on es pot produir la particio
(Pankow, 1994).

L’aerosol organic secundari esta format per compostos organics que
tenen un ampli ventall de grups funcionals, on s’inclouen els acids mono i
dicarboxilics, els compostos carbonilics i els alcohols. Aquests compostos sén
tant hidrofobics com hidrofilics (Sullivan, 2006b). El interval de pesos
moleculars en els aerosols organics secundaris és molt ample, depenent de la
localitzacid, de I'estacié de I'any o de la font de I'aerosol entre d’altres. Una
vegada formats, els aerosols organics secundaris s’envelleixen per oxidacio,
tant amb O3 com amb radicals OH (Rudich, 2007). Amb aquest envelliment
decreix la seva volatilitat, i també es pot alterar la seva densitat i
higroscopicitat.

L’interés per la matéria particulada ha crescut considerablement en la
ultima década, com ho demostren la quantitat d’articles relacionats amb aquest
tema (més de 1000 publicacions anuals des del 2004). Els compostos més
analitzats han estat tipicament inorganics, com en un estudi on s’han analitzat
els metalls presents en el material particulat en una zona urbano-industrial
(Mbengue, 2014), pero en l'actualitat es comenca a analitzar també la fraccid
organica. Per exemple en un estudi es va analitzar els compostos nitro-
organics en filtres de PMo en una zona rural (Kahnt, 2013). En aquesta Tesi
s’han estudiat compostos organics primaris i secundaris presents en els

aerosols, els quals es descriuran amb detall més endavant.
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Compostos Oxidants (I'ozo)

L’0z6 és la substancia principal d’aquest grup. S’ha de diferenciar entre
'ozd estratosferic, que és imprescindible per a la vida del planeta ja que
absorbeix les radiacions ultraviolades del sol, i '0z6 troposféric, que és el que
es troba a la superficie de la terra i és un important contaminant secundari.
L’0z6 estratosféric va ser un punt de maxima preocupacio (cap al 1987) quan
es va produir un forat en la seva capa a causa dels CFCs
(clorofluorocarbonats) que s’utilitzaven com a fluids refrigerants. El problema es
va comengar a solucionar amb el Protocol de Montreal, en el que es va firmar el
compromis de reduir a la meitat la produccié de CFC’s en un periode de 10
anys. En l'actualitat el problema es considera solucionat, degut a la prohibicio
dels productes causants, que s’han substituit per altres. L’'oz6 troposferic es
forma per reaccions induides per la llum solar (reaccions fotoquimiques) en les
que participen principalment els oxids de nitrogen i els hidrocarburs presents a
I'aire. Aquest fenomen rep el nom d’smog fotoquimic, i és bastant habitual a
ciutats que tenen elevat trafic i condicions calides amb sol. L'0oz6 s’ha estudiat
frequentment degut a que és un contaminant important, pot causar mortalitat
prematura (Nawahda, 2013), i també pels diferents problemes que ha creat en
el medi ambient, perd el seu estudi continua sent d’actualitat, degut per
exemple a que els nivells permesos d'0z6 es superen en moltes ciutats
europees (Gerosa, 2007). En aquesta Tesi s’ha estudiat la variacié temporal de
loz6 a Barcelona durant diversos anys, aixi com la seva relacid

complementaria amb I'0xid de nitrogen, amb métodes quimiométrics.

Altres compostos

Entre els contaminants més estudiats tenim el dioxid de carboni (CO,),
que és un contaminant primari amb gran importancia degut a la seva
participacio en I'efecte climatic i I'escalfament global del planeta. El dioxid de
carboni es troba present a I'atmosfera de forma natural, no és toxic i té un
paper important en el cicle natural del carboni, pel que no s’hauria de
considerar una substancia que contamina, pero I'efecte hivernacle és un tema
d’actualitat, pel que els estudis relacionats amb el CO; sén habituals. El didxid

de sofre, SO, també és un important contaminant primari, que és irritant i toxic,
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i s’emet a I'atmosfera per activitats humanes com la metal-lurgia i també de
manera natural en I'activitat volcanica. El didoxid de sofre s’allibera en molts
processos de combustio ja que combustibles com el carbd, el petroli, el diesel o
el gas natural contenen una quantitat de compostos amb sofre, perd el seu us
s’ha limitat en el transport, principalment a la Uni6 Europea. El trioxid de sofre,
SO;, és un contaminant conegut per reaccionar amb l'aigua produint la
formacié d’acid sulfuric, H.SO4, i 'anomenada pluja acida que produeix
importants problemes sobre la salut dels organismes bioldgics, la reproduccid
dels peixos i amfibis, la corrosié de metalls, etc.

Altres contaminants importants son les substancies radioactives. Alguns
isotops radioactius com el rado 222, iode 131, cesi 137 i cesi 134 s6n emesos a
I'atmosfera com a gasos o com a particules en suspensio. Normalment es
troben en concentracions baixes i no suposen perill, perd en concentracions
relativament altes (molt baixes en valor absolut) poden provocar cancer i
afectar a la reproduccié de les persones humanes i dels éssers vius. La seva
preseéncia a I'atmosfera pot ser deguda a fenomens naturals perd també a
activitats humanes com les centrals nuclears, les armes nuclears, i a algunes
practiques mediques.

Finalment dins d’aquesta categoria es poden incloure alguns parametres
fisics que no sén substancies quimiques, perd que també formen part de la
contaminacié atmosferica. Entre aquests parametres tenim la temperatura, que
pot tenir importancia en algunes zones, el soroll, que pot causar disminucié de
la capacitat auditiva o la contaminacié electromagnética que pot arribar a

alterar el metabolisme cel-lular.

2.2 Quimiometria

La quimiometria és una disciplina que utilitza les matematiques,
'estadistica i la logica formal per dissenyar i seleccionar procediments
experimentals optims, i per obtenir la maxima informacio i coneixement quimic
a partir de l'analisi de dades quimiques (Massart, 1997). Encara que les
metodologies estadistiques com l'ajust de corbes o el control estadistic es van
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utilitzar en quimica analitica molt abans, no va ser fins el 1971 quan Svante
Wold va introduir el terme quimiometria (Brereton, 1990). Una mica més tard,
Bruce Kowalski amb col.laboracié amb Wold van formar la Societat
Internacional de Quimiometria (Hopke, 2003). Amb l'arribada dels ordinadors
als laboratoris analitics i I'increment de les dades generades per instrumentacio
analitica cada vegada més sofisticada, la disciplina de la Quimiometria va
adquirir forca al llarg dels anys 80. Es aixi com van aparéixer dues revistes
especialitzades en quimiometria, Chemometrics and Intelligent Laboratory
Systems (1986) i Journal of Chemometrics (1987), que van consolidar
definitivament aquesta disciplina.

La quantitat d'informacié disponible a partir de les mesures analitiques
s’ha incrementat molt en els darrers anys, de manera s’han necessitat métodes
més complexos per resoldre la informacié contenida en els estudis realitzats.
La quimiometria ha passat a ésser una eina molt important, ja que ens permet
processar i interpretar la gran quantitat d’informacié quimica contenida en les
dades analitiques obtingudes (Hanrahan, 2009). Dins dels procediments
quimiomeétrics, I'analisi estadistic multivariant continua guanyant acceptacio
entre els quimics com ho demostra la seva creixent aparicid en la literatura
rellevant de les diferents disciplines quimiques, especialment de la quimica
analitica, i de les diferents disciplines aplicades que se’n deriven. Aixo és degut
a la varietat i complexitat de les dades instrumentals que produeixen
actualment els instruments moderns i al desenvolupament d’'una gran quantitat
d’algorismes matematics moderns disponibles pels quimics analitics en
aplicacions ambientals, biologiques o en 'analisi d’aliments (Escandar, 2007).

Les noves técniques analitiques, cada vegada més sensibles i
sofisticades, proporcionen una enorme quantitat de dades de diferents tipus
(cinétiques, farmacéutiques, protedmiques, metabolomiques, etc.) que es
poden classificar segons la seva complexitat i mida. Aixi les dades son d’ordre
zero, si com a resultat d’'una mesura sobre una mostra es té un valor escalar
(es produeix una resposta individual per mostra). Sén en canvi de primer ordre,
si es té com a resultat d’'una mesura sobre una mostra, un vector (per exemple
un espectre). Son de segon ordre si es té com a resultat d'una mesura sobre

una mostra, una taula o matriu de dades (per exemple utilitzant un instrument
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analitic que registra espectres d’excitacio-emissié o acoblant dos instruments
de primer ordre, com LC-DAD o CG-MS). Son de tercer ordre, si es té com a
resultat d'una mesura sobre una mostra, un conjunt de taules o matrius de
dades, o el que és el mateix, un cub de dades. Depenent de les dades que
tinguem en cada cas particular, es poden utilitzar uns métodes quimiometrics o
uns altres (Escandar, 2007).

Per dades d’ordre zero s’utilitza habitualment un ajust lineal per minims
quadrats, que es coneix com a calibracié univariant, i que requereix selectivitat
total per I'analit d'interés (Danzer, 1998). Per dades de primer ordre s’ha de
compensar la falta de selectivitat amb algorismes matematics eficients per
extraure el senyal que faci possible predir la concentracié d’un constituent en
presencia d’altres senyals interferents. Per I'analisi de dades d’aquest tipus
s’han desenvolupat métodes com el Principal Component Regression (PCR) o
el Partial Least Squares (PLS) (Hanrahan, 2009). Quan les dades es
comporten de manera no lineal respecte de la concentracié de I'analit, llavors
es poden utilitzar altres métodes com el Artificial Neural Network (ANN) o el
Least-Squares Support Vector Machine (LS-SVM) (Suykens, 2009). En tots els
casos es necessaria la construccidé d'un conjunt de mostres de calibracié
representatives de la variabilitat de les mostres desconegudes, i realitzar la
validaci6 del model obtingut amb un conjunt de validacié apropiat
(preferiblement no emprat per al calibratge del model) i representatiu del que
seran posteriorment les mostres de prediccio. Per dades de segon ordre i
superiors, hi ha altres métodes més sofisticats com el Parallel Factor Analysis
(PARAFAC, Bro, 1997b), el Generalized Rank Annihilation Method (GRAM,
Sanchez, 1986), el Direct Trilinear Decomposition (DTLD, Sanchez, 1990) o el
Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS, Tauler,
1995a), que son especialment rellevants per I'analisi de barreges complexes.
Altres métodes molt utilitzats per analitzar dades amb estructures de segon
ordre, son l'analisi de components principals (Principal Component Analysis,
PCA, Jollife, 2002), o en general els que es deriven de la familia de métodes
anomenats d’analisi de factors (Factor Analysis, FA, Hopke, 2009a), els
métodes de reconeixement de pautes (Pattern Recognition, Hopke, 2009b) o
els métodes d’analisi d’agrupacions (Cluster Analysis (CA, Bratchell, 1989) o de
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discriminacio (Discrimant Analysis DA, Lavine, 2009) entre d’altres. Per dades
d'ordres superiors s’utilitzen també els métodes com PARAFAC, TUCKER3
(Tucker, 1966) o MCR-ALS.

Tots aquests metodes tenen aplicacions molt diverses, entre les que
destaquen les aplicacions medioambientals (per qualsevol dels compartiments
ambientals, ja siguin l'aigua, l'aire o els sols) que sén el motiu d’estudi
d’'aquesta Tesi. Aquesta Tesi s’ha centrat en l'estudi de la contaminacié de
I'aire i una part molt important de la qual ha estat dedicada a la modelitzacio i
I'estudi de les fonts de contaminacio, pel que en el seguent apartat es fara una
introduccié als models de distribucié proporcional de fonts de contaminacid
(source apportionment).

Models de distribucio (proporcional) de fonts

En el camp de les ciéncies atmosfériques els models de distribucid
(proporcional) de fonts (source apportionment) intenten reconstruir els impactes
sobre un determinat lloc geografic de les emissions de les diferents fonts de
contaminants atmosférics, basant-se en mesures ambientals registrades en
diferents localitzacions o estacions de presa de mostra. L’assumpcié basica és
que la variacio total associada als canvis de concentracio dels contaminats pot
ser descrita amb un nombre reduit de fonts de contaminacié d’origens diversos
(industrial, agricola, antropogénica...) definits per perfils que descriuen la seva
composicio quimica i la seva distribucio (o contribucid) temporal i/o geografica.
Les tecniques de distribucié de fonts son eines importants en el disseny de
programes de control efectiu d’emissions per reduir la pol-lucié per particules
d’aire. Les possibilitats dels estudis de distribucié de fonts es poden veure
incrementades amb I'us simultani de multiples tracadors coneguts com a
constituents dels perfils quimics de composici6 de determinades fonts de
contaminacio.

El nombre de técniques existents per a I'estudi de la distribucié de fonts
és relativament llarg i inclou métodes com I'analisi de components principals
(Principal Component Analysis, PCA, Jollife, 2002), el balan¢ de masses quimic
(Chemical Mass Balance, CMB, US-EPA, 1987) o la factoritzacio positiva de
matrius (Positive Matrix Factorization, PMF, Paatero, 1994). Aquestes
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tecniques requereixen diferents graus de coneixement de les fonts de
contaminacié. En aquesta Tesi es proposa i s'utilitza el métode de resolucio
multivariant de corbes per minims quadrats alternats, MCR-ALS (Multivariate
Curve Resolution Alternating Least Squares; Tauler, 1995a; Tauler, 1995b;
Jaumot, 2005), que ja ha estat utilitzat préviament en estudis de distribucié de
fonts en sistemes aquatics (Salau, 1997; Terrado, 2009) i que s’explicara en
detall en I'apartat 4.4.2 de la present Tesi.

El CMB necessita un coneixement previ detallat de la naturalesa quimica
de totes les fonts possibles i dels seus perfils d’emissié i en canvi el PCA, PMF
i MCR-ALS no precisen d’aquest coneixement i les fonts s’estimen durant la
mateixa analisi de dades. EI PCA utilitza restriccions matematiques fortes
(ortogonalitat, normalitzacio) que li permeten obtenir una solucié unica a partir
de la qual es pot fer una interpretacio ambiental a partir dels perfils (scores i
loadings) dels components que descriuen la naturalesa de les fonts de
contaminacié. Aquesta interpretacidé és no obstant de vegades dificil (degut a
les restriccions matematiques imposades per PCA en la seva obtencid) pero la
seva aplicacidé és senzilla i proporciona solucions sense ambiguitat. EI métode
CMB requereix un coneixement previ de les fonts d’emissio i per tant, és
incapa¢ de descobrir quines son les fonts de contaminacié no préviament
conegudes. El PMF integra restriccions naturals com la no-negativitat i
estimacions de les incerteses en una optimitzacid no lineal dels perfils de
distribucio i de composicié de fonts. El fet que apliqui restriccions més naturals
que el PCA té per una banda lI'avantatge de proporcionar solucions fisicament
més similars a les vertaderes, pero en canvi no presenta sempre I'avantatge de
solucions uniques com les de PCA. El métode MCR-ALS (descrit amb detall en
I'apartat 4.4.2) es basa en una optimitzacié per minims quadrats alternats sota
restriccions de no-negativitat i produeix perfils més interpretables que PCA i
analegs al PMF (Tauler, 2009; Staminirova, 2011), pero a partir d’'un algorisme
matematic més senzill i flexible que aquest ultim. A l'apartat 4 es fa una
descripcido detallada dels meéetodes de determinacié de distribucié de fonts

(source apportionment) de contaminacié emprats en aquesta Tesi.
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2.3 Contaminants ambientals estudiats en aquesta Tesi

En aquesta Tesi s’han estudiat tant contaminants primaris com
secundaris. Per una part s’ha estudiat la contaminacioé atmosféerica per oxid de
nitrogen i per 0zo, a partir de dades obtingudes en campanyes de seguiment de
la qualitat atmosférica del Departament de Medi Ambient de la Generalitat de
Catalunya. Per una altra banda, s’ha estudiat la contaminacié atmosférica per
compostos organics obtinguts a partir de la seva extraccio en mostres de
material particulat (PM2s i PM4) i analitzats posteriorment al laboratori per
cromatografia de gasos acoblada a espectrometria de masses.

En les primeres etapes d’aquesta Tesi es va fer un estudi sobre les
variacions geografiques i temporals de la contaminaci6 per NO a Catalunya. La
gran quantitat disponible de dades de diferents anys en diferents estacions, va
permetre I'aplicacié de diversos métodes quimiometrics (principalment MCR-
ALS) i interpretar la seva informaci6. Aixd va permetre la preparacié d’'una
primera publicacié, on es comparaven les dades obtingudes en diferents
estacions de mesura. Es van poder investigar les relacions que existien entre
elles i estudiar els perfils de variaci6 temporal de les fonts principals de
contaminacié detectades. Com també es disposava de dades de
concentracions d’'0z6 en alguns anys coincidents, es va realitzar I'estudi de les
relacions complementaries entre aquest compost 0z6 i el NO. En aquest estudi
es va avancar en la implementacié de diferents restriccions aplicables al
métode MCR-ALS, com la interaccié entre components, que s’explica en detall
en la seccio 4.4.2.4 de l'apartat 4 d’aquesta Tesi. Aquesta nova restriccio
permetia millorar la interpretacié de les fonts o pautes de contaminacié quan
presentaven algun dels seus perfils temporals comuns. També es van
comparar els resultats obtinguts per MCR-ALS amb els obtinguts a partir
d’altres meétodes quimiometrics equivalents com sén els metodes PARAFAC i
el TUCKERS3 (veure seccions 4.4.3 i 4.4.4 de l'apartat 4). A partir d’aquests
resultats es va preparar una segona publicacio. A partir dels resultats obtinguts,
es va poder fer una interpretaci6 molt detallada dels mecanismes



38 Capitol 2

complementaris de formacio i destruccié de O3z i de NO i de la seva diferent
incidéncia a escala diaria (horaria), estacional i interanual.

Com nomeés s’havia pogut treballar simultaniament amb les dades de NO
i O3 que tenien anys coincidents, es va desenvolupar una nova versio del
programa MCR-ALS que permetés treballar amb dades incompletes, és a dir
amb dades dels dos contaminants que presentessin anys coincidents i anys no
coincidents. En el cas estudiat, aquestes dades incompletes corresponien
doncs a anys sencers dels quals no es disposava de dades. El meétode
desenvolupat ha permes optimitzar simultaniament les matrius de dades de O3
i de NO encara que no coincideixin en el seu any d’adquisicio, de forma
combinada amb aquelles en les quals si que hi havia aquesta coincidéncia.
Aquests resultats han estat publicats recentment (Article 3) i s’explicaran amb

detall a la seccio 5.

A continuacié es mostren les estructures del NO i I'Os.

v
N=CQ  massamolecular 30.01 g mol™
¥ ¥
.-O//O\o-__ - _.-O/O% 3

massa molecular 48 g mol™

Les caracteristiques més destacades de I'0z06 i del NO ja s’han explicat en els

apartats anteriors.

L’estudi de contaminants organics en filtres de material particulat va
sorgir a partir de la col-laboracié en el projecte SAPUSS (Solving Aerosol
Problems by Using Synergistic Strategies, FP7-PEOPLE-2009-IEF-254773,
Dall’Osto, 2013). En aquest projecte s’ha estudiat la composicié de I'aerosol de

la ciutat de Barcelona i s’han determinat els processos principals (fonts
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d’emissid) responsables de la seva composicié. Es va fer un seguiment de la
qualitat de l'aire de la ciutat de Barcelona durant 30 dies entre els mesos de
setembre i octubre de I'any 2010 utilitzant diferents técniques de presa de
mostra i d’analisis “on-line” i “off-line”. Es van recollir mostres de material
particulat (PM1o, PM25, PM4) en diverses estacions situades a la ciutat de
Barcelona. En el cas particular d’aquesta Tesi, s’han analitzat mostres de PM;
en dues localitzacions de la ciutat de Barcelona (Torre Girona (UB) i carrer
Urgell (RS)). En el capitol 3 d’aquesta memoria, s’explica el procediment
experimental analitic utilitzat per a la determinaciéo dels compostos organics
amb detall. S’ha emprat la cromatografia de gasos acoblada a I'espectrometria
de masses per a determinar la concentracié cada 12h de 35 compostos en les
dues localitzacions durant 26 dies. Per poder interpretar simultaniament i millor
tota la informacidé adquirida a partir d’aquestes analisis s’han utilitzat métodes
estadistics i d’analisi multivariant de dades, també anomenats en el cas de
dades quimiques, métodes quimiométrics. S’han utilitzat métodes com el PCA
(Analisi de Components Principals) i el MCR-ALS (Resolucié Multivariant de
Corbes per minims quadrats alternats), els quals permeten la resolucid i
interpretacio de les possibles pautes, tendéncies o fonts de contaminaciod i la
determinacié de la seva distribucid geografica i temporal. Amb aquests
métodes s’ha pogut deduir i comparar la qualitat atmosférica de I'aire de les
estacions de presa de mostra investigades i estimar les influéncies de les
possibles fonts d’emissié6 de PM¢ a Barcelona en el periode estudiat. Amb els
resultats obtinguts en aquest estudi s’ha fet una publicacio cientifica (Article 4),
la qual s’explicara amb més detall en la secci6 de resultats.

L’estudi de contaminants organics urbans a partir de filtres de material
particulat es va continuar amb la col-laboraci6 amb el projecte CalNex 2010
(California Nexus, Research at the Nexus of Air Quality and Climate Change)
en el qual es van mesurar mostres d’aire a Pasadena (Los Angeles). Aquesta
campanya es va centrar en I'estudi de la quimica nocturna i en la formacié de
I'aerosol organic secundari durant un mes, entre maig i juny de 2010. En el
nostre cas es van analitzar filtres de PM; s dels compostos organics solubles en
aigua amb el mateix procediment anterior, que s’explicara amb detall al capitol

3 d’aquesta memoria. S’han utilitzat els métodes quimiomeétrics per resoldre i
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interpretar les possibles fonts de contaminacié organica de la ciutat de Los
Angeles. Els resultats obtinguts a Los Angeles s’han comparat amb els
obtinguts a Barcelona per investigar les seves similituds i diferéncies, en relacié
a les fonts d’emissio entre les dues localitzacions. Les dues ciutats tenen un
clima mediterrani semblant caracteritzat per elevades radiacions solars i
frequents condicions atmosferiques anticicloniques, per la qual cosa resulta
especialment interessant aquesta comparacié a pesar de la seva gran distancia
geografica. També ha estat especialment interessant I'aplicacié simultania del
metode MCR-ALS al conjunt de dades format pels resultats obtinguts en les
dues ciutats. Amb aquests resultats s’ha publicat recentment un article en una
revista cientifica (Article 5).

Els contaminants organics identificats i analitzats cromatograficament en

aquests dos treballs es descriuen a continuacio.

Galactosan, Mannosan, Levoglucosan

Aquests compostos s’obtenen de la degradacio térmica de la cel-lulosa i
hemicel-lulosa (Simoneit, 2002; Reche, 2012) i es poden utilitzar com a
marcadors de la crema de biomassa. Formen una part important de la fraccié
de carboni organic soluble en els aerosols atmosferics i tenen importancia en la
formacio de nuvols i precipitacions i en el clima en general, entre altres efectes.
Degut a la crema de fusta per a calefaccio de les llars, les concentracions de
levoglucosan i dels seus estereoisomers, mannosan i galactosan, son
generalment elevades durant el hivern. Encara que el levoglucosan és
susceptible d’oxidacié durant el seu transport atmosféric, (Hennigan, 2011;
Kessler, 2010) s’ha observat també a baixes concentracions a l'estiu a
Barcelona (van Drooge, 2012a). El levoglucosan és una glucosa deshidratada
amb un grup funcional cetona i és un tragador especific de la crema de
biomassa. Les emissions de manosan i galactosan son menors que les de

levoglucosan.
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Levoglucosan
CeH1005 (1,6-anhidro-beta-D-glucopiranosa) ’
massa molecular 162.14 g mol” on

OH

Galactosan
CeH1005 (1,6-anhidro-beta-D-galactosa)
massa molecular 162.14 g mol™

Mannosan
CeH1005 (1,6-anhidro-beta-D-manopiranosa)
massa molecular 162.14 g mol™

Hidrocarburs aromatics policiclics

Els hidrocarburs aromatics policiclics (PAH) sén un grup nombrés de
substancies quimiques que sén derivats polimérics del benzé. Van ser els
primers agents quimics reconeguts com a causants de tumors malignes en
humans, degut a la seva facilitat d’interaccié amb el material genétic cel-lular.
Els PAH es formen basicament quan la matéria organica es sotmet a elevada
temperatura durant suficient temps. Es poden produir per fonts naturals com les
erupcions volcaniques o incendis forestals, perd a l'actualitat en el moén
desenvolupat, son més importants els produits pels motors de combustié dels
vehicles motoritzats, per les calefaccions domestiques o per les plantes
industrials. També I'habit de fumar o els aliments massa torrats per efecte del
foc, poden fer incrementar I'exposicid a aquests compostos fins superar els
nivells de risc (Vives, 2001).

Els hidrocarburs aromatics policiclics constitueixen una familia de
compostos que es troba ampliament distribuida en el medi ambient i que es
caracteritzen per contenir dos o més anells de benze units entre si. La majoria
contenen només atoms de carboni i d’hidrogen i son estructures polinuclears de
tipus aromatic. Els PAH son substancies lipofiles, tendéncia que s’incrementa
amb l'augment de la seva massa molecular. Sén inestables fotoquimicament,

degradant-se amb la llum (Albers, 1995). La toxicitat de molts PAH acostuma a
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ser baixa, perd son importants els efectes que produeixen a mig i llarg termini.
Existeixen centenars de compostos del tipus PAH i en molts d’ells s’ha
demostrat una activitat carcinogenica, mutagénica o immunosupressora (Koss,
1999), perd no es bioacumulen, ja que es metabolitzen per diferents vies i els
seus metabolits s’eliminen per la orina. En general, els PAH de baix pes
molecular son els que més s’absorbeixen. La genotoxicitat dels PAH depén en
gran mesura de la seva estructura. L'exposicio humana a aquests compostos
es deu a la inhalacio o ingestio, encara que també és possible per via cutania.
Després de la seva absorcid es distribueix per diversos organs i teixits,
especialment els rics en lipids. Un cop incorporats a I'organisme, experimenten
una oxidacié enzimatica convertint-se en epoxids i dihidrodiols. Aquestes
espécies quimiques constitueixen la forma genotoxicament activa dels PAH,
que poden formar adductes covalents amb les proteines i amb els acids
nucleics cel-lulars. Els adductes amb ADN poden donar lloc a mutacions
genetiques, amb possibles consequencies tumorals malignes per als individus
exposats, sense oblidar el risc de malformacions en embrions i fetus. A la Taula
2.1 es mostren els efectes carcinogénics, genotoxics i mutagenics d’alguns
PAH.

FAH=s Carcinogenicidad Ganatoxicidad Mutagenicidad
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Antracano
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Taula 2.1. Dades relatives als efectes carcinogénics, genotoxics i mutagénics d’alguns
PAHSs.

Els PAH es formen durant la combustié incompleta del petroli i dels seus
derivats, perdo també en la combustié incompleta de tot tipus de matéria
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organica com el carbo, la fusta, el tabac o la vegetacio en general (Albers,
1995). De fet son els components principals de I'emissio dels motors diésel i de
la crema de biomassa (Schauer, 1999 i 2001). La pirdlisi de la matéria organica
€s un procés molt estes, el que explica la amplia distribucié dels PAH en tots
els compartiments ambientals (aire, soOls, aigues, sediments i teixits biologics) i
en els aliments (carn i peix fumats, cereals, sucre, olis, greixos, llets i derivats
lactics, sobre tot). Les concentracions de PAH en el medi ambient poden arribar
a ésser importants. Aquests compostos s’han trobat en l'aire de les grans
ciutats a concentracions elevades degut a la densitat de vehicles o fonts
directes de combustio, perd també es troben en les aigues, sediments i neu de
llacs d’alta muntanya (Carrera, 2001; Vilanova, 2001). Gracies a la seva relativa
volatilitat i capacitat d’adsorcié a les particules atmosfériques, els PAH es
transporten continuament a través de l'aire, i podent ser dipositats en llocs
remots a gran distancia.

A continuacié es descriuen els usos d'alguns PAH que es troben
frequentment en les campanyes de seguiment ambiental. L'antracé s’utilitza en
la produccié d’antraquinona, la qual s’utilitza com a matéria primera per a la
fabricaci6 de colorants rapids, per diluir conservants de la fusta, i en la
produccio de fibres sintétiques, plastics i monocristalls. El fenantré s'utilitza en
la fabricacido de colorants i explosius, i en la sintesi de farmacs. El fluoranté
s’utilitza com a material de revestiment per protegir l'interior de les tuberies
d’aigua potable d’acer i els tancs d’emmagatzematge (Stellman, 1998; Lawerys,
1994). El benzola]pire i el crisé es troben en el quitra d’hulla, en els gasos
d’escapament dels vehicles i també es poden trobar en altes concentracions als
fums de tabac.

Els PAH que s’han estudiat en aquesta Tesi son:

Fenantré, C14H4o, massa molecular 178,23 g/mol
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Antrace, Cq4H+0, massa molecular 178,23 g/mol

Fluoranté, C4sH1, massa molecular 202,26 g/mol

S
se

Pire, C1eH10, massa molecular 202,25 g/mol

Benz[a]antracé, CigH12, massa molecular 228,29 g/mol

Crisé, C1gH12, massa molecular 228,28 g/mol
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Benzo[k]flouranté, CxoH12, massa molecular 252,31 g/mol

Benzo[b]fluorante, CyH12, massa molecular 252,31 g/mol

g
0

Benzo[e]pire, CaoH12, massa molecular 252,31 g/mol

Benzo[a]pire, CzoH12, massa molecular 252,31 g/mol

Benzo[ghi]perilé, C2H12, massa molecular276,33 g/mol



46 Capitol 2

Indeno[cd]piré, Cx2H12, massa molecular 276,33 g/mol

Coroné, Cz4H12, massa molecular 300,35 g/mol

Hopans
Els hopans son triterpens pentaciclics que contenen entre 27 i 35 atoms

de carboni en una estructura naftalénica composta de quatre anells de sis
carbonis i un anell de cinc carbonis. Procedeixen de precursors amb grups
funcionals presents en les bacteries. Els hopanoids estan presents en les
membranes de molts procariotes, tant aerdbics com anaerobics i la seva funcid
sembla ser la millora de I'estabilitat de les parets cel.lulars. Els hopans amb la
configuracio 17a(H), 21b(H) (en el intérval C,7-Css) son caracteristics del petroli
(Hester, 2008), i s'utilitzen com a marcadors moleculars dels olis minerals. La
seva presencia pot estar relacionada amb residus d’olis de lubricacié no
cremats en els vehicles a motor, especialment en els cotxes diésel (Schauer,
2007).

Els hopans que s’han estudiat en aquesta Tesi son el 17a(H)21b(H)-29-
norhopa i el 17a(H)21b(H)-hopa, que tenen l'estructura seglent i defereixen en

un metil i la posicio d’aquest:
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17a(H), 21B(H)-29-norhopa
C29Hso
massa molecular 398.71 g/mol

17a(H), 21p(H)-hopa
CaoHs2
massa molecular 412.73 g/mol

Nicotina

La nicotina és un alcaloid que esta present a elevades concentracions en
el fum de tabac. De fet, el fum del tabac és una de les fonts petites que
contribueixen al material particulat organic fi. La nicotina és un possible
tracador del fum de tabac i esta distribuida entre la fase gas i la fase
particulada. Encara que generalment sota condicions ambientals (degut a la
seva relativa elevada volatilitat) esta principalment en la fase gas, es pot
detectar a nivells traca en els filtres de material particulat (Bi, 2005). La nicotina
associada a la fase gas és susceptible de fotodegradacié (Eatough, 1989) i per
tant no és un tragador quantitatiu fiable, encara que es pot utilitzar com un
tragador qualitatiu. Si es detecta nicotina en la materia particulada fina urbana,
s’ha de considerar com a indicacio de que el fum de tabac és troba present. En
canvi, la seva quantificaci6 acurada s’hauria de basar en tragadors més

estables.

Nicotina
C1oH14N2
massa molecular 162.23 g mol™
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Acids carboxilics, dicarboxilics i altres

Els acids dicarboxilics son un grup important dels compostos organics
identificats en els aerosols atmosferics (Rogge, 1993b). La seva contribucio a la
quantitat total de particules de carboni va des del 1 i el 3 % en les arees
urbanes i semiurbanes fins al 10% en medis marins remots (Kawamura, 1999).
Els diacids carboxilics son altament solubles en aigua i tenen el potencial de
modificar les propietats higroscopiques de les particules atmosferiques, i
afecten a la seva mida (Cruz, 1998). Els acids dicarboxilics provenen de
diferents fonts, entre les quals hi ha les emissions primaries de combustibles
fossils, la crema de biomassa (Simoneit, 1986), el fum de tabac (Rogge, 1994),
aixi com la oxidacié fotoquimica de precursors organics tant d’origen
antropogenic com biogénic (Chebbi, 1996). Entre aquests acids dicarboxilics hi
ha els de cadena curta com l'oxalic, el malic, el succinic o el glutaric. Entre els
de cadena més llarga tenim els acids azelaic, pimélic i subéric, que son
productes d’oxidacio dels acids grassos insaturats, com l'acid oleic (Kawamura,
1987). Malgrat els avengos que s’han fet per esclarir els tipus de fonts dels
acids dicarboxilics, encara queda per esbrinar la seva preséncia i formacié en

les particules (Kerminen, 2000).
Els compostos estudiats son:

Acid malonic (acid propanodioic)

C3H404
HOJ\/U\OH

massa molecular 104,06 g/mol

Acid succinic (acid butanodioic)

C4HgO4 HOJ\/\H/OH

massa molecular 118,09 g /mol 0

Acid glutaric (acid pentanodioic)

CsHeO4 J\/\)l\
HO OH

massa molecular 132,12 g/mol
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Acid pimelic (acid heptanodioic)

C7H1204 HOJ\/\/\AOH

massa molecular 160,17 g/mol

Acid subeéric (acid octanodioic)

CgH1404 HDMOH

massa molecular 174,20 g/mol 0

Acid azelaic (acid nonanodioic)
CoH1604 HOi/\/\‘/\‘j\DH

massa molecular 188,22 g/mol

Acid glicéric (acid 2,3-dihidroxipropanoic) 0
C3HsO4 HO OH
massa molecular 106,08 g/mol CH
Acid malic (acid hidroxibutanodioic) O OH
CaHe0s HO OH

0

massa molecular 134,09 g/mol

Acid tartaric (acid 2,3-dihidroxibutanodioic) oH ©O
C4H606 HONOH
massa molecular 150,087 g/mol O OH

Acid tricarballitic (1,2,3-propantricarboxilic acid)

CeHsOs

massa molecular 176 g mol™ HOOC COOH
COOH

Acid ftalic (acid benzé-1,2-dicarboxilic)

COOH
X
massa molecular 166,14 g/mol COOH
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Productes d’oxidacio del a-pinene

El a-pinene (2,6,6-trimetilbiciclo [3,1,1] hept-2-&), és un compost organic
de la classe dels terpens i és un dels dos isomers del pinene. Els terpens
(formats per unitats d’isopre (2-metil-1,3-butadieé)) sén principalment emesos
per les coniferes i el a-pinene és un dels emesos en quantitats més grans. Esta
ben establert que els terpens donen lloc a I'aerosol organic secundari a través
de reaccions amb I'ozo i els radicals NO3 (Claeys, 2007). En analisis recents
duts a terme amb a-pinene en cambres de fums s’han observat la formacié de
productes altament oxidats (Edney, 2003; Kubatova, 2000) que també s’han
detectat en mostres de material particulat. El cis-pinonic acid, 3-hidroxiglutaric i
3-metil-1,2,3-butanetricarboxylic acid (MBTCA) han estat identificats tots ells en
els aerosols atmosférics i estan relacionats amb la oxidacié fotoquimica de
compostos biogénics volatils del a-pinene (Claeys, 2007; Szmigielski, 2007).

L’acid cis-pindnic és un producte de primera generacio de la oxidacio
dels monoterpens (a i B-pinens) per 0zé o pel radical OH (O’'Dowd, 2002). En
alguns estudis s’ha trobat acid cis-pinonic en aerosols en les immediacions de
boscos confirmant aixi la seva importancia en aerosols biogénics (Cheng,
2004). També estudis recents de laboratori han trobat I'acid cis-pinonic com a
indicador de I'edat de I'aerosol atmosferic, i es considera per tant que é€s un bon
tragador de I'aerosol organic biogénic secundari (Jimenez, 2009).

La formacio de I'acid 3-hidroxiglutaric i del MBTCA es pot explicar a
partir de la reacci6 d'oxidacid6 en fase gas de l'acid cis-pinonic, amb la
participacio del radical OH (Szmigielski, 2007). També es pot formar per
irradiacio del a-pinene en preséncia de NOx (Edney, 2003). La preséncia
d’aquests compostos es va detectar per primera vegada en mostres d’aerosol
de '’Amazonia i de Bélgica (Kubatova, 2000).

Els compostos derivats de la oxidacié del a-pinene que s’han estudiat

son:
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Acid 3-hidroxiglutaric (acid 3-hidroxipentanodioic) O OH O

CsHgOs5 HOWOH

massa molecular 148,11 g mol

Acid 3-metil-1,2,3-butantricarboxilic (MBTCA)

CgH1206 .
massa molacular 204,12 g mol™ o
COOH
Acid cis-pinonic (acid 3-acetil-2,2-dimetilciclobutaneacetic) HaC_ CHj o
C10H160
10M16U3 HzC OH
massa molecular 184,23 g/mol o)

Productes d’oxidacio de l'isopré

Hi ha diversos compostos que sén tragadors d’isopre en I'aerosol organic
secundari, alguns d’ells han estat descoberts recentment com els 2-metiltetrols
(2-metiltreitol i 2-metileritritol) i I'acid 2-metilgliceric (Claeys, 2004a; Hallquist,
2009). La fotooxidacié del isopré és una font important del aerosol organic
secundari (SOA), encara que no totes les emissions de isopré es transformen
en SOA (Claeys, 2004b). Els 2-metiltetrols es poden obtenir de la reaccio
d’'isoprée amb peroxid d’hidrogen, el qual que es pot formar a I'atmosfera per
combinacié de peroxiradicals (Penkett, 1979), en preséncia d’acid sulfuric com
a catalitzador (Claeys, 2004a). L’acid 2-metilgliceric es produeix a partir de la
fotooxidacio rapida del isopre emes localment. Altres tracadors de SOA del
isopré son, a més dels 2-metiltetrols i I'acid 2-metilgliceric, els Cs alquentriols
(2-metil-1,3,4-trihidroxi-1-buté (cis i trans) i 3-metil-2,3,4-trihidroxi-1-buté)
(Edney, 2005, Wang, 2005). ElI Cs alquentriols es poden explicar per la
obertura, catalitzada amb acid, d’'un anell epoxidiol derivat del isopreé, com el
1,2-epoxi-2-metil-3,4-dihidroxibuta o el 1,2-dihidroxi-2-metil-3,4-epoxibuta.

Els compostos organics solubles en aigua com els Cs alquentriols, poden

millorar la capacitat dels aerosols atmosférics per actuar com a nuclis de
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condensacié de nuvols, i que per tant sén importants en la formacioé de boires i

en la disminucio de la visibilitat en arees forestals (Wang, 2005).
Els compostos derivats de la oxidacio de l'isopré que s’han estudiat son:

Acid 2-metilglicéric (acid 2,3-dihidroxi-2-metil-propanoic)

Cs alquentriols
2-metil-1,3,4-trihidroxi-1-buté (cis i trans)

OH
C4HgO4 HO\MOH
massa molecular 120,10 g/mol o
CsH1003
massa molecular 118 g/mol

3-metil-2,3,4-trihidroxi-1-butée
CsH1003

massa molecular 118 g/mol
2-metiltetrols (2-metil-1,2,3,4-tetrahidroxibuta)
2-metiltreitol

CsH1204
massa molecular 136.15 g/mol
2-metileritritol

OH

OH
CsH1204 HO\XK\OH
massa molecular 136.15 g/mol HO

Altres compostos analitzats

Altres compostos com I'acid oleic i els n-alcans s’han detectat perd no
s’han pogut emprar en aquesta Tesi perqué sortien en els blancs i les seves
concentracions no eren fiables. Els blancs han de sortir nets dels compostos

analitzats, i si no és el cas no es poden quantificar adequadament ja que no es
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pot saber si la seva preséncia és deguda a que estan a l'aire o a alguna part
del procediment de la presa de mostra.

Els acids grassos insaturats constitueixen una important fraccio dels
acids grassos. L’acid oleic (9-octadecenoic) té un doble enllag que el fa
susceptible de ser atacat per 0z, i per aixd pot donar lloc a I'aerosol organic
oxidat a I'atmosfera (Vesna, 2009). En els aerosols marins continentals s’han
trobat acids grassos insaturats, sent I’acid oleic un dels més trobats. L’acid oleic
s’ha utilitzat com a marcador de la oxidacié atmosférica de materials organics
degut a la seva prevaléncia en la materia particulada troposférica (Rogge,
1991).

Els n-alcans arriben a I'atmosfera per fonts naturals i antropogéniques.
Algunes fonts biogéniques de particules de n-alcans inclouen plantes, pol-len
microorganismes i insectes (Kadowaki, 1994). Els n-alcans també venen de la
utilitzacié de combustibles fossils i olis lubricants i deriven de la seva combustid
incompleta (Lin, 2004). S’han trobat en aerosols recollits en arees marines,
arees netes continentals i en arees urbanes (Simoneit, 1991). Aquest grup de
compostos no polars és bastant estable quimicament, i per tant, la seva
quantificacio és relativament facil en comparacié amb la dels altres compostos
organics. Els alcans tenen unes pautes de distribucié peculiars i s’han utilitzat
els seus perfils per explicar l'origen dels aerosols organics atmosférics
(Schauer, 2000). En els alcans que provenen de fonts biologiques, predominen
els hidrocarburs amb un nombre de carbonis imparell. Els alcans que provenen
de fuels fossils com el petroli i del carbé no presenten cap tendéncia respecte

al nombre d’atoms de carboni.
2.3.1 Unitats de concentracio

La concentracido dels diversos agents contaminants en |'atmosfera

s’expressa habitualment amb dos tipus d’unitats:

- Unitats volum/volum, cm®/m® o mm®*m?®

- Unitats massa/volum, mg/m>, ug/m®o ng/m?
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S’ha de tenir sempre en compte que quan es considera la contaminacio
atmosférica, els valors de ppm (o ppb) sén diferents dels mg/dm® (o pg/dm?).
Per convertir unes unitats en les altres, s’ha de tenir en compte les equacions
d’estat dels gasos. En parlar de concentracions de contaminants en I'atmosfera

és necessari diferenciar els valors d’emissio dels d'immissio:

Emissié: és la concentracio de contaminants que emet un focus
determinat. Es mesura a la sortida del focus emissor.

Immissio: és la concentraciéo de contaminants present en el sinus d’una
atmosfera determinada i, per tant, és a aquests valors als que es troben

exposats els éssers vius.

Els valors de les concentracions corresponents a I'emissio o a la
immissio acostumen a ser completament diferents. Els valors d'immissié sén
consequencia no nomeés dels valors d’emissid, siné també de tots els fendomens
de barreja, transport, deposicid6 i transformaci6 que experimenten els

contaminants una vegada emesos a I'atmosfera.

2.3.2 Legislacié

Els nivells d'immissié que estableix la legislaci6 han de ser tals que
garanteixin que l'aire tingui una qualitat acceptable, encara que sabem que
sempre hi haura un cert grau de contaminacio present en qualsevol mesura
experimental. La vigilancia dels nivells d'immissio ha de fer-se en els nuclis
urbans, especialment en aquells punts situats en un entorn proxim a poligons
industrials. Els grans focus emissors tenen l'obligacié de tenir la seva propia
xarxa de vigilancia dels valors d'immissié del seu entorn geografic i d’aportar
les dades a I’Administracié competent. Per vigilar els valors d’immissio
existeixen diverses xarxes de vigilancia. Les xarxes tenen com a finalitat
coneixer els nivells de contaminants a que es veuen sotmesos els ciutadans, la
naturalesa o el patrimoni historicoartistic. Els estudis de la Organitzaci6 Mundial
de la Salut (OMS), i les investigacions realitzades sobre vegetacio i medi
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natural, fan que cada vegada els valors admesos de concentracions d’agents
contaminants siguin inferiors i, que les legislacions cada cop siguin més

exigents i restrictives.

El Reial Decret 102/2011 desenvolupa els aspectes relacionats amb la
qualitat de I'aire i de la protecci6é de I'atmosfera de la Llei 34/2007, de 15 de
novembre, i transposa la nova Directiva europea 2008/50/CE, tot integrant els
reials decrets anteriorment aprovats. Per tant, la legislacié de referéncia per
’avaluacié de la qualitat de l'aire és la Llei 34/2007 i la del Reial Decret
102/2011 en les quals s’estableixen diferents tipus de parametres:

- Valor limit. és un nivell que es fixa a partir dels coneixements cientifics

existents, i que té per finalitat prevenir i reduir els efectes nocius dels

contaminants per a la salut humana, el medi ambient en el seu conjunt i

els altres béns de qualsevol naturalesa. Han de ser respectats en tot el

territori i, en cas de superar-se, s’han d’estudiar les causes que han
originat aquesta superaci6 i s’han d’establir actuacions adequades per

evitar la seva repeticio. S’estableixen tant valors limit diaris com anuals i,

en ocasions, es distingeix entre el valor limit per a la proteccié humana i

els valors limit per a la proteccio de la vegetacio o dels ecosistemes.

- Nivell critic: nivell fixat a partir dels coneixements cientifics existents per

sobre dels quals poden produir-se efectes nocius per alguns receptors

com les plantes, els arbres o els ecosistemes naturals perd no per

’lhome.

- Valor objectiu: nivell d’'un contaminant que s’haura d’assolir, en la

mesura que sigui possible, en un moment determinat per evitar, prevenir

o reduir els efectes nocius sobre la salut humana, el medi ambient en el

seu conjunt i altres béns de qualsevol naturalesa.

- Valors guia: valors que tenen la consideracio d’objectius a assolir a

meés llarg termini i que seran indicatius d’aire net, sense contaminacio. Si

la concentracié de contaminants d’'una determinada zona esta per sota

del valor limit pero per sobre del valor guia, la seva tendéncia sera cap a

la reduccio, i cap a la implantacié6 en la zona considerada de nous

processos de desenvolupament de tecnologies netes.
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- Llindar d’informacio: nivell d’'un contaminant a partir del qual una
exposicid de breu duracié suposa un risc per a la salut humana de
grups de poblacié especialment vulnerables. Les administracions
competents han de subministrar una informacié immediata i apropiada
sobre aquests valors llindars.

- Llindar d’alerta: nivell a partir del qual una exposicié de breu duracio
suposa un risc per la salut humana i que afecta al conjunt de la poblacio.
Estableix concentracions de contaminants que obliguen a la presa
immediata de mesures per part de les administracions competents per

tal de finalitzar el problema.

A continuacio es mostren els valors dels parametres de qualitat de l'aire

vigents per els contaminants estudiats en aquesta Tesi:

Oxids de nitrogen (NO5 i NO,)

0z6

- Valor limit horari (1h) per a la proteccié de la salut humana: 200 pg/m®
de NO3 (no podra superar-se en més de 18 ocasions per any civil)

- Valor limit anual (1 any civil) per a la proteccio de la salut humana: 40
ng/m® de NO

- Nivell critic (1 any civil): 30 pg/m*> de NOy (es consideren només les
dades de les estacions representatives dels ecosistemes naturals i de la
vegetacio que cal protegir)

- Llindar d’alerta (1h): 400 pg/m® si es supera durant tres hores
consecutives en llocs representatius de la qualitat d’aire d’'una zona que
sigui de com a minim, 100 km? o d’una zona o aglomeracié sencera,

prenent la que sigui superficie que sigui menor.

- Valor objectiu (maxim de les mitjanes 8-horaries del dia) per a la
proteccié de la salut humana: 120 pug/m? (no es podra superar més de 25

vegades per cada any civil de mitjana en un periode de 3 anys).
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- Valor objectiu per a la proteccié de la vegetacié: 18000 pg/m® x h de
mitjana en un periode de 5 anys (es baixara a 6000 pug/m® a partir de
01/01/2020).

- Llindar d’informacié (mitjana horaria): 180 ug/m?®

- Llindar d’alerta (mitjana horaria): 240 ug/m®

Hidrocarburs aromatics policiclics

Es pren com a valor de concentracié referencia pel control dels PAH

totals, el valor de la concentracio del benzo[a]piré.
- Valor objectiu pel benzo[a]piré en aire ambient en la fracci6 PMjo:
1ng/m® com a mitjana durant un any natural (aquest valor s’ha de complir

a partir del 1 de gener de 2013).

Material particulat

Particules en suspensié de diametre inferior a 10 um (PM10):
- Valor limit diari (24h) per a la proteccio de la salut humana: 50
ng/m? (no es podra superar més de 35 ocasions per any)

- Valor limit anual (1 any civil): 40 pg/m®

Particules en suspensié de diametre inferior a 2.5 um (PM 2.5):
- Valor objectiu anual (1 any civil): 25 ug/m? (en vigor des del 1 de
gener de 2010)
- Valor limit anual (1 any civil): 25 ug/m?®en vigor a partir del 1 de
gener de 2015 (es baixara a 20 ug/m® a partir del 1 de gener de
2020).
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La part experimental portada a terme en aquesta Tesi es divideix en
dues parts. Per una banda hi ha el treball amb contaminants obtinguts a partir
de les bases de dades de la Generalitat de Catalunya, i per l'altra hi ha el
treball experimental amb contaminants organics obtinguts en filtres de material

particulat i analitzats per nosaltres al laboratori mitjangant GC-MS.

3.1 Contaminants de les bases de dades de la Generalitat

En aquesta Tesi s’han analitzat les bases de dades obtingudes a partir
de campanyes de seguiment i vigilancia de la contaminacié ambiental del
Departament de Mediambient de la Generalitat de Catalunya. La Generalitat
estableix programes de vigilancia de la qualitat de I'aire per assegurar-se del
compliment de la legislacio en vigor i en cas d’haver desviacions, detectar-les i
dissenyar els plans d’actuacié precisos per aconseguir 'adequacié de 'aire que
respirem dins les condicions preestablertes en les directrius mediambientals.
Aquests programes de vigilancia estan dissenyats de forma que permetin
valorar els nivells de contaminacié existents en cada moment, controlar els
episodis puntuals de contaminacié que es produeixin, estudiar la migracio de
contaminants i fer un seguiment de I'evolucié de la contaminacié al llarg del
temps.

Actualment, existeixen diferents xarxes per a la mesura i vigilancia de les
concentracions de contaminants atmosferics, amb diferents objectius i ambits
d’actuacio. Entre elles, tenim les xarxes a escala mundial per veure les
concentracions de diferents compostos no reactius de l'aire després del seu
transport a llarga distancia, les xarxes a escala regional que proporcionen
informacio sobre la concentracié i deposicié dels contaminants atmosférics,
estimant els fluxos a través de les fronteres de les diferents nacions, i per ultim,
les xarxes a escala nacional o autondmica, per mesurar els nivells de
contaminacié urbana i/o en grans instal-lacions industrials. A Espanya, les
diferents Comunitats Autdonomes i també alguns ajuntaments tenen les seves
propies xarxes, constituides per estacions manuals o automatitzades que

aporten dades mitjanes diaries o horaries, respectivament. Per establir el
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nombre i ubicacié dels punts de presa de mostra han de tenir-se en compte
diversos aspectes, entre els quals cal destacar els seguents:

- Existéncia de focus emissors, fixos, mobils i difusos.

- Caracteristiques topografiques i urbanistiques de la zona.

- Caracteristiques meteoroldgiques de la zona.

- Dades demografiques

- Localitzacio de zones sensibles.

- Demanda social.

A Catalunya hi ha la Xarxa de Vigilancia i Prevencié de la Contaminacio
Atmosférica (XVPCA) on es detecten nivells d'immissio dels contaminants
principals. Aquesta xarxa té estacions en diferents localitzacions de Catalunya
depenent de les caracteristiques meteorologiques de cada zona com poden ser
ubicacions de costa i ubicacions de muntanya, i tant en arees urbanes com
d’agricultura. Aquesta xarxa va comengar el seu funcionament a 'any 1983 i ha
anat canviant per adaptar-se als canvis de normativa i a les necessitats de
cada territori (wwwZ20.gencat.cat/portal/site/mediambient). Va comengar amb
poques estacions, perd aquestes han anat creixent fins arribar en I'actualitat a
82 estacions automatiques. En aquestes estacions es mesuren diferents
contaminants com son SO;, HyS, NO, NO,, O3z i CO, i també variables
meteorologiques com temperatura, humitat relativa, radiacié solar, pressio,
precipitacions i velocitat del vent.

Les dades de que es van disposar per fer aquesta Tesi estaven
repartides en 50 estacions repartides durant tota Catalunya durant els anys del
2000 al 2006. S’han utilitzat principalment dades de concentracions de NO i O3
obtingudes entre els anys 2000 i 2006 en diferents estacions. Les
concentracions d’'oz6 es van mesurar per fotometria UV amb analitzadors
automatics d’acord amb la normativa 1ISO 13964:1998. Les concentracions de
NO es van mesurar d’acord amb la norma UNE 77212:1993 equivalent a la ISO
7993:1985 mitjancant analitzadors automatics de quimioluminescéencia. Les
mesures i els procediments estan establerts per la legislacié Espanyola segons
el Real Decret 1073/2002. Els dos analitzadors automatics, tan el de NO com el

de O3z donen mesures cada minut i es guarden en periodes semihoraris.



Part experimental 63

D’aquestes dades el Departament de Medi Ambient fa una analisi i validacio
junt amb el seu emmagatzemament. Ells reben i coordinen totes les dades dels

diferents contaminants obtingudes en les diferents estacions de la xarxa.

3.1.1 Estructura de les dades ambientals

De la Xarxa de Vigilancia i Prevencio de la Contaminaci6é Atmosférica de
la Generalitat s’han extret les dades de concentracid (ug/m’) de NO i O3
obtingudes durant cada mitja hora de cada dia durant diferents anys en
diferents estacions. Les taules de dades s’han arranjat en fulls Excel com el

gue es veu a continuacio en la Taula 3.1

Badalona LHospitalet Sant Celoni | Sant Cugat | Sabadell Granollers | Bon Eixample | Bon Gracia Sant Andreo | Bon Poblenou Sant Adrig

Fecha 03 03 03 03 03 03 03 03 03 03 03
01/01/2004 00:30 3 38 g 9 13 14 4 50 48 3 =]
01/01/2004 01:00 7 22 13 10 B 15 33 20 23 17 a0
01/01/2004 01:30 2 19 G g 7 14 i 24 12 3 =]
01/01/2004 02:00 1 26 7 9 7 12 24 32 14 14 95
01/01/2004 02:30 2 27 7 9 g 12 i 36 10 17 102
01/01/2004 03:00 2 19 3 9 13 13 ] 36 14 24 92
01/01/2004 03:30 9 24 5 11 10 13 37 45 21 22 17
01/01/2004 04:00 1 12 4 il 7 11 15 40 31 22 121
01/01/2004 04:30 12 29 4 16 10 13 13 13 50 32 119
01012004 05:00| 21 25 4 23 28 11 16 1 49 35 109
01/01/2004 05:30| 27 23 4 21 37 11 ol 1 52 31 119
01/01/2004 06:00| 23 28 4 24 35 13 33 3 52 28 131
01/01/2004 06:30| 36 24 3 23 3 10 2 2 44 25 128
01/01/2004 07:00| 22 23 4 24 36 9 43 1 42 24 123
01/01/2004 07:30| 26 25 5 25 3 10 34 24 35 28 185
01/01/2004 05:00| 21 21 5 28 30 10 45 23 34 36 163
01/01/2004 08:30| 23 22 5 27 4 10 34 9 36 27 162
01012004 09:.00) 21 21 G 26 4 11 45 4 35 24 143

Taula 3.1. Mesures de concentracié d'ozé (ug/m®) en diferents estacions

Aixo vol dir que per cada compost i cada estacio de presa de mostra es té una
columna de concentracions amb 17520 valors, equivalents a 48 mesures
diaries durant els 365 dies de I'any. Depenent de la informacié que es vulgui
obtenir, es treballara directament amb les columnes (vectors) d’aquesta taula o
arranjant les dades en una matriu. Per realitzar una millor interpretacié dels
perfils diaris i anuals les dades es poden reagrupar per tenir en les columnes
els diferents valors semihoraris de cada dia (48) i en les files els 365 dies de
I'any (Figura 3.1). D’aquesta manera es podran observar directament els perfils

diaris i anuals.
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Figura 3.1. Reagrupament dels valors semihoraris de concentracié d’'un compost individual. A
les files hi ha els valors diaris d’'un any (365 valors), i a les columnes els valors semihoraris de

cada dia (48 valors). Les dimensions de la taula o matriu de dades corresponent sera 365x48.

Les taules de dades dels diferents anys o estacions també es podran analitzar
conjuntament (Figura 3.2) amb diferents tipus d’estructures que s’explicaran en
detall en I'apartat 4.1. En la Figura 3.2 es mostra 'estructura conjunta de taules
de dades de diferents anys que s’han reagrupat préviament com es mostrava a

la figura anterior.

365 A
365 B
365 C
365 D

Figura 3.2. Estructura conjunta de diversos anys amb matrius préviament reagrupades.
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3.2 Contaminants organics en filtres de material particulat analitzats al
laboratori

En aquesta Tesi s’han analitzat contaminants organics obtinguts en
filtres de material particulat a les ciutat de Barcelona i Los Angeles. Aquests
filtres provenen de dues campanyes diferents, SAPUSS i CalNex, com ja s’ha
explicat anteriorment en la seccio 2.3.2. En el projecte SAPUSS (a Barcelona)
s’han analitzat 103 mostres de filtres de material particulat submicronic (PMy),
en dues localitzacions durant el 22 de setembre al 18 d'octubre de 2010. En el
projecte CalNex (a Los Angeles) s’han analitzat 69 filtres de PM 2.5 en una
localitzacié del 15 de maig al 16 de Juny de 2010. En tots els casos també es
van recollir i analitzar blancs de camp que van rebre el mateix tractament que
les mostres, és a dir, son filtres que han seguit el mateix procés que les

mostres amb la unica diferéncia que no s’ha pres mostra amb ells.

3.2.1 Presa de mostra de I'aerosol

Les dues localitzacions on s’ha fet la presa de mostra, Los Angeles i
Barcelona, tenen un clima similar, caracteritzat per una elevada radiacio solar i
frequents condicions anticicloniques, que permeten I'acumulacié d’aerosols
primaris i secundaris. A més, els dos llocs es troben sota la intensa influéncia
de les emissions primaries urbanes de vehicles motoritzats.

A Barcelona, totes les mostres de filtres es van recollir en filtres de fibra
de quars (Tissuquartz™ Filters, 2500 QAT-UP, Pall Life Sciences) préviament
escalfats a I'estufa a 450°C tota la nit per eliminar contaminants organics, de 15
cm de diametre, preparats amb un dispositiu de presa de mostres d’alt volum
PM; (Digitel-DH80; 30 m*h), com el que es pot veure a la Figura 3.3. Les
mostres es van recollir en intervals de 12 h de 9:00 a 21:00 i de 21:00 a 9:00,
en hora local.

Les 103 mostres recollides es van emmagatzemar en un congelador a -
18°C fins la seva analisi quimica. La presa de mostra es va realitzar en dues
localitzacions de Barcelona. La primera és una localitzacié urbana amb
contribucions d’emissions de fons, Urban Background site, (estacio UB,
41.3899°N; 2.1161°E; 80 m.a.s.l.) situada al nord-oest de Barcelona, en un petit
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parc a prop de la zona universitaria, a una distancia d’'uns 500 m d’'una de les
avingudes amb més trafic de la ciutat (Diagonal). L’altre és un punt de transit
intens, Road Site, (estacié RS; 41.3884°N; 2.1500°E; 40 m.a.s.l.) localitzada a 4
m del carrer Urgell al costat d’un parking i de la sortida del metro d’Hospital
Clinic. Aquesta localitzacié també esta a prop d’'un carrer molt transitat de
quatre carrils de vehicles, un de bicis i un de vianants amb una mitjana de pas
de vehicles de 17000 per dia. Les dues estacions estaven separades 3 km
entre elles (Dall'Osto, 2013).

Figura 3.3 Captador d’alt volum Digitel-DH80, 30 m*/h

A Pasadena (California), les mostres de filtres es van recollir en filtres de
fibra de quars (Tissuquartz™ Filters, 2500 QAT-UP, Pall Life Sciences),
préviament escalfats durant 24h a 550°C, de 20.3 x 25.4 cm, i preparats per a
una presa de mostra d’alt volum PMys (TE-6001, 60 m%h). A més dels filtres de
23h (des de mitjanit fins a les 23h del dia posterior en hora local) també es van

recollir 6 filtres de manera intensiva, en set dies preseleccionats (22, 25, 30 i 31
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de maig, i 4, 7 i 10 de juny). En aquestes preses de mostra intensives, es va
recollir un filtre durant els seguents periodes de temps: 0:00-6:00, 6:00-9:00,
9:00-12:00, 12:00-15:00, 15:00-18:00, i 18:00-23:00, sempre en hora local. Les
69 mostres de filtres recollides, com la que es pot veure a la Figura 3.4, es van
emmagatzemar a -18°C en un congelador fins a la seva analisi quimica. La
presa de mostra de Los Angeles es va realitzar en una localitzacié urbana
(urban background site) a Pasadena (LA; 34.1406°N; 118.1225°W; 240
m.a.s.l.). Aquesta estacio es trobava a 17 km al nordest del centre de Los
Angeles i a 44 km de I'area del port de Long-Beach.

Figura 3.4. Filtre de material particulat

Barcelona es troba en la conca mediterrania occidental i és una de les
ciutats més poblades d’Europa, amb al voltant de 1.7 milions d’habitants i una
area metropolitana de 5 milions d’habitants (1.5 hab/km?). Barcelona es
caracteritza per una elevada proporci6 de motocicletes (30% del total de
vehicles), vehicles pesats i una elevada proporcié en I'is de vehicles privats
(60% del total de vehicles) dels quals el 75% son diesel (Dades basiques de
mobilitat, 2011). Les activitats relacionades amb el trafic constitueixen les
principals fonts d’emissio primaries en aquesta area (Reche, 2012). En la conca
de LA les fonts d’emissio principals sén també els vehicles motoritzats, que
estan formats principalment per vehicles industrials lleugers i vehicles de
benzina (Bahreini, 2012). Els vehicles diésel representen només una petita
fraccio (<5%) que esta formada principalment per vehicles industrials pesats

(http://www.arb.ca.gov/ei/emissiondata.htm). Aquesta diferent composiciéo de

vehicles pot representar diferéncies en la composicio dels aerosols formada per
compostos organics secundaris trobats en els dos llocs, ja que els motors de
benzina formen més compostos organics secundaris que els motors diésel
(Bahreini, 2012).
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3.2.2 Tractament de mostra

Una vuitena o quarta part de cada filtre va ser extreta per ultrasons amb
una mescla de diclormeta i metanol (2:1 (v/v); 3 x 5 mL; Merck, Germany)
durant 15 minuts. Abans de I'extraccio es van afegir a les mostres i als blancs,
25 pL d’estandard de levoglucosan deuterat (LG-D7;, Cambridge Isotopic
Laboratories, UK), acid succinic deuterat (SA-D4, Sigma Aldrich, Germany),
alca deuterat (n-C24Dso, Cambridge Isotopic Laboratories, UK), i una barreja
d’estandards d’hidrocarburs aromatics policiclics deuterats (anthracene-D1o,
benz[alanthrancene-D12, benzo[k]fluoranthene-D12 i benzo[ghi]perylene-D+, (Dr.
Ehrenstorfer)), per aixi poder avaluar les possibles perdues produides durant el
procediment analitic. Els extractes es van filtrar amb una xeringa acoblada a un
fillre de membrana de tefl6 de 0,45 pm (Whatman, USA) i aixi eliminar les
particules insolubles. Aquests extractes es van concentrar al rotavapor fins a 1
mL.

Una vegada obtinguts als extractes s’han seguit dos procediments, un
per analitzar els compostos polars i un altre per analitzar els compostos
neutres. Els compostos polars son compostos organics solubles en aigua, i la
seva analisi és relativament rapida. L’analisi de compostos polars es va
realitzar tant en les mostres de Barcelona com en les de Los Angeles. El
procediment per analitzar els compostos neutres és molt més lent i costos ja
que s’ha de fer una columna de separacio per cada mostra. En aquest cas, els

compostos neutres només es van analitzar en les mostres de Barcelona.

Per analitzar la part polar, com per exemple els polisacarids anhidres, els
acids, els poliols i la nicotina, el procediment analitic utilitzat va ser el mateix
que el descrit anteriorment per altres autors (El Haddad, 2011; Medeiros, 2007;
van Drooge, 2012a). Aliquotes de 25 pL dels extractes es van evaporar sota
corrent de N fins a sequedat. Es va procedir a la seva derivatitzacio en ésters
metilsililats mitjangant la reaccié amb 25 pL de bis(trimetilsilil)trifluoroacetamida
(BSFTA) (Supelco, USA) i 10 pL de piridina (Merck, Germany) a 70°C durant

3h. Abans de la injeccié al cromatograf de gasos, s’afegeixen a més, 25 uL de
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I'estandard intern de pire-D+o, per la correccié de possibles canvis de resposta
durant la seva analisi.

Per analitzar la part neutra (hidrocarburs aromatics policiclics i hopans),
I'extracte resultant de I'analisi dels compostos polars, es va evaporar quasi fins
a sequedat sota corrent de nitrogen i es va redissoldre en 0.5 mL d’'una mescla
hexa : diclormeta (9:1 v/v) (Merck, Germany). Llavors es va passar per una
columna cromatografica d’adsorci¢ (com la que es veu a la Figura 3.5) amb 1g
d’oxid d’alumini (Merck, Germany) que havia estat préviament activat a 120°C
durant tota la nit. Els analits es van eluir amb 4 mL de hexa : diclormeta (9:1
v/v) i 4 mL de hexa : diclometa (1:2 v/v) i es van recollir conjuntament. Les
fraccions recollides es van concentrar sota corrent de N» fins a 50uL. Abans de
la injeccio al cromatograf de gasos, també es van afegir 25 uL d’estandard

intern de piré-D1o.

Figura 3.5. Columna cromatografica d’adsorcié amb oxid d’alumini

3.2.3 Analisi per GC-MS
L’analisi de les mostres de filtres s’ha realitzat en un cromatograf de

gasos acoblat a un espectrometre de masses (GC-MS Thermo Trace GC Ultra
— DSQ Il), com el que es veu a la Figura 3.6, equipat amb una columna capil-lar
de 60 m (HP-5MS 0,25-mm x 0,25-um).

La separacié dels diferents compostos de les mostres es va comencar a

una temperatura de 60°C, mantenint-la durant 1 min, i llavors s’incrementava



70 Capitol 3

fins a 120°C a 12°C/min i fins a 310°C a 4°C/min on es mantenia durant 10 min.
Les temperatures de [linjector, la font d’ions, la linia de quadrupol i de
transferéncia van ser 280°C, 200°C, 150°C i 280°C, respectivament. El gas
portador era Heli a un cabal de 0,9 mL/s i la deteccidé es va fer en mode
d’'impacte electronic (70 eV) operant en fullscan (m/z 50 — 650) per I'analisi dels
compostos polars, i en mode SIM (Selective lon Monitoring) per a I'analisi dels

compostos neutres, ja que la seva concentracié era molt més baixa.

Figura 3.6. GC-MS (Thermo Trace GC Ulira — DSQ II)

Els diferents compostos es van identificar pels seus ions corresponents
(que apareixen a la Taula 3.2), i els seus temps de retencid, prenent com a
referéncia els patrons deuterats afegits mencionats anteriorment (acid succinic-
Dy, levoglucosan-Dy, benz[a]antracé-D1z, benzolk]fluorante-D1, i
benzo[ghi]perilé-D12).

Els pics cromatografics d’alguns dels compostos com el 3-hidroxiglutaric
acid, el MBTCA, el C5 alquen ftriols i els 2-metiltetrols, dels quals no es tenien
els seus estandards disponibles van ser identificats per comparacié amb els
patrons de fragmentacio d’espectrometria de masses trobats a la literatura i a
les llibreries corresponents (Claeys, 2007; Kourtchev, 2005; Cleemens, 2007).

La quantificaci6 es va portar a terme mitjangant el calcul de les
concentracions a partir de corbes de calibracio externa,i tenint en compte les

recuperacions dels estandards deuterats préviament esmentats aixi com la de
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'estandard intern, i les concentracions dels blancs. El limit de quantificacié
(LOQ) en unitats de concentracio es va calcular a partir de la divisio dels valors

més baixos mesurats en les corbes de calibracié pels volums de les fraccions

analitzades.
Compostos 16 (m/z)
fenantré 178
antrace 178
antrace-Dqg 188
fluorante 202
piré 202
benz[alantraceé 228
benz[a]antracé-D1; 240
crisé 228
benzofluorantens 252
benolk]fluoranté-D,, 264
benzole]pire 252
benzo[a]pire 252
indeno[123cd]piré 276
benzo[ghi]perilé 276
benzo[ghi]perilé-D1, 288
coroné 300
17a(H)21B(H)-29-norhopa 191
17a(H)21B3(H)-hopa 191
nicotina 84
levoglucosan 204
levoglucosan-Dy 206
galactosan 217
mannosan 204
acid malonic 233
acid succinic 247
acid succinic-Dy 251
acid glutaric 261
acid pimelic 289
acid subéric 303
acid azelaic 317
acid glicéric 292
acid malic 233
acid tartaric 292
acid tricarballitic 377
acid ftalic 295
acid 3-hidroxiglutaric 349
acid 3-metil-1,2,3-butantricarboxilic (MBTCA) 405
acid cis -pinonic 171
C5 alquen triols 231
acid 2-metilglicéric (2MGA) 219
2-metiltreitol 219
2-metileritritol 219

Taula 3.2. lons caracteristics utilitzats en el GC-MS

3.2.4 Estructura de les dades cromatografiques

A partir de I'analisi per GC-MS dels diferents filtres de material particulat
s’obtingueren les concentracions en ng/m? dels diferents compostos organics

esmentats anteriorment en el apartat 2.3.2. D’aquesta manera es van obtenir
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matrius de dades, en les que a les seves columnes hi ha els diferents
compostos analitzats i a les seves files, les mostres analitzades en els diferents
dies. Igual que s’ha explicat abans per als contaminants en bases de dades de
la Generalitat, les matrius de dades corresponents a les dues localitzacions de
Barcelona, es poden analitzar conjuntament a partir de la matriu augmentada
(en la direcci6 de les columnes, una a sobre de l'altre), ja que les dues matrius
de dades individuals tenen en comu els compostos analitzats. Pel cas de les
mostres analitzades a Los Angeles, on només s’han considerat els compostos
de la part polar de I'extracte, es pot fer la seva analisi individual o també
conjuntament amb les dades corresponents de Barcelona (mateixos compostos
analitzats). En I'apartat 4.1 es descriura amb més detall les estructures i les

agrupacions possibles de les diferents matrius.
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4.1 Estructura de les dades

La informacié que es pot obtenir a partir de I'aplicaci6 dels métodes
quimiomeétrics depén de com s’han estructurat les dades experimentals. Les
dades ambientals s’organitzen generalment en taules de dades on a les seves
columnes hi ha les variables mesurades, i en les seves files hi ha les mostres o
objectes sobre les quals s’han mesurat aquestes variables. Aquesta taula de
dades formara una matriu de dades, com la que es mostra a la Figura 4.1. Els
conjunts de dades organitzats en taules o matrius de dades, tenen doncs dues
direccions o0 modes de mesura (two-way or two-mode data sets).

variables

objectes

Figura 4.1. Conjunt de dades en dues direccions

Quan es tenen multiples conjunts de dades que han proporcionat
cadascun d’ells una taula o matriu de dades, es poden agrupar de diferents
maneres. En el cas que els dos modes o direccions d’aquestes taules o matrius
de dades siguin coincidents (mateix numero de files i de columnes), el conjunt
de dades passara a tenir tres direccions o modes i es podran agrupar en un
cub o en un paral-lelepipede de dades (three-way o three-mode data sets)
(Figura 4.2). En cas de tenir més direccions o modes de mesura, les
estructures de dades corresponents s’anomenen generalment dades

multidireccionals o multimode (multiway or multimode data) (Smilde, 2004).
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Figura 4.2. Agrupacioé de multiples conjunts de dades en un de cub o paral-lelepipede

De tota manera, quan les taules o matrius de dades corresponents a I'analisi
del mateix sistema ambiental no sén coincidents entre si en una de les dues
direccions o modes (diferent nombre de mostres o diferent nombre de variables
en les diferents matrius de dades), I'agrupacié (analisi conjunta) de les taules
de dades individuals encara es pot fer a partir de la seva augmentacio en taules
o matrius més grans, utilitzant la direcci6 o mode que tenen en comu.
Obviament, aquest procediment també es pot utilitzar per taules o matrius de
dades que tenen les dues direccions o modes iguals, és a dir que tenen el
mateix nombre de files o de columnes. En aquesta Tesi, quan es tracta
d’analitzar  simultaniament conjunts multiples de dades, s'utilitzara
fonamentalment el procediment d’augmentacio de matrius. La denominacio de
‘dades multiconjunt’ (multiset data) s'utilitzara en general per multiples conjunts
de dades, siguin o no coincidents en totes les seves direccions o0 modes de

mesura.

L’augmentacié de matrius consisteix en concatenar les diferents matrius
de dades en la direccio de les files (una al costat de I'altre, Figura 4.3a) o en la
direccio de les columnes (una a sota de l'altre, Figura 4.3b). En quimica
ambiental és facil generar dades multidireccionals (multiway) i/o multiconjunt
(multiset) quan es mesuren simultaniament moltes variables sobre conjunts
grans de mostres en condicions diferents. Els avengos instrumentals tant en
sensibilitat com en precisié han incrementat de forma considerable la quantitat

de variables i d’'informacié disponible en els estudis ambientals. Cada vegada
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sén més comuns instruments capagos de generar grans quantitats de dades en
tres o més direccions a partir de I'analisi d’'una sola mostra individual, com és el
cas GC/GC/MS (Parastar, 2013) o el GC/MS/MS (Ferrer, 2013). També en la
ultima década ha augmentat de forma considerable l'interés per la fusido de
dades (data fusion) on es combina informacio obtenida per diferents técniques
instrumentals (Vera, 2011).

a) b) c)

v

Figura 4.3. Agrupacions de multiples conjunts de dades en dues direccions

Agrupacions de dades en una unica taula o matriu de dades

El cas més senzill d’agrupacié de dades correspon al cas on tenim una
unica taula de dades. Les dades s’agruparan en una matriu D de dimensions /
(objectes) x J (variables).

Agrupacions de dades en multiples taules o matrius de dades

Un segon cas és aquell en el que es tenen dos o més taules de dades
relacionades en alguna de les seves dues direccions o modes. En aquest cas,
depenent de si les dades tenen en comu els objectes (files) o les variables
(columnes), es pot crear una nova matriu augmentada de dades, posant una
matriu al costat de I'altra (augmentacio en la direccio de les files de la matriu,
Figura 4.3a) o una matriu sota de I'altra (augmentacio en la direcci6é de les
columnes de la matriu, Figura 4.3b). Si les dades tenen en comu tant els

objectes (files), com les variables (columnes), llavors les matrius es poden
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agrupar de manera combinada (augmentacio en la direccié de les files i de les
columnes (Figura 4.3c)). Aquesta augmentacio de matrius es pot estendre
facilment a moltes matrius de dades, que tenen o no les mateixes dimensions
en les seves dues direccions. Es imprescindible, aixd si, que com a minim

tinguin en comu una de les seves dues direccions o modes.

Agrupacions de dades en tres (three-way) o més direccions

El cas més senzill d’estructures de dades en tres direccions (three-way)
o modes, és aquell en el que es tenen taules de dades en forma de cub de
dades. En aquesta situacid, el conjunt de dades agrupades en les diferents
capes del cub han de ser matrius de dades d’igual mida (igual nombre de files i
columnes), o el que és el mateix, han de tenir en comu les mostres o objectes
(files) i les variables (columnes), de manera que es pugui formar el cub o
paral-lelepipede (Figura 4.2) de dades. Si es té¢ més d’un cub de dades llavors
han de coincidir els objectes (files) i les variables (columnes) dels diferents
cubs, i aquests també es poden posar un al costat o a sota de l'altre (Figura
4.4).

Figura 4.4. Agrupaci6 de multiples conjunts de dades en diversos cubs o

paral-lelepipedes

Evidentment, les dades que es poden agrupar en tres o més direccions o
modes (per exemple en forma de cub), poden també agrupar-se en matrius
augmentades per files i per columnes, o segons els dos modes simultaniament,

tal com s’ha indicat en I'apartat anterior.
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4.2 Tractaments preliminars

Els tractaments preliminars, més correntment anomenats metodes de
pretractament de dades, inclouen aquells tractaments que es fan al conjunt de
les dades, abans d’aplicar els métodes quimiométrics escollits, per aixi millorar
la seva analisi i interpretacié posterior. Aquests pretractaments de les dades
inclouen un primer grup de tractaments emprats per a solucionar problemes
associats a I'obtenci6é de les dades, com poden ser la pérdua o abséncia de
determinats valors de les dades (missings) o la consideraci6 de valors
censurats o per sota del limit de deteccio instrumental. Un segon tipus de
pretractaments, inclouen aquells que sén necessaris per poder aplicar
correctament els métodes quimiomeétrics escollits i possibilitar una interpretacio
correcta dels resultats. Alguns d’aquests pretractaments de dades poden
millorar substancialment la informacioé que es pot extraure després d’aplicar els

diferents métodes quimiometrics.

Pretractament de conjunts de dades amb valors absents (missing values)

Un dels primers problemes a resoldre quan es treballa amb conjunts de
dades multivariants esta relacionat amb I'abséncia d’alguns valors (missings) a
les taules de dades ambientals. Aquests sén valors que no es coneixen o que
es troben en blanc, on els valors de les concentracions dels compostos
considerats no han estat o no han pogut ser analitzats. El tema dels valors
absents o ‘buits’ és un tema que es va ja considerar dins de la quimiometria al
voltant dels anys 90, utilitzant per exemple l'algorisme K-NN (k-nearest
neighbour) per fer 'estimacio d’aquests valors absents (Todeschini, 1990), pero
encara avui és un tema recorrent en molts treballs. Alguns métodes per afrontar
el problemes dels valors absents, son els métodes d’imputacido simple o
multiple, que utilitzen algorismes iteratius (Arteaga, 2009; Walczak, 2001a,b).

En aquesta Tesi, quan el nombre de valors absents és petit i aquests
valors estan repartits aleatoriament per les taules de dades, es fa una estimacio
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dels mateixos, i els valors absents s’han substituit per estimacions d’ells
calculades. Per estimar els valors absents s’ha utilitzat la funci6 de MATLAB
mdcheck disponible en la PLS 3.5 Toolbox i posteriors (Eigenvector research
Ltd., Manson, WA, USA). Aquesta funcié porta a terme la estimacio dels valors
absents reemplagant-los en primer lloc per zeros i calculant un model PCA. A
continuacio, els zeros son reemplacats pels nous valors predits pel model PCA
i es torna a calcular un nou model PCA. El procés es repeteix fins que els
valors estimats per PCA dels valors absents convergeixen a uns mateixos
valors. Una indicaci6é del possible nombre de components adequats per a fer
I'estimacié dels valors absents és comprovar que les seves estimacions no
donin valors negatius per sobre ajust (tot ajustant el soroll) de les dades. En la
funci6 mdcheck es poden canviar diferents opcions per ajustar el resultat
obtingut. Entre aquestes opcions es troben la quantitat maxima de valors
absents que pot haver presents, el nombre de components principals, el criteri
de convergéncia utilitzat i el algorisme utilitzat en la substitucié. En el nostre
cas, les condicions que van donar millors resultats van ser quantitats relatives
maximes de dades perdudes entre 0.5 0.9, cinc components principals com a
maxim, 0.1 com a criteri de convergéncia i I'algorisme PCA nipals.

Un cop feta l'estimacié dels valors absents, s’ha de comprovar que les
estimacions realitzades no sén discordants i si aquestes son plausibles. En el
cas que un valor absent, després d’haver provat diferents opcions per a la seva
substitucid, correspongués a un valor sobresortint o discordant (per exemple un
valor negatiu), la seva estimaci6 i prediccio s’hauria de fer amb uns altres
parametres. Quan el nombre de valors absents té una disposicio sistematica o
per blocs dins de la matriu de dades, com en el cas de files senceres sense
dades en les taules de dades, l'estimacio dels buits no és possible ni
recomanable. En els casos de valors absents en files senceres, s’han
reemplagat aquests valors absents per les mitjanes corresponents a cada
columna de les taules de dades. Per blocs sencers de valors absents s’ha
treballat amb una estratégia de modelitzacié que permet treballar amb aquests
valors absents sense la necessitat d’estimar-los (Apartat 4.4.2, Aplicacio del
metode MCR-ALS a dades incompletes).
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Pretractament de conjunts de dades amb valors censurats

S’anomenen valors censurats aquells que només es coneixen que estan
per sobre o per sota d'un determinat valor, perd no es coneix el seu valor
exacte. En quimica analitica, el valor censurat més habitual és el valor censurat
per I'esquerra, és a dir, aquell que es troba fora de l'interval de mesura d’un
instrument, és a dir per sota del seu limit de deteccio. Per resoldre aquest
problema hi ha diverses opcions, entre les quals es troba I'estimacio
estadistica, la substitucid per zeros, la substitucidé pel limit de detecci6 o la
substitucié per la meitat del limit de deteccid, perd I'eleccié d’'una opcié o una
altra dependra de cada cas concret (Jain, 2008). Per exemple, en un estudi
amb dades geoquimiques subterranies reals i simulades es va demostrar que
una opcidé bona era la de substitucio del valor censurat per la meitat el valor del
limit de deteccio, sempre que no hi hagués més d’'un 30% de valors censurats
(Farnham, 2002).

Preprocessament de dades

Degut als avengos recents en quimica analitica, hi ha hagut un gran
increment en la quantitat de dades que es produeixen i de la seva complexitat.
El preprocessament és un primer pas important en I'analisi de dades, ja que es
transformen unes dades on s’han eliminat variacions que no sén d’interés, com
per exemple, possibles artefactes experimentals o instrumentals (soroll i
variacions sistematiques no relacionades amb l'objecte de l'analisi). Si el
preprocessament no es fa de la manera adequada, es poden introduir
variacions i efectes no desitjats, i per tant fer un bon preprocessament de
dades és un pas critic que influira en els resultats obtinguts i en la seva
interpretacio. Normalment, el preprocessament de les dades segueix diferents
passos, i cadascun d’aquests passos eliminara un artefacte particular, de
manera que I'ordre com s’apliquin pot influir el resultat final. L'eleccio optima del

meétode o de la combinaci6 de metodes de preprocessament, depén de les
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propietats de les dades i de I'objectiu de I'analisi. No existeix doncs, un unic
métode de pretractament de dades que pugui ser generalitzat a totes les
situacions possibles de dades ambientals.

Hi ha métodes de preprocessament molt diferents (Zeaiter, 2010), com la
normalitzacié (per reduir la influéncia de variaci6 no desitiada entre
observacions), I'escalat (per eliminar les possibles diferéncies d’escala entre els
valors de diferents variables), el centrat (per eliminar o ometre la part constant
de les variables), el suavitzat (per fer les dades menys abruptes), la correccié
de la linia base (per eliminar desplagcaments constants o pendents) o
'alineament de pics i deformacié o warping (si es tenen diferéncies de
sincronitzacio temporal en els cromatogrames o canvis de forma) entre d’altres.
Aquests métodes es poden aplicar a dades en dues o més direccions, i hi ha
meétodes de pretractament que s’han desenvolupat especialment per dades
multi-way (Engel, 2013), com per exemple el Parametric Time Warping (PTW,
Eilers, 2004), que és un métode d’alineacié global o el Correlation Optimized
Warping (COW, Skov, 2006) i el icoshift (Savorani, 2010), que s’apliquen per
alineaments locals a vectors de dades (en una direccio). Aquests ultims també
s’han adaptat per alinear dades en les dos direccions de LC-MS i GC-MS al
mateix moment (Christin, 2008; Bloemberg, 2010).

A continuacio s’explicaran els pretractaments de centrat i escalat, entre
els quals I'escalat ha estat molt utilitzat en aquesta Tesi. Aquestes operacions
es poden realitzar segons les files o segons les columnes de la matriu de
dades. Els métodes emprats més freqientment en aquesta Tesi, han estat els
realitzats segons la direccio de les columnes de la matriu de dades, és a dir
segons les variables o parametres mesurats. Aquests pretractaments es poden
aplicar a dades en dues o tres direccions, els ultimes dels quals poden ser més

complexos perqué es poden emprar i combinar de diferents maneres.

Centrat de les dades experimentals

En el centrat de les dades experimentals, a cada valor original d’'una
variable determinada se li resta el valor de la seva mitjana (de tots els valors
mesurats de la variable considerada). D’aquesta manera, s’aconsegueix que

cada variable de la nova matriu de dades quedi amb una mitjana igual a zero.
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El centrat amb la mitjana de les dades realitza una translacié de l'origen de
coordenades de les dades des de zero fins al valor de la mitjana de les dades.
El centrat és util per visualitzar les variacions respecte al valor mitja, ometent la
informacio d’aquelles variables que no varien i dels valors constants o offset.
En alguns casos pot produir també efectes no desitjats, com per exemple la
generacio de valors negatius de les variables. El centrat es pot veure com una
projeccié de les dades en un espai on els valors constants o offsets s’han
eliminat. Els errors també es trobaran centrats perqué també seran projectats
en aquest espai. Quan hi ha presencia de dades perdudes, centrar traient la
mitjana de les files o les columnes no és adequat per eliminar els valors
constants o offsets. En aquests casos els offsets s’han deliminar
simultaniament amb I'ajust de la part bilineal (Bro, 2003).

Per dades en dues direccions, el centrat es pot fer en una direccio (la de
les files), en l'altra direccié (la de les columnes) o en les dues de manera
sequencial. Si es fa en una sola direccié rep el nom de centrat simple, i si es fa
en dues direccions de manera sequencial, llavors rep el nom de centrat doble.
En el cas del centrat doble el resultat sera el mateix independentment de per
quina direccié6 comencem en centrat, i tant la mitjana de les columnes com la

de les files sera zero.

Per dades en tres direccions o més, les formes de procedir sén les
mateixes que en el centrat en dues direccions, perd en aquest cas els offsets
poden estar en tres direccions diferents. Si es vol fer un centrat en una direccio
d’'un cub de dades (tres direccions), es pot desplegar aquest cub per tenir unes
dades en dues direccions, i llavors aquestes dades es poden tractar com s’ha

explicat anteriorment.

Escalat de les dades experimentals

En les dades escalades, cada valor original de la variable es divideix per
un factor de escala, que habitualment és la seva desviacio estandard (de tots
els valors mesurats d’aquesta variable). Les variables escalades presenten una

distribucié més homogeénia que les fa més facilment comparables entre si, pero
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I'escalat no canvia l'estructura del model. L'escalat és especialment important
en aquells casos on les variables estan mesurades en escales diferents o en
unitats diferents, ja que un model de minims quadrats es basa en una
descripcié de la variacid, implicant que variables amb elevada variacido sén
importants. La desviacié estandard de les variables un cop escalades és, per
totes, igual a 1, de manera que s’iguala la seva importancia relativa. No
obstant, cal anar en compte en el cas de tenir variables en les que la majoria
dels seus valors siguin molt baixos i constants, ja que aleshores el seu escalat
pot augmentar de manera artificial la seva importancia relativa portant a
resultats i conclusions erronies. També és pot important com es porta a terme
I'escalat, per no introduir una estructura artificial a les dades. Es poden escalar
les files o les columnes, pero si es vol escalar tant les files com les columnes,
llavors la situacié es complica perqué escalar en un direccio afecta a I'escala de
l'altra direccié. En alguns casos es pot utilitzar I'escalat iteratiu, perd no
funciona en totes les situacions (Harshman, 1984). Si volem aplicar I'escalat a
dades en tres direccions, enlloc d’ajustar el model a les dades originals,
s’ajusta el model a unes dades transformades habitualment per una matriu
d’escalat diagonal en la direccié de les variables que volem escalar. Aixo
significa que totes les matrius s’han d’escalar pel mateix valor en 'analisi en

tres direccions.

Autoescalat de les dades experimentals

En les dades autoescalades s’aplica simultaniament el centrat i I'escalat
de les variables. Es a dir, a cada valor original de la variable se li resta el valor
de la mitjana dels valors d’aquesta variable i després es divideix per la
desviacio estandard dels valors d’aquesta variable. La distribucié dels valors de
les variables obtingudes en aplicar el tractament d’autoescalat és similar al cas
de l'escalat, pero al mateix temps les dades experimenten una translacié del
seu origen degut al centrat amb la mitjana de les dades, i la seva nova mitjana
és igual a zero per totes les variables. S’eliminen d’aquesta manera els efectes
constants o offset i s’igualen les variables a una mateixa escala de variacio.

En aquest cas també és important en quina direccié s’apliquen els
diferents pretractaments i en l'ordre en qué s’efectuen. Per exemple, I'escalat
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en una direccio altera el centrat en la mateixa direccié perd no en les altres
direccions (Ten Berge, 1989), pero en canvi, el centrat en una direcci6 altera
'escalat en totes les direccions, excepte en alguns casos concrets. Un
d’aquests casos especials és I'escalat de les columnes i el centrat de les files,
ja que aquest centrat no altera l'escalat de les columnes. L’ordre dels
preprocessaments s’ha d’escollir depenent dels propodsits de I'analisi. Per
exemple, pels models de descomposicio és important treure els offsets, pel que
el centrat s’hauria de fer abans que I'escalat. En regressio, és important que els
scores estiguin centrats, pel que en aquest cas és millor que el centrat es faci
després de I'escalat (Smilde, 2004).

4.3 Métodes quimiometrics

Depenent de I'estructura que presentin les dades a analitzar, es podran
aplicar diferents tipus de models i metodes quimiométrics. Per a dades
organitzades en dues direccions (two-way data), com per exemple les taules o
matrius de dades obtingudes en estudis de seguiment ambiental, es poden
aplicar métodes basats en models de descomposicié bilineal de dades, que es
poden descriure amb I'equacio

N
d, =Y u,v, +e, Equaci6 1
n=1

En aquesta equacio, d; fa referencia al valor experimental mesurat per la
mostra i del parametre o variable j. En aquesta descomposicio bilineal uj, i vy
son els factors de la descomposicié (anomenats generalment scores i loadings)
corresponents a la mostra i, variable j, pel component n. El nombre total de
components de la descomposicié és N i e; és la contribucid no explicada
després de considerar aquests N components, per a la mostra /i, parametre o

variable j.

En forma matricial, 'equacio anterior es pot expressar com:
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D=UV'+E Equacié 2

On D és la taula o matriu de totes les mesures realitzades per i=1...| mostres
(files de la matriu de dades D) i j=1...J (columnes de la matriu de dades D). Les
dimensions per tant d’aquesta matriu de dades seran D(l,J). Aleshores la matriu
de scores U tindra per dimensions U(I,N) i la matriu de /oadings V' tindra les
dimensions V' (N,J). E(l,J) sera la matriu residual que conté la variancia no
explicada pel model descrit a I'equacio 2. Alguns dels métodes que utilitzen
aquest model bilineal de descomposicié d’'una matriu de dades sén el métode
d’Analisi de Components Principals (PCA) i el metode de Resolucié Multivariant
de Corbes per Minims Quadrats Alternats (MCR-ALS).

El model bilineal mostrat en I'equaci6 1 es pot estendre a l'analisi
simultani de multiples matrius o taules de dades, que també es poden agrupar
en tres direccions o cubs i paral.lelepipedes de dades (veure apartat 4.1
d’estructura de dades...). Aquesta extensio pot realitzar-se en alguns casos
amb I'anomenat model trilineal, en el que la descomposicié de les dades
experimentals s’estén a les tres direccions de les dades tal com es mostra a

continuacié (equacio 3)

M=

d, =

ijk Xinyjnzkn + eljk EquaC|é 3

que en forma matricial es pot expressar com:
Di=XZ, Y +Ey. Equacio 4

En I'equacié 3, dik fa referéncia a la matriu, cub o paral-lelepipede de dades
mesurades, amb / objectes, j variables i k condicions, i X | Yj» sOn les
contribucions dels objectes i variables en cada situacié particular o condicio k.
En el model ftrilineal, cada porci6 de les dades en tres direccions, esta

descomposat amb els mateixos Xin i yj, i difereix només en les seves quantitats
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relatives. En la notacié matricial Dx €s la matriu de mesures en les diferents
condicions, X sén els loadings en el mode 1, Y sén els loadings en el mode 2,
Zy soOn els loadings en el tercer mode, i Ex és el soroll en les diferents
condicions no explicat pel model. Alguns métodes que utilitzen el model trilineal
de descomposiciéo d’un cub de dades son PARAFAC, TUCKER3 o MCR-ALS,

els quals es descriuran en les seguents seccions.
En aquesta Tesi s’ha treballat principalment amb els metodes PCA i

MCR-ALS, i en alguns casos també amb PARAFAC i amb TUCKERS, els qual

s’explicaran a continuacio.

4.3.1 Analisi de Components Principals (PCA)

L’analisi de components principals (Principal Component Analysis, PCA)
(Jollife, 2002; Wold, 1987) és un métode d’estadistica multivariant molt emprat
en diferents ambits cientifics i tecnologics, i en particular, també frequentment
utilitzat en I'analisi de taules de dades obtingudes en estudis de seguiment i
monitoratge ambiental. El PCA és una técnica de reducci6 de la complexitat de
les dades, que projecta els objectes i variables en un espai de menors
dimensions. Els grafics d’aquestes projeccions es poden utilitzar amb proposits
exploratoris (Smilde, 2004). El PCA esta basat en una descomposicié bilineal
del conjunt de dades originals segons les equacions 1 i 2. Les principals
caracteristiques de PCA és que aplica les restriccions d’ortogonalitat, maxima
variancia explicada i normalitzacié dels loadings. El fet d’aplicar les restriccions
d’ortogonalitat i maxima variancia, permet donar una solucié uUnica, pero per
contra aquestes solucions poden no tenir significat fisic.

El PCA parteix de la hipotesi que en el grup de dades original existeixen
un conjunt reduit de factors, components dominants (fonts de variacio) o
variables latents que influeixen de manera important sobre la variancia
observada en les dades. Generalment, una part important de la informacié
continguda en les variables mesurades experimentalment és redundant

(correlacionada amb les altres variables) o bé irrellevant. EI PCA permet
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transformar aquest conjunt de variables en un nou conjunt de variables no
correlacionades entre si, que és més senzill d’interpretar, fent més evident la
informacio rellevant i separar-la de la part que correspon al soroll o error
experimental. Aquestes noves variables, factors o components principals sén
ortogonals i per tant el que explica un component, no ho explica I'altre. A més,
en PCA, els component es troben ordenats segons la seva quantitat de
variancia explicada, de manera que el primer component explica més variancia
que el segon i aixi successivament. Per aquest motiu la informaci6 més
rellevant del conjunt de dades es troba sempre concentrada en els primers
components principals generats, i els components posteriors podran ser
omesos sense una pérdua significativa de la variancia o d’'informacié rellevant.
Aquest fet és molt util per a la interpretacié de les fonts de variacio
experimental i de les seves caracteristiques principals.

El métode més utilitzat per a la descomposicio de PCA és la
descomposicié en valors singulars (Singular Value Descomposition, SVD,
Golub, 1996) ja que és un métode acurat i rapid. Amb els avengos informatics
d’avui en dia el calcul dun nombre elevat de components principals
generalment ja no comporta cap problema de temps de calcul.
Independentment del metode emprat per a calcular els components principals.
L’aspecte més important en PCA és decidir quin és el numero adequat de
components o factors que descriuen la matriu D. Una primera forma de veure
quants components s’han d’incloure a I'analisi, €és mitjangant I'observacié de la
mida dels valors propis associats a aquests components, ja que aquests
indiquen la magnitud o quantitat de variancia retinguda per cada component
considerat. Tant els valors propis com la magnitud de variancia retinguda per
cada component disminueix en afegir més components fins a un nivell petit i
practicament constant. EIl nombre de components N s’escull fins que I'addicid
d’'un nou component ja no proporciona informacié addicional rellevant dins del
context del problema estudiat.

PCA esta dissenyat per a proporcionar una millor visualitzacié de la
variancia de les dades. Les representacions amb PCA permeten veure els
possibles agrupaments (clusters) de les dades, identificar els outliers i trobar

les causes de variacié que hi ha darrere el que s’observa experimentalment. La
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representacio de les variables en els nous eixos definits pels loadings, déna
informacio sobre la correlacié entre les variables i sobre quines variables son
les més importants i afecten més al model. La representacié de les mostres en
el nou espai definit pels nous components o factors dona els scores. Aquestes
representacions permeten observar com s’agrupen les mostres segons la seva
similitud i detectar la preséncia de valors aberrants o extrems. Aixi doncs, la
representacio dels scores genera el mapa de les mostres i la representacié dels
loadings genera el mapa de les variables en el nou espai vectorial definit pels
components principals. En el cas de dades ambientals, a partir dels loadings
s’identifiquen les fonts de contaminacio, i a partir dels scores se’n dedueix la
seva distribucié geografica i temporal sobre les mostres. L’analisi de PCA ajuda
a l'exploracio i interpretacid de dades multivariants, aplicant restriccions
d’ortogonalitat i de maxima variancia, pero els resultats de PCA no sempre sén
facilment interpretables en termes ambientals.

Una decisio important que s’ha de prendre abans de fer el PCA és si cal
utilitzar les dades originals o cal fer un pretractament de les dades com els que
hem explicat préviament a la seccio 4.2. Si una variable té una variancia molt
més gran que les altres, llavors aquesta variable pot condicionar molt I'analisi

(veure métodes de pretractament de les dades).

4.3.2 Resolucié Multivariant de Corbes per Minims Quadrats Alternats (MCR-

ALS)

La resolucié multivariant de corbes (Multivariate Curve Resolution, MCR)
descriu una familia de procediments quimiometrics utilitzats amb la finalitat
d’identificar i resoldre les contribucions existents en un conjunt de dades. L’Us
del MCR s’ha estés a diversos ambits de la quimica, com I'espectroscopia
d’infraroig (Ruckebush, 2003), la cromatografia (Gargallo, 1996), la ressonancia
magnetica nuclear (Jaumot, 2004), l'analisi d’imatges hiperespectrals
(Piqueras, 2011), la quimica ambiental (Terrado, 2009), la voltametria (Esteban,
2000), etc. EI metode MCR permet resoldre problemes relacionats amb Ila
identificacid i determinacié analitica de compostos objectiu en preséncia
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d’interferéncies desconegudes, a partir de l'anomenada petjada dactilar
(fingerprint) dels constituents d’'una mostra complexa (de Juan, 2013). També
s’ha utilitzat per la determinacié de biodiésel en barreges de biodiesel i diésel
convencional amb GC/GC-FID (Mogollon, 2013) o en la fusi6 de dades
espectroscopiques i cromatografiques per a la interpretacido de processos de
degradacio (Mas, 2011). Altres aplicacions son per exemple, I'estudi de la
fotodegradaci6 cinética de la melatonina (de Luca, 2013) o la resolucio de
cromatogrames obtinguts en cromatografia de gasos de dues dimensions
(GCxGC-TOFMS) de mostres complexes com extractes de petroli (Parastar,
2013).

El métode MCR es basa en una descomposicié bilineal equivalent a la
del métode PCA (equacio 1). EI PCA utilitza restriccions d’ortogonalitat, de
maxima variancia explicada i de normalitzacié dels loadings, i dona solucions
uniques, perd aquestes solucions no son directament interpretables des d’un
punt de vista fisic, ja que els perfils (vectors) que s’obtenen pels scores i
loadings per cada component son en realitat una combinaci6 lineal dels perfils
(espectrals, instrumentals, de concentracio, elucid,...) dels components que
causen realment la variancia observada. En MCR la finalitat és recuperar
aquests perfils i poder fer la interpretacié dels resultats directament. MCR
utilitza restriccions més naturals que PCA, com per exemple la no-negativitat
dels perfils espectrals i de concentracid, enlloc de la seva ortogonalitat. El preu
que s’ha de pagar no obstant per aquesta aplicacié de restriccions més naturals
i per tenir solucions més interpretables, és que les solucions no sén uniques i
existeix una certa ambiguitat associada a elles (Tauler, 1995b).

La resolucio en els méetodes MCR es pot fer de manera iterativa o no
iterativa. En els métodes no iteratius s'utilitzen les idees de selectivitat i
aniquilacié de rang en metodes com Rank Annihilation Evolving Factor Analysis
(RAEFA, Gampp, 1987), Window Factor Analysis (WFA, Malinowski, 1992) i
Heuristic Evolving Latent Projections (HELP, Kvalheim, 1992). Entre els
meétodes iteratius destaquen els procediments iteratius de resolucié per minims
quadrats alternats. Aquests metodes de resolucio iteratius resolen el model

bilineal a través d’'una optimitzacio iterativa per minims quadrats alternats de U
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i/o VT. Aquests meétodes de resolucid per iteracions comencen el procés
d’optimitzacié amb unes estimacions inicials que son posteriorment modificades
de manera iterativa sota I'accié de diferents restriccions. Les restriccions forcen
als factors U i/lo V' a obeir unes propietats quimiques o matematiques
préviament definides. Les restriccions constitueixen, al mateix temps, una
manera d’introduir informacié matematica o quimica que es coneix préviament,
per tal d’assegurar I'obtencié de solucions més interpretables i proximes a les
reals. Entre aquests metodes iteratius, destaca el metode de resolucié
multivariant de corbes per minims quadrats alternats (MCR-ALS, Tauler,
1995a,b). Aquest métode utilitza una implementaciéo especifica de minims
quadrats alternats (ALS) que és la que s’ha utilitzat en aquesta Tesi.

El métode de MCR-ALS descomposa la matriu de dades D mitjangant un
algorisme de minims quadrats alternats, que minimitza la seglent equacio pels

scores U i loadings VT desconeguts sota restriccions adients

minrHDPCA_ﬁVTH Equacio 5
UorV

on D,., és la matriu de dades reproduida (filtrada o projectada) per PCA pel

nombre de components considerat. UiV"sén respectivament les estimacions
dels factors (scores i loadings en PCA) matriu U i V' obtinguts durant la
optimitzacié per ALS. Aquestes dues matrius obtingudes per MCR-ALS reben
noms diferents depenen del context d’aplicacid, per exemple U es pot referir a
perfils de variacié de concentracio amb el temps, el pH, d’elucié cromatografica,
etc. i VT poden ser els perfils espectrals, instrumentals, de resposta, etc. En el
cas de dades de seguiment ambiental U es pot referir a perfils de distribucio de
les fonts de contaminacié i V' pot contenir els perfils de composicié quimica

d’aquestes fonts de contaminacio (Terrado, 2009).

En les cas de no aplicar restriccions (constraints) durant el procés
d’optimitzacio iteratiu (ALS), les solucions de I'equacio 5 es descriuen amb les
equacions 6 i 7 respectivament
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U=D,.,(V"" Equacio 6

V' =(0)"Dpey s Equacio 7

on (V") i(U)* son les estimacions de les pseudoinverses de les matrius V' i U

(Golub, 1996). En l'algorisme de MCR-ALS, aquestes dues equacions es
resolen sota un conjunt de restriccions pels perfils de la matriu en els factors U i
VT, com la no-negativitat, i altres que s’explicaran més endavant (de Juan,
2003; Tauler, 1995 a i b; Jaumot, 2005). En aquest cas el problema es pot
resoldre rigorosament amb I'algorisme d’optimitzacié de minims quadrats rapids
no-negatius fnnls (fast non-negative least squares) (Bro, 1997a) expressat com

a les equacions 81 9.
U = funls(Dpe,, V") Equacio 8

V' = fanls(Dpe,, UT) Equacio 9

Altres restriccions que es poden aplicar son la unimodalitat, la de sistema
tancat o de balang de matéria, la de selectivitat i rang local (Tauler, 1995b), i en
el cas de I'analisi de dades multidireccionals, la de trilinearitat (Tauler, 1995b,
1998) o la interaccio entre components (Peré-Trepat, 2007; Article 2 de la
present Tesi). Aquestes restriccions es poden aplicar de manera flexible i
independent per cada component, i separadament si és necessari. L’éxit de
I'aplicacio del métode MCR-ALS es troba precisament en la seleccid i aplicacio
adequada d’aquestes restriccions. Una evolucioé recent del métode MCR-ALS
ha estat I'avaluacio de I'extensio de les ambiguitats rotacionals de les solucions
obtingudes per MCR-ALS amb I'algorisme MCR-BANDS (Tauler 2001, Jaumot,
2010) i els efectes de considerar les incerteses en les dades experimentals
(Wentzell, 2006; Dadashi, 2012 i 2013) per evitar la seva propagacié en els
parametres del model (en aquest cas U i V'), utilitzant per exemple

I'aproximacié de minims quadrats alternats sospesats (MCR-WALS) o de forma
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analoga, fent la projeccio inicial de les dades utilitzant un algorisme de maxima
versemblanca d’analisi de components principals (MLPCA (Wentzell, 1997),
enlloc de 'algorisme classic de PCA.

En tots els métodes de MCR, un primer pas és proposar un nombre
inicial de components, N, que contribueix a la variancia de les dades. Aquest
nombre de components es pot escollir amb PCA. En el métode MCR, les
variancies dels components individuals es solapen i els perfils resolts no sén
ortogonals com son en PCA (Jollife, 2002; Vandeginste, 1998). La suma de les
variancies explicades per cada component individual de MCR és habitualment
més gran que la variancia explicada simultaniament en el model conjunt. Aixo
no ocorre en canvi en PCA, on aquesta suma és igual a la variancia del model
conjunt. Els perfils de composici¢ i de distribuci6 medioambientals rarament
son ortogonals i es solapen, i per aixd no son directament interpretables a partir

de l'aplicacié de PCA.

L’algorisme MCR-ALS també necessita de les estimacions inicials d’'una
de les dues matrius U o V' per tal de comencar el procés iteratiu d’optimitzacio.
Existeixen multiples possibilitats que permeten generar bones estimacions
inicials i disminuir els temps computacionals i minimitzar els problemes de
convergéncia. Un dels métodes quimiométrics més emprat per obtenir
estimacions inicials d’'un conjunt de dades és el métode SIMPLISMA (SIMPLe-
to-use lterative Self-Modeling Analysis), que selecciona les columnes o files
més pures (selectives) de la matriu D (Windig, 1992 i 2005) com a estimacions
respectivament dels perfils dels components en les matrius V' o U
respectivament. El calcul de les estimacions inicials en MCR-ALS esta moltes
vegades inspirat en aquest métode.

L’avaluacio de la qualitat del modelatge de les dades en MCR-ALS es fa
utilitzant dos parametres, que son el percentatge de la falta d’ajust (lack of fit,
lof %) i les variances explicades (R?%)
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L’avaluacio de la qualitat dels perfils dels components recuperats per MCR-ALS
nomeés és possible estrictament quan els perfils sén préviament coneguts com
en el cas de dades simulades preparades per posar a prova un procediment
proposat. Els parametres utilitzats en aquest cas seran, per una banda el
coeficient de correlacié entre els perfils coneguts (x i y) i els estimats (r?) i per
I'altra, I'angle (a) entre ells calculat com el valor del cosinus que és igual a
aquest valor de r?.

1’ = cosa = Equacio 12

x'y
[l

o = arc(cos(r?)) Equacio 13

Restriccions

Les restriccions son propietats quimiques o matematiques generals que
els perfils en les matrius de factors U i/o V' han de complir, les quals actuen
dirigint el procediment d’optimitzacio iteratiu cap a una solucié amb significat
fisic i interpretable en termes ambientals. La utilitzaci6 adequada de
restriccions és una condicid imprescindible en tots els procediments de
resolucié multivariant que permet disminuir 'ambiguitat de les solucions finals
obtingudes. Les restriccions poden ser classificades d’acord amb la seva
naturalesa o bé d’acord amb la seva utilitzacié. Una restriccié o condicio pot ser
imposada de dues maneres: forgant el perfil (espectral, de concentracio, ...)
d’'un component determinat (o alguns dels seus elements) a ser igual a

determinats valors preestablerts (restriccions d’igualtat, equality constraints), o
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bé forgar-lo a ser superior o inferior a ells (restriccions de desigualtat, inequality
constraints).

Entre les diferents restriccions aplicables del métode MCR-ALS per
dades ambientals destaquen la no negativitat i la normalitzacié dels loadings
(VT), i en alguns casos la trilinearitat. Totes tres es descriuran breument a
continuacid. Hi ha altres restriccions que son utilitzades en altres camps de la
quimica analitica, com son la unimodalitat, la de sistema tancat (balan¢ de
matéria) o les de selectivitat o rang local (Tauler, 1995b i 2001). Algunes
restriccions com la trilinearitat i la de selectivitat/rang local, poden eliminar
totalment I'ambiguitat rotacional associades a un o a tots els perfils resolts dels
components. Es important, a I'hora d’aplicar qualsevol restriccid, considerar que
aquesta estigui plenament justificada tant des d’'un punt de vista matematic com
des d'un punt de vista quimic ambiental. El fet d'utilitzar una restriccid
inadequada, pot donar lloc a resultats erronis i pitjors que si aquesta no
s’apliqués. El procediment recomanat és el d’anar introduint les restriccions de
manera gradual durant el procés de resolucio, i anar comprovant I'efecte que té
la seva introducci6 a partir de la millora de I'ajust obtinguda. Quan I'aplicaci6 de
les restriccions porta a solucions que no sén raonables des d’'un punt de vista
fisicoquimic o ambiental, caldra comprovar si la seva aplicacié ha estat
encertada o és massa estricta, o també si cal ampliar els nivells de tolerancia

per evitar el seu incompliment.

a) No-negativitat

La restricci6 de no-negativitat és probablement la restriccié meés
emprada en els métodes MCR. En el cas de dades ambientals, la restriccié de
no negativitat es pot aplicar sobre els perfils de composicid (V') i
contribucio/distribucio (U) de les fonts de contaminacid, ja que en aquests
casos nomes tenen sentit solucions positives. Si a un factor se li aplica la
restricci6 de no negativitat, els seus elements només poden ser positius (0
zero). Hi ha diferents formes d’aplicar aquesta restriccié de no negativitat, com
ara la substitucié directa dels valors negatius per zero durant els diferents
passos iteratius o métodes més rigorosos, basats en procediments per minims

quadrats no negatius (nonnegative least squares, nnls, Lawson, 1974) i les
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seves variants més rapides, com per exemple fast non-negative least squares,
fnnls (Bro, 1997a). En aquesta Tesi s’ha utilitzat 'algorisme basat en aquest
darrer metode de minims quadrats no negatius rapids (fnnls).

b) Normalitzacio dels loadings

La normalitzacié es realitza per evitar les ambiguitats d’escala (Tauler,
1995b i 2001). A consequéncia d’aquesta ambiguitat, els valors dels scores
poden incrementar-se arbitrariament de manera il-limitada multiplicant-los per
un escalar arbitrari i al mateix temps els valors dels loadings corresponents al
mateix component es poden fer decréixer per la mateixa quantitat dividint-los
pel mateix valor escalar, de manera que no es canvi el resultat de la seva
multiplicacié. Quan es fa la normalitzacié dels loadings es divideixen tots els
valors del perfil d’'un component determinat per la seva norma (arrel quadrada
de la suma dels quadrats de tots els elements del perfil), forgant per tant que
els perfils de tots els components tinguin la mateixa norma igual a la unitat o a

un valor constant.

MCR-ALS aplicat a dades en tres direccions (three-way)

Quan la matriu de dades presenta una estructura de dades més
complexa com a consequéncia de I'analisi simultania de diverses taules o
matrius de dades, com per exemple en el cas de quan es realitza diverses
campanyes de seguiment ambiental en diferents punts de presa de mostra i
durant diferents dies, mesos o anys, es poden agrupar aquestes dades en tres
direccions (ways) o modes (modes). En MCR-ALS, es pot treballar en dades en
tres direccions mitjangant la utilitzacié de matrius de dades augmentades, com
s’ha explicat anteriorment. La descomposici6 d'una matriu de dades
augmentada es porta a terme amb un model bilineal analeg al que s’utilitza en
el cas de I'analisi d’'una matriu de dades individual, pero ara els resultats també
es podran mostrar com en els models trilineals mostrant els loadings en els tres

modes o direccions X, Y iZ (Figura 4.5).
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Figura 4.5. Descomposici6 bilineal per PCA o MCR-ALS d’una matriu augmentada seguida del

replegament dels scores per recuperar els perfils dels loadings en els tres modes.

Quan es realitza I'analisi de dades en tres direccions o tres modes, ja no
s’utilitza la denominacié de scores i loadings, sin6 nomeés de loadings en el
primer, segon i tercer modes. La denominacio d’scores s’utilitza preferiblement
només en el cas de dades en dues direccions (two-way data). La possible
obtencié de loadings en tres modes independentment de si s’ha aplicat la
restriccio de trilinearitat o no, permet simplificar i generar un nous resultats
similars als que s’obtenen quan s’apliquen métodes basats en models trilineals,
permetent la comparacio amb altres métodes multidireccionals (multiway). La
unica restriccio per obtenir els perfils en els tres modes es que el tamany de les
matrius de dades individuals analitzades simultaniament tinguin el mateix
nombre de files i columnes, és adir una estructura de dades en tres direccions.

A la Figura 4.5 es mostra el procediment emprat per obtenir els perfils en
els tres modes. Cada component de la matriu augmentada Ua.ug €S pot replegar
en una nova matriu segon els seus dos modes que pot ser descomposada en
els seus valors singulars. Considerant el primer valor singular, es generen dos
vectors, els qual son una estimacié dels loadings en el primer i tercer mode. El

procés es repeteix per cadascun dels components. La nova matriu de /oadings
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en el primer mode (X) (Figura 4.5) descriu com els components resolts
(fonts/pautes de contaminacio) es distribueixen entre les mostres i la nova
matriu de loadings en el tercer mode (Z) descriu com son les diferencies entre
les diferents matrius de dades, és a dir entre les diferents campanyes de
seguiment ambiental, per exemple en diferents dies, mesos o anys. Els
loadings en el segon mode (Y) (Figura 4.5) en canvi tenen el mateix significat
que els obtinguts en la descomposicié bilineal (V'), és a dir donen els perfils de
composicié de les fonts/pautes de contaminacio.

S’ha de diferenciar entre I'aplicacié d’'un model bilineal i representar els
resultats en tres direccions o0 modes, que és el que s’ha mostrat anteriorment, o
aplicar un model trilineal i representar també els resultats en tres direccions o
modes, que és el que s’explicara en el seglent apartat. Encara que el sistema
es comporti de manera bilineal, pot ser util representar-lo en la forma trilineal
(amb tres modes), ja que d’aquesta manera podrem comprar els resultats
obtinguts amb els obtinguts amb altres métodes basats en els models trilineals
com el PARAFAC (Bro, 1997b) o el TUCKERS3 (Smilde, 2004). Representar els
resultats en tres modes no vol dir ja que el sistema sigui trilineal (la majoria de
processos quimics i ambientals no son trilineals), perd pot ser util representar
dades no trilineals en els tres modes com a procediment exploratori de dades,
de la mateixa manera que es poden aplicar métodes bilineals com el PCA per
aproximar i visualitzar sobretot el comportament de sistemes de dades no-

bilineals.

Aplicacio de la restriccio de trilinearitat al metode MCR-ALS

Aquesta restriccid esta relacionada amb I'analisi simultania de conjunts o
matrius multiples de dades. L’aplicacié d’aquesta restriccid implica 'assumpcio
de que les dades tenen una estructura tridireccional (three-way) o en tres
modes (veure apartat 4.1 de l'estructura de les dades), i que es poden
descriure adequadament amb un model ftrilineal (Equacié 3). Per analitzar
dades en tres direccions per MCR-ALS, es construeix primer la matriu
augmentada corresponent, formada per la concatenacié dels diferents blocs o
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matrius de dades (dades en dos direccions o two-way) en la direccié d’interés,
generalment en la direccio d’augmentacié segons les columnes (veure 4.1)
L’aplicacié d’aquesta restriccid6 en MCR-ALS per dades que compleixen
aquestes caracteristiques forgca els perfils dels scores resolts de cada
component corresponents a cada una de les diferents matrius constituents de
la matriu augmentada a tenir la mateixa forma (Tauler, 1998). Aquesta
restriccid es podra doncs aplicar quan les diferents matrius analitzades tenen el
mateix nombre de files i de columnes. El model trilineal es pot també resoldre
amb el métode anomenat de PARAFAC (apartat 4.4.3). En MCR-ALS, aquesta
restriccid es pot aplicar de forma flexible per a tots els components 0 a només
per aquells components que compleixin aquesta restriccio. En general, les
dades quimiques compleixen el model trilineal només en alguns casos
particulars, com per exemple en les dades d’emissid/excitacié de fluorescencia
molecular, on la forma de I'espectre d’emissié d’'un determinat compost quimic
és la mateixa per a qualsevol longitud d’ona d’excitacio. També es pot trobar en
algun casos de dades ambientals, com per exemple quan els perfils de variacio
dels components en els dos primers modes (mostres i variables) es mantenen
invariants en el tercer mode, que pot ser per exemple el temps (diariament,
mensualment, anualment,...).

La restriccié de model trilineal total o parcial s’aplica durant I'optimitzacio
iterativa (Tauler, 1998; Article 2 de la present Tesi) dins del procediment de
minims quadrats alternats (ALS). A la Figura 4.6 es pot veure graficament com
es porta a terme aquesta implementacié. Quan s’aplica la restriccid de
trilinearitat, s’afegeix un pas a I'optimitzacié ALS en el que cada perfil individual
(columna) de la matriu augmentada de scores U.ug és forgat a satisfer la
condicio de trilinearitat. El mateix procediment utilitzat i explicat anteriorment
per recuperar els loadings en els dos modes (primer i tercer modes) a partir
dels scores augmentats del model bilineal s’aplica ara durant la optimitzacio per
ALS.
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Figura 4.6. Descomposicié per MCR-ALS d’'una matriu augmentada amb restriccié de

trilinearitat.

Com es mostra a la Figura 4.6, en cada iteraci6 ALS, cada columna de la
matriu augmentada de scores Uayg €s apropiadament plegada per donar lloc a
una nova matriu amb les dimensions del primer i tercer modes, és a dir per
exemple amb un numero de files igual al numero de mostres i un nombre de
columnes igual al nombre de variables temporals (dies, mesos, anys...). El
primer component de la descomposicid en valors singulars d’aquesta matriu
donara els loadings en el primer i tercer mode respectivament per cada
component considerat tal com es mostra a la Figura 4.6. El producte de
kronecker (Smilde, 2004) d’aquests dos nous vectors /oadings dona lloc
aleshores a un nou vector augmentat de scores, que compleix amb la condici6
de trilinealitat i que substitueix la columna corresponent de la matriu de scores
Uaug- Quan aquesta restriccio és inserida durant cada pas del proceés iteratiu
d’optimitzacié ALS, aquesta restriccio forca a que la forma del vector loadings

en el primer mode sigui sempre igual. La variacié d’intensitat o escala estara
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expressada en els loadings del tercer mode (Z). Els resultats obtinguts amb
'aplicaci6 d’aquesta restricci6 en MCR-ALS seran equivalents amb els
obtinguts amb el métode PARAFAC, que s’explicara més avall.

Una de les principals avantatges de [l'aplicacié de la restriccié de
trilinealitat en el metode MCR-ALS en front el PARAFAC, és que en MCR la
restriccio de trilinearitat s’aplica de manera independent per a cada component
i que no és necessari aplicar-la de manera simultania a tots els perfils resolts.
Aquesta restriccio és diferent de l'aplicada en PARAFAC, on tots els

components resolts han de satisfer forgosament la condicio de trilinearitat.

Aplicacio de la restriccio de interaccio entre components al metode MCR-ALS

Aquesta restriccio esta relacionada amb I'anterior i també s’aplica al cas
de dades tridireccionals (three-way). A diferéncia del cas del model trilineal
estricte, en aquest cas es permet tenir un nombre diferent de components per
cada un dels tres modes de l'estructura de dades tridireccionals (cub de
dades). Aquest tipus de comportament es pot resoldre amb els models
anomenats Tucker (Tucker, 1966), els quals també es descriuran més avall.
L’aplicacié de la restriccio d’interaccié entre components permet resoldre casos
senzills de models TUCKERS restringits (Smilde, 2004). En MCR-ALS s’aplica
quan diferents components presenten un mateix perfil en algun dels modes, i
permet reduir el nombre de components en aquell mode. D’aquesta manera es
simplifiquen els resultats obtinguts sense perdre informacio.

En el model PARAFAC trilineal, hi ha un perfil individual per cada
component en cada mode. En canvi en MCR-ALS amb interacci6 de
components (com també en el model TUCKERS3), hi ha completa llibertat en la
correspondéncia dels perfils entre els diferents components i modes, on per
exemple, dos components poden interaccionar i tenir el mateix perfil en un dels

modes.
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Figura 4.7. Descomposicio per MCR-ALS d’'una matriu augmentada amb restriccid

d’interaccié entre components.

En la Figura 4.7 es mostra graficament el funcionament d’aquesta restriccio
d’interaccié entre components en el métode MCR-ALS. En I'exemple que es
mostra en la figura, dues columnes dels perfils de la matriu augmentada dels
scores Uayug €s pleguen per donar una nova matriu que es descomposara per
SVD, i només el primer component sera considerat. Mentre que en el cas
d’aplicacio de la restriccidé de ftrilinealitat, aquest plegament i descomposicid
nomeés es realitzava per una de les columnes de la matriu Uaug, ara aquest
procés es realitza per dues o mes columnes de la matriu Uaug. Aquesta
descomposicié donara directament un sol perfil del loading en el primer mode
(X) i un perfil allargat del loading en el tercer mode (Z) que es pot desdoblar en
dos. En aquest cas per tant s’obtindria un sol perfil en el primer mode i dos
perfils en el segon (Y) i tercer modes. El producte de Kronecker dels vectors del
primer i tercer mode donara de nou la estimacid dels nous perfils augmentats
de scores en la matriu Ua,g que compleixen amb la restriccié imposada
d’interaccié entre components i que s’inserten com a noves estimacions d’ells

durant la optimitzacio iterativa ALS.
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Aplicacié del metode MCR-ALS a dades incompletes

El métode MCR-ALS s'utilitza habitualment amb blocs de dades
complets que donen matrius augmentades en alguna de les dues direccions
(files o columnes) en les que no hi falta cap de les matrius individuals
corresponents. En aquest apartat, s’explica una nova variant del métode MCR-
ALS que permet analitzar matrius augmentades de dades incompletes, on

algunes de les matrius individuals de dades (blocs) sén absents.

En el cas estudiat en aquesta Tesi, les matrius augmentades de dades
incompletes s6n dades sobre I'evolucié temporal de dos contaminants
diferents, perd en les que els anys disponibles no eren sempre els mateixos per
als dos contaminats. Com es pot veure a la Figura 4.8, per un contaminant es
disposava de dades dels anys A, B, C i D, i per 'altre es disposava de dades
dels anys C, D, E i F. Només hi havia dades comunes pels dos contaminants
en dos dels sis anys investigats. Amb la nova versio del métode MCR-ALS
presentada en aquesta Tesi, es permet I'analisi conjunta dels dos contaminants
de tots els anys disponibles, tant si eren comunes per els dos contaminants,
com si nomeés s’havien realitzat per a un d’ells. Per poder analitzar les matrius
de dades incompletes es van substituir els blocs de dades absents per ‘NaN’
(Not a Number) en la notaci6 utilitzada per MATLAB (The Mathworks, Natick,
USA).

Tal com es mostra a la Figura 4.8, les dades incompletes es van
estructurar en una matriu super-augmentada en les dues direccions 0 modes
(augmentacio simultania de files i columnes), que es poden subdividir en tres
submatrius diferents: D1 és la submatriu super-augmentada en la direccio de
les files i les columnes corresponents a les dades completes, és a dir amb les
concentracions dels anys on tots dos contaminats varen ésser analitzats (C1,
C2, D1 i D2), D; és la submatriu augmentada en la direccid de les columnes
amb les dades de concentracio disponibles d’'un contaminant (C1, D1, Ei F), i
D3 és la submatriu augmentada en la direccié de les columnes amb les dades

de concentracio disponibles per I'altre contaminant (A, B, C2 i D2).
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La descomposicido bilineal de les tres matrius de dades es fa
simultaniament utilitzant 'algorisme de minims quadrats alternats ALS adaptat
al calcul de tres funcions d’error, corresponents a cadascuna de les submatrius
esmentades D4, D2 i D3. En l'algorisme ALS proposat, aquestes tres funcions
s’optimitzen simultaniament (sumant les tres funcions d’error individuals en una
funcié d’error total) per intentar uns valors conjunts Optims dels scores i
loadings que permetin descriuen adequadament tots els anys analitzats. En
aquesta descomposicio bilineal dels scores, la matriu U4 té el mateix nombre de
files que la matriu D4, la matriu Uz té les mateixes files que D2, i la matriu U; té
les mateixes files que D3;. En la descomposicié bilinear de les tres matrius de
dades, els loadings resolts V¢ tenen les mateixes columnes que D4, V2 té les
mateixes columnes que D3 i V3 té les mateixes columnes que D3 (veure Figura
4.8). Com es pot veure en la Figura 4.8d, la implementaci6 de I'algorisme ALS
per conjunts de dades incompletes té aspectes diferents de I'algorisme general
ALS utilitzat per conjunts de dades completes. En el calcul de la matriu dels
scores en el conjunt de dades incompletes es poden trobar tres situacions
diferents (U4, U2 i U3) i en cada cas el calcul inclou la multiplicacié de la matriu
augmentada apropiada (D4, D2 0 D3) per la pseudoinversa de la corresponent
matriu de loadings (V1, V2 0 V3). En cada iteraci6 de la optimitzacio ALS global,

les seguents equacions del subconjunt ALS s’han de resoldre:

Per la matriu de dades D4

Calcul del factor matriu U4 de I'estimacié de V," per:

A

min D, ., -0V, |0, = finls(D, .., V,") Equacio6 14

U, ,restriccions

Calcul del factor matriu V4" de I'estimacié de U, per:

A

min D, ., — U, V[V, = funis(D, pc,, U,") Equacié 15

5T o
V" ,restriccions
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El calcul de la funcié d’error per minims quadrats corresponent a la

matriu de dades D¢ es defineix a partir dels residuals calculats utilitzant les

estimacions de U,i V," segons 'equacié

1 J
§8¢q, = lel[dzl,i,/ _iﬁl,i,n‘;l,_/,n) EquaCK’) 16

i=l j=1 n=l1

De la mateixa manera, per a les altres matrius D2 i D3 es poden escriure les

equacions corresponents i les seves funcions d'error per minims quadrats

corresponents, donant respectivament U,,V,", ssqz, U,, V,"i ssqs. La matriu

final Us'obté llavors a partir de la juxtaposicio de les tres matrius d’scores

obtingudes separadament

A

U=10,,0,;0,} Equaci6 17

Quan hi ha coincidéncia en les files, la matriu U, prevaleix sobre U,o0
fJ3 perqué D4 és la matriu conté la informacié que en principi és més fiable, ja

que s’ha obtingut a partir de I'analisi de les dades dels dos contaminants, és a
dir amb la part conjunta completa de les dades (veure Figura 4.8c). Per altra

banda, la matriu final de loadings és calcula a partir de I'expressio:
U A \AN AR Equaci 18

on |[V,”.V,” | és el factor matriu augmentat en la direccié de les files, format per

la concatenacié segons les files de V,”i V.”, tenint en compte la maxima

informacio (no només la de D4, siné també la de les altres dues matrius D, i
D3).

La funcid que finalment és optimitzada per ALS és

$Sq = $S(1+SSQ2+SSQ3 Equacio 19
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o= > Equacié 20
(IJ,+1,J, +1,J,)

on |4, J1, l2, Jo, I3 i J3 son respectivament el nombre de files i columnes de les

tres matrius augmentades D4, D2 i Ds.

En l'equacié 20, sigma o, ddna l'arrel quadrada mitjana de la suma dels
quadrats residuals (ssq). El criteri de convergéncia de I'optimitzacié es produeix
quan la millora en els canvis dels valors de sigma entre iteracions és per sota
d’'un determinat valor, normalment 0.1%. Aquest valor es pot modificar
depenent del criteri de convergéncia de la optimitzacié que es vulgui assolir.
Normalment per proposits exploratoris s’utilitza un valor més elevat (per
exemple 1%), i quan ja s’ha trobat un bon model, es proven valors més baixos
per si s’obté alguna millora de les solucions obtingudes.

En la Figura 4.8d també es pot veure com es podrien obtenir també els
perfils en tres modes (X, Y i Z), on ara el tercer mode correspondria als dos
tipus de contaminant. Aquesta disposicié permetria també (al menys en teoria)
I'aplicacio de la restriccio de trilinearitat. La manera com s’aplicaria la restriccid
de ftrilinearitat a dades incompletes seria similar a la que s’ha explicat
anteriorment. Aixd implica que el perfil d’scores de cada component
corresponent a cada matriu individual constituent de la matriu augmentada és
forcat a ser invariant (tenir la mateixa forma) i només difereixi en un factor
d’escala. Finalment i com succeeix en els casos que ja s’ha comentat abans, es
podran també representar els resultats obtinguts a partir dels loadings en les

tres direccions o modes.

4.3.3 PARAFAC

El metode PARAFAC (Parallel Factor Analysis) és basa en un model
trilineal que va ser introduit per Harshman (1970) als anys 70 i també
independentment per Carroll & Chang (1970) sota el nom de Canonical

Decomposition (CANDECOMP). La idea basica del model trilineal és utilitzar



108 Capitol 4

els mateixos factors per descriure la variacido en diverses matrius simultanies
encara que amb diferents coeficients de pes per cada matriu.

El model PARAFAC es pot introduir generalitzant la descomposicio de
valors singulars. Per unes dades D(/xJxK) en tres direccions (cub de dades) en
el model trilineal es fixen dos conjunts de parametres (per exemple x i y), i un
element del cub de dades, s’expressa com a funcio lineal dels parametres
restants (per exemple z).

N
dijk = zgnnnxinyjnzkn +eij EquaCIO 21

n=1

i en notacié matricial com
D=XZ Y + Ex= Zax1b1" + ...+ ZauxnYn' + Ex Equacié 22

On Z, és la matriu diagonal amb les k files de Z en la seva diagonal (elements
Zi1,---,ZkN); Xn, Yn SON les n columnes de X i Y, respectivament i el terme residual
Ex (/IxJ) és definit de manera similar a Dx. Cada D¢ es modela utilitzant els
mateixos components X i Y, perd amb diferents pesos, representats per Z. El
model PARAFAC déna unes estimacions uniques, és a dir, X, Y i Z no es
poden canviar sense canviar els residuals (no hi ha ambiguitat rotacional). En la

Figura 4.9 es pot veure la descomposicié del model PARAFAC.

Y4 Zy
1
Yi YN

X4 XN

Figura 4.9. Descomposicio del model PARAFAC amb N components.

L’analisi de PARAFAC d'un cub o paral.lelepipede de dades D genera
directament les matrius de loadings en els tres modes o direccions X, Yi Z. La
matriu X (loadings en el primer mode) conté la contribucié dels components en

el primer mode (generalment les mostres). La matriu Y (loadings en el segon
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mode) conté la contribucid dels components en el segon mode (generalment
les variables o parametres mesurats sobre les mostres). La matriu Z (loadings
en el tercer mode) conté la contribucid dels components en el tercer mode
(generalment les condicions diferents sota les quals s’han fet les mesures de
les variables en les diferents mostres). En la descomposicio realitzada per
PARAFAC, el nombre de components en els tres modes és el mateix, N. Com
ja s’ha comentat abans, les solucions obtingudes amb el model PARAFAC sota
unes determinades restriccions soOn uniques i no presenten ambiguitats
rotacionals (Smilde, 2004). La resolucio del model trilineal per PARAFAC es pot
realitzar amb diferent tipus de restriccions, com ara d’ortogonalitat o de no-
negativitat.

Els parametres X, Y i Z es poden estimar amb diferents algorismes, i
s’han d’estimar simultaniament quan aquests no sén ortogonals i per tant no
son independents entre ells. Els algorismes que s’utilitzen per ajustar el model
PARAFAC es basen (com en el cas de MCR-ALS) generalment en els minims
quadrats alternats (ALS) (Smilde, 2004), i rebent llavors el model el nom de
PARAFAC-ALS. El sistema ALS té els seus avantatges perqué és un algorisme
simple d’'implementar, és simple incorporar-li restriccions (com la ortogonalitat,
la no-negativitat, la unimodalitat, etc. (Bro, 1997b; Harshman, 1970)), i
garanteix la convergéncia. No obstant, a vegades és lent. L'eleccié d’'unes
bones estimacions inicials pot accelerar I'algorisme PARAFAC-ALS i disminuir
els risc de convergir en un minim local. La descripcido dels algorismes ALS
emprats en el model PARAFAC surt de I'ambit d’aquesta Tesi, pel que no
s’explicara aqui, perd es pot trobar una descripcié detallada dels mateixos al
llibre Multi-way analysis (Smilde, 2004).

L’us del PARAFAC va comengar dins de I'area de la psicometria, com
per exemple en I'estudi de les diferents frequéncies de la veu segons la posicid
de la llengua o els llavis amb diagrames de raigs x (Ladefoged, 1978) o en
'estudi de les respostes emocionals produides per diferents estimuls (Cole,
1985), pero el seu Us s’ha estes a molts ambits de la ciéncia i de la quimica. En
aquest darrer cas de la quimica, ha trobat especialment Us en I'analisi de dades
d’espectrometria d’excitacio-emissio (fluorescéncia). La seva utilitzacio en

altres ambits com en la cromatografia multidimensional o en la cromatografia
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hifenada amb deteccio espectrométrica (UV-DA o MS) és meés controvertida
deguda a la necessitat del compliment del model trilineal. Exemples d’aplicacid
recent son la caracteritzacié dels components del petroli en un vessament al
golf de Méxic al 2010 (Zhou, 2013) o la caracteritzacié de la matéria organica
dissolta en aigua en una conca subtropical en diferents régims hidrologics
(Hong, 2012).

4.3.4 TUCKERS

El métode Tucker deu el seu nom a L. Tucker, que va introduir la
descomposicié d’'un conjunt de dades agrupades en tres direccions en tres
matrius de loadings i un bloc o matriu nucli (core) (Tucker, 1966). Més tard,
I'any 1980 Kroonenberg i de Leeuw van crear un algorisme de calcul basat en
una optimitzacié per minims quadrats alternats (ALS, alternating least squares)
sota restriccions d’ortogonalitat (Kroonenberg, 1980 i 1983).

El model TUCKERS es pot explicar amb I'equacio

P QO R
d?/k = zzzxipyipzpqrgpqr + ejjk EquaC|O 23

p=Il g=1 r=1

on djx representa I'element jjk en el conjunt de les dades; X, Yjq i Zx SON els
elements tipics de les matrius de loadings X (IxP), Y (JxQ) i Z (KXR), Qpqr €S
I'element tipic del que s’anomena nucli G (cub de dimensions reduides PxQxR),
i ejk €s el terme de residuals E (IxJxK).

En la Figura 4.10 es pot veure la descomposicié grafica del model TUCKERS.



Tractament de les dades experimentals 111

K
K/~ —ZR—
QYG
D _ J + E
/ X
J I
P

Figura 4.10. Descomposicio grafica de model TUCKERS.

En el model TUCKERS, la notacio (P, Q, R) s'utilitza per indicar que el
model té P, Q, R factors en els tres modes diferents. A diferéncia de I'equacio
21, explicada anteriorment en PARAFAC, no hi ha cap requeriment del model
per tenir el mateix nombre de components en X i Y. Un nucli no diagonal
significa explicitament que en el model hi ha interaccions entre els factors, i
aquesta és una propietat dels models Tucker en general. EIl model PARAFAC
és idéntic a un model TUCKERS3 on el nucli s’ha fixat per que tots els elements
fora de la superdiagonal siguin zero, en canvi, el nucli d'un model TUCKERS3
tindra els elements fora de la diagonal diferents de zero. En l'analisi de
components principals tradicional, els vectors de loadings només poden
interaccionar entre ells si pertanyen al mateix component i en modes diferents.
Per exemple, el segon vector (perfil) d’scores interacciona amb el segon vector
(perfil) de loadings amb una magnitud definida pel segon valor singular. En el
model TUCKERS tots els vectors poden interaccionar entre si. Per exemple, el
primer vector dels loadings pot interaccionar amb el tercer vector dels loadings
amb una magnitud definida per I'element gs3. EI model TUCKER3 té la
versatilitat de permetre estudiar casos en els que el nombre de components no
és el mateix en els diferents modes. En aquest sentit, el model TUCKERS és
flexible i permet modelar situacions en les que es produeixen interaccions entre
els components (similar a la restriccio d’interaccid entre components que s’ha
explicat anteriorment per MCR). En els casos on es produeix interaccié entre
components i el nombre de components no és el mateix en els diferents modes,
el model rep el nom de TUCKERS restringit, que és el que s’ha utilitzat en

aquesta Tesi.
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Per resoldre el model TUCKERS es poden utilitzar diferents algorismes,
pero el més emprat és el TUCKALS3 que realitza I'ajust per minims quadrats
alternats amb vectors de loadings ortonormals (Kroonenberg, 1980). Més tard
van aparéixer altres algorismes meés eficients i algorismes que permetien
models amb ordres més elevats i que utilitzen altres tipus de restriccions, com
la no-negativitat (Andersson, 1998; Ten Berge, 1987; Morup, 2006). El métode
TUCKERS3 s’ha utilitzat en diferents arees com la cromatografia (de Ligny,
1984), I'analisi ambiental (Gemperline, 1992) o en I'analisi de la percepcio
personal (Van der Kloot, 1985). Més recentment s’ha utilitzat per exemple en
I'avaluacié de I'estabilitat quimica de diferents metalls en residus del tractament
d’aigles residuals (Pardo, 2013) o en el modelatge i interpretacio en dades
ambiental en tres direccions adquirides en la presa de mostra de material

particulat (PM4o) en quatre localitzacions en una regio d’Austria (Astel, 2010).
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5.1 BLOC 1 - Contaminants de les bases de dades de la

Generalitat

En aquest bloc es mostren els resultats obtinguts en els estudis dels
contaminants obtinguts a partir de les xarxes de seguiment de la contaminacié
atmosférica de la Generalitat de Catalunya. L’aplicaci6 dels métodes
quimiomeétrics com el PCA i el MCR-ALS han permeés obtenir perfils (scores)
d’informacio geografica i temporal segons el tipus d’augmentacié de matrius
individuals. S’han aplicat diferents tipus de restriccions en el métode MCR-
ALS, per millorar la interpretacioé dels resultats, i s’ha desenvolupat una nova
versio del citat métode MCR-ALS que permet treballar amb dades multibloc

incompletes.

Article 1 - M. Alier, M. Felipe-Sotelo, |. Hernandez, R. Tauler; Variation
patterns of nitric oxide in Catalonia during the period from 2001 to 2006 using
multivariate data analysis methods. Analytica Chimica Acta 642 (2009) 77-88

En aquest treball es van analitzar dades de concentracions d’oxids de
nitrogen obtingudes en diferents estacions de Catalunya durant el periode
compreés entre els anys 2001 i 2006. Per una banda es van analitzar dades de
NO obtingudes simultaniament en diferents estacions i durant diversos anys.
Els valors de concentraci6 de NO obtinguts per cada any en diferents
estacions de Catalunya, es van disposar en forma de vectors (columnes),
posant els diferents vectors un al costat de l'altre per les diferents estacions i
anys disponibles. En aquest estudi es va utilitzar un model bilineal i els
resultats es van mostrar en dos modes. Per una altra banda, també es van
analitzar dades de tres estacions concretes, Barcelona-Gracia (anys 2001,
2002, 2005 i 2006), Bellver de Cerdanya (anys 2004, 2005 i 2006) i
Tarragona-Sant Salvador (anys 2004, 2005 i 2006). En els tres casos es van
analitzar les dades de NO utilitzant matrius augmentades en la direcci6 de les

columnes pels diferents anys, emprant un model trilineal i mostrant els
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resultats en tres modes. Cal destacar que la utilitzacié de la restriccio de
model trilineal (trilinearitat) permet resumir de forma considerable la informacid

contenida en els resultats i facilitar-ne la seva interpretacié.

Article 2 - Marta Alier, Monica Felipe-Sotelo, Isabel Hernandez, Roma Tauler;
Trilinearity and component interaction constraints in the Multivariate Curve
Resolution investigation of NO and O3 pollution in Barcelona. Analytical
Bioanalytical Chemistry (2011) 399:2015-2029

En aquest treball I'estudi es va centrar en I'estudi de només una estacio
de presa de mostres, a Barcelona en barri de Gracia, pero en la que es van
analitzar de forma individual i conjuntament dades de concentracio de dos
compostos quimics, de NO i Os. L’analisi conjunta d’aquests dos compostos
es va realitzar a partir de diferents tipus d’augmentacions, que van permetre a
més l'aplicacié de la restriccid de trilinearitat i la nova restricciéo d’interaccio
entre components. Aquesta ultima restriccio, igual que la de ftrilinearitat,
permetia obtenir resultats més d’acord amb la situacié real on s’han de
resoldre un nombre de components diferents en els diferents modes de
mesura. En tots els casos es van utilitzar models bilineals i trilineals i els
resultats es van mostrar en tres modes. En particular es van obtenir models
satisfactoris on el nombre de components que explicaven la variacié anual,
diaria i interanual eren tres per I'estudi individual de NO i pels conjunts de NO i
03, i dos per I'estudi del O3.

Informacié suplementaria de I’Article 2 - Marta Alier, Monica Felipe-Sotelo,
Isabel Hernandez, Roma Tauler; Trilinearity and component interaction
constraints in the Multivariate Curve Resolution investigation of NO and O3
pollution in Barcelona. Analytical Bioanalytical Chemistry, Electronic

Supplementary Information.

En aquesta informacié suplementaria s’afegeixen quatre figures més

dels models emprats i dels resultats en els tres modes obtinguts en cada cas.
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Es mostren dues figures pels resultats de PCA, i dues figures més pels
resultats de l'aplicacié dels métodes de PARAFAC-ALS i de TUCKERS3-ALS
restringit, respectivament, per les analisis realitzades independentment pel NO
i pel Os.

Article 3 - Marta Alier, Roma Tauler; Multivariate Curve Resolution of
incomplete data multisets. Chemometrics and Intelligent Laboratory Systems
127 (2013) 17-28.

En aquest treball es va desenvolupar una nova versio del métode MCR-
ALS per treballar amb diferents blocs de dades incomplets. Aquestes dades
incompletes provenien de l'estudi conjunt de NO i Os; en l'estacio de
Barcelona-Gracia, on les dades d’aquests contaminants no estaven
disponibles per els mateixos anys, formant aixi blocs sencers sense dades.
Per comprovar el funcionament d’aquesta nova versié del métode MCR-ALS
es van utilitzar tant dades reals com simulades. Aquestes dades simulades es
van crear amb perfils de NO i O3 coneguts i afegint diversos nivells d’error. En
aquesta nova versio del métode MCR-ALS també es van aplicar diferents
restriccions com la no-negativitat i la trilinearitat, aplicant respectivament,
models bilineals i trilineals. Els resultats de I'aplicacié del métode MCR-ALS

s’han mostrat en tots els casos en els tres modes.
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Multivariate data analysis methods are applied to study of the geographical and temporal distribution of
nitric oxide (NO) in Catalonia (North-East Spain), measured during the period 2001-2006 in 50 sampling
stations. Principal component analysis (PCA) and Multivariate Curve Resolution Alternating Least Squares
(MCR-ALS) were applied for that purpose. The simultaneous analysis of NO data from sampling stations
showed that its geographical distribution was rather uniform during the period considered. When three
individual sampling stations were considered (two urban sites and one rural location), three different
temporal patterns were resolved, with marked daily-night changes mainly attributed to traffic and also,
important winter-summer seasonal variations. A decreasing trend in the levels of NO has been also
observed in recent years. Comparison with nitrogen dioxide (NO; ) profiles shows that the daily variation
is quite similar to the NO variation, however NO, displays very little oscillations along the seasons and
no reduction of its concentration was observed in the last years, contrasting with NO tendencies.

The use of MCR-ALS is confirmed to be a useful method to improve interpretability in atmospheric con-
tamination studies. The use of non-negativity and trilinearity constraints is shown to provide improved
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interpretations of the different contamination patterns in environmental terms.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOy), a mixture of nitric oxide (NO) and nitro-
gen dioxide (NO,), are produced from natural sources, motor
vehicles and other fuel combustion processes. Although nitric
oxide does not significantly affect human health, there is a con-
cern on the NO emissions and levels, since this is one of the
main compounds involved in the formation of ground-level ozone
[1], which can trigger serious respiratory problems. NO can react
to form nitrate particles, acid aerosols, as well as NO,, which
also cause respiratory problems and it contributes to the for-
mation of acid rain and atmospheric particles (see for instance
http://www.epa.gov/air/urbanair/nox/ [43] for further informa-
tion). Spanish legislation on air quality establishes as 1-h limit
for human health protection 200 wgm~3 NO, and NOy and an
alert threshold of 400 g m~3 (both values expressed as NO;) (RD
1073/2002 and RD 717/1987). Moreover, the odd oxides of nitrogen
among other nitrogen gases such as NH3s, are considered indirect
greenhouse gases. After several transformations in the atmosphere,

* Corresponding author. Tel.: +34 934006100; fax: +34 932045904.
E-mail addresses: mfsqam@cid.csic.es, mfelipe@quimica.udl.cat
(M. Felipe-Sotelo).

0003-2670/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2009.01.064

they return to the ground level in gaseous or liquid form and
they can then undergo further transformations involving the for-
mation and emission of the direct greenhouse gas nitrous oxide
(N20) [2]. NO is involved in complex photochemical transforma-
tions and transport processes in the atmosphere once it is emitted,
which means that problems associated with this pollutant are not
confined to areas where it is emitted. Consequently, controlling
NOy is often most effective if it is done at a regional scale, rather
than focussing on sources in only a particular local area. Better
understanding of the regional scale of pollutants distribution and
variation is necessary to design efficient regulatory programs, and
it will provide more options [3]. The work presented by Kaiser et
al. [4] on the monitoring of NOy, CO and Os is a good example of
how pollutants are transported from industrial and highly popu-
lated areas in continental Europe and can affect remote locations
in the Alps. The transboundary nature of the atmospheric pollution
generates a need for methodologies that tackle the problem from a
global perspective.

Monitoring studies of environmental pollution have become
more important in the recent years, from local to planetary scale,
due to noticeable changes in human activities and their effects on
public health and climate. Researchers make many efforts to find
out the best way to analyse pollutants, to establish their spatial
and temporal distributions, and to identify and characterise their
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sources. The final aim of these studies is to drag out useful conclu-
sions for the reduction of emissions and design of minimization and
remediation strategies. From the several methodologies available
for the evaluation of environmental data, chemometric tools show
powerful capabilities, because they allow to work with large scale
data matrices, they do not usually require long computing times,
and which also is very important, they allow rising useful conclu-
sions, even in the case that the underlying chemical and physical
processes are not completely understood or known [5]. Thus, the
use of chemometric models and methods can give simpler and more
approachable solutions.

Some works have applied multivariate approaches to the study
of atmospheric pollution. Gao [6] has applied a functional analysis
of variance (FANOVA) on O3/NOx measurements in order to charac-
terise their diurnal cycles. Principal components analysis has been
used quite often in atmospheric pollution research in order to estab-
lish seasonal variations [7], geographical distributions, dependence
with meteorological conditions [8] and atmospheric chemical reac-
tions. However, factors found by principal component analysis
(PCA) do not often have straightforward or unique interpretations.
In order to overcome this drawback of PCA when applied to atmo-
spheric data, some authors have applied different type of factor
rotations [9,10] to clarify the meaning of factors.

In the particular case of source apportionment studies, differ-
ent techniques have been proposed for the analysis of the various
factors contributing to contamination of the atmosphere, includ-
ing principal component analysis [10], and alternative methods
and tools such as: Unmix [11], Positive Matrix Factorization (PMF)
[12], the Multilinear Engine (ME) [13], and Multivariate Curve Res-
olution Alternating Least Squares (MCR-ALS). In a previous work
[14], ground-level ozone pollution was investigated over the same
geographical area, and the application of the MCR-ALS method per-
mitted the successful identification of three different sub-regions
within Catalonia, where O3 concentrations showed distinct spatial
and temporal patterns. Different daily, weekly and annual pat-
terns were obtained for each sub-region. The differences between
these sub-regions could be partly explained considering the titra-
tion effect of NOy emitted by car exhausts, apart from other local
meteorological effects. Representation of MCR-ALS resolved pro-
files by GIS software helped to visualise more clearly these three
sub-regions.

In the present work, the research is focussed on promoting and
extending the use of chemometric tools, in particular of the MCR-
ALS method, for the evaluation of atmospheric pollutants data.
Non-negativity and trilinearity constrains are implemented for the
resolutions of the MCR-ALS models. The geographical and tempo-
ral patterns of nitric oxide in Catalonia (NE, Spain) are investigated,
covering the period from 2001 to 2006. For this purpose, PCA and
MCR-ALS were applied to a large data set obtained in a continuous
atmospheric monitoring network, and their results are presented
and compared. Additionally, the NO data from three sampling sta-
tions were analysed individually; a highly populated urban location,
medium size urban site and a rural site were selected to assess
the sources of NO and their temporal profiles in each location. In
some cases, the results obtained for NO are also compared with NO,
and O3 in order to achieve a better understanding of their mutual
effects.

2. Data and methods
2.1. Geography, climate and sources of NOx
Catalonia is located in the NE of Spain, it covers a total area of

32,000 km? and its population has recently overpassed more than
7 million inhabitants (the density of population is twice as much

as in the rest of Spain). Regarding geography, the mountain range
of the Pyrenees in the North forms a long strip running 230 km
from the Val d’Aran to the sea. The axial Pyrenees have steep sides
and high peaks (about 3000 m high) as well as some lower areas.
The Catalan Mediterranean System consists of range of mountains
that run parallel to the coast and between them a plain area that
holds the most densely populated regions. An extensive plain area
lays at the eastern end on the River Ebre, and includes a series
of basins formed by erosion, high plateaus and the alluvial plains
that are largely used for growing crops. The sheer coastline consists
of 580 km of steep cliffs interspersed with hidden or sandy coves
depending on the proximity of the mountains. This morphologi-
cal diversity leads to a wide variation in climate. The Pyrenees and
nearby areas have climates typical of high mountainous regions,
with minimum temperatures below 0°C, annual rainfall of above
1000 mm and heavy snowfall in the winter. Coastal areas have mild,
temperate weather, with temperatures that rise and rainfall that
decreases as one moves from north to south. Inland, far from the
sea, the climate is typical of continental Mediterranean regions,
with cold winters and very hot summers. Further information on
the geography and climate can be found in, http://www.gencat.net/
[44] and http://mediambient.gencat.cat [45].

The main source of air pollution, and in particular NOx, is traf-
fic, although there are also a number of small industrial activities
contributing to air pollution. It is remarkable the size of the fleet of
private cars in Catalonia, which arrives to ca. 1,000,000 vehicles only
in Barcelona. In addition to the traffic mobility within the commu-
nity, it should be noted that Catalonia is the main gate for transport
of goods from the Iberian Peninsula to the continental Europe (and
vice versa). The location of this community, its growing population
and active economy make this case of study of particular interest.

2.2. Experimental data

Catalonia has a network of atmospheric pollution control sam-
pling stations operated by the Department of Environment of
the Generalitat (Catalan Autonomous Government). NO concen-
trations are measured according to the method UNE 77212:1993,
equivalent to ISO 7993:1985, performed by automatically operated
chimioluminiscence analysers. These analysers provide measure-
ments every minute which are saved in half-hourly period.
The measurements and the procedures are precisely estab-
lished by Spanish legislation (Real Decreto 1073/2002). See
http://mediambient.gencat.cat for further information about the
Catalonian atmospheric monitoring network [45].

Half-hourly NO concentrations were collected from 1 January
2001 to 31 December 2006 in 50 automated sampling stations
spread over Catalonia (see sample sites locations in Fig. 1), includ-
ing different kinds of environments, from coastal to mountain sites,
and from urban to agricultural areas. This database was provided
by the Department of Environment of the Generalitat and it was
transferred into MATLAB 6.5 (The Mathworks, Natick, USA) for sub-
sequent multivariate data analysis.

2.3. Multivariate data analysis

In the present work, PCA and MCR-ALS are proposed to evalu-
ate NO data at a regional scale. Among the multivariate methods
available, PCA is one of the most popular tools for the evaluation
of atmospheric data [8,10,15]. The PCA method is based on a bilin-
ear orthogonal decomposition of the original data set. In matrix
form, it can be represented as Dy =U(,XN)VT(NX]) +E(jy), where D
is the original data array, with I rows (observations) and J columns
(sampling stations); U is the matrix of orthogonal scores of dimen-
sions I x N, where N is the reduced number of components; VT is
the matrix of orthonormal loadings with dimensions N xJ and E
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Fig. 1. Location of sampling stations.

is the matrix of residuals not modelled by the N principal com-
ponents (see [16,17] for more details). The loadings (matrix VT)
give the correlation among the variables in each PC, and there-
fore, they allow for the investigation of the common variability
patterns of the original variables. PCA bilinear data decomposition
is performed under orthogonal constraints, loadings normalisation
and accounting for maximum explained variance for the successive
extracted components. Under these constraints, solutions obtained
by PCA are unique and they are identified without rotational or
intensity ambiguities. Constraints like orthogonality and maximum
explained variance, which are very helpful for data exploration and
interpretation, may not be easily translated to environmental inter-
pretation.

The use of MCR-ALS is proposed as a useful alternative to
improve environmental interpretability. Although MCR-ALS has
been usually applied for the resolution of multiple components in
unresolved mixtures investigated by spectroscopic means [18], it
has been also proved its ability to resolve and model average tem-
poral and geographical distribution profiles from environmental
monitoring studies. One of the main advantages of MCR-ALS is that
it decomposes the data matrix by applying more natural constraints
than PCA, such as non-negativity, and thus, environmental results
can be interpreted more straightforwardly. The drawbacks of MCR-
ALS are however that solutions may not be unique (due to rotation
ambiguities), as they are in PCA, and caution should be taken to
check the reliability of the obtained solutions [19,20], and another
possible drawback is that MCR-ALS needs good U or VT initial esti-
mates. However MCR-ALS solutions are more easily interpretable
and they resemble more the true variance sources.

The bilinear decomposition in MCR methods is also performed
according to the same expression already given for PCA. The MCR-
ALS method decomposes the same data matrix using an Alternating
Least Squares algorithm, which in the case of not applying any con-
straints is described by the two equations U=D(VT)* and VT = (U)*D,
where (VT)* and (U)* are the current estimations of the pseudo-
inverse of VI and U [21]. These two equations are however in the
MCR-ALS algorithm solved under a set of constraints over the fac-
tor matrices U and VT, such as non-negativity, unimodality, closure,
trilinearity or selectivity, as it is described elsewhere in more detail
[18,22-24]. Recently a new approach has been proposed to take
into account uncertainities in measured data [25] using an appro-
priate weighted least squares approach (MCR-WALS), however this
approach was not been applied in the present study. The first step
in the ALS optimisation is the determination of the number of com-
ponents contributing to D (this could be done by PCA). Following,
initial estimates of either U or VT must be found. In the case of U,
this can be done by evolving factor analysis. An estimation of VT
can be given by the set of “purest” rows in D (those rows which
are more dissimilar to the rest). Given D and U, least squares and
constrains are applied to calculate VT (VT =(UTU)-'UTD; VT =U*D)
In the present work, non-negativity and trilinear constraints were
applied [26]. In the next step, given D and U7, least squares and
constrains are applied to calculate U (U=DV(VTV)~1; U=D(VT)*,
and with the new estimate of U, a new matrix VI can be calcu-
lated. Convergence is achieved when in two consecutive iterative
cycles, relative differences in standard deviations of the residuals
between experimental and ALS calculated data values were less
than a previously selected threshold value, usually chosen as 0.1%
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[27]. Complex data arrays ordered in more than two modes, ways or
directions [28,29] can be arranged in an augmented two-way data
matrix by concatenation of the individual data matrices. Resolved
profiles using a bilinear model data decomposition can be then
transformed afterwards to recover the profiles in each of the three
modes [30]. Thus, one of the aims of this work is to extent the use
of MCR-ALS to large environmental data bases and also to prove its
suitability for this type of data and problems. In the present work, in
addition to the non-negativity constraints used in previous studies
of atmospheric pollutant [14], trilinearity is implemented to resolve
the MCR-ALS model and the results compared.

PCA models were developed using MATLAB PLS 3.5 Toolbox
(Eigenvector research Ltd., Manson, WA, USA), whereas MCR-ALS
studies were performed using a software graphical interface [27],
freely available on the web (http://www.ub.es/gesq/mcr/mcr.htm
[46]).

In a first step, missing data were estimated by PCA imputa-
tion. The function implemented MATLAB PLS 3.5 Toolbox applies
an iterative algorithm using as first estimates the mean value of
the available data. This allows for developing a PCA model a re-
estimation of the missing data. The convergence criteria as well as
the maximum number of principal components and the desired
fraction of variance captured by the PCA model must be set by
the user. Stations with less than 90% annual data available, due to
temporal malfunction of the automated measuring system were
removed from this study.

To study the geographical and temporal variability of NO con-
centrations, multivariate data analysis was first performed for each
year separately (matrices, Dagg1 (17,520 x 14), Dago2 (17,520 x 9),
D2003 (17,520 X 15), D2004 (]7,568 X 13), D2005 (17,520 X 36) and
D006 (17,520 x 39) (the first number indicates the total number
of half-hourly NO measures and the second number indicated the
number of sampling stations monitored in that particular year) and
also simultaneously for the 6-year period (note that the numbers
of sampling stations available were different each year). In the later
case, the data were arranged in a large row-wise augmented data
matrix Drow-aug Of size (17,520 x 126), where the columns corre-
sponded to sampling stations in each year and the rows to the
half-hourly NO concentration (see Fig. 2a). In the present study,
column-wise data matrix augmentation was not possible, due to
the lack of consistency in the distribution of the sampling sites
throughout the different years.

Measurement stations (126)
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PCA was applied then to the individual data matrices and also
to the row-wise augmented data matrix Drow-aug. Afterwards, MCR-
ALS models were also developed after column scaling, and applying
non-negativity constraints. The new PCA or MCR loadings obtained
after multivariate analysis (V1) gave information about those sam-
pling locations where NO followed a similar variation pattern
throughout the 6 years under study. On the other hand, the scores
matrix U gave temporal information on daily and seasonal varia-
tion profiles for each component. A proper refolding of scores can
be performed to recover time-averaged scores for each component
(Fig. 2b). For each augmented scores profile, a new scores matrix
of size 48 x 365 is obtained, where the 365 columns correspond to
the different days and the 48 rows to the scores for each half an
hour of each day. When averaging was performed for the 48 row
values of each column, a mean score value was obtained for every
day, and thus the seasonal and annual variations for each individual
component can be deduced. On the other side, when averages were
calculated along the 365 column values of the 48 rows, the daily
profiles of NO concentrations were obtained for every considered
component. Alternatively, the singular value decomposition (SVD)
can be applied to each of these score matrices of every component
and allows the recovery of the main seasonal and daily profiles.
Note that, as non-negativity constraints were applied, loading and
score values are directly physically interpretable in terms of NO
concentration.

In order to investigate NO sources and their temporal patterns
more deeply, three sampling stations were investigated in detail
over the different years; Barcelona-Gracia (6), Bellver de Cerdanya
(10) and Tarragona-Sant Salvador (42) (see locations in Fig. 1). They
were selected according to the results obtained in a previous work
[14]. As markedly different O3 temporal profiles were observed for
these locations, some distinctive NO patterns and/or sources are
expected. Some studies on NO, were also carried out in these loca-
tions. For each of the sampling sites, NO (or alternatively, NO,) data
were arranged appropriately to build up the corresponding column-
wise augmented data matrix Daug, as shown in Fig. 3. During the
ALS optimisation, every column of the augmented matrix of scores
can be constrained independently to fulfil the trilinearity condition.
Each of the MCR-ALS resolved components identified by this model
are interpreted as a main pattern of NOx concentration variation
in the considered sampling site, differentiated by their particular
emission temporal patterns. The loadings matrix, or loadings in

(a) NeC 126
[ | I | | I ]
Tesan R e e s
Ye-hour 2001 | 2002 | 2003 | 2004 | 2005 | 2006 PCA 1 2001 2002 2003 2004 2005 2008
data (17520) T ————— Loadings
(365x48) MCRALS
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Row-wise unfolding
meallﬂ
1
M 1:23 . 366
(b) Refolding 1 @43 g
-— —_— 48 | ||
17520 | |s
(repeated for the scores 43
of each component) {365:98) | I
48 SVD { Averaging

123 365
o] O —1

Annual variation
Daily variation (365 days)

(48 % hours)

Fig. 2. Data arrangement. (a) Building of Drow-aug by row-wise matrix augmentation, where columns correspond to each of the sampling sites available every year and rows
correspond to 1/2-h NO concentration values. (b) Refolding and SVD analysis of the scores profile of every component to obtain the daily and annual variation trends.
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Fig. 3. MCR-ALS (or PCA) bilinear decomposition with trilinearity constraints of the column-wise augmented data matrix Daug, corresponding to NO data from the individual
station of Barcelona-Gracia (years 2001, 2001, 2005 and 2006) (left) and further scores refolding and SVD analysis in order to recover the profiles in the three modes (right).

mode 2, Y' in Fig. 3, gives the daily variation profile of each of
the NOy sources identified. In the scores MCR-ALS factor matrix,
X, annual and inter-annual information are apparently intermixed,
and consequently a new rearrangement is necessary to recover
independently the temporal patterns. In Fig. 3 (right), it is shown
how for each of the NOx components, the scores column is selected,
re-folded and decomposed by SVD. Using this simple procedure,
the annual (vector-matrix X) and the inter-annual (vector-matrix
Z) profiles are recovered for each NOy resolved component.

It must be mentioned that, since O3 data are available in addi-
tion to NOy concentrations, column-wise augmented data matrices
Oaug and Naug could be built for ozone and NO,, respectively, ana-
logue to Dayg for NO. In order to extend the proposed methodology
to simultaneous analysis of NO, NO, and O3, the three matrices
Daug, Oaug and Naug could be assembled to build a row-wise aug-
mented matrix including values for the three variables. Results are
not included for the sake of brevity.

3. Results and discussion

The application of some basic statistics to the whole data set is
shown in Table 1 (see locations in Fig. 1), including annual averages,
standard deviations and maximum 1/2-h concentrations. Annual
averages ranged between 2.2 and 131 pugm~3. The lower yearly
averages (<5 g m—3) corresponded to areas with moderate anthro-
pogenic influence, like the stations placed in the south of Catalonia,
around Tarragona - Alcover (1), Constanti (12) and Perafort (28) -
and also some rural areas in the northeast — Bellver (10), La Nou (27)
and Tona (47) - (Fig. 1). Spanish legislation establishes as annual
threshold for human health protection an averaged concentration
of 40 wgm=3 for NO,, which would correspond to 28 pgm=3 of
NO (RD 1073/2002 and RD 717/1987). The higher values (>50 ug
m—3) were registered at some locations in the metropolitan area of
Barcelona, locations 5, 6, 8, 25, 26, 33,37 and 46 in Table 1 and Fig. 1.
Regarding the variability of the measured NO values in one particu-
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lar station and measured as standard deviations, it can be observed
that they varied in a wide rage from +4.3 to +342 pg m~3. Again,
the sampling stations located in the metropolitan area of Barcelona
showed the highest standard deviations, whilst the sites in rural
areas (1) and around Tarragona (12 and 28) presented the lowest
variability in NO.

3.1. Geographical and temporal variation of NO levels in Catalonia

In order to study the temporal and geographical distribution of
NO concentrations in Catalonia, the data of all sampling stations
during the period from 2001 to 2006 were analysed simultaneously
by PCA and MCR-ALS. The data were arranged as shown in Fig. 2a
in a row-wise augmented data matrix Drow-aug. The other possible
column-wise data matrix augmentation as in [ 14] was not possible
in this case, due to the fact that sampling sites in the data base were
not evenly distributed during the whole period (note in Table 1 that
the number of sampling sites available is not the same for all the
years).

PCA was carried out applying column autoscaling as data pre-
treatment. Two components were chosen, which accounted only for
ca.33%of the variance (Table 2). Despite the low variance explained,
addition of more components was discarded since it did not pro-
vide new information (scores and loadings profiles did not give new
interpretable features). The variance explained is lower than 70%,
the value commonly accepted as acceptable in environmental stud-
ies. As it can be seen in Table 1, the set of sampling points lacks
geographical homogeneity and temporal continuity. The low con-
sistency of the database could be cause of the low percentage of
variance explained. Representations of the loadings for PC1 versus
PC2 inFig. 4, show that PC1 differentiates the sampling sites accord-
ing to their NO concentration levels. Locations with high traffic in
the metropolitan area of Barcelona exhibited high positive loading
values of PC1 (Fig. 4a). The site of El Prat de Llobregat (30) gave a low
contribution of PC1, but it had a high loading value of PC2 instead.
This sampling point belongs to the metropolitan area of Barcelona,
where the international airport of El Prat is situated, consequently
this point may register a different pattern on NO emissions, and
it could differ from the road traffic daily trends followed by most
of the other locations of the Barcelona metropolitan area. When
searching for year-to-year differences (Fig. 4b), no clear year pat-
terns were found. Only years 2005 and 2006 seemed to have some
higher PC1 loadings than the other, but this conclusion may be
obscured by the fact that the number of sampling stations avail-
able during these 2 years was higher. When scores where re-folded
and averaged to obtain daily and annual average variations for each
component, no clear conclusions could be extracted either, since
the positive and negative contributions of each sampling site to the
whole component impaired a clear interpretation of these profiles.

Therefore, MCR-ALS of matrix Drow-aug With non-negativity con-
straints was also attempted looking for an improved interpretation
of the results. In this case, no data treatment was applied and only
two components were used to account for approximately 56% of
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the data variance. Note that PCA without any data pre-treatment
(no autoscaling) explained the same percentage of data variance
(see variances explained in Table 2). MCR-ALS loadings of the two
components show how component 1 included mainly the sampling
sites of year 2006, whereas component 2 explained basically the
remaining years investigated, from 2001 to 2005 (both included).
When MCR-ALS scores matrix was re-folded as indicated in Fig. 2b,
daily and annual variation for each component could be investi-
gated, shown in Fig. 5. Note that since non-negativity constraints
were applied, the average scores can be interpreted directly in
terms of NO concentrations variation. For both components the
daily and annual patterns were very similar; therefore the final
model basically has captured the differences in NO concentra-
tion patterns of variation between year 2006 and the rest. The
daily profiles for both components resolved by MCR-ALS (Fig. 5a)
showed two maxima; one between 8:00 and 9:00 am and the
other, lower and wider, around 21:00. Similar profiles have been
also reported in other studies for other urban locations [31-34].
The first peak appeared during the rush traffic hour and it could
be caused mainly by fuel combustion by vehicles. Sunlight trig-
gers a succession of photochemical reactions, which include the
reaction of NO to give NO, and depletion of O3. NO concentration
decreases until it reached a minimum at approximately 16:00. This
observation agrees with the results obtained in a previous work
on the variation of O3 in Catalonia [14]; the NO morning max-
imum overlaps with a minimum in O3 levels, and as O3 arrives
to its maximum between 14:00 and 16:00, NO decreases, achiev-
ing its daily minimum value. After that, NO begins to accumulate
again, reaching a new maximum during the evening [34]. As the
photochemical reactions are not promoted during the evening,
when the solar radiation and temperature are lower, this could
lead to an accumulation of NO. This secondary maximum is also
induced by evening traffic emissions, and the accumulation of NO
in the lower mixing layer height. Just slight differences were found
between the daily profiles for components 1 and 2; the daily vari-
ation patterns are very similar but it can be observed in Fig. 5a
that the average NO for C1 (whose main contribution was year
2006) was lower than for C2 (remaining period from 2001 to
2005).

Regarding the seasonal variation of NO concentrations (Fig. 5b),
it can be observed that its highest levels are registered during late
autumn and winter. Several causes can justify these trends; one of
them being the temperature variations associated to different sea-
sons. In spring and summer the higher levels of solar radiation and
temperatures promote photochemical reactions and the decreasing
of NO concentration levels. Moreover, the stronger vertical atmo-
spheric mixing in summer helps the mixture and dispersion of
pollutants and therefore contributes to the lower levels of NO [33].
Finally, another reason can be the increase of NO emissions during
winter due to the use of heating [34] and heavier traffic in cities
compared to the vacations period. Similar patterns have also been
observed in previous studies in other locations by other authors
[32-37].

Table 2
Explained variances for the different models developed for the row-wise augmented matrix Drow-aug (all the NO concentrations collected in Catalonia from 2001 to 2006).
Pre-treatment Number of % variance Total % variance
components. captured captured?®
PCA Autoscaling 1 25.9 25.9
2 7.24 33.1
PCA None 1 50.9 50.2
2 5.4 56.3
MCR-ALS (non-negativity) None 1 32.0 -
2 36.2 56.2

2 Explained variances in MCR are not accumulative.
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3.2. Sources and temporal patterns of NO in Catalonia: three
cases of study

Multivariate models were developed in order to assess NO
sources and their temporal patterns. In this study, models were
developed for three individual sampling stations. In a previous
paper on the distribution of O3 in Catalonia [14], three sub-regions
were identified, in which the O3 followed distinctive patterns. Each
of the location considered here belongs to one of the sub-regions,
and their NO profiles are compared with those of O3 and NO,, when
possible. The cases of study selected were; (i) Barcelona-Gracia, a
populated and popular quarter of the city (site 6 on the map, Fig. 1),
(ii) Bellver de Cerdanya (10), a rural area in the Pyrenees, and (iii)
Tarragona-Sant Salvador (42), a location in medium size city, under
the influence of a petrol refinery.

The year-averaged NO concentrations in Barcelona-Gracia
ranged from 40 to 79ugm—3 during the period 2001-2006
(Table 1), and a clear anthropological influence on the patterns of
NOy sources was expected. The 1/2-h NO values for this sampling
site were arranged as shown in Fig. 3. Due to number of missing
data (more that 10%), the study was limited to years 2001, 2002,
2005 and 2006.

PCA was applied first to the column-wise augmented data
matrix Dayug as exploratory tool, in order to assess the correct num-
ber of components and to look for the main patterns of orthogonal
variation. In Table 3, it can be seen that 3 components accounted
for 77% and 90% of the variance for autoscaled and raw data, respec-
tively. MCR-ALS was then applied to Dayg using 3 components and
with non-negativity constraints. The model captured also 90% of
the variance of the raw data (Table 3, note that explained variances
in MCR models are not accumulative). To investigate the possible
trilinear structure of data, the scores of each of the components
were re-folded into 365 x 4 matrices and SVD analysed. Since only
the first singular value was significant, it could be concluded that
the 3 component score profiles (NO sources) behaved quite sim-
ilarly throughout the period under study (for the sake of brevity,
full details of these models are omitted) and therefore, the data
could be well approximated using a trilinear model. Hence, MCR-
ALS with non-negativity and trilinearity constraints was applied.
The procedure is fully described in [38] and depicted in Fig. 3. The
scores re-folding procedure allowed for recovering of the daily (Y,
loadings mode 2), annual (X, loadings mode 1) and inter-annual (Z,
loadings mode 3) profiles of each of the NO concentration patterns.
Note than in the trilinear decompositions, the resolved profiles in
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Fig. 5. Averaged scores after refolding of the MCR-ALS model (non-negativity on Drow-aug): (a) daily variation and (b) annual trends of components C1 and C2.

the three modes are always called loadings, whereas in the bilin-
ear decompositions, the loadings in modes 1 and 3 are intermixed
in the scores profiles. As non-negativity constraints were applied,
the resolved averaged loadings in the three modes using a trilin-
ear model could be interpreted straightforwardly in terms of NO
concentration values.

Using the trilinear constraint, the resulting MCR-ALS model
explained ca. 70% of the total variance (see Table 3, the percentage of
overlapping variance of the 3 components was approximately only
of 19%), which is lower than the variance explained by the model
without trilinearity. Fig. 6 shows the average loadings in the three
modes for the 3 components, i.e. NO sources identified.

According to the literature [39], soil emissions and lightning are
the main natural sources of NOx into the atmosphere, being soil
emissions predominantly in the form of NO. The natural emission of
NO is markedly seasonal, and it reaches maximum rates in summer
(up to 14% of the anthropogenic emissions, and even more in areas
that have high agricultural activities). As it can be seen in Fig. 6a-c,
none of the NO sources identified reaches a maximum in summer,
consequently natural or biogenic NO sources can be discarded as
the major sources in this sampling site.

Barrero et al. [40] have reported the daily cycles of NO in an
urban atmosphere (Bilbao, North Spain). They observed that the
daily emissions of NO had different patterns in each season. The
summer profile showed a clear maximum at early hours at 8:00
am, and then it reached a constant level until the following day. Dur-
ing winter the morning peak was up to three times higher than in
summer, and moreover, a second maximum was observed at 20:00.

Table 3

The evening maximum was half of the morning peak. The results
obtained in this work for Barcelona-Gracia agreed with the patterns
observed by Barrero et al. [40] and also with a heavily industrialised
area in the south of Spain (Campo de Gibraltar) [8] and in Athens
basin (Greece) [32].

In the present study for Barcelona-Gracia, the second and third
components of the MCR-ALS models seem to account for the sea-
sonal differences in the daily profile, and they can be clearly
attributed to traffic contributions, since they correspond to the
afternoon and morning rush hours, respectively (see Fig. 6e and
f). During the summer the main contribution to atmospheric NO
is due to the morning rush hour (Fig. 6¢ and f), whereas the con-
tribution of the evening traffic is rather low (Fig. 6b and e). This
could be attributed to the fact that during spring and summer the
high temperatures and solar radiation, in combination with lower
precipitation promote the formation of radicals at noon, which
accumulate during the afternoon and evening. Consequently dur-
ing the evening rush hour the NO is quickly removed by the radicals
accumulated. On the contrary, in autumn and winter the formation
of radicals is not favoured by the meteorological conditions, and
therefore, NO can accumulate, resulting in a higher morning peak
(as concluded from Fig. 6¢ and f) and a second maximum at 20:00.
Regarding the first component, it can be seen in Fig. 6a and b that
it represents a NO contribution during the night, and this input
is almost constant throughout the year. This could be due to the
fact that during the night photochemical reaction are not expected,
and consequently the differences between summer and winter are
not so marked. A slight increment during the winter of this night

Explained variances for the different models developed for the D,y matrix, corresponding to NO data from Barcelona-Gracia (years 2001, 2002, 2005 and 2006).

Pre-treatment

Number of components

% variance captured Total % variance captured?

PCA Autoscaling 1
2
3
PCA None 1
2
3
MCR-ALS (non-negativity) None 1
2
3
MCR-ALS (non-negativity and trilinearity.) None 1
2
3

48.9 48.9
20.0 68.9
8.0 76.9
78.5 78.5
6.6 85.0
5.1 90.1
17.4 -
40.8 -
5.7 90.0
8.9 =
33.8 =
46.1 69.9

2 Explained variances in MCR are not accumulative.
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Fig. 6. MCR-ALS resolved profiles for the three resolved components using non-negativity and trilinearity constraints for NO concentration variations in Barcelona-Gracia

sampling station. (a-c) seasonal; (d-f) daily; (g-i) inter-annual trends.

contribution could be attributed to the use of fuel-fed heating dur-
ing the evening. Moreover this contribution is much lower that the
morning and afternoon inputs.

The role of NOx (NO+NO;) in the O3 production is compli-
cated. Whilst NOy (NO+NO,) acts as O3 precursor according to
the reactions NO, +hv— NO+O(3P) and O(3P)+0,+M — O3 +M,
it also destructs ozone following the reaction NO + O3 — NO; + 0,
(where M represents a third-body molecule) [41]. In the case of
high NO/NO, mixing ratios, Os is destroyed by injection of fresh NO,
whereas low NO/NO,, ratios result in decreasing of titration as accu-
mulation of O3 [42], VOC- or NOx-limited situations, respectively
[41]. Hence, when these profiles of NO daily and seasonal varia-
tions are compared with those obtained for O3 in urban areas [14],
it was observed that NO variation clearly opposed O3 daily oscilla-
tion. In urban sites in Catalonia, O3 showed a daily minimum that
overlaped with maximum concentration of NO between 7:00 and
9:00 am, whereas O3 maximum between 14:00 and 16:00 h corre-
sponded quite well with the minimum in NO concentration; when
maximum solar radiation and temperatures are reached. A study of
NO, in this location, analogous to the model applied to NO (column-
wise matrix augmentation, and MCR-ALS with non-negativity and
trilinearity) showed that NO, daily variation in Barcelona-Gracia
followed similar pattern to NO. Full study of NO, in Catalonia was
not possible due to the lack of consistency of the data base, and
models were only made for comparison purposes. NO, daily pro-
file showed a clear maximum in the morning, from 8:00 to 10:00
am, and a minimum around 16:00, overlapping with those peaks of
NO. However, the daily oscillations of NO, were smooth and not as
pronounced as observed for nitric oxide. As the NO/NO, ratio in the

early hour is high, this justifies the depletion in O3 caused by the
introduction of fresh NO in the troposphere. At noon the NO/NO,
decreases (NO levels fall much faster than NO,) causing the incre-
ment of O3. Similar NO, NO, and O3 tendencies have been observed
in other urban sites [32]. Regarding seasonal cycles, NO, show little
changes along the year, whereas NO clearly decreased during spring
and summer, when the O3 concentrations achieved their maximum
values [14].

When year-to-year variation was considered (Fig. 6g-i), it
could be clearly seen that there was an outstanding reduction
trend of NO emission during the time period under study. This
encouraging trend has been also observed in other hot-spots of
Europe, such as Athens basin [32]. The gap between 2002 and
2005 was due to the absence of data for 2003 and 2004. If
these data were included the decreasing trend would have been
smoother.

Day-of-week effects have been reported previously for several
pollutants, NO among them [6,33]. The main cause of this effect
is the reduction of traffic. Moreover, during the weekends there is
reduction of particulate matter emissions from heavy-duty tracks
and industries. This causes the increment of solar radiation at
ground level and consequently the formation of radicals that react
with NO, favouringits depletion [33]. It can be observed in Fig. 7 that
mean loadings for the components 3 and 2, which corresponded to
NO maximum levels during the morning and evening rush hours,
respectively, decreased markedly during the weekend. This ten-
dency confirms the anthropogenic origin of these contributions. On
the contrary, component C3, the night contribution, showed a slight
increment during the weekend. The night accumulation of NO dur-
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Fig. 7. Average scores (MCR-ALS) representing weekly NO variation of components
C1, C2 and C3 in Barcelona-Gracia.

ing the weekend could be due to the reduction in the emission of
other atmospheric pollutants that act as NO scavengers.

Regarding the NO patterns in the rural location, Bellver de Cer-
danya (10, in Fig. 1) showed (Table 1) an average concentration
of 2.7 ugm=3 from 2004 to 2006, one of the lowest NO levels
registered in Catalonia. Data collected during this period were
arranged as depicted in Fig. 3. The application of MCR-ALS with
non-negativity and trilinearity constraints gave a three-component
model very similar to the ones obtained for Barcelona-Gracia (65%
variance captured). The NO contributions identified in this rural
area followed the same profiles as the ones resolved in the first
case of study of this section. None of them showed a maximum in
summer, which is characteristic of natural NO sources [39]. Con-
sequently, it could be concluded, no natural NO sources could be
identified in this rural location or they were negligible (if any) and
the three contributions were mainly anthropogenic. It is worth not-
ing that, even though the NO concentrations in Bellver the Cerdanya
were much lower than in the urban locations, the temporal profiles
followed the same trends. The similarities between both locations
regarded also the NO, variation, showing a daily profile with two
maxima around 9:00 am and 20:00 pm, and a minimum registered
from 14:00 to 16:00, that overlapped with the NO profiles.

Tarragona-Sant Salvador (42) showed a moderate concentra-
tion of NO that ranged from 8.6 to 9.9 wugm—3 during the period
2004-2006. The MCR-ALS model (non-negativity and trilinearity)
explained 54% of the variance with 2 components. They followed
the same profiles as C2 and C3 and for Barcelona-Gracia in Fig. 6e
and f. The contribution during the night was not resolved.

In both Bellver de Cerdanya and Tarragona-Sant Salvador
weekend-effects, were observed, with a decrease in NO concen-
tration during Saturday and Sunday, although not so marked as the
NO depletion observed in Barcelona-Gracia.

The fact that NO profiles in three very different locations showed
such similar tendencies proved the homogeneity of tropospheric
NO in Catalonia, which had been already suggested by the results
obtained in the previous section, when analysing Drow-aug. In a pre-
vious work on the O3 [14], clear differences were observed within
the territory of Catalonia. In the present work it has been shown
that this differences cannot be entirely attributed to the titration
effects of NO and NO,, since these two pollutants seem to be rather
uniform in all the territory. The PCA study of the variables influ-
encing O3 concentration suggested that other parameters such as
wind regimen, humidity and particulate matter influenced the for-
mation/depletion rate of O3.

4. Conclusions

The application of multivariate analysis to large data sets
acquired in current monitoring studies by governmental and envi-
ronmental agencies and stored in large public data basis allows
working with alarge number of variables and makes easier its inter-
pretation without the need of more involved mechanistic models
or time-consuming calculations. Multivariate analysis and chemo-
metric methods greatly help to understand and interpret better the
trends and patterns of environmental behaviour of main pollutants
in a particular geographical area over time.

When the geographical and temporal patterns of NO in Catalo-
nia were investigated, it was observed that PCA models succeeded
in grouping the sampling sites according to their concentration NO
levels, but the interpretation of the seasonal and daily trends and
patterns of NO concentration levels was more difficult. The appli-
cation of Multivariate Resolution techniques like MCR-ALS with
non-negativity constraints to the simultaneous analysis of data in
all the sampling points available provided insight in the tempo-
ral and geographical distributions of NO in Catalonia. Additionally,
when MCR-ALS applied to three individual sampling sites (two
urban locations and one rural site), it could be observed that the
three locations showed very similar NO contributions, and their
temporal profiles could be easily interpreted in terms of the traffic
patterns and photochemical reactions in the atmosphere.
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Abstract Multiway and multiset data analysis extensions
of the multivariate curve resolution alternating least squares
(MCR-ALS) method are proposed for the investigation of
the temporal distribution of the pollution by nitric oxide
(NO) and ozone (O3) in one sampling station in the urban
centre of Barcelona (Catalonia, Spain), during the years
2000-2006. Different specific studies were performed
considering the annual and pluriannual contamination by
these two contaminants, individually or in combination
using different data matrix augmentation strategies and
multiway and multiset data analysis models. Daily, hourly
and annual profiles were estimated describing different
patterns and summarising the main contamination processes.
The daily and night trends found were mainly attributed to
traffic and photochemical processes favoured by light
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radiation. Moreover, winter-summer seasonal trends were
also clearly detected and their changes over different years
assessed. The extension MCR-ALS method to multiset data
analysis using different constraints like non-negativity, trili-
nearity and interaction among components is confirmed to be
a powerful method to improve the interpretability of the
different contamination patterns in atmospheric contamination
studies.

Keywords Chemometrics - Multiway data analysis
methods - Multiset data analysis methods - Multivariate
curve resolution alternating least squares - Air pollution -
Nitric oxide - Ozone

Introduction

Multivariate curve resolution—alternating least squares
(MCR-ALS) has become a popular chemometric method
for data analysis [1, 2]. On one side, this recognition is due
to the great variety of data sets that can be analysed by this
method; essentially, any multicomponent system giving one
or multiple data tables or data matrices which can be
described by a bilinear model. These multicomponent
systems include all kinds of chemical processes and
mixtures (e.g., chemical reactions, industrial processes,
chromatographic runs, spectroscopic images or environ-
mental data, among others) measured and/or monitored
using multivariate responses and sensors. Another reason
for the general acceptance of MCR-ALS is its remarkable
flexibility to analyse multiple data matrices simultaneously
and the diversity of constraints that can be applied to
improve the resolution results.

@ Springer
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MCR methods have been extended to the analysis of three-
way and multiway data sets and to other multidata set
arrangements [ 1]. Resolution ambiguities and rank deficiency
[3] problems frequently inherent to bilinear modelling of
two-way data sets can be reduced significantly and even
eliminated when these more complex data structures con-
taining richer information (like multiway data sets) are
analysed by the extension of multivariate curve resolution
methods [4].

Bearing in mind that the basic idea of MCR methods is
the correct resolution of the pure component profiles from
their mixtures, it has to be recognised that there are other
multiway methods, such PARAFAC [5], or those based on
Tucker models, that in many circumstances can also be
used for resolution purposes, although they do not fall into
the classical MCR denomination. In this sense, it is
interesting to emphasise that the typical application of
MCR to simultaneous analysis of multiple data sets via
column- or row-wise augmented data matrices can be easily
extended to impose multilinear models, such as those based
on ftrilinear [4] or Tucker models [6] during the ALS
optimization process, in the form of constraints. As a
particularity of the extension of the MCR-ALS algorithm,
these constraints can be applied either to the whole set of
component profiles or selectively to only some of them.
These constraints are very strong, and they can eliminate
the rotation ambiguities inherent to bilinear modelling [3],
and provide sounder chemical knowledge linked to phys-
icochemical parameters of interest.

The present work is focussed on promoting and extending
the use of multivariate curve resolution alternating least
squares method, including trilinear and component interaction
constraints, for the investigation of NO and O; air pollution.
Temporal patterns of O3 and NO have been studied in detail
in one station of the centre of Barcelona (Gracia) for some
years in the period comprised between 2000 and 2006, even
though not all the years were finally included because of the
lack of compatibility between years. The Barcelona-Gracia
measurement station was chosen for its location in a central
area of Barcelona and for its known high levels of pollution
compared to other areas. In a previous work, O3 and NO in
Catalonia were already studied separately for a larger number
of stations [7, 8].

NO and O; have correlated sources and reactivities [8,
9]. NO is mainly emitted by car exhausts, and it reacts with
O; giving NO,, which acts as an O3 sink. On the contrary,
in inner rural areas with low anthropogenic activities, this
titration effect of NO emissions is not observed, resulting in
higher average O; concentrations than in urban areas. Such
a phenomenon has been already reported for O3 concentra-
tion in other regions of Spain [9]. In the case of coastal
sites, air flows can cause disturbances in vertical stability
and moreover, deposition of Oz on the sea surface is slow

@ Springer

[10]. Consequently, medium-sized cities at the coast would
exhibit O3 concentrations and variability similar to rural
inner areas. Nitrogen oxides (NO,), a mixture of nitric
oxide (NO) and nitrogen dioxide (NO,), are produced from
natural sources, motor vehicles and other fuel combustion
processes. Although nitric oxide does not significantly
affect human health, ground-level ozone can trigger serious
respiratory problems [11]. NO can react to form nitrate
particles, acid aerosols, as well as NO,, which also cause
respiratory problems and it contributes to the formation of
acid rain and atmospheric particles [12]. The short-term
exposure to concentrations of ozone can temporarily affect the
lungs, respiratory tract and eyes. It can also increase
susceptibility to respiratory allergens. The long-term exposure
to relatively low ozone concentrations can cause a reduction in
the lung function. Spanish legislation on air quality establishes
as 1-h limit for human health protection 200 pigm > NO, and
NO, and an alert threshold of 400 ugmﬁ3 (both values
expressed as NO,; [13], RD 1073/2002 and RD 717/1987).
In the case of Os, the human health protection threshold is
120 pgm* ([13], Directive 2002/3/ECE and RD 1796/
2003). The main source of air pollution, and in particular
NO,, is traffic, although there are also a number of small
industrial activities contributing to air pollution. It is
remarkable the size of the fleet of private cars in Catalonia,
which arrives to ca. 1,000,000 vehicles only in Barcelona.

Some recent works have applied different multivariate
approaches to the study of atmospheric pollution by Os/
NO. Gao [14] has applied a functional analysis of variance
on O3/NO, measurements in order to characterise their
diurnal cycles. Principal components analysis has been used
quite often in atmospheric pollution research in order to
establish seasonal variations [15], geographical distribu-
tions, dependence with meteorological conditions [16] and
atmospheric chemical reactions. However, factors found by
principal component analysis (PCA) do not often have
straightforward or unique interpretations. In order to
overcome this drawback of PCA when applied to atmo-
spheric data, some authors have applied different type of
factor rotations [17] to clarify the meaning of factors. In the
present work, the extension of MCR-ALS to investigate
multiway data is proposed to evaluate simultaneously the
NO and O; contamination multiset and data sets as an
alternative to well-known methods like PCA. Although
MCR-ALS has been usually applied for the resolution of
multiple components in unresolved mixtures investigated
by spectroscopic means, it has been also proved its ability
to resolve and model average temporal and geographical
distribution profiles from environmental monitoring studies.
One of the main advantages of MCR-ALS is that it decom-
poses the data matrix by applying more natural constraints than
PCA, such as non-negativity, and thus, environmental results
can be interpreted more straightforwardly.
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Data
Experimental data

Half-hourly NO and O; concentrations were measured from
1 January 2000 to 31 December 2006 in one sampling
station of the city of Barcelona, in the district of Gracia.
This station was selected because it is close to the centre of
the city and it is highly populated. Only years 2001, 2002,
2005 and 2006 were used for NO and years 2000, 2001,
2002 and 2003 for O3 due to an excess of missing data in
the other years. Ozone concentrations were measured by
means of UV photometry according to ISO 13964:1998
[18], and they were also acquired by automatically operated
analysers. These analysers provide ozone measurements
every minute and they are saved in half-hourly periods. NO
concentrations were measured according to the UNE
method 77212:1993 (equivalent to ISO 7993:1985) [19],
using automatically operated chemiluminescence analysers.
See [13] for further information about the Catalonian
atmospheric monitoring network. This database was trans-
ferred into MATLAB 7.0 (The Mathworks, Natick, USA)
for subsequent multivariate data analysis. Before the
analysis, missing data were estimated by PCA imputation
by means of the MATLAB PLS 3.5 Toolbox.

Fig. 1 PCA and MCR-ALS a)
bilinear decompositions of aug- 48
mented data matrices. a Bilinear
decomposition of column-wise 365 D
augmented data matrices. In NO !
column-wise augmented data
matrix Deaug-No» Dy is year
2001, D, is year 2002, D5 is
year 2005 and Dy is year 2006. 365 D2

In O; column-wise augmented PCA

Data arrangement

Experimental data were stored in half-hour periods of every
day during every year. This gave a data vector of 17,520
values per year for every measured compound (O3 or NO)
in the considered measurement station. A proper folding of
this very long data vector gives a new data matrix with 365
rows corresponding to the different days of the year and
with 48 columns corresponding to the half-an-hour values
of every day. In the present work, three different studies
have been performed. In a first study, NO concentration
measures have been investigated during 4 years (2001,
2002, 2005, 2006) using a column-wise augmented data
matriX Deaugno (1,460%48) as shown in Fig. la. In a
second study, Oz concentration measures have been
investigated during 4 years (2000, 2001, 2002, 2003),
using a column-wise augmented data matrix Deaug-03
(1,460x48) as shown in Fig. la. And finally, in a third
study, the combination of NO and Oz concentration
measures have been analysed simultaneously for 2 years
(2001, 2002) using two different data arrangements, a
column-wise augmented data matrix similar to the other
studies, Dcaugr-osz-no (1,460x48; Fig. la), and a super
(row- and column wise) augmented matrix Deraug2-03-No
(730%96), as it is shown in Fig. 1b. In order to make the

d
365 365 E,
vT

365 365 E,

data matrix Deayg-03, D1 is year
2000, D, is year 2001, D; is
year 2002 and Dy is year 2003. 365| D,
In O3 and NO column-wise
augmented data matrix Deaugi-
03-Nno» Dy is year 2001 (0O3), D,
is year 2002 (Os), D5 is year 365 D4
2001 (NO) and D, is year 2002

(NO). b Bilinear decomposition

of super (row- and column-wise)

augmented data matrices. In O3

and NO super (row- and b)

MCR-ALS

48 48

> +

365 365 E,

365 365 E,

Uaug

., 48 48 48 48

column-wise) augmeted data
matrix Deraug2-03-N0, D1 is year

2001 (O3), D, is year 2002 (O5), 365| D, D,

D; is year 2001 (NO) and Dy is
year 2002 (NO)

|
365 3651 E; E,
PCA vT

365 | D, D,

MCR-ALS
365 365 E3 | E4

Dcraugz-OS-NO

Uaug Eaus
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scales comparable of the two types of concentration
measures for NO and Os, in the augmented and super-
augmented data matrix of NO and Os, the values of O3
concentration were multiplied by 3 before their inclusion in
the data matrix augmentation. In this superaugmented data
matrix, the 2 years were first column-wise augmented for
O; and NO matrices and then they were row-wise
augmented.

In compact (MATLAB notation) the different matrix
augmentations can be written as:

D1
D2
D3
D4

Column — wise: Deyyg = = [D1;D2;D3;Ds] - (1)

Row — wise: Dyayg = (D1D2D3D4)

= [D17D27D35D4] (2)
. D D
Column and row — wise: Derayg = ( D14,03 DI‘NO)
203 DanNo
= [D1,03, D1xos D203, Dano | (3)

Methods
Multivariate data analysis methods

PCA [20], MCR [1, 2], PARAFAC [5] and restricted
Tucker3 [5] multivariate data analysis methods have been
used in this work to analyse the different experimental data
sets under study. The focus of this work is, however, the
application of the multivariate curve resolution—alternating
least squares method and of its extensions to analyse
different type of trilinear and multiset data structures [1].

PCA and MCR are based on the bilinear decomposition
given by the two following equations:

N
dy= Z Uin Vi €5 (4)

n=1

D=UV'+E (5)

where D(Z,J) is the original data array collecting all d;;
individual measures (of O; or NO), with i=1,...] rows
(number of day observations during the year, /=365) and j
=1,..J columns (every half-an-hour observation during
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1 day, J=48). This is a linear mixture model where the
measured values in the data matrix d; are the result of the
sum of a reduced number of contributions n=1,..N, from
different sources plus an unknown amount of unexplained
variance (noise) e; collected in the error matrix E ().
Each of these individual contributions can be described by
the product of two factors, one related with the variance
along the rows, u;, and another one related with the
variance along the columns, v,;. In the PCA bilinear
decomposition, U(Z,N) is the matrix of orthogonal scores,
u;, where N is the reduced number of components or
factors considered in the analysis; VT (V,J) is the matrix of
orthonormal loadings, v,;, and E(/J) is the matrix of
residuals, e;;, not modelled by the N principal components.
These N components are obtained under the additional
constraint of maximum explained variance and they are
ranked accordingly (see [20, 21] for more details). Thus, a
reduced set of N (N<<J or /) principal components (PCs)
are selected that contain most of the relevant variance (not
noise) in the original matrix. Orthogonality, normalisation
and maximum explained variance constraints in PCA
provide unique solutions of the bilinear model in Eq. 4
which are then used for data exploration and interpretation.
However, PCs derived from PCA are not always easily
interpreted in environmental terms. PCA matrix decompo-
sition of Eq. 4, is usually performed using a singular value
decomposition algorithm [20].

MCR methods are based on the same bilinear model of
Egs. 4 and 5 and they decompose the same data matrix. In
the MCR-ALS method, this decomposition is performed
using an alternating least squares algorithm, which mini-
mises the least squares error function Q defined by

m n

=33y -4, (6)

i=1 j=1

2 2
00" _ 00 _

vt =0 =" 7

Which is expressed by the two equations

mvi[_nH]SN?PCA_UVT” (8)
\'

. AN T
rrgnHDNPCA—UV I 9)

A
where Dy pca is the PCA reproduced (and filtered) data
matrix for N components. In case of not applying any
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constraints, Eqs. 8 and 9 have as a solution the two
following matrix equations

AT LA A

vV = (UTU) UDy pca = U Dypca (10)
[AJ = BN.PCAV(VTV)71 = ]SN«PCA (VT)+
where (VT)" and (U)" are the current estimations of the
pseudoinverse of VT and U [20]. However in the MCR-
ALS algorithm, these two equations are solved iteratively
under a set of constraints applied over the factor matrices U
and VT, such as non-negativity, unimodality, closure, or
selectivity, as it is described elsewhere [3, 21, 22]. In the
case of MCR-ALS, U and VT factor matrices are not
orthogonal, but they should be full rank (invertible) and
fulfil the required constraints.

The first step in the MCR-ALS method is the determi-
nation of the number of components N contributing to D
variance. This could be done in the same way as for PCA.
Next, initial estimates of either U or VT are obtained. An
estimation of U or V' can be obtained from the set of
“purest” columns or rows of matrix D [23] (those columns
or rows of the original data matrix D which are more
dissimilar and more orthogonal to the rest). Equations 8 and
9 are then solved iteratively under the stipulated constraints
until convergence is achieved (i.e. when in two consecutive
iterative cycles, relative differences in standard deviations
of the residuals between experimental and ALS calculated
data values are less than a previously selected threshold
value).

One of the main advantages of MCR-ALS is that it
decomposes the data matrix applying more natural con-
straints than PCA, such as non-negativity, and thus,
environmental results can be interpreted more straightfor-
wardly. The drawback of MCR-ALS however, is that
solutions may not be unique, in contrast to PCA, and
caution should be taken to check the reliability of the
obtained solutions [1, 2]. Another difference between PCA
and MCR-ALS is that in MCR-ALS the variances of the
components are overlapped compared to the orthogonal
variances of PCA. The sum of the explained variances from
every individual MCR-ALS component is usually larger
than the explained variance by all components when they
are considered simultaneously in the model. Furthermore,
in MCR-ALS the variances of the components are not
ranked (permutation ambiguity) according to the amount of
explained variance. Therefore, PCA and MCR-ALS meth-
ods can be both applied in a complimentary way.

The extension of PCA and MCR-ALS to the simultaneous
analysis of the multiple data sets investigated in this work can
be written in different ways according to the data mode
(direction) kept in common. For instance in the case of the
column-wise data matrix augmentation used to examine the

multiyear (4 years) changes in concentration of NO or O3, the
extension of the bilinear model is written as

Dy U, Eq

D2l U T E>
Deaug = Dy | | Us v )
Dy Uy Ey

= UuigV" + Eaug (11)

Which in more compact (MATLAB notation) form can
be also written as:

Dcaug = [DI;DZ;D3;D4]
= [U1; Uz; Us; UslV " +[Ey; Ea; E3; Es)
= Uaug VT + Eaug (12)

In the case of the row- and column-wise matrix
augmentation used to examine the changes in the concen-
tration of O3 and NO simultaneously for 2 years

D o,

D _ D1 no
craug2—03—-NO DZ,O; D2 NO
U, Ero, Eino
= Vo, Vwo)+ (o b
( U2 ) (Yo, Vo) (EzO3 E> o

Which in compact (MATLAB notation) form can be
written as:

(13)

Deraug2—03-No = [D14o37 D1 no; D2,03, Dz,NO}
= [U; U2][Vs, Vo)
+ [E1.03, E1.n03 E2,03, E2no)
= UaugV g + Eaug

aug (14)

In Fig. 1, these different bilinear decompositions are
shown for the different data matrix arrangements investi-
gated in this work. Whereas for the 1 year (individual) data
matrix of dimensions D(ZJ), =365 days and J=48 half-
hours, a single scores (row) factor matrix U(/,N) with
dimensions number of days in the rows by number of
components in the columns is obtained, in the case of the
column-wise (multiple years) augmented data matrices
Usug(I*K,J), the scores matrix has dimensions of number
of years (K) times number of days (/=365) in the rows by
number of components, N, in the columns. From the scores
matrix (U,yg), the daily trends in one or several years (inter-
annual) can be deduced for each component. The loadings
matrix has dimensions of number of components, N, by
half-hourly measurements (48). In the loadings matrices
(V"), the hourly trends within a day of every component
can be investigated.
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In the scores factor matrix, U,,g, the concentration
changes over one or several years (intra- and inter-annual
information) are intermixed and consequently a new
rearrangement is necessary to recover independently the
temporal patterns corresponding to the changes over
different years. In Fig. 2, this is shown. For every resolved
component, its scores column vector can be selected, re-
folded and analysed by SVD considering only the first
component forcing ALS to resolve a single profile that
fulfils the trilinear model (see also below in the “Trilinear

Fig. 2 Trilinearity and compo- A8 !mog

models in multivariate curve resolution” section for the
trilinearity constraint in MCR-ALS). Using this simple
procedure, the annual (vector—matrix U) and the inter-
annual (vector—matrix Z) profiles are unmixed for each
resolved component. From the intra-annual variations in U,
it is also then possible to study the weekly, monthly and
seasonally trends over years.

In the super (row- and column wise) augmented data
matrix Deraugz-03-No, (se€ Fig. 1b) the bilinear decomposi-
tion is similar to previous cases but with some particular-
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ities. Now the number of rows in the scores matrix is equal
to the number of years x 365 and the number of columns is
equal to the number of components, N. In the scores matrix
the information about the two different years are still
visible. In the loadings matrix, the number of rows is equal
to the number of components and the number of columns is
equal to 48 (half hours) x 2. In this loadings matrix, the
information about O3 and NO is separated.

Trilinear models in multivariate curve resolution

The general expression of the trilinear model, to describe
the decomposition of a three-way (cube) data set, is given
(in element way) by Eq. 15 as

N
dij = Z UinVinZin + €ijk (15)

n=1

where dj;; represents the ijkth element in the three-way data
set =1, ... j=1,....J,and k=1, . . .,K), n is the number
of components (chemical rank) common to the three modes
(n=1,...,N), uj,, v;,, and z,, are the elements of U, VT, and
Z factor matrices (loadings or component profiles in the
three modes), and ey is the residual term (part of the data
not explained by the model). This trilinear model can be
also described in a matrix way for each slice of the data
cube as follows:

Dy=UZV"+ED(I,J,K) = {Dik =1,...K,}  (16)

Other tensor notations for the trilinear model decompo-
sition of the data cube can be found elsewhere [5].

As described by the matrix notation in Eq. (16), Z; will
be the only factor matrix in the trilinear model that changes
in the decomposition of the different matrices Dy. This
means that U and V' matrices are the same for the
simultaneously analysed matrices (slices of the cube) Dy.
This is a very strong constraint that enforces trilinear
decompositions to give unique solutions under mild
conditions [5]. However, this constraint is only fulfilled
by true variance sources in some cases (it is not general).

MCR-ALS can be easily adapted to the analysis of three-
way data sets formed by data matrices with the same row
and column sizes (data cubes) and take advantage of their
structure if they follow the premises of the trilinear model.
Because of the inherent freedom in the modelling of the
profiles of the augmented U,,, matrix, the so-called
trilinear structure is incorporated as an optional constraint
[4] during the ALS optimization of the U,,, profiles (see
Fig. 2). An outstanding aspect of the trilinearity constraint
in ALS is that the application of this constraint is performed
separately and optionally for the profiles of every compo-

nent. Its implementation during ALS is easy and it provides
fast solutions.

As shown in Fig. 2, when this trilinear constraint is
applied, profiles of the same component in the different
U, matrices are forced to have a common shape during
each iteration of the ALS optimization and only differ in a
scaling factor. To do this, they are first placed and joined
one beside the other to form a new one-component profile
matrix, Ugipn, With T rows (number of rows of each data
matrix) and K columns (number of matrices simultaneously
analysed), where n indicates what component is considered.
For a full trilinear model, every component gives an Uy,
matrix (n=1,...,N), which is decomposed by SVD and only
the first component is considered (implying that for this
component, the shape of its year profile s exactly equal for
the different years)

Uvita(I,K) = u(l, 1)z"(1,K) (17)

where u now is the one column vector, which contains the
common profile of the considered component (n) in the
different K matrices, and z' is a row vector with the
relative amounts of this profile in the different K matrices.
After this, the full U,,, augmented matrix is rebuilt and
updated. u and z profiles will give the current estimation
of the first and third mode loading profiles for the
considered component in the trilinear model. Apart from
forcing the shape of the loading vectors of the same
component in the first mode to be the same, this procedure
captures the relative intensity variation of this component
in the loadings of the third mode, showing its scale
differences in the different data matrices simultaneously
investigated. This is precisely what trilinear models
described by Eqgs. 15 and 16 are considering explicitly.
Therefore, results obtained by MCR-ALS with the
trilinearity constraint [4] applied to all the components of
the system will give similar results as the application of
other trilinear model-based methods (such as the PAR-
AFAC method, see Ref. [5]) when applied to the same
system. An additional and obvious advantage of the
trilinearity constraint implemented in MCR-ALS is that it
may be applied independently and optionally to each
component of the data set, giving more flexibility to data
analysis, allowing for full trilinear models, and for partial
trilinear models.

A test of data departure from the trilinear model can be
deduced from differences between the fit obtained when the
data is forced to fulfil the trilinear model compared to the fit
obtained when data are only forced to fulfil the bilinear
model (see in the “Results and discussion” section). When
the data fulfils the trilinear model, both fits should be rather
similar, apart from the slight overfitting tendency of bilinear
models.
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Component interaction models in multivariate curve resolution

The general expression for TUCKER3 models [5, 24] used
to describe the decomposition of three-way data sets
(element-wise) is given by Eq. 9:

Np Ng Nr

dijk = E E E 8parUipVigZir + €ijk

p=1 g=1 r=1

(18)

where d;; represents the ijkth element in the three-way data
set, u;,, Vjg, and zj,. are the elements in U(I,Np), V(J,Nq),
and Z(K,Nr) factor matrices (loadings in the three modes)
used to reconstruct the djy element of D(I,JK), e is the
residual term in E(I,J,K), and N,,, N, and N, are the number
of components considered in each of the three modes,
which are not necessarily equal as in the trilinear model.
Zpgr 18 the pgr element of the core array G (Np,Ng,Nr),
where the non null elements are spread out in different
manners depending on each particular data set. In the
PARAFAC trilinear model, there is a single profile per each
component in each mode, whereas the TUCKER3 model
has complete freedom in the correspondence of profiles
among different components and modes. It may happen that
two components interact and have the same profile in one
of the modes. Matrix algebra representations of Eq. 18 need
the introduction of tensor products such as the Kronecker
product [5, 25] and this is not given here for brevity.

MCR-ALS can be adapted to fulfil simple restricted
TUCKER3 models. In accordance with the TUCKER3
model described by Eq. (18), a different number of
components in each of the three modes of the three-way
data set are allowed as well as the interaction among them.
Figure 2 shows graphically how this can be achieved. In the
example shown in this figure, two of the column profiles of
the augmented U,,, matrix, are unfolded to give the row-
wise augmented scores matrix Uy, with number of rows
equal to the number of rows in the individual matrices (/)
and with the number of columns equal to the two
component times the number of matrices simultaneously
analysed (2xK). This Uk folded matrix containing the
profiles of the two components is then decomposed by
SVD and only the first component is considered

Unek L2xK  uilz' 1,2xK 19

This decomposition gives directly the loading profile in
the first mode u(I,1), and the loading profile (scaling factor)
in the third mode z"(1,2xK; Fig. 2). Note that in this case
only one profile (one loading vector) will be recovered in
the first mode. On the contrary, two profiles (two loading
vectors) are recovered for the third mode, as well as for the
second mode, in the V! matrix. The appropriate Kronecker
product [5, 25] of these new loading vectors allows the
estimation of the two new augmented profile vectors, which
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will substitute the corresponding two columns of the Uy,
matrix. When this component interaction constraint is
inserted during each step of the ALS iterative optimization
procedure, the results obtained are analogous to those
obtained by a TUCKER3 model with one component in the
first mode and two components in the other two modes.
Summarising, three-way data set decompositions using
either PARAFAC or TUCKER3 models yield explicitly
loadings in three modes (U, VT, and Z). Instead, column-
wise (similarly row-wise) augmented data matrix decom-
positions using bilinear models, such as PCA or MCR-
ALS, give only loadings in the second mode (VT matrix),
whereas the loadings in the other two modes (U and Z) are
mixed in the augmented scores matrix (Upy matrix). Using
the SVD analysis on the suitable augmented factor profiles,
these loadings in the first (U) and third (Z) modes can be
recovered and the results compared with those obtained by
PARAFAC and TUCKER3 model-based methods.

Results and discussion
Data description

Daily and hourly averages were calculated for NO and O;
concentration data (see Fig. 3). A Savitzky—Golay smooth-
ing algorithm [26] was applied to these daily averages to
facilitate the identification of seasonal patterns. When the
averages of the 48 half-an-hour values of every year data
matrix were calculated, daily profiles (365 values) were
obtained. When averages were calculated for the 365 daily
values of every year data matrix, half-hourly profiles (48
values) were obtained. NO averages ranged between 20 and
160 pgm > and O; averages ranged between 10 and
55 pgm .

In the daily profiles (Fig. 3a,c), the seasonal variation of
NO concentration showed that the highest levels were
registered during late autumn and winter, while the highest
average values in the seasonal profiles of Oz were
registered in spring and summer.

In the hourly profiles (Fig. 3b,d), two maxima were
clearly shown for NO concentration; one between 8:00 and
10:00 am and the other, lower and wider, around
21:00 hours. In the O; hourly profile, a marked minimum
at 8:00 am was shown, coincident with the maximum NO
concentration. O3 hourly profiles showed also a maximum
around 16:00, coincident with the NO minimum between
the two maximum, and a minimum at 21:00 hours,
coincident with the NO maximum.

Similar profiles have also been reported in previous
studies for other urban locations [27-32] and with our
previous results in Catalonia [8] and in Barcelona-Gracia
sampling station [7].
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Preliminary PCA and SVD results

The initial estimation of the number of components to be
included in PCA and MCR analysis was obtained by SVD
analysis of the different data sets previously described. A first
selection of the number of components was simply chosen by
visual observation of the plots of the sizes of the singular
values and taking into account the explained variances. In all
cases, PCA models were calculated with the proposed number
of components as well as with a slightly higher and lower
number of components. The number finally selected took into
account the data fit and the interpretability of the resolved
loading and score profiles.

In Table 1, explained variances for the different data
arrangements and different number of components are
given for PCA and MCR without any pre-treatment (see
electronic supplementary material).

In order to check for the adequacy of the trilinear model
to analyse the different data sets under study, SVD analysis
was applied also to the two possible data matrix augmen-
tation arrangements for every data set under study, column-
and row-wise (Table 1). The comparison of the singular
values obtained in each case showed that the trilinearity
was not strictly fulfilled for Deaug-no and Deayg-03, and was
not adequate for Deaugi-03-Nvo and Deraug2-03-No-

MCR-ALS results

Results of MCR-ALS will be shown separately for the
three performed data arrangements, Dcaug-No> Deaug-03

Deaugi-03-xo and Depaug2-03-nv0, previously described in
section “Data arrangement” and Fig. 1.

NO study (Deaug-No data matrix)

MCR-ALS analysis of matrix Deaug-no Was performed
using three components, non-negativity and loading nor-
malisation constraints, explaining a 90.1% of the total
variance (Table 1). Note that whereas the total variance
explained by MCR-ALS was practically equal to the variance
explained by PCA, the sum of the variances explained by the
individual MCR components increases up to 109.9%, with a
variance overlap of 19.8% (109.9-90.1=19.8%)).

Loading and score profiles resolved by MCR-ALS are
given in Fig. 4. In the hourly trends (loadings in second
mode, see Fig. 4d—f), three NO profiles were resolved. The
third component showed a peak around 9:00 hours which
appeared during the rush traffic hour and it is assigned to
fuel combustion by vehicles. NO concentration decreases
until it reached a minimum at approximately 16:00. When
O reaches its maximum concentration, NO decreases,
achieving its daily minimum value. Sunlight triggers a
succession of photochemical reactions, which include the
reaction of NO with O; to give NO, producing the
depletion of O3. After that, NO begins to accumulate again,
reaching a new maximum during the evening [27], which
appeared in the second component (Fig. 4e). An additional
profile in the first component describing the NO night
behaviour (constant along the year) was also resolved
(Fig. 4d). This is attributed to the fact that during the night,
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Table 1 SVD decomposition and explained variances for the different data matrices and models

SVD Explained variances
Column-wise® Row-wise® PCAP MCR-ALS® MCR-ALS? MCR-ALS®
Deaug-no' (3 comp) 221E+04  2.02E+04  90.20% 90.10% 69.90% 65.50%
6.39E+03  6.67E+03 PC1=78.5% C1=17.4% C1=8.9% Cl=11.1%
5.63E+03  5.70E+03 PC2=6.6% C2=40.8% C2=33.8% C2=34.9%
3.59E+03  4.20E+03 PC3=5.1% C3=51.7% C3=46.1% C3=36.6%
2.89E+03  3.96E+03 PARAFAC=76.5%  TUCKER3 (133,=65.7%
Deaug-03' (2 comp) 820E+03  7.72E+03  91.00% 91.00% 76.10% 73.40%
2.55E+03  2.12E+03 PC1=83% C1=66.9% C1=53.5% C1=57.6%
1.21E+03 1.55E+03 PC2=8% C2=32.9% C2=44.2% C2=24.5%
1.16E+03 1.39E+03 PARAFAC=78.6%  TUCKER3 (155)=73.5%
8.50E+02  1.34E+03
Deaugiosno' (3 comp) 2.35E+04  2.12E+04  88.80% 88.60% 70.00% -
8.75E+03 1.04E+04 PC1=71.6% C1=42.4% C1=37.8%
751E+03  6.88E+03 PC2=9.9% C2=19.9% C2=17.7%
5.01E+03  4.96E+03 PC3=7.3% C3=43.4% C3=26.5%
297E+03  4.40E+03 PARAFAC=76.6%
Deraugz-osno' (3 comp)  2.16E+04  224E+04  84.80% 83.30% 73.70% -
1.20E+04  8.03E+03 PC1=60.6% C1=34.1% C1=16.0%
6.64E+03  7.10E+03 PC2=18.6% C2=382% C2=38.4%
524E+03  5.60E+03 PC3=5.7% C3=26.5% C3=33.0%
3.81E+03  4.91E+03 PARAFAC=71.8%

# Augmentation mode constraint

"PCA for raw data

°MCR-ALS for raw data with non-negativity constraint

9MCR-ALS for raw data with non-negativity and trilinearity constraint

°MCR-ALS for raw data with non-negativity and interaction constraint

fAugmented data matrices (see Fig. 1 and explanation in section Data arrangement)

photochemical reactions are not produced and this could lead
to the accumulation of NO concentration. Consequently, the
differences between summer and winter are not so marked.
Other possible explanation of this night component could be
attributed to the use of fuel-fed heating during the evening and
the increase of traffic in the night of the weekends [7].
Loadings in the first mode described the NO trends
along the year. The same seasonal daily trends (Fig. 4a—c)
can be distinguished for the three components along the
4 years, with a pronounced U shape (intense minimums in
April and in August). Several causes can justify these
seasonal trends. One of them is the temperature variation
associated to different seasons. In spring and summer the
higher levels of solar radiation and temperatures promote
photochemical reactions and the decreasing of NO concen-
tration levels because of their reaction with maximum
concentration levels of O;. Another reason for the observed
trends is the increase of NO emissions during winter due to
the use of heating [27] and heavier traffic in cities compared
to the summer and Easter vacations period. Loadings in the

@ Springer

third mode were describing the inter-annual trends (Fig. 4g—i)
showing the tendency towards lower levels of NO concen-
tration during the last years of the study (2005 and 2006).

MCR-ALS analysis for Dcaug.no Was then performed
using the trilinearity constraints (see method section
“Trilinear models in multivariate curve resolution” and
Fig. 2). In this case, the total explained variance decreased
down to 69.9% (see Table 1). Loading profiles in the three
modes were rather similar to those previously described
without using the trilinearity constraint (see Fig. 4) and to
those obtained by PARAFAC with non-negativity con-
straints (see Table 1 and supplemetary information).
PARAFAC core consistency (50.8%) showed that the
model with three components departed significantly from
the trilinear model, although the shapes of the resolved
profiles were close to those obtained by bilinear MCR-
ALS. The little difference between the explained variance
in PARAFAC (76.5%) and MCR-ALS (69.9%) was due to
the fact that the system is not fully trilinear and the two
methods differ in the way they apply trilinearity.
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Fig. 4 MCR-ALS profiles for three components using non-negativity
(continuous line), non-negativity and trilinearity (dotted line) and non-
negativity and interaction constraints (dashed line) for NO augmented
data matrix (Dcaug-vo» se€ Fig. 2). The shown explained variances are

Possible interaction between the three profiles in the first
mode (133 model) was tested using the interaction constraint
described in “Component interaction models in multivariate
curve resolution” section and Fig. 2 for MCR-ALS. Using a
restricted TUCKER3 model [5] with this interaction con-
straint for Deaug.no matrix, the total explained variance by
MCR-ALS was 65.5% (Table 1) with a variance reduction
from the trilinear model of only 4.4%. TUCKER3 of the
same data using the same 133 model and applying non-
negativity gave a 65.7% of explained variance. However,
night profile could not be resolved appropriately by TUCK-
ER3 (see supplementary information). The profiles of all the
components on the first mode are forced to be the same and
the interpretation of within a year profiles greatly simplified
with this single profile. Therefore, this reduced model is
considered to be more easily interpretable of the main yearly
trends of NO contamination in the station under study.

O3 study (Daug-03 data matrix)

MCR-ALS analysis of matrix Dcaug-03 using two compo-
nents and non-negativity constraints, gave a total explained

for the trilinear representation of the bilinear solution (see Fig. 2 and
explanation in section “Multivariate data analysis methods”). a—c
daily (within a year); d—f hourly (within a day) and g—i inter-annual
profiles

variance of 91.0%. There is little variance overlap of 8.8%
between the two components (see Table 1), which means
that they did explain rather independent sources of variance
in this case. When trilinearity constraints were also applied,
the total explained variance was 76.1%, with a decreasing
of the total explained variance of around 15%.

Loading and scores profiles obtained by MCR-ALS for
Dcaug-03 Using non-negativity and using or not using
trilinearity constraints are shown in Fig. 5. In both cases,
they were similar. In the daily profiles (loadings in first
mode), the seasonal trends of the two resolved components
(Fig. 5a-b) showed clearly one peak maximum which is
coincident with the maximum solar radiation registered in
summer and spring months and practically reversed to the
U shape shown for NO seasonal profiles (see Fig. 4).

MCR hourly resolved profiles (within a day, second
mode loading profiles, Fig. 5c), for the first component
(with the highest explained variance) showed a clear
maximum around 16:00 hours (14:00 solar hours), coinci-
dent with the increase of solar radiation. Again, there was
practically no difference in the shape of the profiles
obtained when the trilinearity constraint was either applied
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Fig. 5 MCR-ALS profiles for two components using non-negativity
(continuous line), non-negativity and trilinearity (dotted line) and non-
negativity and interaction constraints (dashed line) for O3 augmented
data matrix (Dcaug-03, see Fig. 2). Shown explained variances are for

or not. The MCR hourly resolved profile for the second
component (Fig. 5d) shows a different maximum
corresponding to a second increase of Oz concentration
during the night. This pattern of O; increase in absence of
solar radiation during the night can be attributed to the
titration effect of NO emitted by car exhaust. At night,
traffic decreases, NO emissions are reduced and conse-
quently Oz concentration increase. Inter-annual profiles
(third mode loadings profile, Fig. 5e—f), showed that Os
contamination patterns practically have remained rather
constant during the years of study.

In the results obtained by PARAFAC for D aug-03 matrix
(Table 1), the core consistency test (92.6%) indicated that
the trilinear model with two components was rather
consistent. For that reason, explained variances in PAR-
AFAC (78.6%) and MCR-ALS (76.1%) were closer.
Resolved loading profiles in the three modes (see supple-
mentary information) were practically equal to those
obtained by MCR-ALS using the trilinearity constraint.

However, since resolved seasonal profiles (loadings in first
mode) were rather similar, interaction of the two profiles in
this first mode was attempted. MCR-ALS results of this model
122, using the interaction constraint previously described (see
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0
8 12 16 20 24 f)

2000 2001 2002 2003

the trilinear representation of the bilinear solution (see Fig. 2 and
explanation in section “Multivariate data analysis methods”). a—b
daily (within a year); ¢—d hourly (within a day) and e—f inter-annual
profiles

“Component interaction models in multivariate curve reso-
lution” section and Fig. 2) gave a total explained variance of
73.4% (Table 1). Loading profiles are shown in Fig. 5.
Results obtained by restricted TUCKER3 applying non-
negativity gave practically the same explained variance
(73.5%) and similar profiles (see supplementary infor-
mation) to these obtained by MCR-ALS with the
interaction constraint (see Table 1). However, using this
interaction constraint a better reduction and summary of
the complexity of the model was achieved. First mode is
now described by a single profile (seasonal trends)
without significant loss of information.

O3 and NO simultaneous study (Dcaugi-03-No
and Draugr-03-No data matrices)

Possible correlation between O; and NO data sets and
interaction effects between these two pollutants in the
sampling station under study were investigated using the
data arrangements described in Section Data arrangement
and Flg 1 for Dcaugl-O3-NO and DcraugZ-OS-NO data
matrices. Three components were finally selected in both
cases.
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MCR-ALS analysis of Dcaug1-03-no With only non-
negativity constraints gave a total explained variance of
88.6% (Table 1). When the trilinearity constraint was
applied, the total explained variance decreased down to
70.0%. This decrease of 18.6% of the explained variance
confirmed the poor trilinear behaviour of the system, also
seen previously in the different sizes of the singular values
obtained by SVD (Table 1) and in the poor PARAFAC
consistency test (51.3%). Figure 6 shows that the first
component is mostly describing NO pollution, the second
component is mostly describing O3 pollution, and the third
component, is describing the possible interaction between
O; and NO pollution. This last third component has
mixed contributions of both contaminants (Fig. 6i) but it
is mainly influenced by O; (in Fig. 7d this interaction is
seen better). Seasonal and hourly trends are similar to
those previously described in sections NO study (D¢ayg-no
data matrix) and O3 study (Dcaue-03 data matrix). Since all
components showed profiles with different shapes, com-
ponent interaction constraint (TUCKER3 models) was not
possible in this case.

1000 ——

MCR-ALS analysis of D¢yaug2-03-80 With non-negativity
constraints explained 83.3% variance (Table 1). When the
trilinearity constraint was applied, the total explained
variance decreased down to 73.7%. MCR-ALS resolved
profiles are given in Fig. 7 with and without the trilinearity
constraint. Loadings of the first component in second mode
(Fig. 7a), showed again the interaction between NO and O;.
The changes along the year of this first component (first
mode loadings) with a strong contribution of the two
chemical compounds (second mode loadings) are rather
constant independently of sun light radiation effects
whereas in the second component only appeared the NO
contribution, and in the third component only appeared the
Oj; contribution. In the hourly and daily profiles (loadings
in first and second modes, Fig. 7b—c and e—f) of these two
components, the sun light and seasonal effects on O; and
NO contamination are described, confirming what was
previously encountered in their separate analysis in Figs. 4
and 5. From the between (inter) year profiles (third mode
loading profiles), the contamination by NO (Fig. 7h)
remained rather constant for these 2 years (2001 and
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Fig. 6 MCR-ALS profiles for three components using non-negativity
(continuous line) and non-negativity and trilinearity constraints
(dotted line) for NO and Oz augmented data matrix (Deraugi-03-Nos
see Fig. 2). Shown explained variances are for the trilinear

representation of the bilinear solution (see Fig. 2 and explanation in
section “Multivariate data analysis methods”). a—c daily (within a
year); d—f hourly (within a day) and g-h yearly profiles (between
years)
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(continuous line) and non-negativity and trilinearity constraints
(dotted line) for NO and Oz augmented data matrix (Deraug2-03-Nos
see Fig. 2). Shown explained variances are for the trilinear

2002), but the contamination by Oz (Fig. 7i) was
apparently lower in the second year (2002). In this case
also, interaction constraints were not either applied for the
same reason as before for Deaugi-o03-no: profiles of the
components in the three modes were rather different in all
cases.

Conclusions

MCR-ALS with different constraints like trilinearity and
component interaction produced results analogous to
well-established methods like PARAFAC and restricted
TUCKER3 model-based methods in the analysis of
environmental multiway data sets. The advantages of-
fered by the application of these constraints are, on one
side, the better and simpler interpretability of the profiles
(more summarised and concise) and on the other side the
fact that especially in the case of PARAFAC the resolved
profiles are unique. An additional advantage of the
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representation of the bilinear solution (see Fig. 2 and explanation in
section Multivariate data analysis methods). a—c¢ daily (within a year);
d—f hourly (within a day) and g-h yearly profiles (between years)

trilinearity constraint implemented in MCR-ALS is that
it may be applied independently and optionally to each
component of the data set, giving more flexibility to data
analysis, allowing for full trilinear models, and for partial
trilinear models.

Resolved MCR profiles using these constraints have
been shown to describe adequately the different patterns
and evolution of O; and NO contamination during the
different hours of the day and during the different seasons
of the year (hourly and daily variations). The more
important hourly O; resolved MCR profile showed a
maximum around 16:00 hours and the more important
hourly NO profile showed two maximums, one at
9:00 hours and another around 20.00 hours. Interaction
between O3 and NO profiles is also demonstrated by the
complimentary shapes of the profiles of these two com-
pounds. The O profile maximum corresponded to a profile
minimum of NO. The complementary relation between NO
and O; was also seen in the mixed behaviour of some
components.
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Trilinearity and component interaction constraints in
the multivariate curve resolution investigation of NO

and O; pollution in Barcelona

Marta Alier, Mdnica Felipe, Isabel Herndndez and Roma Tauler

Comment to Fig. S1. PCA profiles for NO augmented data matrix Dcaug.no Were
more difficult to interpret than MCR-ALS profiles given in Figure 4, because negative
values had no meaning in terms of environmental pollution. Hourly profiles in the
second and third principal components resemble resolved MCR-ALS for the morning

and night NO profiles (see Figure 4)

Comment to Fig. S2. NO resolved profiles using PARAFAC and TUCKER3 (133
model) methods in the analysis of augmented data matrix Dcaug-no can be compared
with those obtained by MCR-ALS analysis of the same data matrix applying trilinearity
and component interaction constraints (see Figure 4). Resolved daily profiles were
similar for the three methods, except for hourly profiles. MCR-ALS hourly profiles

revealed a different separate night trend (Figure 4d)

Comment to Fig. S3. Interpretation of PCA profiles for O3 augmented data matrix
Dcaug-03 Were again more difficult to interpret than those obtained by MCR-ALS (see
Figure 5). Hourly profile of the second principal component resemble MCR-ALS night

profile (see Figure 5)

Comment to Fig. S4. O3 resolved profiles using PARAFAC and TUCKER3 (122
model) methods in the analysis of augmented data matrix Dcaug-03 can be compared
with those obtained by MCR-ALS analysis of the same data matrix applying trilinearity
and component interaction constraints (see Figure 5). Resolved daily profiles were
similar for the three methods. PARAFAC and TUCKER3 (122 model) second
component hourly profiles showed differences (Figure 11d), and also with the

corresponding MCR-ALS profile that revealed again a separate night trend (Figure 5d)
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In this paper the application of the Multivariate Curve Resolution Alternating Least Squares method (MCR-ALS)
to incomplete data multisets is explored. The experimental incomplete data multiset studied in this work is taken
from a previous multiannual atmospheric monitoring study of the changes of ozone and nitrogen oxide concen-
trations in an air quality sampling station located in the city of Barcelona, in which some of the individual data
sets were missing. Based on the preliminary results obtained in this study, new data multisets, complete and in-
complete, with different levels of noise were simulated and analysed by a new variant of the MCR-ALS method
which optimises a combined error function including all possible complete data subsets derived from the original
incomplete data multiset. Conclusions are drawn about the effects of data completeness on the results obtained
for different noise levels and on the viability of trilinear models.

© 2013 Published by Elsevier B.V.

1. Introduction

The problem of incomplete data sets is ubiquitous in many applica-
tion areas like network traffic analysis, bibliometrics, social network
analysis, chemometrics and computer vision [1,2]. These missing data
can appear due to many reasons such as for instance malfunctioning
of the analytical techniques or instruments, electrical disconnections,
wrong or limited data acquisition planning strategies or loss of a signal
due to contamination with high amounts of mechanical noise [3]. Impu-
tation of missing values can be useful as long as the amount of missing
data is small, however performance degrades for large amounts of
missing data [4] or when this is systematically produced. The problem
of incomplete data can be very difficult for chemometric analysis, and
here we have developed a new Multivariate Curve Resolution method
to analyse incomplete data multisets where some of the data subsets
(full data matrices) are missing. Data multiset (or multiblock) is com-
posed by multiple data sets (or multiple data blocks). Each individual
data set or data block has its own entity and it has a regular structure.
Incomplete data multiset (or incomplete data multiblock) refer to
cases where some of these individual data sets (or data blocks) are
missing. For instance, in the case under study, each individual data set
(data block) refers to one year ozone or NO data measurements, giving
a data matrix of the same dimensions (same number of rows and
columns). If one of these individual data sets, either O3 or NO (but not

" This paper was presented at the TRICAP 2012 meeting held in Bruges in June of 2012.
* Corresponding author.
E-mail addresses: Marta.Alier@idaea.csic.es (M. Alier), Roma.Tauler@idaea.csic.es
(R. Tauler).
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both) is missing, the resulting data structure is named incomplete
data multiset. Matrix augmentation strategies will give then data struc-
tures with missing complete data sets (blocks, submatrices, see Fig. 1c).

Multivariate Curve Resolution (MCR) methods are now well accepted
as useful techniques in chemometrics to investigate general mixture
analysis problems in chemistry, as in source apportionment studies in at-
mospheric sciences [5], in component spectra unmixing in hyperspectral
imaging [6], in resolving species and analyte concentration and spectra
profiles in analytical chemistry [7] or in factor analysis problems in
general [8]. The goal of all MCR methods is the separation of the
pure component contributions from their unknown mixture. The
minimum assumption in MCR is the fulfilment of a bilinear model
under natural constraints such as non-negativity, unimodality or closure,
in contraposition to the stronger mathematical constraints like orthogo-
nality (in Principal Component Analysis, [9]) or independence (in Inde-
pendent Component Analysis [10]). Constraints applied in MCR
methods, however, do not assure the estimation of unique solutions
and rotation ambiguities can be present [11-13]. These ambiguities can
be overcome when higher structured multiway data sets are available
and approaches exploiting these structures by means of trilinear or
multilinear models are applied [14,15]. In Chemistry, this is sometimes
a too strong requirement which is only fulfilled in some circumstances,
like in excitation-emission spectroscopy [16]. A more general situation
is to have data structures where the multilinear (trilinear) models are
fulfilled only partially by some of the components of the system or
where interactions between the different components of the system
may exist [17,18]. The Multivariate Curve Resolution method presented
in this work allows analysing incomplete data multisets fulfilling or not,
or partly, multilinear models.

From its initial development, MCR-ALS has been used for the analysis
of multiset and multiway data [19]. In fact, most of the successful
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Fig. 1. Incomplete data multiset arrangement and its MCR-ALS bilinear decomposition using the trilinearity constraint. Recovery of the three mode profiles X, Y and Z, from bilinear
augmented scores U,yg and loadings V™. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

applications of MCR-ALS are related to the analysis of data multisets.
Rotation ambiguities associated to MCR methods can be considerably re-
duced or even eliminated when data multiset are analysed using this pro-
cedure. Data multisets can be arranged in different type of row-wise,
column-wise or row- and column-wise augmented matrices. Constraints
like trilinearity [14,15], quadrilinearity [20] or interaction between com-
ponents [17,18] have been proposed and implemented successfully in the
MCR-ALS method to analyse and take advantage of cases where data fulfil
these higher ordered structures, with analogous results to those obtained
by standard multiway methods like PARAFAC [21] or Tucker [22]
multilinear decompositions. In all these situations however, it has been
always assumed that the data have a complete structure (without missing
data sets). In contrast, in the present paper, we present a new MCR-ALS
procedure to analyse incomplete data multisets, where some data sets
or data blocks are missing.

2. Data

In the present paper, incomplete experimental and simulated data
multisets have been used to test the application of MCR-ALS on them.
The experimental data used in this work consisted on ozone (O3) and
nitrogen oxide (NO) concentrations recorded from the network of
atmospheric pollution control sampling stations operated by the
Department of Environment of the Catalan Autonomous Government
[23,18]. In this network, different compounds and environmental
parameters are analysed every half-hour during the whole day and
in different stations. The Catalan Autonomous Government can add or
remove stations due to practical and administrative reasons. Failures
of stations and/or a malfunction of them can cause absence of measure-
ments for hours, days or months. In this work, we have applied MCR to
the resulting incomplete data multisets in which several data matrices
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were missing. Taking as a model the NO and O; experimental data
multisets and their MCR-ALS results, new similar simulated data
multisets were built to test the developed procedure. The experimentally
available data for the selected station sets covered the years 2001, 2002,
2005 and 20086, for NO and 2000, 2001, 2002 and 2003 for Os. Years 2000
and 2003 were missing for NO, and years 2005 and 2006 were missing
for Os.

2.1. Experimental data multisets

In the atmospheric monitoring network of Catalonia, different
parameters such as temperature, relative humidity, wind direction,
solar radiation and several pollutants such as nitrogen oxides, carbon
dioxide or sulphur dioxide are measured daily during the whole year in
different stations spread over the territory (see http://mediambient.
gencat.net for further information).

In this study, half-hourly NO and Os; concentrations measured
from January 1st, 2000 to December 31th, 2006, in a single sampling
station located in the city of Barcelona (district of Gracia) were used.
This station was selected because it is close to the centre of the city
and it is highly populated. Ozone concentrations were measured by
means of UV photometry according to ISO 13964:1998 [24], and
they were also acquired by automatically operated analysers. These
analysers provide ozone measurements every minute and they are
saved in half-hourly periods. NO concentrations were measured
according to the UNE method 77212:1993 (equivalent to ISO
7993:1985) [25], using automatically operated chemiluminescence
analysers.

In a previous study [18] these two data sets were analysed using
MCR-ALS, first separately for NO and Os, using a column-wise data
matrix arrangement and then jointly, using a row- and column-wise
super data matrix arrangement. However in the later case, the simulta-
neous NO and O3 analysis could be only performed for the common
years of recording (2001 and 2002) of the two chemicals. For the NO
and Os data, years 2000 and 2003, and 2005 and 2006 were missing re-
spectively. Discussions of these results are given in detail in [18].

2.2. Simulated data multisets

In order to do the validation of the MCR-ALS algorithm, profiles re-
solved by this method should be compared with the correct ones. This
is only possible when simulated data are generated using with previ-
ously known profiles. In this work, these previously known profiles
were taken from those obtained in a previous MCR-ALS analysis of
experimental data [18]. Once the whole simulated data multiset was
generated with these previously known profiles, some of the data sets
included in the data set were eliminated, and the incomplete data set
was created.

In our previous analysis, experimental data sets corresponding to
years in common (2001 and 2002) for NO and O3 were investigated
(D1 in Fig. 1). Before the analysis, experimental data were smoothed
with a Savitzky-Golay filter [26]. The profiles of the three components
in the three modes (see below in Section 3.3) were obtained from
MCR-ALS analysis using non-negativity and trilinearity constraints.
The resolved first mode profile was smoothed again to remove the
noise propagated during the MCR-ALS analysis of the experimental
data. In order to generate the complete simulated data multisets, a
third mode profile with the contribution of the six years (2000, 2001,
2002, 2003, 2005 and 2006) for every component was generated fol-
lowing the trend observed for the available years in a previous study
[18]. This simulated third mode was then appropriately multiplied by
the first mode profile obtained before to obtain the simulated scores
for each individual data set. Finally, these simulated two-way scores
were multiplied by the loadings resolved by the MCR-ALS analysis of
the experimental data to generate the complete individual data sets
for the six data matrices of dimensions 365 (days of the year) by 48

(half an hour measures over every day). Random normal noise with
standard deviation at different levels (0.1%, 5%, 10% and 20% of the
mean of simulated data) was added to these individual matrices. The
complete data set with all year matrices included and with the different
levels of noise was then converted to the incomplete data multiset by
eliminating the individual matrices for some of the years. Thereby, the
incomplete simulated data multiset was built to be equivalent in
structure to the incomplete experimental data multiset described
above.

2.3. Data arrangement

All individual data matrices for NO and Os, experimental and simu-
lated had dimensions 365 x 48 (year days x half-hourly measure-
ments). Before the data multiset was arranged, Os matrices were
multiplied by 3 to equate the data scale of both pollutants. Other tradi-
tional pre-treatments (like equal variance scaling) to remove scale dif-
ferences were not possible due to the incomplete data structure. For
the incomplete experimental data multiset, the individual data matrices
were initially smoothed as previously described for simulated data in
Section 2.2. In Fig. 1, the scheme used for data arrangement and data
analysis is summarised. In the top left, the different individual data
matrices for NO and O3 were appended to form the different one year
row-wise augmented data matrices. When the data multiset is com-
plete, these different year data matrices can be arranged in three direc-
tions, ways or modes forming a data cube as shown in the Fig. 1b. The
first mode of the data cube (rows of the data matrices) corresponds to
the annual profiles (within year daily values), i.e. values for 365 days,
and it shows the monthly and seasonal changes. The second mode
(columns of the data matrices) corresponds to the within day values,
48 1/2 h, for the two chemicals, NO and Os, in total 96 values. This
mode will show the hourly daily changes. And finally, in the third
mode, the interannual or between year (different slices or data matrices)
changes (for six years) will be shown. The three-way or three-mode
decomposition of this data cube gives three loading matrices corre-
sponding to first mode annual loadings (X matrix), second mode daily
loadings (Y matrix) and third mode interannual loadings (Z). For
MCR-ALS analysis, a super-augmented data matrix is constructed with
NO and O3 data. First, NO and Os data were arranged independently
in two column-wise augmented data matrices and then they were
appended row-wise (see Fig. 1). This super-augmented (row- and
column-wise) data matrix has incomplete data for NO (years 2000
and 2003 absent) and for Os (years 2005 and 2006 absent).

3. Method
3.1. MCR-ALS method

MCR-ALS is primarily based on a bilinear model which implies
the decomposition of the data arranged in a data matrix expressed
as

D=UV +E 1

where D is the data matrix with I rows and ] columns; U is the ma-
trix of scores of dimensions (I,N), where N is the considered num-
ber of components in the bilinear matrix decomposition; V' is the
matrix of loadings with dimensions N x ] and E is the matrix of resid-
uals not modelled by the considered N components and with the
same dimensions as the data matrix D.

Principal Component Analysis [9] performs this bilinear data decom-
position of Eq. (1) using the constraints of orthogonality (on U and VT),
profiles normalisation (on V') and maximum explained variance for
every consecutive component sequentially extracted. Although the
mathematical properties of these constraints in PCA provide unique
solutions, these solutions have no direct physical meaning and they



156

Capitol 5

20 M. Alier, R. Tauler / Chemometrics and Intelligent Laboratory Systems 127 (2013) 17-28

are in fact linear combination of the underlying components causing the
observed data variance. In MCR-ALS, the goal is precisely to get these
underlying components by means of more natural constraints, like
non-negativity. Components resolved by MCR-ALS are physically
sounder than those obtained by PCA, whose profiles may be difficult
to be interpreted directly. Although the application of more natural con-
straints in MCR-ALS provides better solutions from a physical point of
view, they are not unique in general and a set of feasible solutions can
be obtained instead [27]. The MCR-ALS method decomposes the data
matrix D by means of an Alternating Least Squares algorithm, which
minimizes iteratively the following equation for the two unknowns U
and VT

min Dm—UvTH 2

Uorv"

where Dy, is the PCA reproduced (filtered) data matrix for the con-
sidered number of components. Uand V' are respectively the current
estimations of U and V" factor matrices obtained during the ALS optimi-
sation. In case of not applying constraints, the solutions of Eq. (2) are de-
scribed by Eqgs. (3) and (4) respectively

U =Dy (\A/T)+ 3
and

V' = (0) Dpca, 4
where (V") and (U)* are the current estimations of the

pseudoinverses of V! and U [28]. In the MCR-ALS algorithm, these two
equations are however solved under a set of constraints over the profiles
in the two factor matrices U and V", such as non-negativity as it has been
described elsewhere in different papers [7,27,29,30]. In this case, the
problem may be solved rigorously by means of a fast non-negative least
squares (fnnls) optimisation algorithm [31] expressed as in Egs. (5) and
(6):

0] :ﬁ1nls(15PCA,VT) 5
V' :ﬁ1nls<]5pcA,OT). 6

Other constraints can also be applied such as unimodality, closure,
local rank, correlation, trilinearity (see below), component interac-
tion or physical model constraints [27,30]. These constraints can be
applied in a flexible way and independently for every component,
separately if necessary. The art and success of the application of the
MCR-ALS method is precisely in the proper selection and application
of constraints. Recent developments of the MCR-ALS method include
the evaluation of the extent of rotation ambiguities in MCR solutions
(MCR-BANDS, [12]) and the effects of considering uncertainties in
measured data [32-34] using a weighted Alternating Least Squares
approach (MCR-WALS). In all MCR methods, the first step is to propose
the initial number of components, N, contributing to data variance. This
can be done from the variances explained by PCA for different number
of components. In MCR methods, individual component variances do
overlap and the resolved profiles are not orthogonal as they are in
PCA [9,35]. The sum of the explained variances of every individual
MCR-ALS component is usually larger than the explained variance by
all components when they are considered simultaneously in the MCR
model. Natural source profiles in the environment are rarely orthogonal
and they do overlap, therefore components resolved by MCR methods
can have a physically sounder interpretation (closer to the true one)
than PCA resolved ones. Further on, initial estimates of either U or V'
can be easily obtained from the set of "purest” columns or rows of
matrix D, [36].

Evaluation of the quality of data modelling in MCR-ALS is performed
using the two parameters, percentage of lack of fit (lof %) and explained
variances (R? %)

n m 2
i Zj,le ij

lof% = 100 ,
i Zjnllxzi,j

i = Xij—Xj; 7

2 2
P erilxij - eril €ij

R*% =100 el
Zi—leqxi.j

Evaluation of the quality in the recovery of the component profiles
is possible in case they are known as in the case of simulated data
prepared to test the proposed procedure. The parameters used in
this case are on one side the correlation coefficient between estimated
and known profiles (1) and the angle between them calculated as the
one whose cosines value is equal to this r? value.

T
2 _cosa= Y 9
([l
Where x and y are the two profiles to be compared
a:arc(cos(r2>) 10

3.2. Application of the MCR-ALS method to an incomplete data multiset

In Fig. 1(c, d) the proposed MCR-ALS procedure is described for
the analysis of the incomplete environmental data multiset investi-
gated in this work. Every individual single data matrix corresponds
to one year measurements either of ozone (O3) or of nitrogen oxide
(NO), with I rows equal to 365 day observations and ] columns
equal to 48 half-an-hour observations during one day. As previously
stated in the data section, this incomplete data multiset was arranged
in a super-augmented data matrix which has some empty matrices.
This incomplete data multiset is constituted by three complete data
submatrices: Dy is the row- and column-wise augmented matrix with
the data of years in common (2001 and 2002) for NO and O3, D, is the
column-wise augmented data matrix with the data of the years where
NO concentrations were available (years 2001, 2002, 2005 and 2006),
and Ds is the column-wise augmented data matrix with the data of
the years where O3 concentrations were available (years 2000, 2001,
2002 and 2003). Note that in this arrangement of the incomplete data
multiset shown in Fig. 1c, the years order has been slightly changed to
keep data continuity.

The bilinear decomposition of these three data matrices is
performed simultaneously using an Alternating Least Squares algo-
rithm which gives three least squares error functions, one for each
of them. In the proposed ALS algorithm these three functions are
optimised simultaneously (summing the three individual error func-
tions in a total error function) to find out an optimal estimation of
scores and loadings profiles describing all the analysed years. In this
bilinear decomposition the scores matrix U; has the same rows as
D, (the NO-0O3 row- and column-wise superaugmented data matrix),
U, has the same rows as D, (the NO column-wise augmented matrix)
and Us has the same rows as D3 (the O3 column-wise augmented matrix).
In the augmented data matrices corresponding to O and NO, the resolved
scores will include for Os years 2003 and 2000, and for NO years 2005 and
2006. In the bilinear decomposition of the three data matrices, the
resolved loadings matrix V; has the same columns as D, describing simul-
taneously NO and O3 loadings, whereas V, has the same columns as D,
describing NO loadings and V3 has the same columns as D3, describing
05 loadings. Note that in theory, the non-measured empty matrices
could be imputed from the finally obtained results.
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According to Fig. 1d, in the implementation of the ALS algorithm From which the sigma value, o
for incomplete data multisets, some aspects are different to those
common to the general ALS algorithm for the analysis of complete 55q
data multisets. In the calculation of the score factor matrices from 0=,/ 17

the incomplete data set, three different situations are encountered: a)
evaluation of the scores U; from data matrix D; which accounts for
the data corresponding only to the common NO and O3 data (circles
in arrow blue continuous line for common years 2001 and 2002 in
Fig. 1c), (b) evaluation of the scores U, from data matrix D, which
accounts only for the data corresponding to NO data (circles in green
dashed line for years 2001, 2002, 2005 and 2006 in Fig. 1¢) and c) eval-
uation of the scores Uz from data matrix D3 which accounts only for the
data corresponding to O3 data (circles in red dashed line for years 2000,
2001, 2002, and 2003 in Fig. 1c). In every case, the calculation involves
the multiplication of the appropriate augmented data matrix, i.e. Dy, D>
or D3, by the pseudoinverse of the corresponding loading matrix, i.e. Vy,
V, and V3. Observe in Fig. 1d that the appropriate rows and columns of
the incomplete data matrix were selected to form the three new rectan-
gular invertible data submatrices and observe also that columns of the
corresponding VT loadings matrices have the same number of columns
as these rectangular submatrices. In summary, at each iteration of the
ALS global optimisation, the following subset of ALS equations would
be solved:

For data matrix Dq

Calculation of factor matrix U; from the current estimation of V; T by:

lE?fl:l(;lnstraints HDI PCA’UIVIT”U 1 :fnnls (D1,PCA»V1 ) 11
Calculation of factor matrix V] from the current estimation of U; by

min - PN T ~ T
VIT.constraints“DIM7U1V1THV] :mnls(D1~PG‘\vU1 ) 12

Calculation of the least squares error function corresponding to
data matrix D, to be minimised which is defined from the residuals
calculated using the current estimations of U; and VT

L

N
sq =303 (dzw—z ) 13
n=1

i=1 =1

Analogous Equations can be written for the least squares error
functions corresponding to the other matrices D, and D3 given
respectively U,,V,T, ssq,, Us, V5T and ssqs estimations. The final U
matrix is then obtained by column-wise juxtaposition of the three
scores matrices

ﬂ:{ﬂ1;02;03} 14

where, when there are coincidence in the rows, matrix U, always prevails
over U, or U; because D; is the matrix that should contain more reliable
information as it was obtained with the complete joint column vector
space (see Fig. 1c). On the other hand the corresponding final loading
matrix

Vo 0 ) s

where [VZT,V3T] is the row-wise augmented factor matrix formed by
concatenation of V," and V", taking into account maximum informa-
tion (not only from Dy, but also the one from the other two matrices
D, and D3)

The function which is finally optimised by ALS is

$Sq = SSq; + SSq, + SSq3 16

(hh + 1)z +13)3)

where [y, J1, I, ]2, I3, and J3 are respectively the number of rows and
columns of the three augmented data matrices Dy, D, and Ds. In
Eq. (17), sigma or o, gives the root mean square of the sum of residual
squares, ssq. The optimisation convergence criterion is when im-
provement on relative changes on the sigma value between iterations
is below a threshold value, usually 0.1%. This value may be modified
depending on the stage of the optimisation. Usually at the beginning
of a particular study a higher value is used (i.e. 1%) for exploratory
purposes. In contrast, once a good model has been found, lower values
are attempted to see whether there is any appreciable improvement in
the obtained solutions.

In Fig. 1d, the way the profiles in three modes are recovered from
MCR-ALS resolved scores and loadings is shown. When the trilinearity
constraint is applied, MCR-ALS score profiles are iteratively forced to
conform the trilinear model. This implies that the score profiles of
every component corresponding to each individual data matrix are
forced to be invariant (same shape) and only differ in a scaling factor.
This is precisely what the scheme in Fig. 1d describes for one of the com-
ponents (Uaugn N = 1...N). Once this single component score profile is
appropriately refolded in a data matrix with the same number of
columns as matrices (data slices) simultaneously analysed, its first
singular component decomposition gives the invariant or common
part of them in x,, and the scaling factor corresponding to each individual
matrix in z,. If these two vectors are multiplied using the Kronecker
tensor product [22], the corresponding augmented score vector Uaugn
is updated in U,,g This operation can be performed for every component
n = 1,.N, and the full U,,e scores matrix will have all components
conforming with the trilinear model. Once the ALS procedure converges,
the profiles of the components in the three modes can be easily recov-
ered as also indicated in Fig. 1b and d. Note that the loadings VT obtained
by MCR-ALS give directly the YT profiles in the second mode. In
three-way (or three-mode) data analysis, the profiles in the three
modes are usually simply called ‘loadings’ in first, second and third
modes, and the ‘scores’ denomination is preferably used in the case of
two-way data analysis for the profiles in the rows (samples) first
mode. In any case, either if the trilinearity constraint previously
described is applied or not during the ALS bilinear decomposition, the
profiles in the three modes can always be recovered as indicated in
Fig. 1b and they can be easily compared with those obtained using
other multiway methods. The only restriction needed to get these pro-
files in the three modes is that the sizes of the individual data matrices
simultaneously analysed have the same number of rows ands columns,
or what is the same that the different data modes are consistent and con-
form with the higher mode data structure (a data cube in the case of
three-way or three-mode data). In the case of applying MCR-ALS without
the trilinear constraint (only bilinear modelling), the recovered profiles
in three modes can still approximated as shown in Fig. 1b and d, where
the relation between profiles in U, V' and X, Y and Z is given, as well as
how they can be obtained one from the other.

In previous works [17,18], we have shown that when the trilinear
constraint is implemented during the ALS optimisation, the corre-
sponding loadings in the first and third mode are equivalent to
those obtained by PARAFAC or other methods [21,22]. We have also
described variants of this method to handle possible interaction of
component profiles in some modes, giving results equivalent to the
application of restricted Tucker model based methods [22]. One of
the advantages of the implementation of this method is that it may
be applied in a flexible and optional way for only some of the compo-
nents of the bilinear decomposition, allowing for the postulation of
mixed multilinear models (e.g. partially bilinear and trilinear). See
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Table 1
MCR-ALS for experimental and complete and incomplete simulated data multisets with different noise levels (see Section 2.2). Lof (%) lack of fit defined in Eq. (7), R? (%) explained
variances defined in Eq. (8), r? correlation coefficients between profiles (Eq. (9)) and angle between profiles (Eq. (10)).

Sim. Load.1*" mode (X) Sim. Load 2™ mode (Y")
Lof(%) | R2(®) 12 angle 12 angle
(non-neg) Comp.1 57.99 66.38 - - - -
Comp.2 77.89 39.33 - - - -
= Comp.3 88.06 22.46 - - - -
% § total 7.63 99.42 - - - -
g % (non-neg + tril 110) Comp.1 51.27 73.72 - - - -
% E Comp.2 81.11 34.22 - - - -
g E Comp.3 95.38 9.04 - - - -
- total 19.69 96.12 - - - -
error 0.1% (non-neg) Comp.1 64.59 58.28 0.9991 2.457 0.9944 6.072
Comp.2 75.99 42.24 0.9963 4.922 0.9869 9.276
Comp.3 87.91 22.72 0.8886 27.299 0.9927 6.922
total 0.08 99.99 - - - -
(non-neg + tril) Comp.1 62.69 60.69 0.9998 1.041 0.9999 0.895
Comp.2 78.4 38.54 1 0.005 1 0.268
> Comp.3 87.95 22.64 0.9991 2459 0.9983 3.347
= total 0.11 99.99 - - - -
QEJ error 20% (non-neg) Comp.1 61.66 61.98 0.9999 0.8 0.9985 3.156
12_ Comp.2 81.27 33.95 0.9954 5.5 0.9997 1.395
g Comp.3 86.85 24.57 0.999 2.524 0.9894 8.361
“ total 15.97 97.45 - - - -
(non-neg + tril) Comp.1 62.89 60.45 0.9999 0.626 0.9999 0.675
Comp.2 79.49 36.81 0.9998 1.22 0.9999 0.9036
Comp.3 89.05 20.7 0.9992 2.319 0.9991 2471
total 16.19 97.38 - - - -
error 0.1% (non-neg) Comp.1 61.99 61.57 0.9989 2.697 0.9895 8.326
Comp.2 79.47 36.84 0.9912 7.611 0.9869 9.277
Comp.3 85.34 2717 0.8508 31.707 0.9761 12.549
total 0.15 99.99 - - - -
(non-neg + tril 110) Comp.1 60.15 63.82 0.9901 8.077 0.9859 9.6473
Comp.2 80.69 34.89 0.9689 14317 0.9734 13.251
Comp.3 86.43 25.3 0.8745 29.019 0.8481 31.993
g total 5.09 99.74 - - - -
% error 5% (non-neg) Comp.1 63.11 60.17 0.9985 3.163 0.9866 9.407
_1;5 Comp.2 79.48 36.83 0.9871 9.218 0.9871 9.211
E Comp.3 83.88 29.64 0.8353 33.353 0.9676 14.623
< total 413 99.83 - - - -
(non-neg + tril 110) Comp.1 57.05 67.46 0.9989 2.724 0.9967 4.6566
Comp.2 78.3 38.69 0.9907 7.828 0.9815 11.027
% Comp.3 94.33 11.02 0.9196 23.13 0.9957 5.298
"é total 7.78 99.39 - - - -
g error 10% (non-neg) Comp.1 55.88 68.78 0.9899 8.1607 0.9969 4.497
%_ Comp.2 88.08 22.43 0.965 15.206 0.9957 5.298
% Comp.3 82.43 32.05 0.9848 10.004 0.8775 28.66
= total 7.95 99.37 - - - -
(non-neg + tril) Comp.1 54.53 70.26 0.9975 4.087 0.9896 8.273
Comp.2 84.34 28.86 0.9598 16.311 0.9967 4.634
Comp.3 90.45 18.19 0.9817 10.992 0.9592 16.414
total 11.68 98.64 - - - -
error 20% (non-neg) Comp.1 56.05 68.59 0.9835 10.428 0.9956 54
Comp.2 88.31 22.02 0.9496 18.269 0.9834 10.457
Comp.3 83.36 30.51 0.9808 11.234 0.8962 26.342
total 15.75 97.52 - - - -
(non-neg+ tril) Comp.1 55.57 69.12 0.9893 8.409 0.9949 5.79
Comp.2 82.34 322 0.9888 8.596 0.9894 8.335
Comp.3 95.4 8.98 0.9363 20.555 0.9847 10.039
total 20.12 95.95 - - - -
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references [17,18] for more details about this implementation and its
advantages.

All data analyses were performed under MATLAB (The Mathworks,
Natick, USA). MCR-ALS toolbox is freely available at www.mcrals.info
and the new MCR-ALS command line MATLAB program to work with
incomplete data is a recent home made version only available at present
under request to one of the authors (RT). To identify incomplete data
years in MATLAB environment for both contaminants, their values
were substituted for NaN (Not a Number).

4. Results and discussion

In this work, the MCR-ALS method for incomplete data has been
developed and tested for two types of incomplete data multisets,
one experimental and another one simulated. A summary of the
obtained results is given in Table 1. In the first lines of the Table, re-
sults are given for the incomplete experimental data multiset and in
the next lines, results are given for the different simulated data
multisets. As previously explained, the simulated data multiset was
built with the profiles obtained from the MCR analysis of the experi-
mental one. For the simulated data multisets, results are given for the
corresponding complete and incomplete data multisets. In the case of
the simulated incomplete data multiset, results are shown for four
different levels of added random noise (0.1%, 5%, 10% and 20%),
whereas for the corresponding complete data set, results are shown
only for two noise levels (0.1% and 20%). Comparison of these results
obtained for the two simulated data multisets allowed for a better
discussion of the effects of data completeness, noise and rotation
ambiguities. In all cases, simulated and experimental, results are
given considering the fulfilment of both the bilinear and trilinear
models under non-negativity constraints. Frobenious normalisation
of second mode loadings (V' or Y) was applied in all cases. In the
columns of Table 1, results are given for data lack of fit (lof%,
Eq. (7)) and explained variances (R? %, Eq. (8)). These two values
are given individually for every component separately and for the
full model considering all them together (see below discussion).
Moreover, in the last four columns of Table 1, recovery of first and
second mode loadings profiles are evaluated using correlation coeffi-
cients (r?) between the MCR recovered profiles and the correct ones
(used for the data simulation) and using angles between them (calcu-
lated from the arc whose cosines is equal to the r? values). These values
are especially useful to evaluate also the presence of rotation ambigui-
ties. Values close to one for r? and close to zero for the angles confirm
that the recovery of the first and second mode loadings profiles are
good with low rotation ambiguity, whereas r? far from one and large
angles meant bad recoveries (high rotation ambiguity) of the profiles.
In the Table, recovery values are only given for the first and second
mode loadings, X and Y' respectively in Fig. 1b (and not shown for
intermixed profiles U,ug and for the third mode loadings Z). These
recovery values could not be calculated for the experimental data
multiset, because the correct true profiles were not known.

In Fig. 2, the different behaviour obtained during the ALS optimisa-
tion of the error function (defined as in Egs. (16) and (17)) for the dif-
ferent cases under study in this work is shown graphically. In all cases
the log10 of the error function is plotted for scale convenience. In the
bilinear model case (for each data set, at its left part of the Fig. 2), the
behaviour of the optimisation is the expected one with a fast decrease
at the beginning and a slowly decrease afterwards until convergence.
This behaviour is the same for complete and for incomplete data
multisets. Convergence was faster for experimental data than for simu-
lated data with random noise due to easier achievement of the conver-
gence threshold condition in case of real noise cases. When noise is very
low and homocedastic (from simulated data), ALS convergence close to
the minimum is slow because at each iteration an improvement will be
still possible until reach practically the very small noise level. This does
not happen with real data, where sources of noise are higher and not

often homocedastic. In the case of the complete data multisets, the be-
haviour of the optimisation function were also the expected one when
the trilinear constraint was applied (left lower part of the Figure), either
at0.1% or at 20% noise levels. In contrast in the case of the analysis of the
incomplete data multisets, the implementation of the trilinearity
constraint produced unstable results during the optimisation of the
residuals. Although three-mode profiles could still be recovered, the
behaviour of the log of the error function was unstable with sudden de-
creasing and increasing alternating intervals. A first conclusion is there-
fore that the implementation of the trilinear constraint in the case of
incomplete data sets resulted more difficult (although still possible)
than for the bilinear case.

4.1. Experimental data

Results of application of MCR-ALS to the incomplete experimental
data multiset for three components using the bilinear model and
non-negativity and loadings normalisation constraints are shown
first (Table 1 and Fig. 3). Three components were chosen because of
the results of our previous study, where the experimental data were
examined separately for the three data arrays D4, D, and D3 shown in
Fig. 1c [18]. This number of components finally selected corresponded
to those giving better results in the explanation of the complete data
matrix (Dy, in Fig. 1). Trilinearity constraint was considered for the
first and second components, and not for the third component (trilinear
model noted as 110 in Table 1). If this is also applied to the third com-
ponent, rank deficiency problems were encountered. In Fig. 2 upper
left, plots of the log of the error function (Eq. (14)) optimised during
ALS iterations for the experimental data multiset are shown. For a con-
vergence criterion of 0.1% of relative change of the standard deviation of
the residuals, convergence was achieved at the iteration 129 when the
bilinear model was applied. In contrast when for the same system the
trilinear model (110) was forced, the behaviour of the log of the error
function was anomalous and not decreasing smoothly with its lowest
value already attained at the third iteration, stabilising afterwards at a
higher value. This reflects the difficulty of the trilinear model imple-
mentation for the incomplete data multiset, in contrast to the bilinear
model, which showed the expected behaviour. In terms of total
explained variances, they were 99.42% for the bilinear model and
96.12% for the trilinear model respectively (Table 1), and in terms of
lack of fit values, imposing trilinearity to first and second components
makes worse the lack fit from 7.63% to 19.69%.

In Fig. 3, the profiles finally obtained under both types of models,
bilinear (green colour) and trilinear (red colour), under non-negativity
and normalisation constraints are shown. As explained in the Method
section, the augmented scores U,yg can be rearranged as three-way
loadings in first and third modes, X and Z, respectively, and the
two-way loadings VT are the three-way loadings in second mode, Y
(see Fig. 1). As it can be seen in Fig. 3, there were little differences in
the shape of resolved profiles either when the bilinear or the trilinear
models were applied. This means that in spite of the differences in
data fitting and convergence for the two approaches the results in
terms of the shapes of the profiles were similar and rather consistent.
The profiles obtained for the first (X) and second modes (Y) of the
first and second components explaining a large amount of data variance
(Table 1) were very close to those described and published in our pre-
vious work for the results of the complete D, data matrix [18].

Since the goal of this work was testing the proposed extension of the
MCR-ALS method to incomplete data multisets and not the environ-
mental interpretation of the results obtained in their study (this was
already done in previous paper [18]), only a brief explanation of them
is given here. The resolved profiles are similar to those showed in our
previous papers [18,23] and other studies [37]. Experimental data
values already reflected that the highest concentrations for ozone
were found in spring and summer, coinciding with the highest solar
radiation and that the opposite behaviour was obtained for NO
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Fig. 2. Optimisation pathway of MCR-ALS log of error function for the different data multisets studied in this work using different noise levels and models (bilinear or trilinear). Y axis gives

log(u), u = ul + u2 + u3 (Eq. (14)). X axis gives number of MCR-ALS iterations.

concentrations, because of its reaction and interaction with ozone. In the
daily variations (hourly trend), the maximum of ozone was at 16.00 h
(14.00 h solar time) coinciding also with the highest levels of solar radi-
ation during the day. For NO concentration levels, their maximum con-
centration values were found during rush traffic hours, around
8.00 h in the morning and 19.00 in the evening. There is not clear
trend for the possible variation of these tendencies over different
years. In spring and summer the higher levels of solar radiation and
temperatures promote photochemical reactions and the decreasing of
NO concentration levels because of their reaction with maximum con-
centration levels of Os. Another factor to consider explaining the ob-
served trends is the increase of NO emissions during winter due to the
use of heating and heavier traffic in cities compared to the summer
and Easter vacations periods.

In the first MCR resolved component given in the upper part of
Fig. 3, the contribution of O; predominates over the contribution of
NO, as it is clear from second mode loading profiles, (VT or Y) which
show the hourly variation during the day separately for the NO (left)
and Oz (right). The right part of this loading profile has a maximum
around 16:00 h (14:00 solar hour) which is coincident with the
maximum high solar radiation at this hour, and a minimum at the
traffic rush hour (8:00 h), precisely when NO (left part) has its max-
imum. This profile therefore described the interaction between NO
and Os, as it is confirmed below when is compared with the profiles
of component 2. The first component of first mode loadings (X) reflect

mostly the seasonal trends in solar radiation, in agreement with
the observed higher concentration levels of O3, and lower concen-
tration levels of NO in spring and summer. The inter-annual trends
given in third mode profile (Z) do not show clear changes over
years.

In the second MCR resolved component given in the middle part of
Fig. 3, NO contribution predominates (left part of Y) over Os contribu-
tion (right part of Y). On the other side two clear maxima are observed
in second component X profile coincident with NO highest concentra-
tion levels registered during late autumn and winter, when ozone con-
centrations were much lower due to lower solar radiation. In the third
mode profile, a decrease of the contribution of NO is observed for the
last two years of study.

Finally, in the third MCR resolved component given in Fig. 3, the
profile shows a small minimum, less pronounced in comparison with
that found in the other component profiles. Second mode profiles of
second and third components (Y), show a peak maximum in the NO
part around 21:00 h and the second component also around
9.00 hours (morning) which correspond to rush traffic hours assigned
to fuel combustion by vehicles. The small presence of NO in the first
component and of Os; in the second and third components shows
again the interaction (inverse correlation) between NO and O3 concen-
tration profiles. Sunlight triggers a succession of photochemical reactions,
which include the reaction of NO with O3 to give NO, producing the
depletion of Os. When Os reaches its maximum concentration, NO
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Fig. 3. MCR-ALS resolved profiles for incomplete experimental data applying non-negativity constraints (green line), and non-negativity and trilinearity (in first and second components)
constraints (red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

decreases, achieving its daily minimum value. After that, NO begins to ac-
cumulate again, reaching a new maximum during the evening. Finally,
loadings in the third mode describing the inter-annual profiles showed
a constant trend during the different years of the study, with an outlying
high value in 2003.

4.2. Simulated data

4.2.1. Simulated complete data multisets

To compare the peculiarities of working with incomplete data
multisets compared to complete data multisets, MCR-ALS was first
used to analyse the complete simulated data multiset, including NO
and O3 matrices for all the same years, and using different noise levels
(see Table 1). Only two noise levels are given in this case, 0.1% (nearly
no noise) and 20% (high noise level). As explained in the data section,
the complete data multiset was generated under the premises of the
trilinear model. Lack of fit and R? figures given in Table 1 show the
expected tendency according to noise levels. In this case, the imple-
mentation of trilinearity implied only a small increase of lack of fit
values compared to those obtained when only the bilinear model was
applied (from 0.08% to 0.11 % and from 15.97% to 16.19%). The same
can be said for R? values, proving the good behaviour of MCR-ALS
under these two model cases, either bilinear or trilinear (trilinearity
constraint). In Fig. 2, the behaviour of the log of the error function,
either using the bilinear or the trilinear model, and for the two noise
levels is as expected with a slow decreasing tendency which stops
depending on the convergence criterion (0.01% in the Figure). Changes
in the resolved profiles were negligible (non-visible) already when the
convergence criterion for the relative standard deviation of the resid-
uals is lower than 1%.

As shown in Fig. 4 for the case of highest noise level of 20%, profiles
obtained either assuming only the bilinear non-negativity or the trilinear
non-negativity models were again practically the same and coincident
with theoretical ones used for the data simulation. This is also confirmed
in Table 1, where all 2 are close to 1 and all the angles are very low. This
means that MCR-ALS bilinear analysis (with non-negativity constraints)

of the simulated complete data multisets already eliminated most of
rotation ambiguities associated to this model and that noise effects on
the shapes of the profiles were very low in this case.

4.2.2. Simulated incomplete data multisets

To further investigate the effects of data completeness, noise level
and model structure (either bilinear or trilinear), the proposed
MCR-ALS method was applied to the simulated incomplete data
multisets previously described at four noise levels, 0.1%, 5%, 10% and
20%. A summary of these results are shown in the lower half part of
Table 1. MCR-ALS was applied considering three components and
using non-negativity with and without (optional) the trilinearity
constraint, apart from loadings normalisation. At noise levels of 0.1%
and 5%, trilinearity constraint was considered for the first and second
components, and not for the third component (trilinear model noted
as 110). Like for the experimental data case, if this were also applied
to the third component, rank deficiency problems were encountered
due to the change of rank structure when some data blocks were
removed from the complete data set. At noise levels 10% and 20% the
trilinearity constraint could be applied to all three components.

In Fig. 2, the behaviour of the log of the error function, either using
the bilinear or the trilinear model, and for the different noise levels is
shown (right side of the Figure). A different behaviour is encountered
depending on the added noise level and on the application of the
bilinear or trilinear models. In the case of the application of the bilinear
model the behaviour of log of the error function along the optimisation
was the expected one, with a faster decrease during the first part of the
optimisation and a slow convergence in the second part of the optimisa-
tion which stops depending on the noise level and convergence criterion.
Interestingly, convergence (at the 0.01% relative change of the standard
deviation of the residuals between consecutive iterations) was faster at
higher noise levels. This confirms the observation of slow convergence
of ALS algorithms for low noise data (homocedastic in case of simulated
data) compared to higher noise for real data. This slowlier convergence
may be explained by the impossibility to accomplish any improvement
of the optimised parameters when the error function already reaches
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Fig. 4. MCR-ALS resolved profiles for complete simulated data with 20% error applying non-negativity constraints (green line), and non-negativity and trilinearity (in all components)
constraints (red line). Blue lines are the profiles used in the simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

the article.)

the noise level. When the latter is very low (or zero for pure data), the
optimisation can still produce a very small change in the parameters
which makes decrease the error function which in absence of noise can
reach the machine accuracy of the computer used [38]. On the contrary,
the log of the error function in the case of applying the trilinear model is
very unstable, especially for the higher noise levels investigated, 10% and
20%, with oscillating stages of the log of the error function with fast
decreases and fast increases. Usually the minimum value in all cases is
obtained at the earliest iterations, from which the function increases
(divergence) or oscillates. We interpret these results considering the
higher difficulty of the implementation of the trilinear model for the in-
complete data multiset. Even though the procedure described in this
work allows for the estimation of the profiles in the three modes
using the trilinearity algorithm implemented in MCR-ALS (note that
this is completely different to the way the trilinear model is solved in
methods like PARAFAC [21]), the results are unstable, especially for
the cases where noise level was high. When these results are compared
with those obtained previously for the bilinear model for the incom-
plete data multiset and for the trilinear model for the complete data
multiset, it is concluded that the observed instability is due to the diffi-
culty in the implementation of the trilinear constraint for incomplete
data multisets. Some work is pursued in this direction to further inves-
tigate the problem.

In Table 1, lack of fit and R? values are given for the different simu-
lated incomplete data multisets at the different noise levels and models
(bilinear or trilinear). In the case of the bilinear model, the results follow
the expected behaviour, with lack of fit values increasing at the level of
noise level. However in the case of the application of the trilinear model,
and similarly to what was happening in the analysis of the experimental
incomplete data multiset, the fit for the trilinear model resulted signif-
icantly worse, even though the data were simulated under the premises
of the fulfilment of the trilinear model. This situation agrees also with
the anomalous behaviour of the minimisation of the error function in
the case of the trilinear model.

In Figs. 5 and 6, MCR-ALS resolved profiles for the simulated in-
complete data multisets at the added noise levels of 5% and 20% are
shown. MCR-ALS resolved profiles obtained at other noise levels
(0.1% and 10%) are not shown graphically for brevity. Blue lines are
the profiles used in the simulation (the correct ones), the green
lines are the MCR-ALS resolved profiles assuming only the bilinear
model and non-negativity constraints and the red lines are the resolved
profiles assuming the trilinear model and non-negativity constraints.

In both cases of high noise levels 5% (Fig. 5) and 20% (Fig. 6), the
recovery of profiles can be considered rather good, especially in the
complete data subregions (corresponding to Uy scores). In the case
of application of the bilinear model, the effect of noise propagation
is however clearly seen in the regions of U,ug corresponding to U,
and Us score matrices (green lines) and also in a lower extent in the
corresponding averaged X first mode loadings. For the first component,
which mainly was reflecting ozone concentration changes (see V' and Y
profiles and discussion of experimental data multiset in Section 4.1), a
noisy pattern is appearing in the last part of the two-way augmented
scores profile, related to the year subsets where the information about
ozone concentration was absent. For the second component, which
now is mostly related to NO, the noisy pattern is in the first part of the
recovered two-way augmented scores profile related to the year sub-
sets where NO concentrations were missing. For the third component,
the noisy pattern is seen for both parts of the profile, at the beginning
and end, which reflects that in the recovery of this profile, both ozone
and NO subsets were important. These effects are not noticed so much
in the profiles in second mode (V" and Y), which always are more stable
to noise perturbations. This agrees with the fact that their estimation
always involves a much more overdetermined system of equations. The
augmented data matrices have always more rows (365 days x number
of years) than columns (96 half hours). This noise propagation pattern
is less important for the case of the trilinear constraint implementation
(red line). When this constraint was applied, although unstable algorith-
mically, MCR-ALS recovered loading profiles (red lines) were less
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Fig. 5. MCR-ALS resolved profiles for incomplete simulated data with 5% error applying non-negativity constraints (green line), and non-negativity and trilinearity (in first and second
components) constraints (red line). Blue lines are the profiles used in the simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)

perturbed by noise propagation, which agrees with the higher robustness
to noise propagation of trilinear models compared to bilinear models. A
contradictory situation is then encountered, on one hand the implemen-
tation of the trilinearity constraint is more unstable than employing only
the assumption of bilinearity, but on the other hand, overfitting effects at
higher noise levels (20%) are more pronounced for the latter (bilinear
model) than for the former (trilinear model). In any case and as

previously said also,the recovery of the profiles for the third component
in the different modes was always the more difficult one. This is due to
the larger rotation ambiguity associated to this component. Although
profile recoveries measured by r? and angle values in Table 1 become a
little worse when noise level increases and trilinearity constraint was ap-
plied, no clear conclusions can be derived in this case due to the intricate
relation between noise propagation and rotation ambiguity.
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Fig. 6. MCR-ALS resolved profiles for incomplete simulated data with error 20% applying non-negativity constraints (green line), and non-negativity and trilinearity (in all components)
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article.)
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5. Conclusions

A new MCR-ALS method is presented to cope with incomplete data
multisets. The method is successfully tested in the analysis of different
simulated incomplete data multisets at different noise levels (up to
20%), using either bilinear or trilinear models, with comparable results
to those obtained for complete data multisets. With higher noise levels,
caution should be taken for the noise propagation effects on the
resolved profiles, especially for those profile subregions corresponding
to incomplete data subsets. For incomplete data sets, application of
trilinearity constraints may produce unstable behaviour of the
optimised error function, although the quality of the recovered profiles
have reduced error propagation effects due to the trilinear constraint
more stringent condition. Testing the proposed method for experimental
incomplete data multisets, confirmed that the method was working
properly although caution should be applied in the case of trilinear con-
straint implementation.
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5.1.1 DISCUSSIO DE RESULTATS

En aquesta seccido es presenta la discussié general dels resultats
obtinguts en els tres articles continguts en aquest bloc. Aquests resultats

s’agruparan segons tres objectius:

a) Aplicacio dels meétodes quimiométrics PCA i MCR-ALS a dades
ambientals de grans dimensions i posterior interpretacio dels perfils

resolts en base a les seves variacions geografiques i temporals

b) Aplicacié de les restriccions de trilinearitat i interaccido entre
components en el métode MCR-ALS a dades ambientals de diferent

complexitat, i comparacié amb metodes equivalents

c) Aplicacio del metode MCR-ALS a dades incompletes de contaminacio
per NO i O3

a) Aplicacié dels métodes quimiométrics PCA i MCR-ALS a dades
ambientals de grans dimensions i posterior interpretaciéo dels perfils

resolts en base a les seves variacions geografiques i temporals

La quimiometria és una eina molt potent per treballar amb grans
conjunts de dades multivariants ambientals, sobretot quan la complexitat de la
informaciéo que contenen és molt gran. En aquesta Tesi, I'aplicacié¢ de la
quimiometria ha estat una part important que ha permés extreure informacio
de les dades de que disposavem.

Un exemple de I'is dels metodes quimiomeétrics amb dades de grans
dimensions es pot veure en el estudi que es publica a I'Article 1, on sense I'Us
d’aquesta eina la informacié obtinguda en les dades hauria estat dificil de
desxifrar. En aquest estudi es disposaven de dades semi-horaries de diferents

contaminants durant diversos anys i en diferents estacions. Si es té en compte
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que per cada any de mesura de cada contaminant en cada estacié concreta
tenim un vector de 17520 valors, aixd ens dona una idea del gran volum de
dades que s’ha pogut tractar gracies als metodes quimiometrics.

En aquest primer treball es van utilitzar dades de NO obtingudes durant
sis anys i en diferents estacions disposades per tota Catalunya. En la Taula 1
de I'Article 1 es poden veure la mitjana, la desviacid estandard i la
concentraci® maxima semi-horaria de les concentracions de NO (ug m™)
obtingudes en els anys del 2001 al 2006 en les diferents estacions. Les
concentracions més baixes es van trobar en arees al sud de Catalunya de
moderada influéncia antropogénica, i els valors més elevats es van trobar en

I’area metropolitana de Barcelona.

Les dades de concentracio de NO es van disposar en forma de gran
matriu de dades de dimensions 17520 files per 126 columnes. Les 126
columnes corresponien a les 126 estacions de mesura disponibles durant els
anys del 2001 al 2006 i les 17520 files corresponien a totes les mesures
realitzades en una estaci6 de mesura determinada. Aquest valor 17520
s’obtenia a partir de les mesures semihoraries (48 per dia), durant tots els dies
de I'any (365 dies ). Com a pas previ abans de les analisis quimiométriques,
les possibles dades perdudes (‘forats’ en la matriu de dades) es van estimar
com s’ha explicat en el apartat 4.2.1.

Aquesta matriu de grans dimensions (17520x126) es va analitzar primer
per PCA i després per MCR-ALS. Els resultats d’aquestes analisis permeten
investigar les variacions entre les diferents estacions i les variacions al llarg
del temps. PCA i MCR-ALS permeten simplificar la informacié contenida en
aquesta gran matriu de dades a partir d’'un nombre petit de perfils de variacio
geografica i temporal. El resultats de PCA permeten investigar les principals
pautes de variacié contingudes en les dades analitzades, perd MCR-ALS pot
ajudar a interpretar millor aquesta informacié ja que utilitza restriccions més
naturals que les que utilitza el PCA com ara la no-negativitat dels perfils
resolts enlloc de la seva ortogonalitat com el PCA.

El PCA permet investigar el nombre adequat de components relacionats
amb les fonts o pautes de variacié principals de les dades analitzades. En el
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cas de I'exemple d’aquest treball, es va escollir un model de dos components,
amb una variancia explicada del 33%. Tot i no ser una variancia gaire gran,
aquesta ja explicava una part considerable de la informacio i I'addicié de més
components no aportava nova informacié. Aquests dos components permetien
separar les mostres segons la localitzacié de les diferents estacions. Es van
poder distingir diversos grups, pero el més significatiu va ser per mostres amb
un nivell de contaminacié més alt corresponents a les estacions del centre de
Barcelona, on el trafic i I'activitat antropogénica és més important. En I'apartat
3.1 i en la Figura 4 de 'Article 1 es mostra una explicacio detallada d’aquests
resultats. L'aplicacié posterior del métode MCR-ALS, va permetre una millor
interpretacio de la informacioé contenida en les dades. Els perfils dels scores
obtinguts en aquesta ultima analisi, es reagrupen posant a les files els 48
valors semihoraris de cada dia, i a les columnes els 365 dies de I'any (veure
Figura 2b de I'Article 1). D’aquesta manera es poden obtenir també els perfils
de variacié temporals mitjans diaris i anuals de la variacié del NO. Aquests
resultats es poden observar a la Figura 5 i s’expliquen detalladament a
'apartat 3.1 de I'Article 1. Breument, en els perfils de variacié diaria es van
observar dos maxims, el primer entre les 8.00 i les 9.00 del mati, i el segon,
més petit i ample al voltant de les 20:00h, que es corresponen amb hores
punta, on el trafic és molt intens. El perfil de variacié anual té forma de U, on
els nivells més alts de NO es troben a la tardor i a I'hivern, degut a les menors
temperatures presents en aquestes dues epoques de I'any. A la primavera i a
I'estiu, les elevades temperatures afavoreixen I'augment dels nivells d’o0zé, el
qual fa disminuir el nivell de NO, degut a la reaccio fotoquimica del NO amb el

O3 per produir NO,, cosa que succeeix a la inversa en la tardor i I’hivern.

Com a conclusié d'aquest estudi es demostra que l'aplicacié dels
métodes quimiométrics PCA i MCR-ALS, ha permés obtenir informacio de la
distribucié geografica (estacions de mesura distribuides en el territori) i
temporal (horaria, diaria, mensual, estacional i anual) dels perfils de variacio
de contaminacié per NO a Catalunya. Aquesta informacié hauria estat més
dificil d’expressar i resumir sense la utilitzacié d’aquest tipus d’eines, degut al

gran nombre de dades que s’analitzaven simultaniament en aquest estudi.
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b) Aplicacié de les restriccions de ftrilinearitat i interaccié entre
components en el méetode MCR-ALS a dades ambientals de diferent

complexitat, i comparacié amb meétodes equivalents

El treball anterior en el que han estat analitzades dades de diferents
estacions de mesura ha permés investigar els perfils o pautes de variacid
geografica d'un determinat territori, perd si es vol aprofundir en les
particularitats especifiques d’'una determinada localitzacié, és millor seguir una
altra estratégia d’arranjament de les dades. En aquest exemple, s’ha realitzat
I'estudi principalment d’una unica estacio de mesura, com és l'estaci6 de
Barcelona-Gracia. Es va escollir aquesta estacid per la seva disposicioé en el
centre de Barcelona i per disposar de dades més complertes al llarg del temps
que en d’altres estacions. El fet de treballar amb una sola estacié ha
possibilitat I'aplicaci6 de diferents restriccions com la de trilinearitat i la
d’interaccié entre components, que seria molt més dificil si es barregessin les
dades de diferents localitzacions, ja que és molt dificil que disposin d’'un grau
d’homogeneitat suficient i permetin tenir estructures de dades en més de dues

direccions.

Estudi de la contaminacio per NO en I'estacié de Barcelona-Gracia

Aquest estudi es va realitzar amb les dades de concentracio per NO de
diferents anys en l'estaci6 de Barcelona-Gracia. Es van utilitzar dades dels
anys 2001, 2002, 2005 i 2006, degut a que en els altres anys hi havia un
elevat nombre de dades perdudes (més del 10%). Les dades obtingudes cada
any es van agrupar en una matriu de dimensions 365 dies x 48 mesures semi-
horaries, pels 4 anys mesurats. Les matrius corresponents als quatre diferents
anys disponibles, es van agrupar en una nova matriu augmentada en la
direccié de les columnes (veure Figura 3 de I'Article 1). A partir de I'analisi
exploratori amb PCA, es va escollir un nombre de components igual a tres.
Posteriorment, es va fer I'analisi amb MCR-ALS, perd en aquest cas utilitzant
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restriccions de no-negativitat i trilinearitat (model trilineal). Aquesta darrera
restricci6 permet simplificar els resultats i dona resultats unics (sense
ambiguitats rotacionals). En aquest cas, es pot obtenir un perfil unic per cada
component en els tres modes de mesura: perfils de variaci6 diaria (segons les
hores del dia), de variacié (inter)anual (diferents dies de I'any, que mostren les
variacions mensuals i estacionals) i de variacio interanual (entre els diferents
anys).

Els perfils de variaci6 en els tres modes (variacié diaria, anual i
interanual) i la seva descripcid detallada obtinguda a partir de MCR-ALS,
utilitzant les restriccions de no-negativitat i de trilinearitat es mostren en la
Figura 6 i a 'apartat 3.2 de I'Article 1. Els perfils que es van trobar en aquest
estudi coincideixen amb els trobats en altres estudis previs, com per exemple
a I'estudi fet amb mostres del nord d’Espanya, a la ciutat de Bilbao (Barrero,
2006) o també a l'estudi realitzat al sud d’Espanya, al Camp de Gibraltar
(Gonzalez, 2006).

Breument, pel segon i tercer component els perfils resolts van ser
similars als trobats en l'estudi anterior realitzat per un nombre elevat
d’estacions a Catalunya. Es a dir, el perfil anual (primer mode) presentava els
nivells més alts a la tardor i a I'hivern, i en el perfil diari (segon mode), els
maxims nivells de NO es trobaven en les hores punta (al voltant de les 9.00h i
al voltant de les 20.00h). Per altra banda el primer component, que és el que
conté menor variancia perd amb nova informacio, mostra un perfil de variacio
de la concentracié de NO que augmenta durant la nit. Aquest increment durant
la nit, s’explica probablement perqué durant la nit no es produeixen reaccions
fotoquimiques i es pot produir I'acumulacié de concentracions de NO, o també
pot ser degut a I'us de calefaccions de combustible més emprades durant la
nit, principalment a la tardor i a I'hivern. Aquesta variacié diaria nocturna no
presenta un perfil estacional com el que s’observa en la variacié anual (primer
mode) dels altres dos components, ja que la variaci6 anual d’aquest
component presenta un perfil bastant constant al llarg de I'any. En referencia a
la variacio interanual (tercer mode), es va observar un descens de les
emissions de NO durant els ultims anys de l'estudi, que també s’ha observat
en altres ciutats europees com Atenes (Hatzianastassiou, 2007).
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Per poder observar millor les diferéncies entre els dies de la setmana,
es va realitzar un nou arranjament als scores, disposant aquests valors en
columnes ordenats pels dies de la setmana. D’aquesta manera es té una
matriu on a les files hi ha el nombre de setmanes i a les columnes els diferents
dies de la setmana. Aquest reagrupament confirma el comportament diferent
dels dies laborables i els caps de setmana (veure Figura 7 de I'Article 1). Es
va observar una clara reduccio dels nivells de contaminacio per NO durant els
caps de setmana, degut principalment a una reduccié en el trafic, confirmant
que l'origen d’aquestes emissions és antropogenic. El component que
presentava un increment durant la nit, va ser el unic que durant la variacio
setmanal va presentar un increment de NO durant els caps de setmana, degut
probablement al increment del trafic nocturn en aquests dies.

Els nivells de contaminacio de NO a l'estacié de Barcelona-Gracia
també es van comparar amb els de les altres dues estacions menys urbanes,
com van ser les de Bellver de Cerdanya i la de Tarragona-Sant Salvador. En
I'estacié de Bellver de Cerdanya, considerada com una localitzacié tipicament
rural apartada de les contribucions antropogéniques d’'una gran ciutat, es van
analitzar les dades de NO entre els anys 2004 i 2006. En l'estacié de
Tarragona-Sant Salvador, considerada com una localitzaci6 semiurbana amb
nivells intermedis de NO, també es van analitzar dades de NO entre els anys
2004 i 2006. En els dos casos, I'analisi amb MCR-ALS aplicant restriccions de
no-negativitat i trilinearitat, va proporcionar resultats que mostraven
components similars als obtinguts en I'estacio de Barcelona-Gracia, perd amb
intensitats inferiors, que vol dir contaminacio inferior per NO. Aquest resultat
confirmaria que no hi hauria fonts naturals de NO a la zona geografica
estudiada o que aquestes sén negligibles, i que per tant les principals fonts de
contaminacié per NO a Catalunya son d’origen antropogeénic.

Amb les mateixes dades de NO en I'estacié de Barcelona-Gracia es va
fer un nou estudi ampliant les condicions utilitzades en I'estudi anterior. En
aquest nou estudi, a més de la restriccidé de trilinearitat, també es va utilitzar la

restriccié d’interaccid entre components, i es van comparar el resultats amb
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els obtinguts amb dos métodes ampliament emprats a la bibliografia com son
PARAFAC (Bro, 1997b; Harshman, 1970) i TUCKER3 (Smilde, 2004; Tucker,
1966; Andersson, 1998). Aquests métodes i el funcionament de les
restriccions de trilinearitat i d'interaccié entre components (amb un nombre de
components diferent en els diferents modes de mesura), s’han explicat en

detall en I'apartat 4.4 de la part metodoldgica d’aquesta Tesi.

En la Taula 1 i a la Figura 4 de I'Article 2, es poden veure les variancies
explicades pels diferents métodes i models emprats, aixi com els perfils
obtinguts en els tres modes en I'analisi realitzat per MCR-ALS utilitzant les
restriccions de no-negativitat i alternativament la de trilinearitat o la de
interaccié entre components. En el cas de la restricci6 que possibilita la
interaccié entre components, el model millor ha estat el 133, que permet que
el perfil en el primer mode (variacio anual) sigui el mateix pels tres
components resolts. Els perfils obtinguts sé6n molt similars als obtinguts en
I'estudi anterior, perd en aquest cas, a més del perfil resolt amb la restriccié de
trilinearitat, també es mostra el perfil bilineal i el perfil obtingut amb la restriccio
d’interaccid entre components. També s’han comparat el resultats obtinguts
amb MCR-ALS amb els obtinguts a partir de I'aplicacié dels altres métodes
PARAFAC i TUCKER. Es a dir, els resultats d’aplicacié del métode MCR-ALS
amb la restriccio de trilinearitat s’han comparat amb els obtinguts a partir del
métode PARAFAC, i els obtinguts a partir de I'aplicacié del métode MCR-ALS
amb la restriccié d’interaccié entre components s’han comparat amb els
obtinguts a partir del métode TUCKERS. Aquesta comparacié de resultats es
pot trobar en la Figura S2 de la Informacié Suplementaria adjunta a I'Article 2.
En el cas del PARAFAC la consisténcia del nucli o core consistency va indicar
que les dades no podien explicar-se de forma adequada a partir d’'un model
totalment trilineal encara que els perfils obtinguts fossin semblants als
obtinguts per MCR-ALS (tant bilineals com trilineals). La diferéncia entre les
variancies dels dos models pot ser precisament deguda a que com les dades
no s’expliquen bé pel model trilineal, I'aplicacioé dels dos métodes que utilitzen
estratégies diferents donen resultats diferents. En el cas de la comparacio dels
resultats obtinguts a partir de l'aplicaci6 de MCR-ALS amb la restriccid
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d’interaccid respecte als obtinguts a partir de [I'aplicaci6 del métode
TUCKERS3-ALS, els resultats i variancies explicades han estat practicament
els mateixos, amb un perfil de variacié en el primer mode (perfil anual) similar
en els dos casos, que €s on es produeix la interaccié pels tres components

resolts.

Estudi de la contaminacio per Os en I'estacio de Barcelona-Gracia

En el cas de l'estudi de la contaminaci6 per O3 a la mateixa estacio de
Gracia, les mesures diaries, anuals i interanuals s’han agrupat d’'una manera
similar a la utilitzada en l'ultim estudi explicat pel NO. En aquest cas, les
dades de O3 de les que es disposava eren les corresponents als anys 2000,
2001, 2002 i 2003. Com en el cas de I'estudi de la contaminacié per NO, s’ha
fet I'analisi per PCA i per MCR-ALS aplicant les restriccions de no-negativitat,
trilinearitat i d’interacci6 entre components i també s’ha fet la seva
corresponent comparacié amb els resultats obtinguts a partir de I'aplicacié
dels métodes PARAFAC i TUCKERS3. En aquest cas, perdo, només han calgut
dos components per explicar la informacio (91% de variancia explicada per
PCA) contenida en les dades. A |la Taula 1 i a la Figura 5 de l'Article 2 es
poden les variancies obtingudes pels diferents métodes i els perfils de variacio
obtinguts per MCR-ALS en els diferents modes de mesura. En aquest cas, la
restriccidé d’interaccid entre components ha estat per un model 122, on com
abans és el perfil en el primer mode de mesura (variacié anual) el que sera
comu per a tots dos components. En la Figura S4 de la Informacid
Suplementaria adjunta de [I'Article 2 es poden veure també els perfils
corresponents obtinguts pels metodes PARAFAC (model 2 2 2) i TUCKER3
restringit (model 1 2 2) .

A partir de la forma dels perfils de variacio diaria de O3 (segon mode del
primer component en la Figura 5 de I'Article 2) es pot observar un maxim
d’intensitat que coincideix amb el maxim de radiacié solar que es produeix
durant el dia. Si es compara amb el perfil diari obtingut per el NO (Figura 4 de
I'Article 2), es pot comprovar que el maxim d’intensitat del perfil diari de
variacio de Oj coincideix amb el minim del perfil diari corresponent de NO.
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Aixo és degut a la reacci6 fotoquimica ja mencionada anteriorment, que hi ha
entre aquests dos compostos. Aquesta relacid inversa també es pot observar
en els perfils anuals (primer mode de la Figura 4 i Figura 5 de I'Article 2), on
per I'0zo6 les maximes intensitats del perfil de variacié anual es troben a l'estiu i
a la primavera, mentre que en el perfil de variacié anual de NO es troben a la
tardor i a I'hivern. En aquest cas, també es resol un perfil de variacié nocturna
pel O3 (segon mode del segon component de la Figura 5 de I'Article 2) que pot
ser degut a que la baixada de trafic que es produeix durant la nit i que fa que
es mantinguin els nivells de O3 adquirits durant el dia. Si es comprova la
variacié en el perfil anual d’aquest component nocturn, la tendéncia de valors
més elevats a I'estiu i primavera resulta ser menys pronunciada que en el cas
del perfil produit durant el dia.

Els perfils obtinguts quan s’apliquen les restriccions de trilinearitat i
interaccié entre components al métode MCR-ALS (Figura 5 de I'Article 2)
donen resultats similars. En I'aplicacié del metode PARAFAC, la consisténcia
del nucli (core consistency) era bastant bona (92.6%) indicant que la variacid
de les concentracions de O3 tenen un comportament meés trilineal que no pas
el NO. Els perfils obtinguts pels métodes PARAFAC i TUCKERS (Figura S4 de
la Informacié Suplementaria de I'Article 2) sén molt similars en el primer i
segon mode del primer component, sent també similars als obtinguts amb
MCR-ALS amb les diferents restriccions. En el cas de la variacio interanual
(tercer mode) del primer component, els métodes PARAFAC i MCR-ALS amb
diferents restriccions donen perfils similars, perd el de TUCKERS restringit
(model 122) déna una intensitat menor per I'any 2000. El perfil diari (segon
mode) del segon component obtingut per PARAFAC difereix de 'obtingut pel
metode TUCKERS restringit (model 122) i també difereix del perfil obtingut per
MCR-ALS. Aquest diferent perfil diari del segon component pot ser degut a
alguna diferencia de comportament en I'any 2000. En el tercer mode del
segon component (Figura S4 de la Informaci6é Suplementaria de I'Article 2) es
pot observar que I'any 2000 predomina en aquest perfil, com ja s’havia vist
anteriorment el seu comportament diferent. Aquest comportament diferent de
I'any 2000 fa que el perfil resolt per cada metode sigui diferent, degut a que

utilitzen algorismes de resolucio diferents.
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Estudi conjunt de la contaminacid per NO i Os; en l'estaci6 de Barcelona-

Gracia

L’estudi conjunt de la contaminacid per NO i Oz en [l'estacio de
Barcelona-Gracia, es va fer pels anys on eren coincidents les mesures
realitzades en la mateixa estacio, durant els anys 2001 i el 2002. En aquest
estudi conjunt es volia posar de manifest més clarament les relacions
d’'interaccidé que existeixen entre aquestes dos compostos. Es van fer dos
tipus d’arranjament de les dades, una primera fent 'augmentacié dels conjunts
de dades en la direccio de les columnes (Dcraugi-oz-no, de dimensions
(365x4)x48) i 'altra, en la direccio de les files i les columnes simultaniament
(Dcraug2-o3no, de  dimensions  (365x2)x(48x2)). L'esquema d’aquestes
augmentacions de matrius es mostra en la Figura 1 de l'Article 2, i també s’ha
explicat anteriorment a I'apartat 4.1. (Estructura de les dades). Depenent de la
disposicio de les matrius de dades es va poder obtenir informacié on
s’emfatitzin aspectes diferents. En els dos casos, es van aplicar restriccions
de no-negativitat i trilinearitat en el métode MCR-ALS (88.6% i 70.0% de
variancia explicada respectivament) i es va escollir un model amb tres
components. En aquest cas, la restriccid d’interaccié entre components no va
ser possible degut a que ara els perfils de variacié anuals (primer mode de les
Figures 6 i 7 de I'Article 2) resultaven ser diferents per cada component.

En I'analisi per MCR-ALS de la matriu Dcraug1-o3-no (Figura 6 de I'Article
2), es va veure que el comportament dels diferents components resolts era
poc trilineal, la qual cosa es va confirmar mitjangant I'analisi SVD de la matriu
augmentades per columnes i també per la poca consisténcia del nucli (51.3%)
trobat quan s’aplicava el métode PARAFAC amb tres components. El primer
component resolt per MCR-ALS descriu una pauta de variacio
fonamentalment relacionada amb la pol-lucié6 per NO (42.4% i 37.8% de
variancies explicades pel model bilineal i trilineal respectivament), el segon
descriu majoritariament la pol-lucié per Os; (19.9% i 17.7% de variancies
explicades pel model bilineal i trilineal respectivament i el tercer descriu la
possible interaccio entre el NO i el O3(26.5% i 33.0% de variancies explicades
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pel model bilineal i trilineal respectivament). Aquesta interaccio es mostra
sobretot en el tercer mode del tercer component, que es on apareixen
conjuntament el Os; i el NO, on es pot veure que els dos compostos
contribueixen a aquest component.

Els resultats obtinguts per MCR-ALS en I'analisi de la matriu Dcraug2-03-No
es mostren en la Figura 7 de I'Article 2. En aquest cas, la interacci6 entre el
NO i el O3 s’observa en el segon mode del primer component, que és on
apareixen conjuntament els perfils diaris del NO i del Os. En el primer mode
del primer component també es pot veure que aquesta relacido és bastant
constant al llarg de I'any. Cal esmentar, que en tots dos casos (Dcraugt-03-No |
Dcraug2-03-No, Figures 6 i 7 de I'Article 2) es pot veure que la contaminacio per
NO es va mantenir constant durant els anys 2001 i 2002, i en canvi, la

contaminacié per O3 va disminuir lleugerament en I'any 2002.

Com a conclusi6 dels estudis realitzats es pot concloure que les eines
quimiomeétriques proposades han permeées fer una descripcié adequada dels
perfils de contaminacié per NO i O3 en l'estacié de Gracia durant el periode
estudiat. Aquests perfils s’han estudiat de manera individual o combinada i
amb diferents restriccions depenent de la informacié que es volia treure. En
I'estudi del NO es pot concloure que la procedencia de la contaminacio per
NO a Barcelona té un origen principalment antropogénic, ja que els perfils
trobats encaixen perfectament amb els patrons de trafic urba. Aquests patrons
també s’han trobat en altres localitzacions menys urbanes com és la de
Bellver de Cerdanya, encara que amb nivells menors. En I'estudi del O3 s’ha
vist que I'evolucié d’aquest contaminant esta molt influida per la radiaci6 solar,
mostrant els seus nivells més alts a l'estiu i primavera, perd que aquests
nivells es modulen i depenen de la seva interaccio amb el NO. En aquest
sentit, cal remarcar que s’han resolt els perfils complementaris de
contaminacié d’aquests dos contaminants tant en els estudis individuals com
en els estudis conjunts. A més ha estat possible la resolucié dels possibles
perfils d’'interacci6 entre el NO i el Os.
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c) Aplicacié del méetode MCR-ALS a dades incompletes de contaminacio
per NOi O3

Com s’ha explicat anteriorment, els conjunts de dades de NO i O;
nomes coincidien en els anys 2001 i 2002. Només en aquests casos era
possible fer I'analisi conjunta de la contaminacio per NO i Os. Per incorporar
tota la informacié disponible en un mateix estudi, es va proposar una nova
versio del métode MCR-ALS que permet treballar amb aquest tipus de dades
incompletes (on només alguns blocs son coincidents en el temps) i extrapolar
les estimacions fetes per tots els anys d’estudi. Una descripcié detallada
d’aquest metode s’ha explicat a la secci6 4.4.2.5.

Per poder comprovar el metode proposat es va primer treballar amb
dades simulades per aixi poder avaluar millor la fiabilitat del metode
desenvolupat. Les dades simulades es van crear a partir de perfils coneguts,
que es corresponien amb els obtinguts anteriorment per la matriu Dcraug2-No-03-
Es van escollir aquests perfils perqué sén els corresponents a la part comuna
dels dos compostos (NO i O3) pels anys estudiats (anys 2001 i 2002, veure
Figura 4.9 en 'apartat 4.4.2.5) i que es van obtenir en I'estudi anterior. Es van
crear uns nous perfils que tenien la mateixa forma que aquests perd amb
diferents intensitats, per tots els anys en els que es volia fer I'estudi (2000,
2001, 2002, 2003, 2005 i 2006). Es van afegir diferents nivells de soroll (0.1%,
5%, 10% i 20%) a les matrius de dades individuals de cada any. A partir
d’aquestes matrius simulades senceres o completes, es va crear la matriu
augmentada completa i la matriu augmentada incompleta on alguns dels blocs
s’havien eliminat (Figura 4.9).

En la Taula 1 de I'Article 3 es mostren les variancies finalment
obtingudes (R?%) i la falta d’ajust (Lof%) quan s’escull diferent nombre de
components en 'analisi per MCR-ALS aplicant restriccions de no-negativitat i
trilinearitat, tant per la matrius experimental incompleta, com per les matrius
augmentades completes i incompletes simulades i per els diferents nivells de
soroll. En el cas de les matrius de dades simulades, també es mostra la
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comparacié dels perfils en el primer i segon mode resolts per MCR-ALS amb
els que es van emprar per a la simulacié de les dades. Els resultats d’aquesta
comparacié es fa a partir del coeficient de correlacié (r?) de I'angle entre els
perfils MCR-ALS i els emprats per a la simulacié de les dades. Aquestes
valors son especialment utils per avaluar la presencia d’ambiguitats
rotacionals. Valors proxims a 1 per r? i proxims a zero pels angles confirmen
una bona recuperacié dels perfils en el primer i tercer mode, mentre que
valors de r? distants de 1 i angles grans, impliquen males recuperacions amb

elevades ambiguitat rotacional.

En la Figura 2 de [I'Article 3 es pot observar graficament el
comportament de l'optimitzacié per ALS de la funcié d'error en escala
logaritmica pels diferents casos d’aquest estudi. En els casos de models
bilineals (tant per dades completes com per dades incompletes) hi ha una
gran disminucio de la funci6 d’error al principi i després un decreixement més
lent fins a la convergéncia. La convergéncia és més rapida per les dades
experimentals que per les dades simulades, ja que és més facil assolir el
criteri de convergencia en el casos de soroll real (la funcié ja no disminueix
més que un determinat valor escollit com a llindar). En el cas de I'aplicacié de
la restriccio de trilinearitat, el comportament és inestable per les dades
incompletes, ja que aplicar aquesta restriccido en abséncia de blocs de dades
és molt més dificil que en el cas del model bilineal.

Els resultats de I'aplicacié del metode MCR-ALS a la matriu augmentada
incompleta de dades experimentals es mostren a la Figura 3 de I'Article 3. En
aquest cas, a més del model bilineal, també es va aplicar el model trilineal
sobre primer i segon components (model trilineal 110), ja que si s’aplicava
també al tercer s’obtenien deficiéncies de rang. Els perfils obtinguts pel primer
i segon components van ser molt similars als obtinguts a I'estudi anterior, on
nomes es va analitzar la part central de les dades (anys 2001 i 2002). El tercer
component va mostrar un perfil diari on només sortia un dels maxims de NO,

perd aquest perfil corresponia principalment a I'any 2003 i tenia una variancia
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explicada menor. La descripcido d’aquests perfils ja s’ha realitzat en apartats
anteriors, i també es pot veure en detall en el apartat 4.1 de I'Article 3.

Per les dades simulades, es van analitzar les matrius augmentades de
dades completes i incompletes i es van comparar els seus resultats. En el cas
de les matrius completes es va utilitzar només dos nivells d’error, un de petit,
del 0.1% i un de gran, del 20%. En la Figura 4 de I'Article 3 es pot observar
com per a la matriu completa, amb un 20% d’error, els perfils obtinguts
aplicant MCR-ALS son practicament identics als utilitzats en la simulacio tant
en el model bilineal com en el trilineal. Com era d’esperar el métode ha
funcionat perfectament per la matriu completa, i s’eliminen practicament totes
les ambiguitats rotacionals (model trilineal) i els efectes del soroll. El logaritme
de la funcié d’error presenta I'evolucié esperada, amb una baixada fins que
s’atura depenent del criteri de convergéncia.

Per a la matriu augmentada simulada incompleta es van utilitzar quatre
nivells d’error per veure com afectava aquest nivell als resultats. Els quatre
nivells d’error utilitzats van ser 0.1%, 5%, 10% i 20%. La restriccio de
trilinearitat només es va poder aplicar al primer i segon component per a les
matrius incompletes amb error 0.1% i 5%, ja que quan s’aplicava al tercer
component es produia el problema de deficiéncia de rang. Aquest problema
es produeix quan alguns blocs de dades es treuen de la matriu completa. El
comportament del logaritme de la funcié d’'error (Figura 2 de I'Article 3) va
dependre del grau derror afegit a cada matriu. Es va observar una
convergéencia més rapida amb nivells d’error més elevats, confirmant la major
dificultat d’assoliment de la convergéncia pels nivells de soroll més baixos. En
el cas de I'aplicacié del model trilineal, especialment amb alts nivells de soroll,
es produeixen fortes oscil-lacions en el logaritme de la funcié d’error.
Normalment el valor minim s’aconsegueix en les primeres iteracions, a partir
de les quals la funcié d’error oscil-la, amb augments i disminucions
successives. Un possible explicacié d’aquest fet es troba en la dificultat
d'implementacié del model trilineal en el cas de les dades incompletes, perd
aquest aspecte s’hauria d’'investigar més a fons per conéixer més exactament

la causa concreta d’aquest comportament.
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En les Figures 5i 6 de I'Article 3 es donen els perfils resolts per MCR-
ALS per a la matriu augmentada de dades incompletes en els casos d’error
afegit del 5% i del 20% respectivament. En els dos casos, la recuperacio dels
perfils és bastant bona, sobretot en les regions completes. Quan s’aplica el
model bilineal, I'efecte de la propagacié del soroll es veu clarament en les
regions on les dades estaven incompletes, principalment en els perfils dels
scores (Uaug). En el model trilineal, encara i tenir un algorisme inestable, la
propagacio del soroll resulta ser molt inferior, degut a la major robustesa dels

models trilineals en comparacié amb els models bilineals.

Com a conclusiéo d’aquest estudi, es pot dir que la nova versié del
métode MCR-ALS per dades incompletes dona resultats utils encara que
logicament pitjors als obtinguts per matrius completes. Quan els nivells de
soroll sén elevats, s’ha de vigilar I'efecte de la propagacio del soroll,
especialment en les zones o blocs de dades incompletes. L’aplicacié del
model trilineal pot resultar inestable, amb oscil-lacions en I'evolucié de la
funcié d’error durant l'optimitzacié ALS, encara que aquest model permet
reduir I'efecte de la propagacio del soroll.
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5.2 BLOC 2 - Contaminants organics en filtres de material

particulat

En aquest apartat es mostren els resultats dels estudis realitzats sobre
contaminants organics analitzats en mostres de material particulat. S’han
analitzat experimentalment al laboratori mostres de material particulat a
Barcelona i a Los Angeles amb cromatografia de gasos acoblada a
espectrometria de masses. Les dades obtingudes s’han analitzat amb
métodes quimiometrics per intentar fer una interpretacio ambiental de la seva
presencia i de les seves concentracions en l'aire, resoldre les seves possibles
fonts d’'emissié i també comparar les caracteristiques de les diferents
localitzacions estudiades.

Article 4 - Marta Alier, Barend L. van Drooge, Manuel Dall’Osto, Xavier
Querol, Joan O. Grimalt, Roma Tauler; Source apportionment of submicron
organic aerosol at an urban background and road site in Barcelona (Spain)
during SAPUSS, Atmospheric Chemistry and Physics 13 (2013) 10353-10371.

En aquest treball s’han analitzat per cromatografia de gasos acoblada a
espectrometria de masses, diversos contaminants organics recollits en filtres
de material particulat en dues localitzacions de la ciutat de Barcelona. Entre
els contaminants organics estudiats es troben els hidrocarburs aromatics
policiclics (PAH), el levoglucosan, els acids dicarboxilics o alguns derivats de
I'isopré, els quals tenen origens tant antropogénics com naturals. Els resultats
obtinguts s’han analitzat també amb métodes quimiometrics com el MCR-ALS
per resoldre les possibles fonts de contaminacié en el periode i localitzacio
estudiada.

Informacié suplementaria de I’Article 4 - Marta Alier, Barend L. van Drooge,

Manuel Dall’Osto, Xavier Querol, Joan O. Grimalt, Roma Tauler; Source
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apportionment of submicron organic aerosol at an urban background and road
site in Barcelona (Spain) during SAPUSS.

En aquesta Informacié Suplementaria s’ha afegit una taula amb un
model de set components, enlloc del de sis components escollit a I'Article 4,
on es resumeixen les caracteristiques d’aquests components. També s’ha
afegit una figura on es mostren els scores i els loadings del model de set

components.

Article 5 - M. Alier, M. Dall’Osto, Y.-H. Lin, J.D. Surratt, R. Tauler, J.O.
Grimalt, B.L. van Drooge; On the origin of water-soluble organic tracer
compounds in fine aerosols in two cities: the case of Los Angeles and
Barcelona, Environmental Science and Pollution Research (2014), DOI
10.1007/s11356-013-2460-9.

En aquest treball s’han analitzat filtres de material particulat per
cromatografia de gasos acoblada a espectrometria de masses de mostres
recollides a les ciutats de Barcelona i Los Angeles. En aquest cas els
contaminants organics analitzats han estat compostos polars com els acids
dicarboxilics, el levoglucosan o derivats de l'isopré. Els resultats obtinguts
s’han analitzat per MCR-ALS per resoldre les possibles font de d’emissio
d’aquests contaminants en aquesta zona i s’han comparat amb els resultats

obtinguts a la ciutat de Barcelona.
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Abstract. This study investigates the contribution of poten- 2-methylglyceric acid, € alkene triols and 2-methyltetrols
tial sources to the submicron (RMorganic aerosol (OA) - showed the highest abundance at both sites when the city
simultaneously detected at an urban background (UB) andvas under influence of inland air masses. The overall con-
a road site (RS) in Barcelona during the 30 days of the in-centrations of SOA ISO were similar at both sites (0.4 and
tensive field campaign of SAPUSS (Solving Aerosol Prob-0.3 ug nt3, or 16 % and 7 %, at UB and RS, respectively). By
lems by Using Synergistic Strategies, September—Octobecontrast, a SOA biogenic component attributedtpinene
2010). A total of 103 filters at 12h sampling time reso- oxidation (SOA BIO PIN) presented average concentrations
lution were collected at both sites. Thirty-six neutral and of 0.5ugnT at UB (24% of OA) and 0.2ugn? at RS
polar organic compounds of known emission sources and7 %), respectively, suggesting that this SOA component did
photo-chemical transformation processes were analyzed bgot impact the two monitoring sites at the same level. A
gas chromatography—mass spectrometry (GC-MS). The corelear anti-correlation was observed between SOA I1SO and
centrations of the trace chemical compounds analyzed ar80OA PIN during nucleation days, surprisingly suggesting
herein presented and discussed. that some of the growth of urban freshly nucleating particles
Additionally, OA source apportionment was performed may be driven by biogenie-pinene oxidation products but
by multivariate curve resolution—alternating least squarednhibited by isoprene organic compounds. A third SOA com-
(MCR-ALS) and six OA components were identified at ponent was formed by a mixture of aged anthropogenic and
both sites: two were of primary anthropogenic OA ori- biogenic secondary organic compounds (SOA Aged) that ac-
gin and three of secondary OA origin, while a sixth one cumulated under stagnant atmospheric conditions, contribut-
was not clearly defined. Primary organics from emissionsing for 12 % to OA at RS (0.4 ug OC™) and for 18 % at
of local anthropogenic activities (urban primary organic UB (0.4 ug OC m3).
aerosol, or POA Urban), mainly traffic emissions but also A sixth component, formed by £Cy dicarboxylic acids
cigarette smoke, contributed 43 % (1.5 ug OC%nand 18 %  and detected especially during daytime, was called “urban
(0.4pg OCnT3) to OA at RS and UB, respectively. A sec- oxygenated organic aerosol” (OOA Urban) due to its high
ondary primary source — biomass burning (BBOA) — was abundance at urban RS (23 %; 0.8 g OCins. UB (10 %;
found in all the samples (average values 7% RS; 12 % UBD.2 ug OCnt3), with a well-defined daytime maximum. This
0.3 g OC nT3), but this component was substantially con- temporal trend and geographical differentiation suggests that
tributing to OA only when the sampling sites were under in- local anthropogenic sources were determining this compo-
fluence of regional air mass circulation (REG.). Three sec-nent. However, the changes of these organic molecules were
ondary organic aerosol (SOA) components (describing overalso influenced by the air mass trajectories, indicating that
all 60 % of the variance) were observed in the urban ambi-atmospheric conditions have an influence on this compo-
ent PM. Products of isoprene oxidation (SOA ISO) — i.e. nent, although the specific origin on this component remains

Published by Copernicus Publications on behalf of the European Geosciences Union.
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unclear. It points to a secondary organic component driven byPrather, 2012). By contrast, the combination of off-line filter
primary urban sources including cooking and traffic (mainly techniques in combination with gas chromatography—mass
gasoline) activities. spectrometry (GC-MS) allows a wider organic compound
speciation, although covering a very small fraction (often
<5%) of the organic aerosol mass detected. However, the
relatively small number of tracer compounds analyzed can
1 Introduction be used as input for chemometric methods with the aim to
re-construct the emissions from different sources of atmo-
Atmospheric aerosols’ influence on the atmospheric visibil-spheric components (Schauer et al., 2007; Stone et al., 2009).
ity (Watson, 2002) is relevant in climate forcing (Forster et The number of existing source apportionment techniques
al., 2007) and has several adverse effects on human healtipplied on off-line filter data is relatively large, including
(Brunekreef et al., 2005). They contain a significant andprincipal component analysis (PCA,; Jollife, 2002), chemi-
variable fraction of organic material, ranging from 20 % to cal mass balance (CMB; US-EPA, 1987) and positive matrix
90 % of the submicron (< 1,um in particle size) particulate factorization (PMF; Paatero and Tapper, 1994). PCA uses
matter (PM) mass (Kanakidou et al., 2005). Such organic orthogonal constraints, and environmental interpretation of
material divides into two broad categories termed primaryscore and loading profiles is sometimes cumbersome. CMB
and secondary. Primary organic aerosols (POA) in urban arrequires the previous knowledge of the emission source pro-
eas are emitted from combustion sources, including heavyfiles, and therefore it is unable to identify unknown sources.
and light-duty vehicles, wood smoke, cooking activities, in- PMF integrates natural constraints like non-negativity and
dustries and others. Such primary particles can be modiuncertainty estimations in a rigorous non-linear optimiza-
fied in the presence of various atmospheric oxidants, sucliion of the distribution and composition source profiles.
as OH radical, @and NQ, (Donahue et al., 2009), yielding In this work we deploy the multivariate curve resolution—
more oxygenated products that change their original physicoalternating least squares (MCR-ALS) method (Tauler et al.,
chemical properties. By contrast, secondary organic aerosol$995; Tauler, 1995; Jaumot et al., 2005) that has previously
(SOA) are formed from reactions of both anthropogenicbeen applied for environmental source apportionment (Salau
and biogenic volatile organic compounds (VOC). They areet al., 1997; Terrado et al., 2009). MCR-ALS is based on
mainly composed of oxygenated organic species (Hallquiseain alternating linear least squares optimization under non-
et al.,, 2009). Overall, the knowledge about sources, fatenegativity constraints which produces physically better pro-
and mutual interaction of gas phase and aerosol organics files than PCA, and it has been shown to produce analogous
of which it is estimated that there are between 10000 andesults to PMF (Tauler et al., 2009; Staminirova et al., 2011).
100000 different compounds —is still limited (Schauer etal., The objective of this study is to characterize the Pd#+
2007; Goldstein and Galbally, 2007; Bi et al., 2008). Par-ganic aerosol component sampled during the SAPUSS inten-
ticularly, the composition and behaviour of SOA in the at- sive field study conducted in Barcelona (Spain) during the
mosphere are not completely well known. For example, sevperiod September—October 2010. This manuscript is part of
eral studies showed that diluted emissions from diesel emisthe SAPUSS special issue (Dall'Osto et al., 2013b). The cur-
sions or biomass burning produce large quantities of SOArent study is unique in regards of a large data set of more
(Grieshop et al., 2009; Sage et al., 2008), while other fieldthan 100 PM filters collected simultaneously at an urban
measurements showed the enhanced formation of SOA frorbackground site (UB) and an urban road site (RS). The ur-
gasoline emissions over diesel emissions (Bahreini et al.ban study area of Barcelona has some unique features. It
2012). is characterized by one of the highest density of vehicles
Such complexity of the atmospheric aerosol system isin Europe as well as a densely populated city center. More-
pushing the development of measurement techniques and irever, its geographical position (western Mediterranean basin)
strumentation (Pratt and Prather, 2012). In this regard, thdavors photo-chemical reactions and accumulation of sec-
aerosol mass spectrometer (AMS) has recently revolutionendary aerosols (Querol et al., 2009; Perez et al., 2010; Pey
ized the field of atmospheric science because it allows chemet al., 2009).
ical speciation, sizing and mass detection of submicron non- Past studies at an urban background site in Barcelona
refractory PM at high time resolution (Canagaratna et al.,(same UB location used in this SAPUSS study) showed that
2007). This technique has demonstrated that a large part of large fraction (56 %) of the OA consisted of oxygenated
the organic aerosol is highly oxidized and probably formed OA (Mohr et al., 2012). Moreover, radioactive carbon anal-
by SOA (Jimenez et al., 2009; Kanakidou et al., 2005). Re-ysis showed that about 60% of the organic carbonaceous
cently, a lot of emphasis has been put on the importance oatmospheric matter in this background site has a non-fossil
cooking activities for ambient air quality (Allan et al., 2010; origin (Minguillon et al., 2011). However, there is evidence
Mohr et al., 2012). that biomass burning contributes only a small partL6 %)
However, a main disadvantage of such on-line techniqueof the urban background OA, which is mainly related to the
is the limited organic aerosol speciation provided (Pratt andwinter season or wild fire events (Mohr et al., 2012; Reche
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et al., 2012; van Drooge et al., 2012a). This gives way to
the hypothesis that other non-fossil sources should account
for an important part of the OA. Indeed, Mohr et al. (2012)
attributed 17 % of the OA to primary food cooking emis-
sions after AMS analysis in the UB site. Nevertheless, there
is still a lack of information upon the chemical speciation of
this source. Furthermore, the contribution of different types
of SOA of both anthropogenic and biogenic origins is still
highly uncertain in the urban area of Barcelona.

In summary, the simultaneous analysis of selected organic
tracer compounds analyzed from the Pfilter samples col-
lected at the UB and at the RS sites is herein presented. Fur-
thermore, a source apportionment of the OA is also carried
out and discussed.

2 Materials and methods

2.1 Sampling sites

Detailed information on the urban sites studied in Barcelonarig. 1. Location of the sampling sites in Barcelona (source: Google
is given elsewhere (Dall'Osto et al., 2013b). The urban back-Earth).

ground site (UB; 412315" N; 02°0705’ E; 80 m.a.s.l.) was

situated at the western periphery of the city center in a ) ) o

small park. The road site (RS; @318’ N; 02°0900" E; of primary organic aerpsol emission sources and secondary
40ma.s.l.) was located in a car park next to Urgell Streetorganic aerosol formation. Briefly:

within the square-grid street network (Eixample) (Fig. 1).
The road, which cuts the city from southeast to northwest,
is a street canyon composed by a two-way cycling path and
a one-way four-lane vehicle road. Vehicle intensity for the
month of measurements was about 17 000 vehicles per day.
The two monitoring sites are located within 3km from each 2. Hopanes (17(H)-21(H)B-29-norhopane and 17 (k)

1. Polycyclic aromatic hydrocarbons (PAH, 12 in total).
They are toxic components of fossil fuels and primary
products of incomplete combustion of fossil fuels and
biomass (Rogge et al., 1993; Schauer et al., 2007).

other. 21(H)B-hopane). They are molecular markers for min-

The meteorological data were measured in the sampling eral oils, and their presence can be related to unburned
sites by means of automatic weather stations (Dall’'Osto et lubricating oil residues from primary vehicles emis-
al., 2013b). Air mass back trajectories were calculated daily sions (Rogge et al., 1993; Schauer et al., 2007).

during the sampling campaign. Four main air mass scenarios L . . o
were identified during the SAPUSS field study (DallOsto 3+ Nicotine. This alkaloid is present in high concentra-
et al., 2013b): Atlantic advection (2 periods; 7 days), North tions in environmental tobacco smoke. Although it is

African — west (2 periods; 3 days), North African — east (1 m_ainly pr(_a_sen_t in the gas phase due to its relatively
period; 3 days), and Regional (2 periods; 8 days). r_ugh volatility, it can be detected at tr_ace levels on PM
filter samples (Rogge et al., 1994; Bi et al., 2005).

2.2 Organic compounds analyzed 4. Levoglucosan, galactosan and mannosan. They are

. ) . ) monosaccharide anhydrides generated by thermal al-
The applied extraction method and instrumental analysis of- teration of cellulose and hemi-cellulose. They are

fers a selective sigh_t onthe total_ mass of the ambient a'y'.PM emitted in large quantities during biomass burning (Si-
The_ usage of organic §0Ivent mixture a_llow_s the extractl_o_n of moneit et al., 2002; Fine et al., 2004).

a wide range of organic compounds with different polarities.

Moreover, the instrumental analysis allows the detection of 5. Dicarboxylic acids (DCA), hydroxy-DCA and
semi-volatile organics. During the years many of these com- aromatic-DCA (11 in total, Table 1). They can
pounds have been detected in emissions and ambient airsam-  be emitted from various primary sources (mobile
ples, and therefore certain organic compounds can be used as  emission, meat cooking, etc.) although atmospheric
tracers for sources and atmospheric processes. Table 1 shows  photo-chemical formation is probably the main source
the 36 organic compounds that were analyzed in the present (Jang et al., 1997; Kerminen et al., 2000; Heald et al.,
study. They were selected based on their representativeness  2010; Sheesley et al., 2010; Paulot et al., 2011).
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Table 1. Summary of the concentrations (ng™ of analyzed organic tracer compounds. The results indicated in bold showed significant
test, p < 0.05) differences between sites, day and night, or between weekday (WD) and weekends/holidays (WE).

uB RS UBvs.RS ratio day/night ratio WD/WE
. mean sd (min—max) mean sd (min—max) ratic?  UB RS UB RS
_g phenanthrene 0.06 0.02 (0.01-0.12) 0.020.03 (0.04-0.17) 06 05 0.3 0.9 1.6 14
g anthracene 0.0+ 0.00 (0.00-0.02) 0.020.01 (0.01-0.04) 05 04 1.0 11 15 1.6
_g fluoranthene 0.06:0.03 (0.02-0.14) 0.130.04 (0.06-0.21) 0.5 0.4 0.8 0.9 1.7 14
= pyrene 0.08:0.05 (0.02-0.22) 0.280.07 (0.10-0.38) 0.4 0.4 0.8 09 19 15
8 benz[a]anthracene 0.850.03 (0.02-0.12) 0.130.05 (0.04-0.24) 04 04 09 13 17 1.8
g chrysene 0.020.03 (0.02-0.14) 0.160.07 (0.05-0.31) 0.4 05 0.9 12 16 17
o benzofluoranthenes 0.1#30.07 (0.03-0.37) 0.1%0.09 (0.03-0.48) 0.7 03 1.0 1.2 13 15
s benzo[e]pyrene 0.1%£0.08 (0.05-0.37) 0.330.16 (0.07-0.73) 04 05 09 13 1.7 1.9
S benzo[a]pyrene 0.060.04 (0.01-0.20) 0.180.09 (0.03-0.40) 04 0.4 09 13 1.6 2.1
g indeno[123cd]pyrene 0.0£0.03 (0.01-0.12) 0.1%0.06 (0.02-0.27) 0.4 0.2 0.9 1.2 10 15
S benzo[ghi]perylene 0.120.05 (0.04-0.26) 0.380.13 (0.07-0.56) 04 0.4 09 1.4 1.4 1.9
coronene 0.040.02 (0.01-0.08) 0.020.03 (0.03-0.17) 05 0.2 1.0 14 1.2 15
hopanes  17a(H)Z(H)-29-norhopane 0.520.22 (0.20-1.11) 0.7%0.37 (0.20-1.70) 0.7 05 1.1 1.1 1.5 2.0
17a(H)218(H)-hopane 0.46-0.22 (0.19-1.16) 072041 (0.20-1.88) 0.6 0.5 1.0 11 16 2.0
alkaloid nicotine 7.0:5.6 (0.5-20.0) 58.#+39.8 (9.2-164) 0.1 04 13 15 1.8 25
anhydro- levoglucosan 9494 (1.7-40.0) 53538 (0.6-30.5) 1.8 08 09 0.9 0.7 0.8
sugars galactosan 1431.6 (0.2-7.1) 0.2 0.9 (0.1-44) 18 08 09 0.9 0.6 0.9
mannosan 1214 (0.2-5.6) 0.6 0.7 (0.1-38) 19 08 038 0.9 0.6 0.7
malonic acid G 15+15 (0.3-8.1) 1.61.0 (0.4-4.9) 1.0 05 11 13 0.9 1.2
succinic acid G 73+48 (3.1-247) 6230 (25-148) 1.2 03 1.1 1.0 0.9 0.9
glutaric acid G 20+13 (0.6-7.5) 1.5 0.7 (06-32) 13 03 13 1.2 1.0 1.0
pimelic acid G 0.6+0.3 (0.2-2.1) 1.3:0.6 (06-37) 05 05 1.3 16 09 1.0
suberic acid § 0.9+ 05 (0.4-3.0) 1207 (07-39) 05 02 12 15 1.0 1.0
2 azelaic acid G 29413 (1.0-7.3) 6.126  (24-130) 05 02 1.2 1.7 1.0 1.2
= glyceric acid 3229  (0.7-15.2) 3.420 (11-98) 09 05 1.0 11 0.9 11
E. malic acid 142+ 143 (1.2-72.7) 9.9 8.5 (1.2-336) 14 07 12 1.0 1.0 0.9
T tartaric acid 2128 (0.0-12.2) 1817 (0.1-7.0) 12 06 15 1.2 0.9 0.9
£ tricarballytic acid 3.9:33 (0.3-15.3) 3.&24 (0.4-116) 13 06 1.2 1.2 1.1 0.9
4 phthalic acid 3924  (0.9-114) 3616 (1.3-93) 1.1 07 14 12 11 1.1
%‘ 3-hydroxyglutaric acid 4335 (0.5-20.2) 3.k21 (0.8-8.6) 15 07 11 1.0 1.0 11
o MBTCA 55+45 (1.0-23.5) 4124 (0.7-10.3) 14 06 13 13 1.2 1.2
) cis-pinonic acid 15.4-84 (3.6-49.7) 8.&29 (3.1-184) 1.9 06 1.0 1.1 1.0 1.0
] Cs-alkene triols 1.0:0.7 (0.1-3.0) 0.20.5 (01-22) 1.4 07 1.1 1.0 1.2 1.4
2-methylglyceric acid 2413 (0.4-6.4) 1911 (06-45 1.1 05 1.2 1.1 1.1 1.3
2-methylthreitol 2816 (0.6-7.8) 1.4£0.9 (0.1-38) 19 06 1.1 1.0 1.2 1.1
2-methylerythritol 6.5-41  (1.7-20.7) 3.5%24 (06-95) 19 06 1.1 1.0 1.2 1.2
6. Cis-pinonic acid, 3-hydroxyglutaric acid and 3- al., 2009), a major volatile organic compound emitted
methyl-1,2,3-butanetricarboxylic acid (MBTCA). from land vegetation.

They have been identified in aerosols and related to
the photo-chemical oxidation of biogenic volatile 2 3  Analytical procedure
compounds such as-pinene (Claeys et al., 2007;

Szmigielski etal., 2007). 3-MBTCA is formed by OH-  pjgitel- DH80 HiVol samplers were used to collect 103 PM
initiated oxidation of cis-pinonic ac_ld (Szmigielski et filters (Pall Life Sciences; TISSUEQUARTZ 2500QAT-UP),
al., 2007) and was first detected in aerosol samples,,ch encompassing 12 h sampling hours, between 09:00 and
from Amazonia and Belgium (Kubatova et al., 2000). 51.9g (UTC), at a sampling rate of 3G, More infor-
Itis worth noting that the most abundant monoterpenemation can be found elsewhere (DallOsto et al., 2013b).
in the study area presented in this manuscript isp|| fiiters were preheated at 45 overnight before sam-
a-pinene (Seco etal., 2011). pling. A 1/8 section of each filter was preserved for anal-
ysis of organic compounds. This section was ultrasoni-
7. 2-methylglyceric acid and polyols, such as &@kene cally extracted with (21, v/v) dichloromethane : methanol
triols and 2-methyltetrols. They have been related to(3 x 5mL; Merck, Germany) for 15 min. Before extraction
isoprene oxidation (Claeys et al., 2004; Hallquist et 25 uL of the surrogate standards levoglucosanreCo4dso
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(Cambridge Isotopic Laboratories, UK), succinic acid-d 2-methylglyceric acidfz/z 219), G-alkene triols £2/z 231),
(Sigma Aldrich), anthracenergl benz[a]anthrancenerg 2-methylthreitol and 2-methylerythritok(/z 219). Quantifi-
benzo[K]fluoranthenesd and benzo[ghilperylene:d (Dr. cation was performed with the external standard calibration
Ehrenstorfer) were added. The extracts were filtered ovecurves. All concentrations were corrected by the recover-
0.45 um teflon membrane filters (Whatman) in order to re-ies of the surrogate standard succinic acgigf{ 251) and
move insoluble particles. Then, they were concentrated tdevoglucosan-@(m/z 206). No standards were available for
1 mL under a gentle Mgas stream. 3-hydroxyglutaric acid, MBTCA, 2-methylglyceric acidgC

Anhydro saccharides, acids, polyols and nicotine alkene triols, 2-methylthreitol and 2-methylerythritol. Their
were analyzed following a procedure that was simi- chromatographic peaks were identified by comparison of
lar to others described previously (EI Haddad et al.,their mass spectra to literature and library data (Claeys et al.,
2011; Medeiros and Medeiros, 2007; van Drooge et2007; Kourtchev et al., 2005; Clements and Seinfeld, 2007),
al., 2012a). Briefly, an aliquot of the extract (25puL) and they were quantified with the calibration curve of suc-
was evaporated under a gentle; Mtream until dry-  cinic acid. Application of the calibration curves of other stan-
ness. Then, 25uL of bis(trimethylsilyl)trifluoroacetamide dards leads to lower concentrations with a maximum varia-
(BSFTAH-trimethylchlorosilane (99:1) (Supelco) and tion of factor of 3. Therefore, caution should be taken when
10pL of pyridine (Merck) were added for derivatization comparing these results with those from other studies.
of the saccharides, acids and polyols to their trimethylsilyl PAH were identified by retention time comparison of
esters at 70C during 1h. Before injection into a gas the peaks with the following ions in SIM mode: phenan-
chromatograph coupled to a mass spectrometer (GC-MS)hrene f:/z 178), anthracenen(/z 178), fluoranthenen{/z
25 uL of the internal standard, pyrengsdwere added to the  202), pyrene #/z 202), benz[a]anthracenen(z 228),
vial. chrysene-triphenylene f:/z 228), benzo[b]fluoranthene

For the analysis of polycyclic aromatic hydrocarbons and(m/z 252), benzo[K]fluoranthenes(/z 252), benzo[e]pyrene
hopanes, the remaining extract was evaporated to almogin/z 252), benzo[a]pyrene n{/z 252), indeno[1,2,3-
dryness under a gentleoMjas stream and re-dissolved in cd]pyrene #f:/z 276), benzo[ghi]perylenen{/z 276) and
0.5mL hexane-dichloromethane (91 v/v) (Merck, Ger-  coronene #/z 300). 17(H¥-21(H)B8-29-Norhopane and
many). Then, it was cleaned up by adsorption column chro-17(H)x-21(H)8-hopane were identified in the:/z 191
matography on 1g of aluminum oxide (Merck, Germany) mass fragmentogram and the corresponding retention times.
that was activated overnight at 120. The analytes were Quantification was also performed by the external stan-
eluded with 4 mL of (2 1 v/v) hexane:dichloromethane and dard method, and the calculated concentrations were cor-
4mL of (1:2 v/v) hexane:dichloromethane, respectively rected for the recoveries of the abovementioned sur-
(Merck, Germany). The collected fraction was concentratedrogates: anthracenagl (m/z 188), benz[a]anthrancene-
under a gentle ptgas stream to 50 L, and the internal stan-di2 (m/z 240), benzo[k]fluoranthenerg (m/z 264) and
dard, pyrene-th, was added before injection into GC. benzo[ghi]perylene-B (m/z 288).

Sample extracts were injected into a Thermo GC/MS In all cases the recoveries of the surrogate standards were
(Thermo Trace GC Ultra — DSQ II) equipped with a 60 m higher than 70 %. Field blank levels were between 1% and
fused capillary column (HP-5MS 0.25mm 25um film 30 % of the sample levels. All concentrations were corrected
thickness). The oven temperature program started &C60 for blank levels. Limits of quantification (LOQ) were calcu-
held for 1 min, and then it was heated to TZD at lated by dividing the lowest measured levels in the standard
12°Cmin~! and to 310C at 4°C min~! where it was held  calibration curves by the volumes of the analyzed sample
for 10 min. The injector, ion source, quadrupole and transferfraction. These were 0.1 ngT for the anhydrosaccharides,
line temperatures were 28C, 200°C, 150°C and 280C, 0.06 ng nt3 for the acids and 0.005 ngTﬁ for PAHs and
respectively. Helium was used as a carrier gas at 0.9ThLs hopanes.

The MS selective detector was operated in fullseayz(50—
650) and electron impact (70 eV) ionization modes. 2.4 Chemometrics

Besides comparison of retention times, levoglucosan and
mannosan were identified with iem/z 204, galactosan with MCR-ALS method has been successfully used in the analy-
ion m/z 217 and nicotine with ionn/z 84. Acids, poly-  sis of environmental data sets, both in contamination studies
ols and 2-methyltetrols were identified with the following of surface waters (Terrado et al, 2009) and in air source ap-
ions: malonic acid(m/z 233), succinic acidg/z 247), portionment studies (Salau et al., 1997; Tauler et al., 2009).
glutaric acid fz/z 261), pimelic acid £1/z 289), suberic  One of the main advantages of MCR-ALS is that it decom-
acid (n/z 303), azelaic acidnf/z 317), glyceric acid/z poses the data matrix by applying more natural constraints
292), malic acid #1/z 233), tartaric acid #¢/z 292), ph-  than PCA, such as non-negativity, and, therefore, interpreta-
thalic acid (z/z 295), tricarballytic acid #/z 377), cis-  tion of results is more straightforward.
pinonic acid {n/z 171), 3-hydroxyglutaric acid«f/z 349), 3- MCR-ALS is based on a bilinear decomposition of the
methyl-1,2,3-butanetricarboxylic acid (MBTCA)(z 405), original data set. In matrix form, it is expressedg x J)
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= U x N)VT (N x J) + E(I x J), whereD is the origi-  (BaA/(BaA+Chr), benzo[e]pyrene vs. benzo[a]pyrene
nal data array, with rows (samples) and columns (com- (BeP/(BeR-BaP), and indeno[123cd]pyrene  vs.

pounds);U is the matrix of scores of dimensiorisx N, benzo[ghi]perylene  (IP/(HPBgP) -  0.42:0.05,
where N is the reduced number of components; is the  0.43+0.03, 0.68:0.06 and 0.26-0.09, respectively
matrix of loadings with dimension¥ x J; andE is the ma- — were very similar among all analyzed samples at both

trix of residuals not modeled by th¥ components. The sites. These ratios are consistent with a dominance of
MCR-ALS method decomposes the data matrix using an alfossil fuel combustion inputs from traffic related activities
ternating least squares algorithm under a set of constraintGalarneau et al., 2008).
such as non-negativity, unimodality, closure, trilinearity or At the RS, the detected PAH of high molecular weight
selectivity (Tauler et al., 1995; Tauler, 1995; Jaumot et al.,(PAH_high,m/z > 228; see Table 1) showed higher concen-
2005). The variance explained by the different components igrations during daytime than at nighttime (1.8,< 0.05),
overlapped and not orthogonal (non-overlapped) as in PCAvhereas no difference was found for PAH of low molecu-
(Jolliffe, 2002). Natural sources in the environment are rarelylar weight (PAH_lowm/z > 228; see Table 1). By contrast,
orthogonal; thus the MCR methods may have a physicallyat the UB site no day/night difference was found for all the
sounder interpretation than orthogonal database decomposPAH detected. Several factors could be responsible for the
tion methods. day/night pattern of PAH concentrations at the RS site, in-
For the multivariate data analysis, the experimental datecluding traffic intensity, vehicle fleet (e.g. diesel, gasoline)
were stored in 12 h periods between 22 September 2010 anand meteorological conditions (e.g. temperature). Although
18 October 2010 at the two sites. This generated data matrithe traffic intensity showed a marked day/night trend (ratio
ces of 52 and 51 samples for UB and RS stations, and th&.4), the PAH concentrations did not correlate with such in-
number of compounds analyzed in each was 35. Indeno[123tensity. Such low correlation may be due to gas to particle
cd]pyrene was finally excluded from the databases becausgartitioning of PAH compounds, which has a stronger influ-
20 % of the sample concentrations were below LOQ. Theence on the more volatile PAH_low (Lohmann and Lammel,
merged matrix (5% 35 for UB and 51x 35 for RS) allows  2004).
a better comparison of potential source apportionment pro- The observed) PAH concentrations in Barcelona were
files than the individual matrices. The observed sources arén the range of the ones observed in other urban areas in
representative of the two monitoring sites. The joint data sethe USA (Ning et al., 2007; Subramanian et al., 2006) and
was imported into MATLAB 7.4 (The Mathworks, Natick, Europe (Kumal et al., 2013, and references therein), al-
USA) for subsequent calculations using MATLAB PLS 5.8 though wintertime concentrations in those site are gener-
Toolbox (Eigenvector Research Inc, Masson, WA, USA).  ally higher, due to enhanced fuel combustion for domestic
heating. The relative composition of the PAH compounds in
the ambient air PM in Barcelona was found enriched with
3 Results lower molecular weight PAH (PAH_low; phenanthrene un-
til pyrene; m/z < 228), whereas the PMin the uban ar-
eas in the USA were more enriched with higher molecu-

Means, standard deviations 1o ), maximum and minimum lar weight PAH (PAH_high; benz[anthracene until coronene;

concentration values of the compounds analyzed are de/z > 228). These differences between the urban locations
scribed in Table 1. could be due to the higher proportion of diesel engine vehi-

cles over gasoline vehicle in Barcelona in comparison to the
3.1.1 PAH sites in the USA, where gasoline vehicles dominate (Rogge
et al., 1993; Zielinska et al., 2004).
The total concentrations of the 12 PAHs analyzed were two Finally, it is worth noting that the PAH concentrations
times higher at the RS (1.91ng™ than at the UB site  were about a factor 1.5 higher during weekdays in compar-
(0.89ngnt3), reflecting a stronger influence of residues ison to weekends/holidays days at both sites (Table 1), and
from fossil fuel vehicles at the former site. This difference this factor was found to be similar to the one of vehicle in-
was similar to that observed for the concentrations ofNO tensities near the two monitoring sites (1.4; Dall Osto et al.,
(46 vs. 33 ug m®) and elemental carbon (1.4 vs. 0.7 pgtn ~ 2013a).
(Dall'Osto et al., 2013b). Despite these differences in con-
centrations, there was a significant, moderately positive cor3.1.2 Hopanes
relation between the PAH concentrations at the two sites
(r2=0.55, P < 0.05). This can be interpreted to reflect the Total hopanes concentrations were 0.75ngmand
atmospheric conditions affecting the distributions of primary 0.50 ngnT3 at RS and at the UB sites, respectively (Ta-
atmospheric pollutants in the urban area under study. ble 1), reflecting — likewise for the PAH concentrations —
The average isomeric ratios fluoranthene vs.the strong influence of fossil fuel vehicle combustion at the
pyrene (FI/(F&Pyr), benz[alanthracene vs. chrysene former site. The observel hopane concentrations in BCN

3.1 Chemical analysis of PM filter samples

Atmos. Chem. Phys., 13, 10353:0371 2013 www.atmos-chem-phys.net/13/10353/2013/



Resultats i discussio 189

M. Alier et al.: Source apportionment of submicron organic aerosol 10359

fit into the range of the concentrations observed in urbarels are similar to previous studies in the same region during
areas in the USA and Europe (Subramanian et al., 2006the summer season (van Drooge et al., 2012b) and in Euro-
Ning et al., 2007; Kumal et al., 2013). Although hopanes pean background sites with low influence of biomass burning
are susceptible to oxidation in the atmosphere (Robinson ePuxbaum et al., 2007). In contrast, higher levoglucosan con-
al., 2006a; Lambe et al., 2009), the depletion is probablycentrations were found at the UB site in former studies con-
small due to the very short distance between the samplinglucted during wintertime (3560 ng™, Reche et al., 2012;
site and emission source. Temporal trends of hopanes wenrgan Drooge et al., 2012a). In the present study, these high
also found to be moderately correlated between the twdevels were only observed at both sites at the end of the sam-
monitoring sites {2 =0.65, P <0.05). There were no pling period (about 35ngm?, 15-20 October 2010). This
differences between day and night periods, likewise forincrease was coincident with the legal permission of burning
the PAH_low concentrations. The relationship betweenbiomass waste in regional background fields from 15 Octo-
PAH_low and hopanes reflects the primary emissions ofber and onwards (DOGC 1995) as well as with a stagnant
diesel vehicles (Rogge et al., 1993; Zielinska et al., 2004).regional anticyclonic conditions (Dall'Osto et al., 2013b).
Higher concentrations were observed during weekdays inThe temporal concentration changes of the anhydro saccha-
comparison to weekends/holidays (factor 1.6 at UB and 2 atides compounds at both sites were very simildr= 0.88,

RS, respectively; Table 1). P < 0.05).
However, the higher levels found at the UB site relative to
3.1.3 Nicotine the RS site (ratio 1.9P < 0.05) are likely due to the higher

exposure of the UB site from regional sources because the

This alkaloid was found in all filter samples. Much higher RS site is located within a network of streets that reduce nat-
concentrations (58 ngn?) were observed at the RS site than ural ventilation. This difference between the two stations was
at UB (7 ng nT3). This eight-fold difference points to a very more defined in the last period of the sampling when higher
strong outdoor cigarette consumption near RS, which is sitconcentrations were detected.
uated next to a busy street and an exit of an underground
metro station. The UB sampling station is situated in a local3.1.5 Dicarboxylic acids (DCA), hydroxy-DCA and
park and is away from streets and pedestrians. It is worth not- aromatic-DCA
ing that Spain ranks among the countries of highest cigarette
consumption in the European Union and in the world (WHO, Mean concentrations of individual DCA compounds were
2010). High outdoor gas-phase nicotine concentrations weréound ranging between 1 and 14 ngfnand between 1 and
previously measured in Barcelona in summer 2010 betweeri0 ng nT3 at the UB and RS, respectively. The highest indi-
0.5 and 1.5 ugm? (Sureda et al., 2012). vidual mean concentrations at both sites were observed for

Nicotine concentrations showed a moderate correlatiormalic acid (14 ng m® at UB; 10 ng nT3 at RS) and succinic
(r?2 = 0.4, P < 0.05) between the two monitoring sites, sug- acid (7 ngnT3 at UB; 6 ngn13 at RS). This range of con-
gesting that the whole urban atmosphere of Barcelona wasentrations is similar to those measured during wintertime at
generally influenced by outdoor tobacco smoke. At RS nico-the UB site (Van Drooge et al., 2012a). The higher ratio of
tine concentrations had a day/ night ratio of 1755« 0.05) malic acid/succinic acid was previously observed in other
at the RS, whereas a statistical difference was not foundites influenced by anthropogenic emission sources (Yang et
at the UB site. Significantly higher nicotine concentrations al., 2008a). Phthalic acid — a secondary organic tracer for fos-
were detected during weekdays than on weekends/holidaysil fuel combustion — showed similar mean concentrations at
(ratio of 1.8 and 2.5 at UB and RS, respectivaty< 0.05; both sites (4 ngm?, Table 1). As regards the temporal trends
Table 1). This indicates that the nicotine concentrations areof the DCA concentrations during SAPUSS, the majority of
more affected by anthropogenic working activities during them were found similar between the two monitoring sites
daytime of the weekdays rather than leisure ones occurring0.2 < r2 < 0.8, P < 0.05; Table 1).
during weekends. This result is in line with other SAPUSS Most DCA concentrations were found slightly higher at
studies of single particle aerosol time-of-flight mass spec-the UB site relative to the RS one (UB/RS about 1.2), with the
trometry showing that nicotine concentrations correlate withexception of the €-Cq dicarboxylic acids (pimelic, suberic
traffic activities and not with gastronomic ones (Dall'Osto et and azelaic acids), which were found to possess a UB/RS ra-

al., 2013b). tio of 0.5. Moreover, in contrast to any of the other analyzed
compounds, &-Cg dicarboxylic acids showed a clear day-
3.1.4 Anhydro saccharides time maximum in their concentrations, especially at the RS

site (Table 1). Among the £Co DCA analyzed, azelaic acid
In this group of compounds, mannosan and galactosashowed the highest concentrations (3 rifnand 6 ng nT3
showed low concentrations (about 2-4ngy and also  at UB and RS, respectively). The presence of azelaic acid
the levoglucosan concentrations were relatively low (9 andin ambient air PM has been related to fast oxidation of un-
5ngnT3 at UB and RS, respectively; Table 1). These lev- saturated fatty acids, i.e. oleic acid, by ozone (Gogou et al.,
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1994; Moise and Rudich, 2002). The oxidation of biogenic fresh SOA oxidation product may be further oxidized in the
precursors can also be an important source 8fGg dicar- more urban city center (RS site).

boxylic acids (Kawamura and Gagosian, 1987; Stephanou

and Stratigakis, 1993; Mochida et al., 2003; Zhang et al.,.3.1.7 Isoprene SOA tracers: G-alkene triols,

2010; Ho et al., 2011). Oleic acid in the urban atmosphere 2-methylglyceric acid, 2-methylthreitol and

may have many sources, such as food cooking, traffic and 2-methylerythritol

biogenic sources, including the marine environment (Fang et

al., 2002; Schauer et al., 2002; Robinson et al., 2006b). In thét is generally considered that the main atmospheric source
present study, oleic acid was identified in all samples (includ-of isoprenoid VOCs is the direct emission from vegetation
ing field blank filters) at low concentrations (<2 ng#). (Guenter et al., 1995). However, tailpipe sources may also
The lack of substantial oleic acid concentrations in the sam-contribute a non-negligible amount of isoprene in urban ar-
ples may be due to the chemical instability of this un- eas (Borbon et al., 2001; Park et al., 2011). Indeed, previ-
saturated fatty acid and/or a fast oxidation to other com-ous studies in the metropolitan region of Barcelona described
pounds in the urban atmosphere. Further considerations othe human-related sources of isoprene (Seco et al., 2013).
possible sources and atmospheric processes responsible fdiowever, whilst the predominately anthropogenic origin is
the elevated azelaic acid concentrations detected are givemainly seen in winter months, during the summer ones (in-
in Sect. 3.2, where an aerosol source apportionment is ateluding September and October, this study) a mainly bio-

tempted. genic origin is apportioned (Filella and Penuelas, 2006).
During SAPUSS, all the isoprene-related markers’ con-
3.1.6 «-pinene SOA tracers: cis-pinonic acid, centrations were found higher at the UB site than the more
3-hydroxyglutaric acid and MBTCA anthropogenically influenced RS site (Table 1). Whilst it is

not possible to uniquely attribute isoprene markers only to
Cis-pinonic acid, 3-hydroxyglutaric acid and MBTCA, the biogenic sources, previous urban air quality studies suggest
three biogenic SOA tracers farpinene oxidation, were de- that the majority of isoprene SOA should be of biogenic ori-
tected in all samples. Cis-pinonic acid was found in two- gin. For example, Langford et al. (2010) concluded that as
times higher concentrations at the UB sites (15 ngnthan much as 80 % of isoprene in London has biogenic sources.
at the RS site (8 ng m#). The other two tracer compounds Schneidemesser et al. (2011) concluded that isoprene does
(3-hydroxyglutaric acid and MBTCA) showed lower aver- not have a very important role in atmospheric chemistry
age concentrations (3-5ng™) (Table 1) but still statisti- in London or Paris. However, given the unknown anthro-
cally higher at UB. All the observed SOA pinene tracer con- pogenic contribution, we leave this SOA isoprene aerosol
centrations are similar to the ones measured by El Haddadource without a clear biogenic labeling.
et al. (2011) in a nearby French Mediterranean urban area. During this study, G-alkene triols concentrations (about
There was no substantial correlation between the temporal ng nm3) were slightly lower than those reported in other
concentration trends of cis-pinonic acid and the other twoEuropean sites (Kourtchev et al., 2005) and much lower than
tracer compounds-£ = 0.1), whereas there was a very good the levels of 300 ngm® in sites located in the southeast-
correlation between 3-hydroxyglutaric acid and MBTCA in ern USA (Lin et al., 2012). The 2-methylglyceric acid (2-
the two different monitoring sitesr{ = 0.65; 0.75, P < MGA) concentrations were in the same range as those ob-
0.05). The same correlations between these three biogeniserved in Marseille (about 2 ngT#; El Haddad et al., 2011),
SOA tracers were recently discussed by Ding et al. (2011)whereas the levels of 2-methyltetrols (2-MT) were higher in
Oxidation ofx-pinene — emitted mainly by coniferous trees the present study (about 2 ng#). 2-methylerythritol con-
— forms pinic acid and cis-pinonic acid. Previous studiescentrations were 2.5 times higher than 2-methylthreitol con-
proposed that cis-pinonic acid and pinic acid could furthercentrations. They were highly correlated within each other
photo-degrade to MBTCA (Claeys et al., 2007; Szmigielski at both sites (2 =0.9; P < 0.05), as previously observed
et al., 2007). Although MBTCA has other precursors apartin other studies (Edney et al., 2005; lon et al., 2005; El
from «-pinene (Szmigielski et al., 2007), the significant cor- Haddad et al., 2011). Overall there were good correlations
relations among MBTCA and 3-hydroxyglutaric acid sug- between G-alkene triols andy_2-methyltetrols £2 = 0.8;
gest thatx-pinene is probably its major precursor. P < 0.05), as well as between 2-MGA andg-@lkene triols,

The ratio of cis-pinonic acid to MBTCA (P/M) can be em- and)_2-methyltetrols £2=0.6 and 0.7, respectively? <

ployed to estimate the aging afpinene SOA (Ding et al.,  0.05). Overall, there was no day/night or weekdays/weekend
2011). TheP /M ratios at the UB and at the RS were 4.0 and significant difference at both monitoring sites for all the SOA
2.8, respectively, indicating that overall tkepinene SOA  isoprene markers. The concentrations of 2-MGA at UB were
tracers were relatively fresh during our campaign. It is im- not significantly different than those observed at RS, whereas
portant to note that cis-pinonic acid was found to possess théhe 2-MT concentrations were about 2 times higher at UB.
highest ratio between the two sites (UB/RSL.9) of all the Although both 2-MT and 2-MGA originate from the
36 detected organic compounds in this study, implying thisphoto-oxidation of isoprene, NOx concentrations and aerosol
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acidity (Surratt et al., 2010) may affect their formation pro- Dall’Osto et al. (2013b). The following sections discuss the
cesses and consequently their relative abundances. Moreovemique features of the six OA sources identified, as well as
relative abundances of these organic compounds can evolwle temporal trend of the scores. The percentages presented
as they can undergo further photo-chemical processing om brackets after the molecular markers represent the propor-
heterogeneous reactions upon their formation (Robinson etion of such marker among all six MCR-ALS profiles, and
al., 2007). 2-MT are formed by photo-oxidation of isoprene not the percentage of such marker among the total signal of
under NO-limited conditions (Lin et al., 2012), while it is the individual MCR-ALS profile.

known that 2-MGA can also be formed by the further oxida-

tion of volatile methacryloylperoxynitrate (MPAN), a major 3.2.1 Urban Primary Organic Aerosol (POA Urban)
second-generation product of isoprene oxidation under ini-

tially high-NO conditions (Surratt et al., 2010). Recent work This component is defined by strong contributions from PAH
by Lin et al. (2013) found that 2-MGA is directly formed (43 %), hopanes (43 %) and nicotine (79 %) and accounts for
from methacrylic acid epoxide (MAE), which is a gas-phase 32 % of the explained variance. The relatively larger con-
oxidation product of MPAN. In summary, it is likely that the tribution to the component of LMW PAH in combination
different traffic conditions encountered at the two monitoring with the hopanes points to diesel vehicles as an important
sites, with higher NO at RS than UB, can impact the concen-emission source. Among the six components this is the one

trations of 2-MGA and 2-MT. showing the best correlation with traffic intensinf & 0.5),
pointing to traffic as a major contributor to this component.
3.2 Multivariate data analysis This statement is further supported by the good correlation

between this component and other traffic indicators, such as

Principal component analysis (PCA) was applied on a matrixNOy (2 = 0.8), ECpy1 (r2 = 0.7) and preliminary AMS-
of scaled concentrations to explore the amount of variancd®MF data on the hydrocarbon-like organic carbon (HOA;
that could be explained by a reduced number of components? = 0.8) that were analyzed for the sampling sites.
and to identify the most determinant associations amongst The temporal changes of this source between the two sites
the organic tracer compounds analyzed in this study. A sixwere correlated-€ = 0.5, P < 0.05). POA Urban accounted
component solution was selected from the analysis involvingfor 0.35 and 1.5 ug m® OC at UB (18 % of total OC) and
a96.5 % of explained variance. Addition of a seventh compo-RS (43 % of OC), respectively. This observation is consistent
nent (97.2 % of explained variance) did not show any furtherwith a previous study (Mohr et al., 2012) in which 16 % of
relevant environmental information. the OA was attributed to primary organic aerosol at UB. In

Following the optimal number of components obtained the urban area of Marseille along the Mediterranean coast a
by PCA, MCR-ALS was applied to the scaled column-wise similar concentration of about 0.9 pg OC F(17 %) was at-
data matrix (i.e. without mean-centering) and non-negativitytributed to primary urban emissions (El Hadded et al., 2011)
constraints, resulting in six components which accounted fobased on organic tracer analysis, while the primary emissions
96.2 % of the total data variance. in Paris ranged between 0.2 and 0.5 ug OCGndepending

Although many compounds were distributed between dif-on the used method.
ferent MCR-ALS components for many of the chemical POA Urban was higher during weekdays, especially on
compounds, an insight of the contributions of the different Wednesday and Thursday, whilst the lowest values were
OA sources can be seen in Fig. 2. The average organic carecorded during weekends and holidays (Fig. 2). There was
bon concentrations (OC, determined separately by the Sunseb clear day—night fluctuation for this component, which is
EC/OC instrument; Dall'Osto et al., 2013b) were found to bein accordance with the absence of such fluctuation in the
3.5ugnr3atthe RS and 2.1 pgm atthe UB site (Dall Osto LMW PAH and hopanes. The scores of this component are
et al., 2013b). There was a very good correlation betweemearly equally divided among the four main air mass scenar-
the total OC concentrations of RMand Y scores of com- ios (Fig. 3), suggesting that it is less dependent on regional
ponent for each sampled day? (= 0.9, P < 0.05), although  air mass transport and that local emissions are mainly respon-
between 2 and 6 % of the total OC mass was chromatographsible for the presence of such primary atmospheric pollutants
ically resolved. The excellent correlation indicates that thein the urban area.
selected organic components described in this study can be
representative for the contributions to the organic fraction3.2.2 Primary regional biomass burning organic
sampled during the SAPUSS project. The percentages of OA aerosol (BBOA Regional)
contribution of each of the six components obtained were cal-
culated from the relative contribution of the individual MCR- This component is essentially formed by levoglucosan
ALS resolved component with respect to thescore of the (68 %), mannosan (75%) and galactosan (79 %), several
six components. The mass contribution of OC per volumemarkers of primary biomass burning. The component also
for each component (Fig. 2) was calculated by multiplying contains an important part of glyceric acid (45 %), which
the relative contributions with the OC concentrations from could be emitted after biomass burning or formed during
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Fig. 2.MCR-ALS resolved profiles applying non-negativity constraints. Column on the left shows the loading organic compound composition
of the six selected components. Column in the middle shows the temporal trend of the score values of the six components. Column on the
right shows the relative contribution of the scores (%) as well as the estimated mass contribution of organic carbon to volume §ig OC m

atmospheric transport. Moderate contributions (about 20% This component accounted for 15 % of the total variance

of the total signal) from other DCAs and PAH are also ob- and its values in the two sites were strongly correlatéd=(

served (Fig. 2). 0.85). The highest score values in both sites were observed
in the last sampling period of the SAPPUSS campaign (15—
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Fig. 3. Relative scores of the components in UB and RS in relation
to the different air mass scenarios; NAF_W: North African air mass

Mobhr et al. (2012) also found a moderate contribution of
11 % for BBOA in winter 2009 by AMS analysis, which was
correlated with off-line filter analysis of levoglucosan (Van
Drooge et al., 2012a). The contribution of BBOA was very
similar to the 0.4 ug m® estimated for the UB site after year-
round measurements in 2009 (Reche et al., 2012). These con-
tributions are in the lower range of those estimated for other
European sites (0.04-3.1 ug OC tnPuxbaum et al., 2007),
where the higher concentrations are observed in sites that are
directly exposed to local biomass burning. It is important to
remember that organic tracers for biomass burning may to be
susceptible to oxidation (Hennigan et al., 2011; Hoffmann et
al., 2010; Kessler et al., 2010). However, the analysis of in-
organic species during the SAPUSS study (Dall'Osto et al.,
2013a) also found a similar apportionment at the two moni-
toring sites, although slightly higher at the UB site.

3.2.3 Isoprene secondary organic aerosol (SOA ISO)

Cs alkene triols (65%), 2-MGA (42%) and the 2-MTs
(60 %) represent the SOA tracers of isoprene oxidation, and
they are grouped in one component that accounts for 11 %
of the explained variance. Based on the high NO levels in
the city center (Dall’Osto et al., 2013b), one would expect
larger differences between the two monitoring sites as seen
for some of the isoprene markers (see Sect. 3.1.7). Never-
theless, the overall contributions of SOA ISO were similar
at both sites (0.4 and 0.3pugth at UB and RS, respec-
tively), suggesting mainly a regional origin. Indeed, about
50 % (Fig. 3) of the concentrations detected were recorded
during regional air masses, while considerably lower con-
tributions were observed when the air mass came from the
Mediterranean Sea. The regional apportionment of the SOA
ISO is also reflected in the temporal trend of this component
(Fig. 2), which was found to be very similar between the two
sites ¢2=0.7, P < 0.05).

3.2.4 Biogeniax-pinene secondary organic aerosol
(SOA BIO PIN)

Another component is dominated by a strong signal asso-
ciated with cis-pinonic acid (72 %), a first-generation prod-
uct of a-pinene oxidation and minor contributions from 2-

from the west; Atl.: Atlantic advection; REG.: regional air circula- Methyltetrols (24 %), succinic acid and glutaric acid (22 %).
tion; NAF_E: North African from the east over the Mediterranean Hopanes were also found to contribute to this aerosol source

Sea (Dall Osto et al., 2012a).

(35% of the total hopanes signal) and could be related to
biogenic hopanoid precursors produced by microbiota (Yan
et al., 2008). Other second-generation products-pfnene

17 October, Fig. 2), coinciding with regional recirculation air oxidation (i.e. 3-hydroxyglutaric acid and MBTCA) did not
masses (Fig. 3, 70 %) as well as with the permission to burrcontribute to this component, implying it is relatively fresh
litter from fields surrounding the urban area of Barcelona(see Sect. 3.1.6). The SOA BIO PIN component accounted

(DOGC, 1995).

for 10 % of the explained variance, with average concentra-

Although the relative contribution of BBOA was higher at tions estimated to be 0.5ugmat UB (24 % of OA) and
UB (12 %) than at RS (7 %), both monitoring sites presented0.2 pg nT3 at RS (7 %), respectively. The temporal trends

roughly similar concentrations (about 0.3 ugh

www.atmos-chem-phys.net/13/10353/2013/
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suggesting this SOA component did not impact the two mon-3.2.6  Oxidized organic aerosol of mainly urban origin
itoring site at the same level. This could be due to different (OOA Urban)
reasons, including the fact thatpinene SOA probably un-
dergoes further oxidation in the city center. This is in contrastContrary to the previously described five OA sources, it is
to the previous SOA described (SOA 1SO) where no differ- not known at this stage if this OOA Urban source has a pri-
ence was found between the two monitoring sites. mary and/or a secondary component; hence the name does
The present study shows a remarkable temporal trendhot include any specification in this regard. The unique fea-
(Fig. 2): the highest SOA BIO PIN scores at both monitoring ture of this aerosol source is the strong association with
sites were recorded on 5 October 2010, when a strong urbapimelic (65 %), suberic (61 %) and azelaic (55 %) acids{C
new particle formation (NPF) event was detected (Dall’OstoCg DCA). It is also interesting to note the presence of PAHs
et al., 2013c). Furthermore, high levels can also be seen of21% of total PAH signal), with particular evidence for
25-27 September when other minor NPF events were deeoronene (39 %, strongest signal of all six sources) and minor
tected. Cis-pinonic acid has been linked to nucleation pro-ones from benzo[ghi]perylene (32 %) and benz[a]anthracene
cesses in forested areas as a first step in the formation df33 %). This source has also the peculiarity of containing the
aerosols from organic vapors (O’'Dowd et al., 2002; Laak-remaining 20 % of the nicotine signal, which in this study is
sonen et al., 2008). Further considerations on the matter armainly apportioned by POA Urban (80 %; see Sect. 3.2.1 and

discussed later in Sect. 4. Fig. 2). OOA Urban was found to have an average concen-
_ tration of 0.8 ug M (23 %) at the RS site and of 0.2 ugt
3.2.5 Aged secondary organic aerosol (SOA Aged) (10%) at the UB site. A temporal correlation of this OA

source was not found between the two monitoring sites. The

SOA tracer compounds of both anthropogenic and biogenic,qnsistently higher abundance of this component at the city
origin, including G-Cs DCA (40 %), G-Cg DCA (20%),  center site (RS) with respect to the urban background site
phthalic acid (26 %), hydroxy-DCA (45 %) and tricarballytic (UB), as well as a daytime maximum (Fig. 2), suggest that
acid (75%), were defining this component. It is interesting |4 yrhan emissions sources were involved. The strong
to note the absenge of cis-pinonic signal, suggesting that thiga high component (benzo[ghi]pyrene and coronene) sug-
SOA component is more aged than the SOA BIO PIN. In- goq15” that motor vehicle emissions, previously associated
deed, 3-hydroxyglutaric acid and MBTCA can be seen in thisy»iny with primary gasoline-powered vehicles, could be in-
SOA Aged profile (Fig. 2) as products from further photo- \o\eq (Rogge et al., 1993; Zielinska et al., 2004). On the
chemical reactions of cis-pinonic acid (Szmigielski et al., 5iher hand, 6-Co DCAs are often associated with oxida-
2007). The higher contribution of&£Cs DCA over G—Co (o of unsaturated fatty acids (e.g. oleic acid; Moise et al.,

DCA also indicates the more aged character of this COMPO7002). A major source for primary emissions of oleic acid in

nent, since the higher-carbon-numbered DCA tend to photoy rhan environment is food cooking (Schauer et al., 2002;

chemically degrade to smaller DCA (Yang et al., 2008b). gqpinson et al., 2006b), so this source could also be related
Further support from the high degree of “aging” of this cOM- 5 the one reported by Mohr et al. (2012), attributing 17 %
ponent alsq comes from the trend seen for the isoprene SOA¢ ihe atmospheric organic PMiue to primary food cook-
markers, with the 2-MGA score being the strongest among, emissions in the same location. The OOA Urban compo-

all isoprene markers. In other words, when comparing this,ent \vas found to correlate only moderately with preliminary
SOA Aged component with the SOA ISO one (Fig. 2), whilst py e resyits from the HR-ToF-AMS analysis. A weak corre-

2-MGA is found to be the least important tracer among the 54qn with cooking organic aerosol (COA? = 0.45) was

four main ones describing this component, the opposite treng ;g only at the RS but not at the UB site, suggesting that
is seen for SOA Aged. Interestingly, the SOA Aged cOmM- na Urban is a mixture of urban sources.

ponent shows the best correlatiorf & 0.6) with the OOA Nevertheless, a complex air mass dependency of this

component from preliminary AMS-PMF analysis among all 5o, e at hoth monitoring sites suggests that this component
other components. _ _is also related to atmospheric processes. Figure 3 shows that
This component accounted for 18 % of the explained vari-¢ ot sites the higher scores of OOA Urban were observed
ance and was related to SOA tracers. Similar concentration§nqer North African air masses from the Mediterranean Sea
3 .
(0.4pugnr> OC) were found at both sites (18% of OA at (yaF East, with maximum at both monitoring sites between
UB; 12% at RS). There was a good correlation between the; 514710 October, Fig. 2). During this period, the concen-
scores of the two sampling sitee’ (= 0.5), suggesting this  y-ations at the two monitoring sites were highly correlated
SOA component is impacting the two sites at a similar level. .2 _ 0.9) and the increase of the OOA Urban coincided with
The temporal trend of this component (Fig. 2) was air massyg increase of SOA Aged. However, in two other REG. peri-
dependent, with lowest values observed during windy North, s of elevated SOA Aged concentrations (29 September—3
Atlantic advections (Fig. 3). October and 14—17 October) the OOA Urban component was
found at relatively low concentrations and not correlated be-
tween the two monitoring sites. Whilst during NAF_East air
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Fig. 4. MCR-ALS scores values for SOA isoprene and SOA BIO pinene for daytime samples (09:00-21:00) collected during SAPUSS.
Please note the rectangle in figure includes the five nucleation days seen during SAPUSS (25, 26, 27 September, 5 and 18 October 2010).

mass type the nitrate concentrations were at minimum, the@A, whereas only 28 % at the UB site. Overall, the regional
opposite scenarios was found for the REG. air mass type8BOA component had little influence on the air quality in
(Dall'Osto et al., 2013a). Yang et al. (2008b) previously re- the city.
ported that the nitrate ions play a major role in accelerating The sum of the three SOA components (SOA Aged, SOA
the photo-oxidation of azelaic acid by increasing OH con-I1SO and SOA BIO PIN) contributed 60 % of the OA at the
centration. This could be a possible explanation of why OOAUB, in line with the 55% calculated by Mohr et al. (2012)
Urban can accumulate during “sulphate high—nitrate low” airin the same location during winter 2009. The relatively high
masses (NAF_East) whereas much lower concentrations areontribution of SOA in the urban background of Barcelona
found during “sulphate low-nitrate high” air masses (REG.) is related to the high frequency of anticyclonic weather con-
at both sites. ditions, allowing aged aerosols to accumulate. At the RS, the
In summary, it seems that certain atmospheric conditionsSSOA component was found to be only 27 %. Two of them
are responsible for the abundance of OOA Urban OA sourcewere represented by products of isoprene @minene oxi-
This aerosol component is the least characterized of the sixlation, while the third was composted by a mixture of more
ones apportioned in this study. It points to compounds re-oxidized compounds from anthropogenic and biogenic ori-
lated to gasoline vehicle emissions and cooking activities,gin. Most of the SOA formed from biogenic sources are
and the different behaviors under different air masses suggestelieved to be due to isoprene and monoterpene emissions
its abundance depend on the atmospheric conditions encouiecause of their high emission rates from various vegetated
tered during its emission. surfaces. Biogenic contributions to SOA were previously ex-
pected to be relatively low in urban areas. However, the com-
plex emissions in urban settings have been shown to acceler-
ate oxidation of biogenic VOCs and thus production of bio-
genic SOA (Goldstein and Galbally, 2007; Liao et al., 2007).
The application of MCR-ALS on a database generated fromQUr study suggests that the overall biogenic SOA compqnent
off-line GC-MS analysis of 36 organic tracer compounds in & the UB and RS was at least 42 % and 15 %, respectively,
103 PM filter samples collected simultaneously in two sites With @ 1SO/PIN ratio of about 3. _ _
from Barcelona during 30 successive days allowed the iden- AN unexpected sticking result of this work is the rela-
tification of six organic aerosol components in the two sitestionship between SOA ISO, SOA BIO PIN and the NPF
that explained 96 % of the total database variance. The speVents during the SAPUSS project. Briefly, a clustering anal-
cific study of these components provides information on theYSiS Of aerosol size distributions data collected at a UB site
environmental sources and processes responsible for the of? Barcelona revealed that ultrafine particles often fail to
ganic aerosol constituents. grow above 10nm (Dall'Osto et al., 2012). However, NPF
Two of the aerosol components (POA Urban and BBOA originatiqg within the city center can grow_th to larger sizes
REG.) could be linked directly to primary anthropogenic While being transported away from the city to the urban—
emission sources. At the RS site, the primary emissions fronf€gional background (Dall'Osto et al., 2013c). Previous lab-
anthropogenic sources explain 43% of the variance of thePratory results showed that the high reactivity of isoprene

4 Implications and conclusions
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with OH leads to suppression of new particle formation component to traffic cannot be excluded, the chemical com-
(Kiendler-Scharr et al., 2009). Large isoprene emissions camosition formed by the &-Cy dicarboxylic acids suggests
also suppress NPF formation in forests although the underthat cooking activities could play an important role in this
lying mechanism for the suppression is unclear (Kanawadeomponent. Nevertheless, the component is represented only
et al., 2011). Although the role of biogenic VOC in limiting by the less volatile products of the oxidation of unsaturated
oxidant levels is established, the influence of OH remains unfatty acids (Moise and Rudich, 2002). The air mass depen-
certain (Taraborrelli et al., 2012). dence of the component indicates that its abundance cannot
Figure 4 summarizes a key finding of our study during the be directly linked to any emission source, but could be related
SAPUSS project. A clear anti correlation between SOA ISOto oxidation processes in the urban center.
and SOA BIO PIN can be seen for the plotted Pd&ytime This study reveals that 43—66 % and 18-28 % of the OA
samples. Additionally, the five days characterized by NPFdetected at the RS and UB, respectively, have an urban ori-
events are all distributed in the top left part of the panel. Ingin, leaving a substantial contribution of biogenic compo-
other words, our results suggest that large isoprene emissiomgents in the studied urban area. However, the urban atmo-
can suppress NPF formation in urban areas. Furthermore, th&phere seems to be responsible for the transformation of
very high percentages of SOA BIO PIN in the Pvhass  OA (Donahue et al., 2009), creating difficulties in fully as-
detected during the NPF events suggest that biogenic consigning OA sources with the traditional definitions of pri-
pounds could be partially responsible for the growth of ul- mary and secondary organic aerosol. In future publications
trafine particles in the urban area of Barcelona. Such resultsf this ACP special issue, data from collocated and indepen-
go in the same direction of recent findings in the same arealent SAPUSS measurements will be compared with the ap-
showing that the majority of OA is of non-fossil origin (Min- portionment of the OA sources obtained during this study
guillon et al., 2011). (GC-MS/MCR-ALS), in order to increase the insights of the
The third SOA component (SOA Aged) contains a mixture potential sources and transformation processes in the urban
of both biogenic and anthropogenic SOA tracers. ThereforeMediterranean area of Barcelona.
it was not possible to estimate the contribution of non-fossil
and fossil organic carbon in this component. By consider-

ing BBOA REG., SOA BIO PIN of non-fossil origin, this . )
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12 Table Sl 1. Seven solution component with all 35 compounds
13
14

Seven solution Comment
component factor

It maintains the features of the six factor solution POA Urban,
1 POA Urban 1 with a main PAH (PAH_high) structure.

POA Urban 2 (new component). This is a splitting of POA

2 POA Urban 2 Urban 1. The merging of Urban POA 1 and Urban POA 2
from the seven solution component give the urban POA of the
6 component (R°=1). This solution is a splitting of the POA
Urban.

OOA Urban. This solution is very constant over the 6 factor
3 OOA Urban solution. The regression line is 1:1, but only the C;-Cqg
signature is conserved in the loadings of the organic
compounds, and the PAH-hopanes structure is lost.

This component is really stable, has same temporal trend and
4 SOA BIO ISO same R? and same factor profile with the 6 and 7 factor
solution. There is almost no difference between the 6 and 7
factor solution.

Main component is still cis-pinonic acid, but the second one
5 SOA BIO PIN major one is a PAH. The temporal trend of this component is
also less clear.

This solution is similar to the 6 factor one. However, there is
generally lower conc. (0.2 pg m™) than previous studies (0.3-
0.4 pg m). Overall the RS-UB correlation are the same (R?
6 BBOA Reg. =0.88). However, the correlation between RS and UB for the
last period is much better (R? =0.95) for the 6 component
than the 7 one (R?<0.7). The 6 factor solution is better.

This component maintains the feature of the aged SOA.
However, the difference in conc. between RS and UB is very
7 SOA aged high. The 6 factor solution is better.

15
16  Figure Sl 1. Organic markers loadings, temporal trends and concentrations for the

17  seven solution

18
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Figure SI1. MCR-ALS resolved profiles applying non-negativity constraints. Column on
the left shows the loading organic compound composition of the six selected
components. Column in the middle shows the temporal trend of the score values of the
six components. Column on the right shows the relative contribution of the scores (%)

as well as the estimated mass contribution of organic carbon to volume (ug OCm?).
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Abstract Water-soluble organic compounds (WSOCs), repre-
sented by anhydro-saccharides, dicarboxylic acids, and polyols,
were analyzed by gas chromatography interfaced to mass spec-
trometry in extracts from 103 PM; and 22 PM, s filter samples
collected in an urban background and road site in Barcelona
(Spain) and an urban background site in Los Angeles (USA),
respectively, during 1-month intensive sampling campaigns in
2010. Both locations have similar Mediterranean climates, with
relatively high solar radiation and frequent anti-cyclonic condi-
tions, and are influenced by a complex mixture of emission
sources. Multivariate curve resolution-alternating least squares
analyses were applied on the database in order to resolve differ-
ences and similarities in WSOC compositions in the studied
sites. Five consistent clusters for the analyzed compounds were
obtained, representing primary regional biomass burning organ-
ic carbon, three secondary organic components (aged SOC,
isoprene SOC, and «-pinene SOC), and a less clear component,
called urban oxygenated organic carbon. This last component is
probably influenced by in situ urban activities, such as food
cooking and traffic emissions and oxidation processes.
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Introduction

Organic carbon (OC) accounts for a major fraction of the
atmospheric fine particulate matter (PM, 5) and water-soluble
organic compounds (WSOC) are important contributors to OC
(Hersey et al. 2011). Biomass burning is an important primary
emission source for WSOC (Fine et al. 2004). Nevertheless, in
the absence of biomass burning, most of the WSOC is thought
to be derived from secondary organics of which many are
oxygenated compounds, such as dicarboxylic acids (DCA)
(Hallquist et al. 2009). Although DCA are emitted in small
quantities from traffic and vegetation it is expected that the
majority of these oxidized compounds are formed in the atmo-
sphere after photochemical transformation of volatile and semi-
volatile organic compounds from nonfossil (e.g., vegetation) as
well as fossil origins (e.g., fossil fuel combustion) (Heald et al.
2010; Kleindienst et al. 2012; Paulot et al. 2011). The impor-
tance of oxidized organics is emphasized by their large contri-
bution (40-90 %) to the total the organic fraction in PM, s,
especially in polluted areas (Jimenez et al. 2009).

The composition and evolution of secondary organic car-
bon (SOC) in the atmosphere is still not well known and prone
to controversy (Hallquist et al. 2009). For example, several
studies showed that diluted emissions from diesel emissions
or biomass burning produce large quantities of SOC, whereas
field measurements in the Los Angeles (LA) basin indicated
an enhanced formation of SOC from gasoline emissions over
diesel emissions (Bahreini et al. 2012). Although the net
emissions of volatile organic compounds (VOCs) from vehi-
cles have been reduced by a factor of two in LA over the past
decades (despite that the number of vehicles has increased), it
is still thought to be a dominant source (Warneke et al. 2012).
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Nevertheless, the contributions of oxygenated OC from non-
fossil sources, such as biogenic VOCs emitted from vegetation,
are still uncertain. Recent results from radioactive carbon (**C)
analysis of urban aerosols collected from both Barcelona
(BCN) and LA showed that non-fossil sources contribute for
about 50 % of the fine OC aerosol (Minguillon et al. 2011;
Bahreini et al. 2012). Moreover, food-cooking activities seem
to contribute substantially to OC in urban areas. In both LA and
BCN, these contributions were estimated to be around 15 % of
the OC based on online high-resolution aerosol mass spectrom-
etry (HR-AMS) analysis (Hayes et al. 2013; Mohr et al. 2012).

The comparison between LA and BCN is of interest as both
urban areas have similar Mediterranean climates, which are
characterized by high solar radiation and frequent anti-cyclonic
atmospheric conditions, resulting in accumulation of primary
and secondary aerosols. Moreover, both urban areas are under
influence of intensive primary urban emissions from vehicles.
The vehicle composition in the LA basin is dominated by
gasoline-based engines (Bahreini et al. 2012; Hayes et al.
2013), whereas around 75 % of the vehicles in BCN have
diesel engines and 30 % of the total vehicles are motorcycles
(Reche et al. 2012). Previous results from the same sampling
campaigns as the ones in the present study have shown that the
urban primary emissions contributed for 12 % to the organic
aerosol in LA (Hayes et al. 2013), which was similar to the
18 % estimated in the urban background site in BCN, while
this contribution in the traffic intensive road site was 43 %.

As the number of chemical species is very large in fine
aerosol, it is almost impossible to obtain a comprehensive
chemical characterization of organic aerosol. As a result, the
analysis of tracer organic compounds can provide insight into
the origin and evolution of the organic aerosol if these com-
pounds are related to source emissions and photooxidation
processes. The tracer compounds measured in this study are:

» Levoglucosan, galactosan, and mannosan are monosac-
charide anhydrides that are thermal alteration products of
cellulose and hemi-cellulose, respectively (Simoneit
2002). Levoglucosan is emitted in large quantities during
biomass burning (Fine et al. 2004), therefore, easily iden-
tified in PM samples.

*  DCA, hydroxy-DCA and aromatic-DCA have received
much attention because of their role in affecting the global
climate and their value as organic tracers for secondary
organic aerosol formation (Heald et al. 2010; Moise and
Rudich 2002; Paulot et al. 2011; Yang et al. 2008).

* Cis-pinonic acid, 3-hydroglutaric acid and 3-methyl-1,2,3-
butanetricarboxylic acid (MBTCA) have been identified in
fine aerosols and related to the photochemical oxidation of x-
pinene (Claeys et al. 2007; Szmigielski et al. 2007), which is
the most abundant monoterpene in the studied area derived
from biogenic emissions. MBTCA is formed by OH-initiated
oxidation of cis-pinonic acid (Szmigielski et al. 2007).

@ Springer

e 2-methylglyceric acid and polyols, such as Cs-alkene
triols and 2-methyltetrols, have been related to isoprene
oxidation (Claeys et al. 2004; Hallquist et al. 2009), a
major VOC emitted from terrestrial vegetation.

The selection of these compounds allows analyzing the
influence of the different potential sources (anthropogenic
vs. biogenic; fossil vs. nonfossil) and oxidation processes on
organic aerosol formation. Besides the chemical analysis of
these WSOC constituents in the filter extracts from LA and
BCN, the relationships among these chemical organic species
was further investigated using multivariate curve resolution-
alternating least squares (MCR-ALS) analyses on data matri-
ces. MCR-ALS is based on a bilinear decomposition as it is
described elsewhere in more detail (Tauler et al. 1995; Jaumot
et al. 2005). One of the main advantages of MCR-ALS is that
decomposes the data matrix by applying natural constraints,
such as non-negativity, and thus, results can be interpreted
more straightforwardly. MCR-ALS has been successfully
used in the analysis of environmental data sets in air source
apportionment studies (Tauler et al. 2009; Alier et al. 2013).

Methods and materials
Sampling sites in BCN

Two sites were sampled in BCN from 22 September 2010 to
18 October 2010 as part of the Solving Aerosol Problems by
Using Synergistic Strategies project (SAPUSS). The urban
background site (BCN-UB; 41.3899° N; 2.1161° E; 80 m
above sea level (a.s.l.)) was located in a residential area,
whereas the road site (BCN-RS; 41.3884° N; 2.1500° E;
40 m a.s.l.) was located in Urgell Street within the square-
grid street network of BCN’s city center. More detailed infor-
mation is described elsewhere (Dall’Osto et al. 2013).

Sampling site in LA

The sampling site in the LA Basin was located in Pasadena,
CA (LA; 34.1408° N; 118.1223° W; 230 m a.s.l.), where
continuous gas- and aerosol-phase sampling occurred from
15 May to 16 June 2010 as part of the CalNex (California
Research at the Nexus of Air Quality and Climate Change)
field study (Ryerson et al. 2013). This site is 18 km NE from
downtown LA and 44 km from the Long Beach harbor area.
Based on the characteristic of this site it is comparable to the
background site in BCN.

Sampling details

In BCN, all filter samples were collected on pre-baked
(450 °C overnight) quartz fiber filters (Tissuquartz™ Filters,
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2500 QAT-UP, Pall Life Sciences), allowing for high-volume
PM, sampling (Digitel-DH80; 30 m/h). Samples were col-
lected in 12-h sample interval from 9:00 to 21:00 and 21:00 to
9:00 local time. In LA, filter samples were collected on quartz
fiber filters (Tissuquartz™ Filters, 2500 QAT-UP, Pall Life
Sciences), allowing for high-volume PM, 5 (TE-6001; 60 m’/
h) of 23-h integrated filter samples from midnight to 11 pP™m
local time.

Filter samples collected in both locations from each day
were stored in a freezer at —18 °C until chemical analysis.
Field blanks were collected every 7-10 days by placing a pre-
fired quartz fiber filter into the sampler for 15 min before
removing and storing in the same manner as the field samples.
Analysis of both field and lab blanks showed no significant
organic contaminants on pre-fired quartz filters, indicating
that all of the organic compounds characterized in the present
study are due to the aerosol collected from LA and BCN.

Organic tracer analysis

A detailed description of the analytical procedure can be
found elsewhere (Alier et al. 2013). Briefly, a fraction (1/4
or 1/8 parts) of the blank and sample filter was ultrasonically
extracted in a mixture of (2:1, v/v) dichloromethane and meth-
anol (3x15 ml, Merck, Germany). After extraction, the ex-
tracts were filtered, concentrated by rotovap and evaporated
under a gentle stream of N, until dryness. WSOCs were
derivatized to their methylsilylate esters by adding bis(-
trimethylsilyl)trifluoroacetamide+trimethylchlorosilane
(99:1; Supelco, USA) and pyridine (Merck, Germany). A
Thermo gas chromatography interfaced to mass spectrometry
(GC/MS; Thermo Trace GC Ultra-DSQ 1I) equipped with a
60-m fused capillary column (HP-5MS 0.25-mmx*25-pm
film thickness) was used for analysis operating in full scan
(m/z 50—-650) and electron ionization (70 eV) modes.
Compounds were identified with their characteristic ions at
the corresponding retention time in authentic standards or by
comparison of mass spectrometric fragmentation patterns
from literature and library data in the case of 3-
hydroxyglutaric acid, 3-methyl-1,2,3-butanetricarboxylic acid
(MBTCA), 2-methylglyceric acid, Cs-alkene triols, 2-
methylthreitol, and 2-methylerythritol (Claeys et al. 2007).
Quantification was performed by calculating the concentra-
tions using external standard calibration curves of authentic
standard. Here, the chromatographic area of the ion of an
analyte was divided by the area of internal standard, so a
calibration curve can be formed with the know amounts of
the standards. Then, the area of the analyte in the sample,
divided by the area of the internal standard, was introduced to
the regression line of the calibration curve in order to obtain
the amount of the analyte in the extract (corrected by the
known amount of internal standard). To correct for losses
during the analytical procedure, the amounts of the analytes

are corrected by the recoveries of the surrogate standards
(succinic acid-d4 (Sigma Aldrich) and levoglucosan-d7
(Cambridge Isotopic Laboratories)) that were added to the
filter samples before extraction.

Data arrangement

Experimental data obtained from GC/MS were arranged in a
data matrix for every analyzed station and used for chemo-
metric analysis in the MCR-ALS method. In the two BCN
sites, the samples were stored in two separate data matrices in
12-h periods from 22 September to 18 October 2010. In LA
site, samples were stored in a single data matrix in 24-h
periods from 15 May to 12 June 2010. The samples of three
locations were analyzed individually and simultaneously.
Experimental data from the different samples (excluding field
blanks) are set in the matrix rows and the measured com-
pounds in the matrix columns. This gave a data matrix of 52
rows (samples) and 17 columns (measured compounds) for
BCN-UB station, a data matrix of 51x 17 for BCN-RS station
and a data matrix of 22x 17 for LA station. As the three data
matrices (stations) had the same number of columns (analyzed
compounds), the three individual data matrices were also
arranged in a column-wise augmented data matrix with di-
mensions 125x17.

All data arrangements and pretreatments were performed
into MATLAB 7.4 (The Mathworks, Natick, USA) for subse-
quent multivariate data analysis using MATLAB PLS 5.8
Toolbox (Eigenvector Research Inc, Masson WA, USA).

Results and discussion
WSOC analysis

Table 1 shows the mean, minimum and maximum concentra-
tions of WSOC constituents (or tracers) in the two locations
after analyses of the extracts by GC/MS.

Anhydro-saccharides

Levoglucosan, mannosan and galactosan, as organic tracers
for biomass burning, showed low concentrations, with mean
levels for levoglucosan of 14, 9, and 5 ng/m3 in LA, BCN-UB,
and BCN-RS, respectively (Table 1). The levoglucosan levels
were comparable to those found in background sites where
biomass burning has little influence on the air quality
(Puxbaum et al. 2007). Ratios between the compounds have
been used in the past to indicate the biomass source of the
combustion (Fine et al. 2004, Schmidt et al. 2008). The ratios
of levoglucosan to mannosan were very consistent during the
samplings and similar in all sites (9.8+1.7 in LA, 9.6+3.4 in
BCN-UB, and 9.2+2.1 in BCN-RS). Based on combustion
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Table 1 Mean (minimum—maxi-

mum) concentrations (nanograms LA (N=22) BCN-UB (N=52) BCN-RS (N=51)

per cubic meter) of analyzed

WSOC in PM samples from LA Galactosan 1.4 (0.6-2.5) 1.3 (0.2-7.1) 0.7 (0.1-4.4)

and BCN (number of samples Mannosan 1.5 (0.7-3.1) 1.2 (0.2-5.6) 0.6 (0.1-3.8)

) Levoglucosan 14.1 (7.1-24.0) 9.4 (1.7-40.0) 5.3 (0.6-30.5)
Succinic acid 14.4 (4.2-38.4) 7.3 (3.1-24.7) 6.2 (2.5-14.8)
Glutaric acid 5.9(1.8-13.9) 2.0 (0.6-7.5) 1.5(0.6-3.2)
Pimelic acid 1.0 (0.5-1.8) 0.6 (0.2-2.1) 1.3 (0.6-3.7)
Suberic acid 0.9 (0.3-1.8) 0.9 (0.4-3.0) 1.7 (0.7-3.9)
Azelaic acid 5.1(2.5-12.1) 2.9 (1.0-7.3) 6.1 (2.4-13.0)
Malic acid 19.4 (4.0-47.1) 14.2 (1.2-72.7) 9.9 (1.2-33.6)
Phthalic acid 5.2(0.7-13.2) 3.9(09-11.4) 3.6 (1.3-9.3)
Cis-pinonic acid 4.8 (2.2-11.3) 15.4 (3.6-49.7) 8.0 (3.1-18.4)
3-hydroxyglutaric acid 6.2 (1.1-14.1) 4.5 (0.5-20.2) 3.1(0.8-8.6)
MBTCA 1.2 (0.3-2.7) 5.5(1.0-23.5) 4.1 (0.7-10.3)
C5-alkene triols 5.7 (1.5-12.6) 1.0 (0.1-3.0) 0.7 (0.1-2.2)
2-methylglyceric acid 6.2 (1.1-14.1) 2.1 (0.4-6.4) 1.9 (0.6-4.5)
2-methylthreitol 3.7 (1.4-7.9) 2.8 (0.6-7.8) 1.5(0.4-3.8)
2-methylerythritol 9.3(3.1-22.4) 6.5 (1.7-20.7) 3.5(0.6-9.5)

experiments using different wood types, where softwood and
hardwood ratios are around 4+1 and 18+5, respectively (Fine
et al. 2004; Schmidt et al. 2008), the observed ratios in the
present study indicate a mixture of soft- and hardwood.

Both in LA and BCN, wood combustion is not a local
energy source and the observed concentrations are represen-
tative for influence of regional biomass combustion. This is
further indicated by the good correlation between the temporal
concentration trends in the two sites in BCN (2=0.8). Here,
higher concentrations were observed in the last part of the
sampling campaign (Fig. 1), which coincidence with the pe-
riod when open fires in fields for biomass waste burning are
legally allowed in the region. In LA, the concentrations
showed fluctuations between 10 and 20 ng/m?, but there was
a decreasing trend along the sampling period (Fig. 1; 7=0.3).
The small influence of biomass burning in LA was also
observed in the HR-AMS analysis during the CalNex cam-
paign (Hayes et al. 2013). In the HR-AMS analyses, the
biomass burning signal was below detection limit and proba-
bly mixed with secondary organic species, indicating the
origin of the biomass burning aerosol was the result of long-
range transport.

The 12-h resolution samples in BCN did not show any
clear difference between day and nighttime samples for the
concentrations of anhydro-saccharides, although during the
end of the sampling period, slightly higher levels were ob-
served during the nighttime, which probably indicates the
influx of biomass burning influenced air masses from the
inland by the land-breeze during this period.

Despite the detection of the anhydro-saccharides in the PM
samples in both locations, as well as the indications that these
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compounds are sampled in aerosols after long-rang atmo-
spheric transport, it is important to remember that these or-
ganic tracers for biomass burning may to be susceptible to
oxidation (Hennigan et al. 2011; Hoffmann et al. 2010).

DCA, hydroxy-DCA, and aromatic-DCA

The mean concentration of these compounds ranged between
1 and 19 ng/m® in LA, 1-14 ng/m® in BCN-UB, and 1-10 ng/
m® in BCN-RS (Table 1), with the highest individual com-
pound concentrations observed for malic acid (73 ng/m® in
BCN and 47 ng/m® in LA) and succinic acid (24 ng/m® in
BCN and 38 ng/m® in LA). The higher levels of malic acid
(hydroxy-succinic acid) than its parent compound, succinic
acid, was also observed in other sites that were influenced by
anthropogenic emission sources although a non-fossil origin
ofthese compounds cannot be excluded (Yang et al. 2008, and
references therein). Malic acid concentrations were similar to
those measured in winter in the urban area of BCN (van
Drooge et al. 2012) and comparable to other European sites,
such as K-Puszta, Hungary (38 ng/m3) (Ion et al. 2005) and
Jiilich, Germany (39 ng/m®) (Kourtchev et al. 2008).
Phthalic acid, a possible oxidation product of gas-phase
polycyclic aromatic hydrocarbons from fossil fuel combus-
tion, had similar concentrations in the three sites (~4 ng/m?;
Table 1). Phthalic acid concentrations in LA were consistent
with those obtained from GC-ITMS analyses by Kleindienst
et al. (2012) in collocated filter samples collected from the
CalNex study. Moreover, they identified 2-methylphthalic
acid in their sample extracts at concentrations around 3 times
lower than phthalic acid, but with a similar temporal trend.
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Fig' 1 Temporal trends of concentrations (nanograms per cubic meter) of the Zanhydro-saccharides (g’” 6(3}’1), Zdicarboxylic acids (r Ed)a ZSOC tracers for o-pinene

(black), and Y soc tracers for isoprene (blue) in the three sampling sites

Posterior analysis of the GC/MS chromatograms in our study
confirms the presence of 2-methylphthalic acid in similar
concentrations (LA=1.5 ng/m*; BCN-UB and BCN-RS=
0.9 ng/m’) as Kleindienst et al. (2012) and showing good
correlations with phthalic acid (r2=0.8 in LA; 0.7 in BCN-
UB and 0.4 in BCN-RS). In the 12 h sampling resolution in
BCN, the daytime samples also showed higher concentrations
than the nighttime samples, indicating the formation of these
products in the city. Kleindienst et al. (2012) discussed the
application of phthalic acid (and isomers) for the source
apportionment of SOC contribution from PAH emissions
(i.e., naphthalene oxidation). The temporal multiday trend in
LA as well as the similar concentrations in two sites in BCN
(=0.7; slope= 1.1) agrees with their statement that primary
emissions of phthalic acid are probably very small in
comparison to secondary formation. Nevertheless, the
weaker regression coefficients in BCN compared with
the one in LA as well as the smaller slopes in BCN
between 2-methylphthalic acid vs. phthalic acid (0.29 in
LA and 0.18 in BCN), may indicate that the apportion
of primary phthalic acid is higher in BCN than in LA.
Conversely, in the two locations phthalic acid did not show
any difference between weekend and weekdays and highest
multiday concentrations were observed during regional cir-
culation of air masses (e.g., between 2 and 6 June in LA and
between 15 and 17 October in BCN (Fig. 1) (Dall’Osto et al.
2013; Hayes et al. 2013; Thompson et al. 2012)).

These results indicate that most of the detected phthalic
acid (and other DCAs, such as succinic acid, glutaric acid and
malic acid) were SOC, which were relatively rapidly formed
in the atmosphere after oxidation of precursors. Under stag-
nant atmospheric condition these compound accumulate in the
urban atmosphere. This could lead to relatively higher day
than nighttime levels, but not necessarily to higher weekday
concentrations.

Longer-chained DCAs (C;—Cy), i.e., pimelic acid, suberic
acid, and azealic acid, seemed to behave differently from the
shorter DCAs and their isomers (including aromatic DCAs).
For example, the C;—C, concentrations were two times higher
in the urban center of BCN-RS compared with the background
sitt BCN-UB. In all sites, azelaic acid concentrations were
always higher than pimelic acid and suberic acid (Table 1), with
good correlations between the temporal trends (+*~0.7). In
BCN-RS the concentrations of these compounds showed a
clear daytime maximum and nighttime minimum, while this
was less clear in BCN-UB. The presence of azelaic acid in
ambient PM, 5 has been related to fast oxidation of unsaturated
fatty acids, i.e., oleic acid, by ozone (Moise and Rudich 2002).
Oleic acid itself may have many sources in the urban atmo-
sphere, such as food cooking, traffic and non-fossil sources,
including the marine environment (Schauer et al. 2002). In the
present study, this possible precursor for azelaic acid was
detected only in low concentrations (<2 ng/m’; including in
field blanks). It is very well possible that the C,—Co DCAS are
related to rapid oxidation processes within the urban atmo-
sphere that are not yet well characterized. An indication for this
hypothesis is the high concentrations in the city center (BCN-
RS, 6.1 ng/m’) in comparison to the background site in BCN
(BCN-UB, 2.9 ng/m3). Nevertheless, azelaic acid itself is also
susceptible to relatively fast oxidation in the presence of OH
radicals to form shorter chained DCAs. As discussed in detail
by Alier et al. (2013), in BCN there was a linkage of these
compounds and primary organics typically emitted by gasoline
engine vehicles as well as air mass dependency, with higher
concentrations under low-nitrate conditions.

Biogenic SOC tracers for a-pinene

The biogenic SOC tracers for o-pinene oxidation, which
includes cis-pinonic acid, 3-hydroxyglutaric acid (3-HGA)
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and MBTCA, had average concentrations of 5, 6, and 1 ng/m3
in LA, 15,5, and 6 ng/m3 in BCN-UB, and 8, 3, and 4 ng/m3
in BCN-RS, respectively (Table 1). The LA levels were in the
lower range as those observed in July—August in Riverside,
situated east within the LA Basin (3 4.pinene soa~38—60 ng/
m®) (Stone et al. 2009), which may indicate seasonal depen-
dence of the concentrations of these compounds, since the
present study was conducted in May—June. On the other hand
the present concentrations were very similar to the ones mea-
sured during June—July in urban sites in Marseille, along the
Mediterranean coast in France (15, 4, and 5 ng/m3 , for cis-
pinonic acid, 3-HGA, and MBTCA, respectively; El Haddad
et al. 2011). The higher concentrations in BCN-UB could be
caused by the proximity of this site the coniferous forest,
whereas the lower cis-pinonic concentrations in BCN-RS
may reflect further oxidation of this compound in the urban
atmosphere. Studies performed in forested areas showed
slightly higher levels of MBTCA, such as K-Puszta,
Hungary (12 ng/m3) (Kourtchev et al. 2009), and Jiilich,
Germany (7 ng/m®) (Kourtchev et al. 2008). The «-pinene
SOC tracers showed different diurnal and multiday trends.
While 3-HGA and MBTCA were highly correlated in the
two locations (#=0.8 in LA and 0.7 in BCN), cis-pinonic acid
did not show any correlation with 3-HGA and MBTCA. Cis-
pinonic acid is a first-generation product of x-pinene oxida-
tion, whereas MBTCA is formed by OH-initiated oxidation of
cis-pinonic acid (Szmigielski et al. 2007) and 3-HGA is also
thought to be a further-generation oxidation product (Claeys
et al. 2007). Therefore, this possibly explains why there was
no correlation observed between cis-pinonic acid and the other
two oxidation products. Despite the substantial correlations
between 3-HGA and MBTCA in both sites, the ratio between
the compounds in LA was 5.1+1.7 and 0.8+£0.4 in BCN. It is
unclear what mechanisms are behind these differences, but it
is possible the time of sampling (May—June for LA;
September—October for BCN) influences these ratios.

SOC tracers for isoprene

The SOC tracers for isoprene, which includes Cs-alkene triols,
2-methylglyceric acid (2-MGA), 2-methylthreitol and 2-
methylerythritol (2-MT), had average concentrations of 6, 6,
4,and 9 ng/m3 inLA,1,2,3,and 7 ng/m3 in BCN-UB and 1,
2,1, and 4 ng/m’ in BCN-RS, respectively (Table 1). Similar
concentrations were found for Lewandowski et al. (2013) ina
study done also at the CalNex campaign for 2-methylglyceric
acid (3 ng/m?), 2-methylthreitol (1 ng/m?), and 2-
methylerythritol (3 ng/m’). Cs-alkene triols are known iso-
prene SOC tracers and have been reported at levels around
3 ng/m’ in other European sites (Kourtchev et al. 2008) and at
very high levels around 500 ng/m’ in sites located in the
southeastern USA (Lin et al. 2013a). Similarly high concen-
trations of 2-MT (570 ng/m3) were observed in southeastern
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U.S. during late summer (Lin et al. 2013a). 2-MT and Cs-
alkene triols are formed by the photooxidation (i.e., OH-
initiated oxidation) of isoprene under NO-limited conditions.
2-MGA is formed by the further oxidation of volatile
methacryloylperoxynitrate (MPAN), which is a major
second-generation product of isoprene oxidation under initial-
ly high-NO conditions (Surratt et al. 2010). Recent work by
Lin et al. (2013b) found that 2-MGA is directly formed from
methacrylic acid epoxide, which is a gas-phase oxidation
product of MPAN. The 2-MGA concentrations were in the
same range as those observed in Marseille, France (El Haddad
et al. 2011), while the levels of 2-MT were higher in the
present study. In the present study, both locations had 2-
methylerythritol concentrations that were ~2.5 times higher
than 2-methylthreitol concentrations, but the two compounds
had the same temporal trend (**=1). This ratio between these
isomers of the 2-methyltetrols has also been observed in other
studies (El Haddad et al. 2011; Ion et al. 2005).

Source apportionment of WSOC

MCR-ALS was applied to the individual and column-wise
augmented data matrices (see “Data arrangement”) in order to
investigate the similarities and differences of the analyzed
WSOCs in both LA and BCN. In all cases, non-negativity
and loadings normalization constraints were applied. Loading
normalization allow the comparison of the compounds inside
one component and also between different components. The
total explained variances for the individual analyses were
98.7,97.7, and 97.8 % for LA, BCN-UB, and BCN-RS sites,
respectively, and 95.9 % for the augmented data matrix, when
the three sites were analyzed simultaneously. This latter anal-
ysis emphasizes the composition of the analyzed compounds
that the three stations had in common. The explained variance
of the obtained components was normalized to 100 % in order
to compare the contributions (score values) of the components
to the WSOC in the three sites.

Five consistent components (Fig. 2) were identified in the
three sites for the individual and augmented database analysis.
The five resolved components could be described as potential
WSOC sources: one from regional biomass burning and the
other four from oxidation processes (SOC). A primary urban
organic carbon (POC) component, related to traffic, was not
obtained in this study. However, previous studies from the
same sampling campaigns showed that 12 % of the organic
matter in LA was attributed to primary emissions that were
related to traffic, whereas this was 18 % in the urban back-
ground site (BCN-UB) and 43 % in the traffic intensive road
site (BCN-RS) (Alier et al. 2013; Hayes et al. 2013). These
percentages were applied here in order to estimate the contri-
bution of the obtained WSOC components to the mean OC
concentration. The mean OC concentration in LA was 3.3 g/
m®, while this was 2.1 pg/m> in BCN-UB and 3.5 pg/m’ in
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BCN-RS. The OC concentrations versus the MCR-ALS sum
of scores were correlated in both locations (*=0.82 in LA and
0.24 in BCN (p<0.01)). The lower correlation in BCN was
due to the relatively high POC to OC contributions. Hence,
the correlation coefficient improved when the POC was in-
cluded (#=0.75). The correlation coefficient in LA was high
and remained high if the POC contributions were added.
These findings suggest that the obtained WSOC components
in this study together with the contributions of POC from
previous studies covered most of the OC in the two locations.
In this way it was estimated that about 88 % of the OC was
attributed to WSOC (2.8 pg OC/m?), while this was 82 % in
BCN-UB (1.7 ug OC/m*) and 57 % in BCN-RS (2.0 png OC/
m?). In the following paragraphs, the five resolved WSOC
components are presented and their contributions to OC are
discussed.

Regional biomass burning

The first component (Fig. 2a) was related to biomass burning
and represented by levoglucosan, mannosan, and galactosan
in all sites. The influence of regional biomass burning on the
WSOC was 17 % in LA, with a decreasing trend towards the
end of the sampling period (Fig. 3). In BCN (9-16 % of
WSOC), the score values increase only in the last part of the
sampling period, related to the period when open fires in fields
for biomass waste burning are legally allowed in the region
(Fig. 3). The loadings of DCA in this component were simi-
larly low in all sites (Fig. 2), indicating a clear separation of
biomass burning contributions and those from other sources
and/or processes.

These estimates showed that in LA about 0.5 pg/m® of OC
corresponded to “biomass burning organic carbon” (BBOC;
15 % of OC), while this was 0.3 pg/m® in BCN-UB (13 % of
0C) and 0.2 pg/m® in BCN-RS (5 % of OC) (Fig. 4). The
BBOC contribution in LA is higher than the <5 % estimated in
aerosol mass spectrometry (AMS) analysis by Hayes et al.
(2013). The low contributions in these analysis was possibly
caused by a generally low biomass burning signal (i.e. low
levoglucosan concentrations) in combination with the high
abundance of secondary organics in the LA atmosphere.

Aged secondary organic carbon

The second component (Fig. 2b), which accounted for 28 % of
the WSOC in LA and about 15 % in BCN, was composed
mainly of oxygenated organic aerosol tracer compounds, such
as short-chained diacids (e.g., succinic acid and glutaric acid),
phthalic acid, and more oxygenated compounds from biogen-
ic origin, such as malic acid, 3-HGA, and MTBCA.

Phthalic acid, possibly formed in several steps by oxidation
of napthalene (Kautzman et al. 2010), can be related to proc-
essed aerosols. Interestingly, in both locations, phthalic acid

showed good correlations with MBTCA and 3-HGA (#*>
0.5); two products of further o-pinene oxidation. In all sites,
there was a 1:1 relationship between 3-HGA and phthalic
acid. Conversely, MBTCA showed five times lower concen-
trations compared with phthalic acid in LA, while in BCN the
concentrations of MBTCA were slightly higher than phthalic
acid concentrations. Succinic, glutaric, and malic acid also
showed similar relationships between 3-HGA and MBTCA in
the two locations. As mentioned before, it could be possible
that the sampling performance in different seasons (late spring
in LA and early fall in BCN) may have an influence on the
formation pathways of a-pinene SOC formation.

Generally, the compounds represented in this component
were products of further oxidation processes and can therefore
be linked to processed air from urban and biogenic emissions
in relation with circulation of air masses within the studied
urban areas. In LA and BCN, the temporal trend of the Aged
SOC component (Fig. 3) was very similar to the trend of the
low volatile oxygenated organic aerosols (LV-OOA) mea-
sured by AMS (Hayes et al. 2013), indicating the high oxida-
tion state of these aerosols. Moreover, at both sites, the highest
abundance of this component (Fig. 3) coincides with generally
high aerosol loadings during the sampling campaigns, be-
tween 3-5 Oct and 14-16 Oct in BCN, and 4-7 June in LA
(Dall’Osto et al. 2013; Hayes et al. 2013; Thompson et al.
2012). This component contributed to about 30 % of the OC
(0.8 g OC/m?), whereas this was about 8-13 % (0.3 pg OC/
m?) in BCN (RS and UB, respectively) (Fig. 4).

Oxidized organic carbon of mainly urban origin

The third component (Fig. 2¢), which accounted for 16 % of
the WSOC in LA, 19 % in BCN-UB and 50 % in BCN-RS,
was mainly composed of longer-chained DCA (C;—Cy). There
was a clear separation between these longer-chained DCAs
and shorter ones (succinic acid and glutaric acid) in the aug-
mented data base, while this separation was less clear for the
phthalic acid, malic acid, 3-HGA, and MBTCA in the case of
LA when the database was analyzed separately (Fig. 2c). The
presence of these oxidized compounds in this component in
LA may be related to a more equilibrated influence of poten-
tial sources/processes to this component in this site compared
with the sites in BCN. In the BCN-RS there was a strong day—
night fluctuation of the component (Fig. 3¢) and the contribu-
tion to OC (1.0 pg OC/m?) was significantly higher than the
one in BCN-UB (0.3 ug OC/m®) (Fig. 4), indicating that this
component could be related to specific in-site urban oxidation
processes, which may include cooking activities (see “DCA,
hydroxy-DCA, and aromatic-DCA”). In the urban back-
ground site of BCN-UB this day—night fluctuation is less
pronounced (Fig. 3c), whereas in LA the major compounds
(C4—Cy DCAs) mix up with the “Aged SOC” compounds
(Fig. 2b, 3b). Therefore, it is seems that the “oxidized organic
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Fig. 2 MCR-ALS loadings of
components for individual
analysis in BCN-RS, BCN-UB,
LA, and simultaneous analysis
(RS+UB+LA) with the relative
contribution to the overall varia-
tion in the legends. a Regional
biomass burning, b aged second-
ary organic carbon, ¢ oxygenated
organic carbon urban, d isoprene
secondary organic carbon, and e
biogenic a-pinene secondary or-
ganic carbon
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carbon urban” component was formed after rapid oxidation in
the urban atmosphere and then accumulates in the background
areas. However, the exact precursor and formation pathway
remains unclear. In a previous study in BCN (Alier et al.
2013), the abundance of this component was related to prima-
ry urban emissions (i.e. higher molecular weight PAH), but
there was also an air mass dependence.

In LA, the temporal trend of this component showed sim-
ilarities with the cooking influenced organic aerosol, although
it also correlated with the LV-OOA component (Hayes et al.
2013). Therefore, further study is necessary to elucidate the
origin of this component.
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Isoprene SOC

The fourth component (Fig. 2d) accounted for about 36 % of
the WSOC in LA and 6-11 % in BCN (RS and UB, respec-
tively), and was composed of the products of isoprene oxida-
tion; specifically, the Cs-alkene triols, 2-methyltetrols, and 2-
methylglyceric acid.

Overall, there were substantial correlations between Cs-
alkene triols and the 2-MT (+#=0.8 in BCN and 0.7 in LA).
A similar good correlation was observed for 2-MGA in BCN
(**=0.6and 0.7, respectively), however weaker in LA (*=03
and 0.5, respectively). Although the results in this study
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Fig. 3 Simultaneous MCR-ALS score resolved profiles for the LA (leff) and BCN sites (righf) using non-negativity constraints

suggest that the isoprene oxidation products have similar
origins, the weaker correlations with 2-MGA points to differ-
ent transformation pathway, which were discussed in detail in
“SOC tracers for isoprene”: 2-MT is formed under NO-limited
conditions. Despite the slightly lower NO concentration in LA
(4 ug/m®) compared with the ones in BCN (5 and 8 pug/m® in
UB and RS, respectively), there was no correlation between 2-
MT and NO (Dall’Osto et al. 2013; Pollack et al. 2012).
Overall, the temporal trends of this component (Fig. 2d) does
not coincident with the highest bulk load for PM and organic
aerosols (Dall’Osto et al. 2013; Thompson et al. 2012) nor
with any of the AMS components obtained by Hayes et al.
2013. This may indicate that these secondary organics from
isoprene oxidation probably do not contribute substantially to

the urban OC here. However, the substantial contribution of
31 % to OC of this component in LA (1.0 ug OC/m?*; Fig.4)
suggest the contrary, that at least in this site the influence of
isoprene oxidation is important.

Biogenic a-pinene SOC

The fifth component (Fig. 2e) was composed of cis-pinonic
acid, and contributed to 4 % of the WSOC in LA, whereas this
was 21-37 % in BCN (RS and UB, respectively). The sepa-
ration of this compound from all the other analyzed com-
pounds indicates that a unique source or process and specific
conditions must be involved.
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Fig.4 Mean contributions of WSOC components (micrograms per cubic
meter) to OC for the studied periods in LA, BCN-UB, and BCN-RS. The
red line above the columns indicates the mean OC concentration (micro-
grams per cubic meter)

The locations investigated in the present study did not
show correlations between the concentrations of cis-pinonic
acid and 3-HGA or MBTCA (+#<0.2). The absence of these
correlations can be explained by the different formation
modes of these compounds as mentioned in “Biogenic SOC
tracers for «-pinene”: cis-pinonic acid is a first-generation
product of pinene oxidation, while MBTCA and 3-HGA are
probably formed from further reaction of cis-pinonic acid in
the presence of NO,. However, no correlations were observed
between these parameters in any of the sites. Nevertheless, the
ratio between cis-pinonic acid and MBTCA showed peak
ratios (>10) in BCN on 25 September and 5 October, when
urban new particle formation events were detected (Dall’Osto
et al. 2013). Cis-pinonic acid has been linked to nucleation
processes in forested areas as a first step in the formation of
aerosols from organic vapors (O’Dowd et al. 2002; Laaksonen
et al. 2008). In LA, the ratio between cis-pinonic acid and
MBTCA were highest (>10) between 24 and 29 May, coin-
ciding with a period of generally low aerosol loadings (Hayes
etal. 2013).

Implications and conclusions

GC/MS with prior derivatization allows for the identification
of several known organic tracer compounds for WSOC in PM
filter samples. Moreover, the MCR-ALS was successfully
applied on the WSOC dataset from LA and BCN, obtaining
five consistent components in these urban atmospheres. The
estimated contributions of WSOC to OC were 88 % in LA,
82 % in BCN-UB and 57 % in BCN-RS. In both locations, the
biomass burning contributions to WSOC were low but could
be separated from components that were related to oxidation
processes, from biogenic and anthropogenic origin. These
components made up about two thirds of the OC is related
to SOC in LA and the urban background site in BCN, while
this was half of the OC in BCN road site. Fresh biogenic SOA
species, such as cis-pinonic from «-pinene oxidation and 2-
methyltetrols from the oxidation of isoprene, showed different
temporal concentration trends in comparison to further-

@ Springer

generation oxidation products (aged SOC), including those
from biogenic emissions as well as vehicle emissions.
Isoprene oxidation was more important in LA than in BCN.
Although this could be related to the different periods of
sampling, the influence of oxidants, such as NOx, can also
play a role and should be studied in more detail. The aged
products from biogenic and anthropogenic origin clustered in
another component that was strongly related to the organic
aerosol loadings in the studied areas. Interestingly, the com-
ponent represented by longer-chained C;—Cy DCA that are
probably related to urban activities and in situ oxidation
processes, may also involve specific atmospheric conditions.
This later component was dominant in the road site in BCN,
and further study should elucidate the role of primary sources
(cooking and traffic), secondary aerosol processing, and at-
mospheric conditions on this component.
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5.2.1 DISCUCCIO DE RESULTATS

En aquesta seccio es presenta la discussié general dels dos articles
continguts en aquest bloc. Aquests resultats s’agruparan segons dos
objectius:

a) Determinacié analitica i quimiomeétrica de compostos organics en

filtres de material particulat a la ciutat de Barcelona

b) Determinacié analitica i quimiométrica de compostos organics en
filtres de material particulat a la ciutat de Los Angeles i comparacié amb
els resultats obtinguts a Barcelona

a) Determinacié analitica i quimiomeétrica de compostos organics en

filtres de material particulat a la ciutat de Barcelona

En aquest estudi s’han analitzat filtres de material particulat de mida
sub-micronica (PM4), en dues localitzacions de la ciutat de Barcelona. S’ha
realitzat una extraccio i un posterior analisi amb cromatografia de gasos
acoblada a espectrometria de masses, com ja s’ha explicat amb detall a la
secci6 3.2 de la present Tesi.

A la Taula 1 de I'Article 4 es mostren les concentracions mitjanes,
desviacions estandard, maximes i minimes del conjunt dels diferents dies i
compostos analitzats durant aquest estudi. Els compostos s’han agrupat per
families: hidrocarburs aromatics policiclics, hopans, alcaloid, sucres anhidres i
acids, poliols o metiltetrols.

Les concentracions dels 12 PAH analitzats van ser dues vegades més
alts a la estaci6 RS que a l'estacio UB, reflectint una forta influéncia dels

residus provinents dels vehicles amb fuels fossils. La correlacio positiva entre
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les dues localitzacions (r*=0.55) UB i RS, tot i la diferéncia de concentracions,
reflecteix les condicions atmosferiques que afecten a la distribucid de
contaminants atmosférics primaris en 'area estudiada. En la estacido RS, els
PAH detectats amb alt pes molecular (m/z>228) van mostrar concentracions
més altes durant el dia que durant la nit, mentre que aquesta diferéncia no es
va veure entre els PAH de baix pes molecular. En la estacié UB, no es van
detectar diferéncies dia/nit pels PAH detectats. Els factors responsables
d’aquesta variacio dia/nit en I'estacid RS poden ser la intensitat del trafic, la
flota de vehicles (diésel o benzina) o les condicions meteorologiques (com la
temperatura). El sumatori de les concentracions de PAH a Barcelona es va
trobar en el mateix interval que els observats en altres arees urbanes dels
EEUU (Ning, 2007; Submarian, 2006). No obstant, a Barcelona, la composicio
relativa dels compostos PAH en l'aire estava enriquida amb els PAH de baix
pes molecular, mentre que arees urbanes dels EEUU estaven més enriquides
en els PAH delevat pes molecular. Aquesta diferéncia entre dues
localitzacions urbanes pot ser degut a I'elevada proporcié de vehicles amb
motor diesel a Barcelona, en comparaciéo amb les localitzacions a EEUU, on
dominen els vehicles de benzina (Rogge, 1993c; Zielinska, 2004).

En relacié als hopans, les concentracions trobades van ser similars a les
dues estacions, mostrant la forta influencia de la combustié de fuels fossils
dels vehicles en la zona estudiada. La relacié entre els PAH de baix pes
molecular amb els hopans, reflecteix les emissions primaries dels vehicles
diésel. No es van trobar diferencies entre els periodes dia i nit, pero si es van
observar concentracions més elevades entre els dies laborables en
comparacié amb els caps de setmana o vacances.

Les concentracions de nicotina van ser molt més elevades a la estacio
RS en comparacié a I'estacio UB. Aixd pot ser degut a que I'estacido RS esta
molt propera a un carrer amb molt moviment de vehicles i persones i també
d’una sortida del metro. Es important mencionar que Espanya es troba entre
els paisos on el consum de cigarretes és meés elevat dins la Uni6é Europea i al
mon (WHO, 2010). Es van trobar concentracions més elevades durant el dia
que durant la nit, i també durant els dies laborables. Aquest fet indica I'elevada
relacio de la nicotina amb les jornades de treball.
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Els anhidrosacarids mannosan i galactosan es van trobar en baixes
concentracions en les dues estacions, tot i que la concentracié de
levoglucosan va ser més elevada especialment a la ultima part de I'estudi. La
influéncia de la crema de biomassa és petita en aquesta regio tot i el seu
augment en la ultima part de I'estudi, degut al comengament del permis de
cremar a partir del 15 d’Octubre i també degut a unes condicions
anticicloniques regionals en aquest periode (DOGC, 1995; Dall’'Osto, 2013).

Les concentracions dels acids dicarboxilics es van trobar lleugerament
superiors a l'estaciéo UB en comparacié a 'estacio RS, amb I'excepcid dels
acids dicarboxilics llargs (C7-Cyg), que van tenir concentracions més elevades a
RS. Entre aquests acids dicarboxilics llargs, el que va presentar
concentracions més elevades va ser 'acid azelaic, que esta relacionat amb
I'oxidacio d’acids grassos insaturats, com l'acid oleic, per 'oz6 (Gogou, 1994;
Moise, 2002). L'acid oleic en atmosferes urbanes pot provenir de diferents
fonts, com el cuinat d’aliments (Fang, 2002; Robinson, 2006) o el trafic, pero la
oxidacio de precursors biogénics també pot ser una font important de d’acids
dicarboxilics llargs (Mochida, 2003; Zhang, 2010; Ho, 2011).

Els tres tragadors biogénics per l'aerosol organic secundari (SOA) de
'oxidacio de l'a-pinene, acid cis-pindnic, acid 3-hidroxiglutaric i acid 3-metil-
1,2,3-butantricarboxilic (MBTCA), van mostrar concentracions mes elevades a
I'estacié UB, pero similars a les trobades per El Haddad (2011) a I'area urbana
mediterrania francesa. L’acid cis-pindnic no va presentar correlacié amb els
acids 3-hidroxiglutaric i MBTCA, pero el acid 3-hidroxiglutaric i el MBTCA si van
presentar una correlacio significativa entre ells. Aquest fet és degut a que la
tendéncia temporal de I'acid cis-pinonic és diferent de la obtinguda pels altres
dos tragadors i el seu origen pot ser diferent (Ding, 2011; Szmigielski, 2007).

Les emissions des de la vegetacio es consideren les majors fonts de
compostos organics volatils derivats dels isoprenoids (Guenter, 1995), pero
també els tubs d’escapament aporten una quantitat d’'isopré no negligible en
arees urbanes (Borbon, 2001; Park, 2011). Estudis previs en la regid
metropolitana de Barcelona han descrit fonts d’isopré antropogéniques, encara
que aquestes s’han vist principalment al hivern (Seco, 2012). En aquest estudi,
tots els marcadors relacionats amb el isopré (Cs-alquentriols, acid 2-
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metilglicéric i metiltetrols) han presentat concentracions més elevades en la
estacio UB, encara que la estaci6 RS és la que té més influencia
antropogenica. També s’ha de tenir en compte, que aquest estudi s’ha realitzat
durant els mesos de setembre i octubre, amb temperatures encara bastant més

elevades que al hivern.

L’analisi multivariant de les dades ens ha permés en aquest cas
observar meés facilment la relacié que hi ha entre els diferents compostos amb
metodes com el PCA i el MCR-ALS. Com ja s’ha mencionat anteriorment, el
PCA ens ha servit per veure quanta variancia pot explicar el model, i el MCR-
ALS ens ha facilitat la interpretacié d’aquesta informacio. Per tant, amb PCA es
va escollir un model amb sis components i amb MCR-ALS es van interpretar els
resultats obtinguts. Es va obtenir una molt bona correlacié (r*=0.9) entre la
concentracio total de carboni organic present en els filtres de PM; i el sumatori
dels scores del model obtingut amb MCR-ALS, indicant que els compostos
organics seleccionats en aquest estudi son representatius de la contribucié de
la fraccid organica de les mostres analitzades durant aquesta campanya. En
lapartat 3.2 de [I'Article 4 es pot veure una descripcié detallada dels
components obtinguts, que es descriuen més breument a continuaci6. En la
Figura 2 de I'Article 4 es mostren els sis components obtinguts amb I'analisi
MCR-ALS aplicant restriccions de no-negativitat i normalitzacié dels loadings.
En la Figura 3 de I'Article 4 es mostra, per cada component, el percentatges de
cada tipus d’aire (escenaris) determinats en aquesta campanya (Dall'Osto,
2013).

El primer component (Figura 2 de I'Article 4, POA Urban (aerosol organic
primari urba)) té una elevada contribucio dels PAH, hopans i nicotina. La seva
correlaciéo amb la intensitat del trafic ha estat bona i per tant es pot dir que
correspon a l'aerosol organic primari urba. Els nivells més alts es van trobar
durant els dies de la setmana, especialment el dimecres i el dijous, mentre que
els caps de setmana i festius van presentar nivells molt més baixos. Els scores
d’aquest component estan practicament igual dividits entre els quatre escenaris
de masses d’aire (Figura 3 de I'Article 4), suggerint que és poc depenent del
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transport de masses d’aires regionals i les emissions locals sén les
responsables de la contaminacié atmosferica primaria en I'area urbana.

El segon component (Figura 2 de I'Article 4, BBOA Reg. (aerosol organic
per crema de biomassa regional)) esta format essencialment per levoglucosan,
galactosan i manosan, que s6n marcadors de crema de biomassa primaris. Els
valors més elevats d’aquest component es van observar en el ultim periode de
la campanya de mostreig, coincidint amb masses d’aire regionals recirculades
(Figura 3 de I'Article 4), aixi com amb el comencament del permis de crema de
matolls en I'area de Barcelona. La contribucié trobada per la crema de
biomassa va ser similar a la trobada en altres estudis a Barcelona (Reche,
2012) i també a l'analisi d’espécies inorganiques realitzat en la mateixa

campanya (Dall’Osto, 2013).

Els tragcadors de [l'oxidaci6 de [lisopré (Cs-alquentriols, acid 2-
metilglicéric i metiltetrols) formen el tercer component (Figura 2 de I'Aticle 4,
SOA ISO (aerosol organic secundari derivat del isopre)). Les contribucions
observades van ser similars a les dues localitzacions, suggerint un origen
local, tot i que en el 50% dels casos es van detectar aires de masses regionals
(Figura 3 de I'Article 4).

El quart component (Figura 2 de I'Article 4, SOA BIO PIN (aerosol
organic secundari biogénic derivat de I'a-pinene)) esta dominat principalment
per I'acid cis-pinonic, encara que hi ha petites contribucions dels metiltetrols i
dels hopans. Els perfils temporals en les dues localitzacions UB i RS és
diferent, suggerint que aquest component no influeix amb el mateix nivell en
les dues localitzacions. Aixo pot ser degut a que I'aerosol organic secundari de
'a-pinene sofreix una oxidacié addicional en el centre de la ciutat. La
tendéncia temporal remarcable en aquest component es va registrar al 5
d'Octubre, que va coincidir amb una nova formacié urbana de particules que
podia estar relacionada amb processos de nucleacié en arees forestals com a
primer pas de la formacio d’aerosols a partir de vapors organics (Dall’Osto,
2013; O'Dowd, 2002; Laaksonen, 2008).

En el cinqué component (Figura 2 de l'Article 4, SOA Aged (aerosol
organic secundari antic)) es troben tragadors de l'aerosol organic secundari
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tant d’origen antropogénic com biogénic com son els acids dicarboxilic C3-Cs,
els hidroxiacids dicarboxilics, I'acid tricarballitic, i en menor mesura els acids
dicarboxilics C7-Cg i I'acid ftalic. L’acid cis-pinonic no esta present en aquest
component, suggerint que aquest component és més antic i oxidat que els
anteriors. La preséncia més gran dels acids dicarboxilics curts (C3-Cs) en
relacio als acids dicarboxilics més llargs (C7-Cg), també indica el caracter més
antic d’aquest component, ja que els acids dicarboxilics amb elevat nombre de
carbonis tendeixen a degradar-se fotoquimicament a acids dicarboxilics més
petits (Yang, 2008). Similars concentracions i tendéncies es van trobar en les
dues localitzacions, suggerint que aquest component impacta de manera
similar en les mateixes. Aquest component va mostrar dependencia amb les
masses d’aire, amb valors més baixos en preséncia d’adveccions nord-

atlantiques (Figura 3 de I'Article 4).

El sisé component (Figura 2 de I'Article 4, OOA Urban (aerosol organic
oxidat urba)) esta format pels acids dicarboxilics de cadena llarga (C7-Co), i
també hi ha una petita preséncia de PAH i de nicotina. No esta clar si aquest
component té un origen primari o secundari, pero té un origen urba, ja que el
nivell és més gran per l'estacio RS, i no hi ha correlacid entre les dues
estacions. L’'abundancia d’aquest component en el centre de la ciutat, i el seu
maxim durant el dia, fa pensar que hi ha fonts d’emissié urbanes locals
implicades en la seva formacio. Els acids dicarboxilics de cadena llarga tenen
relacio amb la oxidacio dels acids grassos insaturats, com pot ser I'acid oleic.
Una de les fonts primaries més importants de I'acid oleic en ambients urbans
és el cuinat d’aliments (Robinson, 2006; Mohr, 2012). Una dependéncia
complexa de les masses d’'aire en aquest component (Figura 3 de I'Article 4)
suggereix que els compostos presents en aquest component estan relacionats
amb processos atmosférics. Els scores més elevats d’aquest component es
van observar sota masses d’aire nord Africa del mar mediterrani, perd també
hi ha un increment d’aquest component coincident amb I'augment de I'aerosol
secundari oxidat (cinqué component), i una disminucié en dos periodes amb

aires regionals.
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En la Taula SI1 i la Figura SI1 de la Informacié Suplementaria de
I’Article 4, es poden observar els diferents components escollits per un model
de set components. La majoria dels components sén practicament iguals dels
trobats anteriorment pel model de sis components, amb la diferéncia que aqui
el primer component apareix subdividit en dos. El primer component és molt
semblant al de la solucié de sis components, perd aqui presenta menys
importancia dels hopans, que s’han traslladat al nou component, juntament
amb PAH de més baix pes molecular. Aquest nou component sembla
emfatitzar el trafic degut als vehicles diésel, que son una part important dels

vehicles de Barcelona.

Com a conclusioé d’aquest apartat, es pot dir que I'aplicacié del metode
MCR-ALS a la base de dades de concentracié obtinguda amb I'analisi GC-MS
de diferents compostos organics, ens ha permes obtenir sis fonts d’emissié
d’aerosol organic. Entre aquests s’han trobat dos directament relacionats amb
emissions antropogeniques primaries (primer i segon components), que han
estat més importants a I'estacié de RS. La suma dels tres components SOA,
tercer, quart i cinqué, han contribuit al 60% de I'aerosol organic a I'estacio UB,
similar al 55% trobat per Mohr en la mateixa localitzacié (Mohr, 2012), mentre
que aquest percentatge va ser 27% per la estaci6 RS. Dos d’aquests
components estan representats per productes d'oxidacié del isopre i del o-
pinene, mentre que el tercer esta composat per una barreja de compostos
amb origen antropogénic i biogénic. Les contribucions biogéniques al SOA,
s’esperaven baixes en arees urbanes, pero s’ha demostrat que les emissions
complexes urbanes poden accelerar la oxidacio dels compostos organics
volatils (Goldstein, 2007; Liao, 2007). Respecte al sisé component, composat
principalment pels acids dicarboxilics de cadena llarga C7-Co, els resultats
suggereixen que té origen antropogenic i que depén de processos oxidatius
desconeguts en el centre urba, perd es necessitarien més dades per

especificar la procedéncia d’aquestes emissions.
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b) Determinacio analitica i quimiométrica de compostos organics en
filtres de material particulat a la ciutat de Los Angeles i comparacié amb
els resultats obtinguts a Barcelona

A los Angeles es va seguir un procediment semblant a [l'utilitzat per
Barcelona, pero en aquest cas només es va disposar d’una estacio i només es
van analitzar els compostos organics polars, el procediment analitic dels quals
ja s’ha explicat anteriorment a la secci¢ 3.2. de la present Tesi. Tant la ciutat
de Barcelona com la de Los Angeles, son dues ciutats urbanes amb climes
mediterranis, caracteritzades per unes elevades radiacions solars i frequents
condicions atmosfeériques anticicloniques, el que ens ha permes una
comparacié interessant. Una de les diferéncies entre les dues ciutats és la
composicio dels vehicles, ja que a Los Angeles la majoria de vehicles sén de
benzina (Bahreini, 2012; Hayes, 2013), mentre que a Barcelona el 75% dels
vehicles son diésel i el 30% dels vehicles son motocicletes (Reche, 2012).

Ala Taula 1 de I'Article 5 es poden veure les mitjanes (minim-maxim) de
les concentracions (ng/m°) en els compostos polars analitzats en les tres
estacions (una a Los Angeles i dues a Barcelona). Els tragadors organics per
la crema de biomassa, levoglucosan, galactosan i mannosan van mostrar
concentracions baixes en les tres localitzacions, ja que ni a Barcelona ni a Los
Angeles la combustio per fusta és una font local d’energia important. Pel que
fa als acids dicarboxilics, tant a LA com a BCN les concentracions individuals
més elevades es van trobar per I'acid malic i I'acid succinic, amb valors
comparables d’acid malic en un estudi realitzat al hivern a Barcelona (Van
Drooge, 2012) i en altres estudis realitzats en altres localitzacions europees
(lon, 2005; Kourtchev, 2008). Les concentracions d’acid succinic i acid malic
van ser superiors a LA en comparacio a les obtingudes per BCN, mentre que
I’acid ftalic va tenir concentracions més comparables en les tres estacions. No
es van observar diferéncies de concentracié en l'acid ftalic entre els dies
laborables i els caps de setmana, i les concentracions més elevades es van
trobar durant la circulacio de masses d’aire regionals. Aix0 indica que la
majoria de I'acid ftalic detectat (i altres acids dicarboxilics com el succinic, el
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glutaric o el malic) sén secundaris i es formen relativament rapid en
I'atmosfera en preséncia de radicals hidroxil.

Els acids dicarboxilics de cadena llarga (C7-Cy), acid subéric, pimeélic i
azelaic, tenen un comportament diferent dels acids dicarboxilics curts, ja que
aquests primers tenen concentracions més elevades en el centre de la ciutat.
En el tres casos, tant a BCN com a LA, l'acid azelaic és el que té una
concentracio més elevada. La preséncia de l'acid azelaic en el aerosol esta
relacionat amb la rapida oxidaci6 d’acids grassos insaturats, com per exemple
I’acid oleic, que té moltes fonts urbanes com el cuinat d’aliments, el trafic, o
altres fonts no fossils, com els ambients marins (Schauer, 2002). Els tragadors
biogénics pel carboni organic secundari, acid cis-pinonic, acis 3-hidroxiglutaric,
i MBTCA, van mostrar concentracions similars a les obtingudes a Marsella (El
Haddad, 2011) per Barcelona, i en canvi per LA, les concentracions trobades
van ser més petites que les trobades a Riverside (Stone, 2009). Aixo pot ser
degut a la dependéncia estacional de la concentracié d’aquestes compostos,
ja que no totes les mesures es van realitzar exactament en els mateixos
mesos. La relacié de I'acid 3-hidroxiglutaric amb el MBTCA queda confirmat
per les tres estacions (r2=0.8 a LA i 0.7 a BCN), pero I'acid cis-pindnic no
mostra aquesta relacio. Aixd és degut a que l'acid cis-pinonic €s un producte
de primera generacié en la oxidacié de I'a-pinene, mentre que el MBTCA es
forma a partir de la oxidacio del acid cis-pindbnic amb OH, i l'acid 3-
hidroxiglutaric també és un producte d’oxidacié generat més lentament.

Els tracadors de [lisopre, Cs-alquentriols, acid 2-metilglicéric i
metiltetrols, han presentat valors més elevats a I'estacié LA, pero similars als
trobats per Lewandowski (2013) en un estudi realitzat durant la mateixa
campanya. Els metiltetrols i Cs-alquentriols es formen per la fotooxidacié de
I'isopré amb condicions limitades de NO, mentre que I'acid 2-metilglicéric es
forma per la oxidacid del metacriloperoxinitrat (MPAN) volatil, que és un
producte de segona generacio de I'oxidacio de l'isopre (Surrat, 2010).

El métode MCR-ALS es va aplicar individualment i de forma conjunta a
les matrius de dades obtingudes a Barcelona i a Los Angeles per veure les
diferents fonts d’emissio presents en aquestes zones. En tots els casos, el
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metode MCR-ALS es va portar a terme aplicant restriccions de no-negativitat i
normalitzacio dels loadings. L’analisi conjunta (analisi simultania en una matriu
augmentada en la direccié de les columnes) de les bases de dades de les
dues ciutats es va realitzar per emfatitza les parts que tenen en comu les tres
estacions. A les Figures 2 i 3 de l'Article 5 es poden veure els scores i
loadings dels diferents components resolts amb el métode MCR-ALS aixi com
les seves variancies explicades. En la Figura 2 es poden veure els loadings
pels estudis individuals i conjunt de manera simultania. En la Figura 3 es
mostren els scores de I'analisi conjunt. També s’han calculat les contribucions
de cada component respecte a les mitjanes de concentraci6 de OC
corresponents a la part polar (WSOC) analitzada que son 2,8 ug oc/m®, 1,7
ng/m* i 2,0 ug/m® respectivament per LA, BCN-UB i BCN-RS (Figura 4 de
I'Article 5).

Per la ciutat de Los Angeles, es disposava també de 7 periodes
intensius (montres de 3h) per estudiar les diferéncies i similituds entre les
tendéncies diaries. El métode MCR-ALS també es va aplicar a aquesta matriu
de dades intensives, i es van escollir tres components per explicar les
peculiaritats diaries dels compostos organics polars analitzats. En aquest cas,
la variancia explicada total va ser del 95.8%. A la Figura 5.2.1 es poden veure
els scores i loadings obtinguts amb el metode MCR-ALS aplicat a les dades
intensives de LA. Aquesta Figura no es va publicar a I'Article 5 per motius
d’espai, i per aix0 es mostra aqui, en la present Tesi.
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Figura 5.2.1. Scores i loadings obtinguts amb I'analisi MCR-ALS dels compostos tragadors
organics polars en la campanya intensiva a LA en temps local. a) Carboni Organic Secundari,
blau, b) Crema de biomassa regional (negre), ¢) Carboni Organic secundari derivat del isopré
(verd).

Tant en els analisis individuals com en I'analisi conjunt per MCR-ALS de
les matrius de dades obtingudes a Barcelona i a Los Angeles, es va escollir un
model de cinc component per descriure les diferents fonts d’emissié dels
contaminants organics estudiats. El fet de que dues ciutats amb dos estudis
independents tinguin fonts d’emissio similars demostra que realment aquestes
dues ciutats tenen una contaminacié atmosférica organica comparable degut a
les seves condicions meteorologiques similars. Les variancies explicades
totals van ser 98.7, 97.7 i 97.8% pels analisis individuals de LA, BCN-UB i

BCN-RS respectivament, i 95.9% per I'analisi conjunt.

El primer component o font d’emissié trobada (Figura 2a de I'Article 5,
Regional BB (crema de biomassa regional)) separa clarament les
contribucions regionals de crema de biomassa, ja que esta format quasi
exclusivament pel levoglucosan, mannosan i galactosan. Tant a LA (17% de
WSOC) com a BCN (9-16% de WSOC) els perfils observats son bastant
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constants (Figura 3a de I'Article 5). A LA es va veure una baixada a la part
final del mostreig, mentre que a BCN a la part final del mostreig es va
observar un increment d’aquest component. En I'analisi intensiu de LA (Figura
5.2.1b) els nivells més alts de crema de biomassa es van observar a la nit
(0.00h-6.00h) i els nivells més baixos es van observar a primeres hores de la
tarda (15.00h-18.00h).

El segon component o font d’emissio (Figura 2b de I'Article 5, Aged SOC
(carboni organic secundari antic)) esta format principalment pels tragadors
d’aerosol organic oxigenats, com els acids dicarboxilics de cadena curta i
altres més oxigenats d’origen biogenic, com I'acid malic, I’acid 3-hidroxiglutaric
o el MBTCA. Els compostos representats en aquest component (28% de
WSOC en LA i 15% a BCN) son productes de processos d’oxidacio
relacionats amb aire processat d’emissions urbanes i biogéniques en relacio
amb la circulacié de masses d’'aire en les zones estudiades. Les tendéncies
d’aquest component sén similars a les obtingudes per I'aerosol organic
oxigenat de baixa volatilitat obtingut per AMS en les dues localitzacions
(Dall'Osto, 2013; Hayes, 2013) indicant l'alt estat d'oxidacid d’aquests
aerosols. En el mostreig intensiu de LA, els cicles dilrns d’aquests compostos
oxigenats (Figura 5.2.1a) van tenir intensitats maximes entre les 12.00h i les
15.00h. En les tres localitzacions i al mostreig intensiu de LA, els majors
nivells d’aquest component corresponen als dies amb més quantitat d’aerosols
durant les diferents campanyes.

El tercer component o font d’emissié (Figura 2c de I'Article 5, OOC
Urban (carboni organic oxigenat urba)) esta composat pels acids dicarboxilics
de cadena llarga (C7-Cg). Aquest component és el que presenta més
diferencies entre BCN (19% de WSOC a BCN-UB i 50% a BCN-RS) i LA (16%
de WSOC). A BCN, en aquest component només apareixen els acids
dicarboxilics C7-Cg, mentre que a LA, també apareixen I'acid ftalic, I'acid malic,
I'acid 3-hidroxiglutaric i el MBTCA. Les majors contribucions d’aquests
compostos oxidats a LA pot estar relacionat amb una influéncia més
equilibrada dels potencials processos/fonts d’aquest component en
comparacié amb les de BCN. En I'estacié RS hi ha una forta fluctuacié dia-nit

d’aquest component que pot estar relacionat amb emissions urbanes
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especifiques i processos d’oxidacid. En I'estacié UB aquesta fluctuacio és
menys pronunciada, mentre que a LA els acids C7-Cg estan més barrejats amb
els acids més curts que son més antics i oxidats. Per tant, aquest component
és més fresc a BCN, mentre que és més antic (oxigenat) a LA.

El quart component o font d’emissio (Figura 2d de I'Article 5, Isoprene
SOC (carboni organic secundari del isopré)) esta composat a les tres
localitzacions pels productes de la oxidacié del isopré, Cs-alquentriols, 2-
metiltetrols i 2-metilglicéric acid. Els Cs-alquentriols i els metiltetrols van
mostrar bones correlacions tant per BCN (6-11% de WSOC) com per LA (36%
de WSOC). La correlacio d’aquests compostos amb el acid 2-metilglicéric
també va ser bona en BCN, perdo més debil en LA. Aquest fet suggereix que,
encara que tots aquests productes derivats de la oxidacié del isopré tenen
origens similars, es formen amb camins diferents, com ja s’ha comentat
anteriorment. En el mostreig intensiu per LA (Figura 5.2.1c) també es veu el
comportament una mica diferent de l'acid 2-metilglicéric, ja que té una
intensitat una mica menor que els altres derivats del isopre, i a més apareix
amb meés intensitat al component relacionat amb els compostos oxidats més
antics.

El cinqué component o font d’emissio (Figura 2e de I'Article 5, Biogenic
a-pinene SOC (carboni organic secundari biogenic de 'a-pinene)) esta format
principalment per I'acid cis-pindnic. La separacié d’aquest compost dels altres
compostos analitzats indica que prové d'una font (procés) produida amb
condicions especifiques. Els nivells més alts d’acid cis-pindnic es van observar
tant a BCN (21-37% de WSOC) com a LA (4% de WSOC) sota la influencia de
condicions d’adveccié caracteritzades per baixes humitats relatives. La
correlacio negativa de I'acid cis-pinonic i la humitat relativa suggereix que les
reaccions en fase aquosa juguen un paper important en el cami de formacié
de I'acid cis-pindnic, com ja s’ha observat en experiments de laboratori (Fick,
2002). El increment de l'acid cis-pinonic en les localitzacions estudiades pot
estar relacionat amb el carboni organic secundari biogénic fresc en una de les

primeres etapes de formacio de I'aerosol a partir de vapors (O’'Dowd, 2002).
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Com a conclusié d’aquest apartat podem dir que la cromatografia de
gasos acoblada a I'espectrometria de masses ens ha permés obtenir diversos
compostos tragadors organics polars en filtres de material particulat que ens
han proporcionat informacié important sobre les localitzacions estudiades.
L’aplicacié del metode MCR-ALS ens ha permeés trobar cinc components
relatius a les diverses fonts de contaminacio de les zones estudiades. Entre
aquestes fonts s’han trobat processos d'oxidacio d'origens biogénics i
antropogeénics que han estat similars en dues ciutats molt separades entre si,
perd que tenen condicions meteorologiques semblants, com sén Barcelona i

Los Angeles a California (USA).
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Conclusions de tipus quimiomeétric

1. L’aplicacio dels métodes d’Analisi de Components Principals (PCA) i de
Resolucié Multivariant de Corbes per Minims Quadrats Alternats (MCR-ALS) a
taules de dades ambientals agrupades en diferents estructures ha permés
obtenir i interpretar perfils de distribucié de fonts de contaminacié atmosférica
(source apportionment).

2. L’aplicaci6 de les restriccions de ftrilinearitat i interaccié entre
components en el métode MCR-ALS ha permés resoldre els diferents perfils
diaris i anuals d’emissié d’oxid de nitrogen i d'oz6 a la ciutat Barcelona. La
restriccid de ftrilinearitat ha permes simplificar la interpretacié dels perfils de
distribucié estacionals de les fonts d’aquests contaminants en diferents anys.
La restriccid d’interaccid entre components ha simplificat també en alguns
casos la interpretacié dels perfils interanuals, reduint el nombre de perfils a
interpretar en el mode on s’ha aplicat aquesta restriccio.

3. S’han comparat els resultats obtinguts aplicant les restriccions de
trilinearitat i d’interaccié de components en el métode MCR-ALS amb els
resultats equivalents obtinguts pels métodes PARAFAC i TUCKERS,
respectivament. S’han obtingut resultats comparables, amb perfils semblants i
diferéncies petites.

4. S’ha desenvolupat una nova versio del méetode MCR-ALS que ha
permeés treballar amb dades incompletes. Aquesta nova versiéo del métode ha
permés analitzar dades simulades amb diferents nivells d’error, els resultats de
les quals s’han comparat amb els obtinguts amb dades completes. S’ha aplicat
el model ftrilineal en aquestes dades incompletes, reduint els efectes de
propagacio del soroll.
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5. S’ha obtingut la distribucié geografica i temporal dels perfils d’emissio de
NO en diferents estacions de Catalunya durant diferents anys (2001-2006).
S’ha comprovat que els perfils de NO estan fortament influits pel trafic intens
que es troba en localitzacions urbanes com Barcelona, mostrant dos maxims
diaris en les hores punta del mati i de la tarda, i mostrant uns majors nivells de
NO a I'hivern i a la tardor. Aquests perfils diaris i estacionals s’han observat en
menor intensitat també en zones urbanes petites i més rurals. S’ha confirmat

que les emissions de NO tenen un origen principalment antropogenic.

6. S’ha obtingut la distribucio geografica i temporal dels perfils d’emissi6 de
O3 en una estaci6 de Barcelona durant diferents anys (2000-2003). S’ha
confirmat que els perfils diaris d’emissié d'O3 estan molt correlacionats amb la
intensitat de la radiacié solar, mostrant els nivells més alts al voltant de les 16h
del dia, i en els perfils estacionals aquests maxims sén a la primavera i a I'estiu.
També s’ha observat que els perfils d’emissid6 del O; estan inversament
correlacionats amb els perfils d’emissié del NO.

7. L’aplicaci6é del métode MCR-ALS a les taules de dades de NO i O3 de
forma conjunta (anys coincidents) en una mateixa estacié de Barcelona, ha
confirmat clarament la complementarietat dels perfils del NO i el Og, visualitzant
facilment la correlacié inversa entre aquests dos contaminants en els seus

perfils temporals (diaris i estacionals).

8. S’ha desenvolupat un procediment analitic de determinacid de
compostos organics en material particulat mitjangant extraccio, derivatitzacio i
posterior analisi per cromatografia de gasos acoblada a espectrometria de
masses, que ha permés detectar i quantificar 36 compostos organics diferents

tant polars com neutres.
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9. El métode MCR-ALS ha permés estimar les possibles fonts d’emissi6 de
compostos organics analitzats en material particulat a Barcelona. S’han trobat
sis fonts diferents d’emissid dels constituents de I'aerosol organic, entre les
quals hi ha dues fonts primaries d’origen antropogénic, com soén la crema de
biomassa i el trafic, i altres quatre fonts relacionades amb I'aerosol organic
secundari, que poden tenir origen biogénic o també antropogénic. En aquests
quatre fonts hi ha contaminants provinents de [I'oxidaci6 de [lisopre,
contaminants provinents de l'oxidacié de l'a-pinene, acids dicarboxilics de
cadena llarga provinents de fonts urbanes i acids dicarboxilics de cadena curta
oxidats provinents de fonts antropogéniques i biogeniques.

10. S’han comparat els nivells de 17 contaminants organics polars en
material particulat analitzats a Los Angeles i a Barcelona. Els nivells trobats

tenen petites diferéncies en les concentracions dels diferents compostos.

11. S’han comparat les fonts d’emissié de contaminants organics a Los
Angeles i Barcelona, obtingudes mitjangant el métode quimiométric MCR-ALS.
S’han resolt cinc fonts d’emissié que son coincidents en les dues ciutats.
Aquestes fonts d’emissié han estat assignades a: crema de biomassa,
contaminants provinents de l'oxidacié de l'isopré, contaminants provinents de
I'oxidacio de I'a-pinene, acids dicarboxilics de cadena llarga provinents de fonts
urbanes i acids dicarboxilics de cadena curta oxidats provinents de fonts
antropogeniques i biogéniques. Aquests resultats s’han obtingut tant en les
analisis individuals de les tres estacions (dos a Barcelona i una a Los Angeles),

com en la seva analisi conjunta.
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