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“There is not a particle of life
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ABSTRACT

Atmospheric aerosol particles, particularly ultrafine particles (UFPs; particles with less than 100
nm in diameter), and tropospheric ozone (Os3) are atmospheric pollutants highly influenced by
photochemical reactions, i.e., processes initiated by the absorption of solar radiation. High
concentrations of ambient UFPs and Os; have important adverse effects on human health and

impact on climate.

Areas with high insolation and atmospheric dynamics favoring the accumulation of pollutants by
vertical recirculation of air masses, such as the Western Mediterranean and other regions of
Southern Europe, often register episodes with high concentrations of UFPs and Os, especially in
spring and summer. UFPs episodes might be caused by the emission and accumulation of
particles or by the photochemical formation of particles from gaseous precursors (new particle

formation; NPF).

The objective of this thesis is to characterize the relationship between UFPs and O3 in areas and
periods with important photochemical activity. More specifically, this thesis aims at (i) identifying
the atmospheric patterns causing the episodes, (ii) establishing whether these pollutants are
driven by the same processes or occurring in parallel and (iii) describing how UFP concentrations

have evolved over the last years.

Based on these objectives, we analyzed data gathered during intensive field campaigns of
simultaneous surface-level and vertical measurements, as well as long-term series of continuous
measurements. Combining these, we focus on evaluating the seasonality and simultaneity of UFPs
and Os episodes, identifying the key contributing atmospheric factors and providing insights on

the influence of NPF on the concentration of UFPs.

We found that two distinct scenarios govern the formation and transport of UFPs and Os:
recirculation of air masses and venting. The occurrence of either scenario is determined by large-
scale meteorology, whereas the magnitude of concentrations is modulated by the availability of
precursors and local atmospheric and orographic conditions. Our results indicate that acute UFPs
episodes are undoubtedly linked with Os; episodes. Yet, the episodes may or may not be
simultaneous on the same day. The occurrence of an O3 episode seems to be always concurrent

with an UFPs episode caused by accumulation of primary and secondary particles during
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recirculation periods. However, high UFPs concentrations caused by NPF are mainly occurring

with lower (but relatively high in absolute values) Os concentrations during venting periods.

When considering the average annual UFPs concentrations in urban locations, primary traffic
emissions have a greater contribution to the total number of particles than NPF. Yet, on days with
NPF events, the contribution from NPF to UFPs might be higher than that from primary

emissions.

Although NPF events do not occur in most of the days, the number of days with NPF events is
increasing, probably due to a decreasing trend in the anthropogenic atmospheric emissions in
recent years, which caused a decline in the particle sinks. Thus, the contribution of NPF to the
number concentration of UFPs is increasing as well. The total concentration of UFPs may either
increase or decrease, depending on the local conditions and precursor emissions. In urban
environments, the decline in anthropogenic emissions causes a direct decrease in the
concentration of UFPs. In rural environments, NPF becomes more favorable and the
concentration of UFPs increases. This might be related to increasing local biogenic emission of
precursors caused by rising temperatures, as well as a reduction of sinks due to a decline in

transported anthropogenic emissions.

Abatement policies implemented in recent years aiming at decreasing anthropogenic emissions
of atmospheric pollutants have had a major impact in the number concentration of UFPs at urban
environments. However, these policies have not had a significant impact in the regional

background, where the concentration of UFPs has increased.



RESUM

Els aerosols atmosferics, particularment particules ultrafines (UFPs per les seves sigles en angles;
particules de menys de 100 nanometres de diametre), i 'ozo6 troposferic (O3) sén contaminants
atmosfeérics molt influenciats per reaccions fotoquimiques, i. e., processos iniciats per ’absorcié
de radiaci6 solar. Concentracions elevades d’'UFPs i O3 en 'ambient tenen importants afectes

adversos en la salut humana i impactes en el clima.

En arees amb una alta insolacié i dinamiques atmosferiques que afavoreixen ’acumulaci6 de
contaminants degut a recirculacions verticals de masses d’aire, com el Mediterrani occidental i
altres regions del sud d’Europa, sovint s’enregistren episodis d’altes concentracions d’'UFPs i Os,
especialment a la primavera i a l'estiu. Els episodis d’'UFPs poden estar causats per ’emissio i
acumulaci6 de particules o per la formacié fotoquimica de particules a partir de precursors

gasosos (formacio de particules noves; NPF per les seves sigles en angles).

L’objectiu d’aquesta tesi és caracteritzar la relaci6 entre UFPs i O3 en arees amb una activitat
fotoquimica important. Concretament, aquesta tesi té com a objectiu identificar els patrons
atmosferics que causen els episodis, determinant si aquests contaminants estan regits pels
mateixos processos o bé ocorren en paral-lel, aixi com descriure I’evoluci6 de les concentracions

d’UFP en els darrers anys.

Basant-nos en aquests objectius, hem analitzat dades recopilades durant campanyes de mesures
intensives de mesures simultanies a nivell de superficie i en altura, aixi com séries de dades de
mesures continues de llarg termini. Mitjancant la combinaci6 d’aquestes dades, s’ha avaluat
I'estacionalitat i la simultaneitat dels episodis d'UFPs i d’Os, identificant els factors que hi

contribueixen i aportant informaci6 sobre la influencia de la NPF en les concentracions d’'UFPs.

Hem trobat que hi ha dos escenaris que controlen la formacio i el transport d’'UFPs i Os: la
recirculacio vertical de masses d’aire i la ventilacié. L’ocurréncia d'un o altre escenari ve
determinada per les condicions meteorologiques a escala sinoptica, mentre que la magnitud de
les concentracions ve donada per la disponibilitat de precursors i les condicions atmosferiques i
orografiques locals. Els nostres resultats indiquen que els episodis aguts d’UFPs estan
indubtablement vinculats amb els episodis d’Os. Tot i aixi, els episodis poden ser simultanis en
un mateix dia o no ser-ho. Un episodi d’Os sembla ser sempre simultani amb un episodi d’UFPs

causat per acumulacié de particules primaries i secundaries durant periodes de recirculacio.

vii
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Tanmateix, altes concentracions d’'UFPs causades per NPF tenen lloc principalment amb
concentracions baixes (pero relativament altes en valor absolut) d’Os durant periodes de

ventilacio.

Quan es consideren les concentracions mitjanes anuals d’'UFPs en arees urbanes, les emissions
primaries del transit tenen una major contribucié al nombre total de particules que la NPF. No
obstant, en dies amb episodis de NPF, la contribucio de la NPF al nombre total d’'UFPs és més

gran que la de les emissions primaries.

Tot i que en la majoria dels dies no es detecten episodis de NPF, el nombre de dies amb NPF esta
incrementant, probablement degut a una tendéncia a la baixa de les emissions atmosferiques
antropogéniques en els darrers anys, que han causat una disminuci6 en les embornals de
condensaci6 i coagulacié de particules. En conseqiiéncia, la contribucié de la NPF al nombre
d’UFPs també esta augmentat. La concentraci6 total d’'UFPs pot augmentar o disminuir, depenent
de les condicions locals i les emissions de precursors. En arees urbanes, la disminucié d’emissions
antropogéniques causa una disminuci6 directa de la concentraci6 d’'UFPs. En canvi, en ambients
rurals, la NPF esdevé més favorable fins al punt que la concentracié d’'UFPs creix. Aixo pot ser
degut a un increment de les emissions biogeniques locals de precursors causades per I'augment
de les temperatures, aixi com una reducci6é de les embornals de particules degut a la disminuci6

del transport d’emissions antropogéniques.

Les politiques implementades en els darrers anys amb l'objectiu de reduir les emissions
antropogéniques de contaminants atmosférics han tingut un gran impacte en la concentraci6 del
nombre de particules en ambients urbans. Per contra, aquestes politiques no han tingut un

impacte significatiu en el fons regional, on el nombre de particules ha augmentat.



RESUMEN

Los aerosoles atmosféricos, en particular las particulas ultrafinas (UFPs por sus siglas en inglés;
particulas de menos de 100 nanometros de didmetro), y el ozono troposférico (Os) son
contaminantes atmosféricos muy influenciados por reacciones fotoquimicas, i.e., procesos
iniciados por la absorciéon de radiacidon solar. Concentraciones elevadas de UFPs y O3 en el

ambiente tienen importantes efectos adversos en la salud humana e impactos en el clima.

En 4reas con una alta insolaciéon y dinamicas atmosféricas que favorecen la acumulacion de
contaminantes debido a recirculaciones verticales de masas de aire, como en el Mediterraneo
occidental y otras regiones del sur de Europa, a menudo se registran episodios de altas
concentraciones de UFPs y Os, especialmente en primavera y verano. Los episodios de UFPs
pueden estar causados por la emision y acumulacién de particulas o por la formacién fotoquimica
de particulas a partir de precursores gaseosos (formacion de nuevas particulas; NPF por sus siglas

en inglés).

El objetivo de esta tesis es caracterizar la relacion entre UFPs y O3 en areas y periodos con una
actividad fotoquimica importante. Concretamente, esta tesis tiene como objetivos identificar los
patrones atmosféricos que causan los episodios, determinando si estos contaminantes estan
regidos por los mismos procesos o bien ocurren en paralelo, asi como describir la evolucion de las

concentraciones de UFPs en los altimos afios.

Basandonos en estos objetivos, se han analizado datos recopilados durante campanas de medidas
intensivas simultdneas a nivel de superficie y en altura, asi como series de datos de medidas
continuas a largo plazo. Mediante la combinacién de estos datos, se ha evaluado la estacionalidad
y la simultaneidad de los episodios de UFPs y Os, identificando los factores que contribuyen a

ellos y aportando informacion sobre la influencia de la NPF en las concentraciones de UFPs.

Hemos encontrado que hay dos escenarios que controlan la formacion y el transporte de UFPs y
Os: la recirculacion vertical de masas de aire y la ventilacion. El acontecimiento de uno u otro
escenario viene determinado por las condiciones meteorologicas a escala sindptica, mientras que
la magnitud de las concentraciones viene dada por la disponibilidad de precursores y las
condiciones atmosféricas y orograficas locales. Nuestros resultados indican que los episodios
agudos de UFPs estan indudablemente vinculados con los episodios de Os. Aun asi, los episodios

pueden ser simultdneos en el mismo dia o no serlo. Un episodio de O3 parece ser siempre
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simultidneo con un episodio de UFPs causado por acumulacién de particulas primarias y
secundarias durante periodos de recirculaciéon. Sin embargo, altas concentraciones de UFPs
causadas por NPF tienen lugar principalmente con concentraciones relativamente bajas (pero

altas en valor absoluto) de O3 durante periodos de ventilacion.

Cuando se considera el promedio de las concentraciones anuales de UFPs en areas urbanas, las
emisiones primarias del trafico tienen una mayor contribucion al nimero total de particulas que
la NPF. No obstante, en dias con episodios de NPF, la contribuciéon de NPF al ntimero total de

UFPs puede ser mayor que la de las emisiones primarias.

Aunque en la mayoria de dias no se detectan episodios de NPF, el nimero de dias con NPF esta
incrementando, probablemente debido a una tendencia a la baja en los dltimos afos de las
emisiones atmosféricas antrépicas, que han causado una disminucién en los sumideros de
condensacion y coagulaciéon. En consecuencia, la contribucién de la NPF al nimero de UFPs
también va en aumento. La concentracion total de UFPs puede aumentar o disminuir,
dependiendo de las condiciones locales y las emisiones de precursores. En areas urbanas, la
disminucion de emisiones antrépicas causa una disminucion directa de la concentraciéon de UFPs.
En cambio, en ambientes rurales, la NPF se hace mas favorable, hasta el punto de aumentar las
concentraciones de UFPs. Esto puede ser debido a un incremento de las emisiones biogénicas
locales de precursores debido al aumento de temperaturas, asi como a una reduccion de los

sumideros de particulas debido a una disminucion del transporte de emisiones antropicas.

Las politicas implementadas en los ultimos afios con el objetivo de reducir las emisiones
antropicas de contaminantes atmosféricos han tenido un gran impacto en las concentraciones del
numero de UFPs en ambientes urbanos. Por el contrario, estas politicas no han tenido un impacto

significativo en el fondo regional, donde la concentracién de UFPs ha aumentado.
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1 INTRODUCTION

The Earth’s atmosphere is a mixture of gases and particles in all states of matter. In a cubic
centimeter of air, the number of gas molecules is of the order of 10'° (assuming ideal gases in
standard conditions), whereas the number of particles varies greatly in time and space. In order
of magnitude, typical particle concentrations range from 102 cm-3 in Arctic environments (Tunved
et al., 2013), to 10 cm in polluted urban areas (Vu et al., 2015). The most abundant gas in the
atmosphere is nitrogen (78%), followed by oxygen (21%), and other gases in much lower
quantities (Seinfeld and Pandis, 2006). Some of these trace gases are of great importance because,
together with particulate matter, constitute major components of air pollution and are, therefore,
of special relevance for health and climate (EEA, 2020).

The composition of the atmosphere is controlled by physical, chemical and biological processes.
Of special interest are photochemical reactions, initiated when molecules absorb electromagnetic
radiation in the ultraviolet, visible or infrared range in the form of photons with energy hv
(IUPAC, 2009). This thesis focuses on two atmospheric constituents that are influenced by

photochemical reactions: aerosol particles and tropospheric ozone (Os).

This section is organized as follows. First, an introduction on atmospheric aerosols (Section 1.1),
focusing on ultrafine particles (UFPs) and their formation pathways, as well as O3 (Section 1.2) is
presented. The effects on climate and health of both pollutants are also summarized in their
respective subsections. Section 1.3 provides a list of the legal standards and guidelines set for the
regulation of these pollutants. Section 1.4 includes an overview of the state of the art, including
the gaps of knowledge and motivation of this thesis. The objectives of the thesis are presented in

Section 1.5. Finally, Section 1.6 describes the area of study.

1.1 Atmospheric Aerosols

Atmospheric aerosol particles are defined as solid, liquid or mixed-phase particles suspended in
air that may have diverse chemical composition, structure, sources and formation mechanisms
(Seinfeld and Pandis, 2006). The diameter of these particles is generally considered to range
between one nanometer to tens of micrometers (10-°-10-5 m). In the lower levels of the

atmosphere, aerosols have a typical lifetime of hours or days (Jaenicke, 1993).
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Aerosol particles can be classified according to their formation mechanisms into primary or
secondary. Primary particles are emitted directly into the atmosphere in solid or liquid state,
whereas secondary particles are formed in the atmosphere from gaseous precursors (Kulmala et
al., 2004).

Based on their source, aerosols fall under two categories: natural or anthropogenic. Natural
aerosols result from natural emission processes, including sea salt and spray, resuspension of dust
by wind, wild forest fires, volcanic emissions, plant debris and secondary aerosols formed from
the oxidation of biogenic volatile organic compounds (VOCs), amongst others. Anthropogenic
aerosols have their origin on human activity, including combustion processes, industrial
emissions, construction, farming, agriculture and others. Natural primary aerosols dominate the
global annual mass fluxes of particulate matter (Figure 1.1; Giere and Querol, 2010), although the
global number concentration of aerosols is dominated by secondary particles (Gordon et al.,
2017). At local scale, the contributions are diverse in different environments and the number
concentration remains poorly quantified (Kerminen et al., 2018). In general, aerosol models
suggest that secondary particles formed from both natural and anthropogenic precursors
dominate the particle number concentrations in remote continental environments (Spracklen et
al., 2006), whereas the concentrations in polluted environments are dominated by primary
anthropogenic particles (Spracklen et al., 2006; Vu et al., 2015). Figure 1.2 shows an example of
an urban environment where primary anthropogenic particles dominate the particle number

concentrations.
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Figure 1.1: Types of atmospheric aerosols proportionally sized to the flux of mass emission/production and colored
according to their type. POA = primary organic aerosol; SOA = secondary organic aerosol; BC = black carbon. Adapted
from Gieré and Querol (2010).
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Figure 1.2: Average source contributions to particle number concentrations measured in an urban environment in
Rochester, NY (USA), colored according to their type. Compiled from Ogulei et al. (2007).

Aerosol concentrations are commonly described by either the number of particles per unit of
volume, mass per unit of volume, surface area or volume. The number concentration is usually
dominated by smaller particles, whereas mass or volume concentrations are dominated by coarser
particles (Seinfeld and Pandis, 2006). The aerosol size distribution varies with local conditions.
According to their size, aerosol particles can be categorized into several groups. These groups,
called modes, are not universally defined, and different studies might consider different size
ranges for a given mode. In this thesis, the modes are defined as follows unless stated otherwise:
the nucleation mode is used to refer to particles with less than 25 nm in diameter; the Aitken
mode designates particles ranging from 25 to 100 nm; the accumulation mode refers to particles
between 100 nm and 1 pm in diameter; and the coarse mode refers to particles larger than 1 pm.
The term ultrafine particles (UFPs) commonly refers to atmospheric particles with less than 100
nm in diameter and are measured in number concentration. However, this definition is
sometimes used loosely referring to quasi-ultrafine particles to include particles larger than 100
nm but substantially smaller than 1 ym and are measured as number concentration. In this thesis,
the term UFP is used according to the later definition, including particles in the nucleation, Aitken
and accumulation modes. Given that throughout this thesis the metric describing aerosols will be
the number concentration and size distribution, our definition includes mostly particles with less
than 100 nm, although a range accumulation mode particles might be included too, depending on
the measuring range of the instrumentation used (see Section 2.2). According to Charron and

Harrison (2003), particles with less than 100 nm make up to 70—90% of the total particle number
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concentration. Therefore, despite including accumulation mode particles, the particle number

concentration can be assumed to be a good representation of that of UFPs.

The order of magnitude of UFP concentrations in remote areas, rural or urban backgrounds,
roadsides and street canyons or tunnels are 102, 103, 104 and 10°-10° cm3, respectively (Cassee et
al., 2019). In general, the main source of UFP number concentration in urban areas is road traffic
(Brines et al., 2015; Kumar et al., 2014; Paasonen et al., 2016; Vu et al., 2015), followed by
secondary aerosol formation (Dall’Osto et al., 2013; Ogulei et al., 2007; Rivas et al., 2020). Other
sources include non-road traffic, industrial emissions, residential heating and secondary particles
(Ogulei et al., 2007). At regional scales, new particle formation (NPF) is a major source of UFPs
(Kerminen et al., 2018 and references therein). Fossil fuel-burning emissions from power
stations, refineries and smelters are also an important source of regional UFPs (Junkermann and
Hacker, 2018).

1.1.1 New Particle Formation

New particle formation is the main pathway for the secondary formation of particles. It involves
the formation of molecular clusters with less than 2 nm in diameter via photochemical reactions
in the gas phase, and the following growth of those clusters to sizes up to 100 nm (Kulmala et al.,
2004). It is a worldwide phenomenon and has been observed to occur from pristine environments
to highly polluted megacities, in urban, suburban, rural, marine and mountain environments, and

at various altitudes inside the troposphere (Kerminen et al., 2018 and references therein).

NPF contributes to a major fraction of the global budget of atmospheric aerosols (Gordon et al.,
2017; Spracklen et al., 2006). Atmospheric conditions such as irradiance, temperature, humidity
and mixing conditions have a direct effect on factors controlling NPF. They influence the
availability of molecular clusters, the concentration of vapors involved in the formation and
growth processes or the amount of larger particles that act as a sink of those vapors inhibiting
NPF (Kulmala and Kerminen, 2008; Zhang et al., 2012). For this reason, the local and regional
contributions of NPF to the total aerosol number concentrations may vary greatly within small

spatial and temporal scales (Kerminen et al., 2018).

A large number of studies have described the formation mechanism and growth of secondary
atmospheric particles. Based on historical theoretical understandings, advances in measurement
techniques and recent observations, Kulmala et al. (2014) proposed a gas-to-particle conversion
scheme that, combining molecular and clustering dynamics with atmospheric chemistry, provides

the theoretical foundations of our current understanding of atmospheric NPF (Figure 1.3).



1.1 Atmospheric Aerosols 5

o OH _ '.HZ-SO4 Clustering
KA e X SO, RE e T °o . 8 ©
—> —> HOMs = —> o ° " B
R o VOCs Lo T L e
© — No; ELVOCs
Oxidants A l
Nucleation

@
!

Activation

Stabilizing - >
. agents - —> ‘ )

amines,A NH;, ELVOCs, ions

Condensational growth
Other —_
vapors

Figure 1.3: Schematic of the formation and growth of nanoparticles according to the gas-to-particle conversion scheme
proposed by Kulmala et al. (2014). OH = hydroxyl radicals; NOs = nitrate radicals; SO, = sulfur dioxide; H,SO4 = sulfuric
acid; HOMs = highly oxygenated organic molecules; ELVOCs = extremely low-volatile organic compounds; NH3 =
ammonia.

Sulfuric acid (H2SO4) and extremely low-volatile organic compounds (ELVOCs, molecules that
condense onto any pre-existing particle; Donahue et al., 2012) are the key components in NPF
(Kulmala et al., 2017) because of their low saturation vapor pressure that facilitates the formation
of small clusters and subsequent condensation onto them. Molecular clusters are constantly
forming in the atmosphere but they have very short lifetimes because they are constantly colliding
to larger particles that absorb them (scavenging). Only under specific conditions, molecular
clusters are able to form particles capable of growing (Kulmala et al., 2013). Particularly, before
forming particles, clusters containing H.SO4 need to be stabilized by agents that decrease cluster
evaporation rates (Kulmala et al., 2017), such as gaseous amines and ammonia (NHs) that form
acid-base complexes with inorganic or organic acids (Kirkby et al., 2011; Sipila et al., 2010),
ELVOCs, water molecules or air ions that can form clusters through electrostatic interactions.
Consequently, gaseous precursor sulfur dioxide (SO-) and VOCs are required to be available in

the system to form H>SO4 and low-volatility complexes via atmospheric oxidants favored by high
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insolation and temperatures, such as hydroxyl radicals (OH) during the day and nitrate radicals
(NOs) at night, and Os.

Specific combinations of these constituents lead to the formation of critical size stable clusters
that form nanometric aerosol particles (nucleation). Once formed, these nanoparticles require the
presence of additional vapors to enhance their growth rates (activation). Then, activated
nanoparticles grow via condensation of multiple vapors (Kulmala et al., 2014) up to sizes at which
they can influence climate (50-100 nm) by contributing to the concentration of cloud

condensation nuclei (Merikanto et al., 2009).

Recently, highly oxygenated organic molecules (HOMs), formed via autoxidation involving
peroxy radicals from VOCs (Bianchi et al., 2019), have gained interest for being involved in NPF.
HOMs are mainly ELVOCs and LVOCs (low-volatility organic compounds; Donahue et al., 2012),
thus they condense onto almost every pre-existing particle. HOMs have been proven to contribute
to particle growth (Riccobono et al., 2012; Riipinen et al., 2012; Schobesberger et al., 2013; Yan et
al., 2021), and even be required for particle growth over 10 nm (Brean et al., 2020). HOMs have
also been observed to contribute to early stages of NPF even under low H>SO4 concentrations
(Ehn et al., 2014; Kirkby et al., 2016; Rose et al., 2018; Yan et al., 2018).

Whether the newly formed particles grow up to several nanometers or not depends on the balance
between precursor sources and sinks. Freshly formed particles need to grow by condensing vapors
onto their surface, but small particles have more probabilities to be lost to scavenging by larger
pre-existing particles. High concentrations of NOx also suppress NPF and initial growth
(Lehtipalo et al., 2018). Eventually, only a small fraction of freshly formed particles survive to
climatically relevant sizes (Vehkaméki and Riipinen, 2012). Nonetheless, NPF has been reported
to be a dominant contribution to the aerosol number and mass even in highly polluted Chinese
megacities, which have large aerosol loads (Kulmala et al., 2021; Qi et al., 2015; Wu et al., 2007;
Xiao et al., 2015; Yao et al., 2018). This is in contrast with our current understanding: the high
aerosol loads in those environments should rapidly scavenge fresh particles, which would have
very few probabilities of surviving. Although there are still uncertainties regarding NPF in highly
polluted environments, recent observations and chamber experiments point to much higher
growth rates than those observed in clean environments, enhanced by high anthropogenic gas-
phase precursor emissions. These would allow freshly nucleated particles to rapidly grow past size
ranges that are most vulnerable to be lost to scavenging, thus being able to grow further and
increase their survival rates (Kulmala et al., 2021; Wang et al., 2020; Yao et al., 2018).
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1.1.2 Effects on health and climate

Despite a lack of general consensus regarding the specific chemical or physical characteristics of
aerosol particles that are hazardous to human health, there are strong evidences of severe health
effects arising from short-term and long-term exposure to particulate matter. These include an
increase of premature mortality and morbidity, as well as an increased risk for cancer (Hoek et
al., 2013; WHO, 2013, 2016). In general, smaller particles are able to penetrate deeper into the
respiratory system before depositing and, therefore, are more dangerous than coarse particles.
For this reason, UFPs are particularly hazardous for human health due to their small size.
Moreover, it is well established that UFPs may translocate from the lungs and reach the
circulatory system, and from there the brain and other organs (Cassee et al., 2011; Schraufnagel,
2020).

In regards to climate effects, aerosols have a net negative radiative forcing by reflecting incoming
solar radiation, thus leading to a cooling effect (IPCC, 2013). UFPs may act as condensation or ice
nuclei for clouds, thereby indirectly affecting climate by increasing the scattering effect of clouds
(indirect cooling effect), modifying cloud dynamics and altering precipitation patterns (IPCC,
2013). Exceptionally, mineral dust, black carbon (BC) and brown carbon particles absorb

radiation and have a warming effect, which reduces the net cooling effect of aerosols (IPCC, 2013).

1.2 Tropospheric Ozone

Tropospheric Oz is a gaseous secondary pollutant formed in the lower atmosphere from
photochemical reactions of natural and anthropogenic gaseous precursors, mainly NOx and VOCs
(Monks et al., 2015 and references therein). Methane (CH4) and carbon monoxide (CO) also
contribute to O3 formation, especially in long-range transport processes. Tropospheric Os
constitutes around 10% of the total O3 in the atmosphere, with the remaining 90% in the
stratosphere forming the Os layer (Seinfeld and Pandis, 2006). The concentration of O3 in the
troposphere is determined by the balance of stratospheric intrusions, i.e., downward transport of
stratospheric Os into the troposphere, local photochemical formation, regional and long-range
transport, and removal by deposition or aerosol uptake (Monks et al., 2015). High Os
concentrations in the lower troposphere are hazardous to human health, vegetation and materials

(WHO, 2008). In the upper troposphere, O3 contributes to global warming (IPCC, 2013).
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1.2.1 Ozone formation and precursors

In the troposphere, VOCs, CH4 and CO emitted from biogenic and anthropogenic sources react
with OH radicals in the presence of solar radiation to generate organic and hydroperoxyl radicals
(RO2 and HO»), very strong oxidizing agents that oxidize NO into NO- (1.1) (U.S. EPA, 2006). The
solar radiation dissociates NO, into NO and activated oxygen (O*) (1.3), which in turn reacts with
molecular oxygen (O2), resulting in the formation of O3 (1.4) (Figure 1.4). Thus, the formation of

Os in the troposphere requires the presence of NOx.

NO + HO, - NO, (1)
NO + RO, - NO, 1.2)
NO, + hv - NO + 0" (1.3)
0" +0; - 0; (14)

VOCs
L 7
HO,
0O, v
RO
2 \) Peroxides
NO + O’ NO
- © v

NO, + OH, RO
Dry deposition / \
Rainout deposition Other organic OH }V HNO;

Aerosol uptake products

Figure 1.4: Schematic of the photochemical formation of ozone (O3) in the troposphere. Adapted from U.S. EPA (2006).
hv = photons (solar radiation); H,O = water (vapor); OH = hydroxyl radicals; VOCs = volatile organic compounds; HO,
= hydroperoxyl radical; RO, = organic peroxide; NO = nitric oxide; NO, = nitrogen oxide; RO =; HNOs3 = nitric acid;
O* = activated oxygen; O, = molecular oxygen.

At the end of the process, there is still NO available to start the reaction again without a major
loss, i.e., NO acts as a catalyst in the formation of Os. The extraction of NOx from the atmosphere

occurs by deposition and formation of nitrate aerosols (Figure 1.4). NOx are mostly anthropogenic
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emitted around urban areas, whereas VOCs emissions are more evenly distributed and have a

wide range of origins. NOx are also involved in the removal of O3 by titration (1.5):
03+N0 _)N02+02. (15)

The photochemical reactions driving O3 formation are nonlinear. Thus, the initial VOCs and NOx
concentrations are not proportional to the final concentration of Os formed. The VOC/NOx ratio
(Figure 1.5) plays a major role in determining how changes in VOC and NOx concentrations affect

the concentrations of Os (Sillman, 1999):

e In NOx-limited systems (high VOC/NOx ratios), decreasing NOx concentrations at
constant VOCs concentrations might result in lower O3 concentrations. However, a
decrease in VOCs concentrations might not necessarily cause a decrease in Os levels, and

can even cause an increase.

e In VOC-limited systems (low VOC/NOx ratios), lowering VOCs concentrations at constant
NOx concentrations might cause a decrease in O3 levels. Conversely, decreasing NOx
concentrations might not necessarily lead to lower O3 concentrations, and can even cause

an increase under certain conditions.
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Figure 1.5: Schematic of the rates of O3 production as a function of VOCs and NOx emissions. Adapted from Monks et
al. (2015). Note that the numerical values are only provided for a qualitative understanding and are not accurate. The
dependence varies with time and local conditions.

The strong variability of VOC/NOx ratios from one location to another, with time of day and with
altitude makes it difficult to design efficient abatement measures to reduce O3 concentrations.
Additional factors driving O3 concentrations are meteorological and climatic conditions. Peak O3

episodes are usually registered with high temperatures and insolation, and in conditions of light
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winds and lack of vertical mixing leading to stagnation and the recirculation of air masses (Monks
et al., 2015).

1.2.2 Effects on health, vegetation and climate

Due to its highly oxidative properties, tropospheric Os is one of the most harmful ambient
pollutants for human health. According to EEA (2020), exposure to Os caused over 20.000
premature deaths in Europe in 2018. This represents a 20% increase compared to 2009 and is
related to rising temperatures in summer. Thus, increasing O3 concentrations should be expected

in a scenario with increasing temperatures in the coming years.

There is strong epidemiological evidence that daily short-term exposures to high concentrations
of O3 increase cardiovascular, respiratory and all-cause mortality and morbidity rates, especially
in sensitive population (WHO, 2008, 2013). Short-term exposure can also affect cognitive
development and reproductive health (WHO, 2013). Long-term exposure to Os has been linked to
respiratory mortality and all-cause mortality in vulnerable population (WHO, 2013).

Additionally, high O3 concentrations have harmful effects on vegetation at cell levels, damaging
agricultural crops, plants and forests. Foliage crops, such as lettuce, spinach or cabbage that are
exposed to high O3 concentrations during peak episodes develop acute leaf damage that reduces
the quality and economic value of the crop. On the other hand, crops exposed to high background
concentrations of Os, even without peak episodes, suffer chronic damages that lead to decreased
production and reduced quality, yielding to important economic losses (ICP Vegetation, 2011).
Global yield losses for 2030 due to Os pollution are predicted to range from 5-26% for wheat, 15—
19% for soybean and 4—9% for maize, with total agricultural losses of €14—29 billion annually
globally (Avnery et al., 2011). It must be noted that these calculations account only for the quantity
of yield loss. The economic losses derived from the reduction in the quality of crops is not

accounted for in these predictions.

Materials exposed to high concentrations of Os may suffer decolorization, decomposition and
corrosion (Kucera and Fitz, 1995), which may yield important economic losses. Of particular
concern are the impacts of Os on cultural heritage buildings, monuments and works of art,
including the indoor of museums and conservation storages, which result in additional

inestimable cultural losses.

With regards to climate, tropospheric Os is one of the most effective contributors to greenhouse
radiative forcing (IPCC, 2013). Thereby, it has a significant effect on climate, contributing to
global warming. Moreover, under greenhouse gas forcing, higher temperatures lead to increased

Os formation, resulting in an intricate positive feedback loop.



1.3 Air Quality Standards and Guidelines 11

Overall, the effects of O3 on health, vegetation and climate result in significant economic costs
associated with decreased worker productivity, increased health expenses, reduced agricultural

growth rates, degraded ecosystems and climate change.

1.3 Air Quality Standards and Guidelines

Current EU air quality standards do not contemplate UFP as a regulated ambient air quality
metric. The lack of standardized measurement protocols and scarce long-term measures pose a
major problem in the comparison of results from different studies, thus making it difficult to
establish regulatory measures (Cassee et al., 2019). Nevertheless, monitoring programs are being
implemented across Europe in preparation of future regulations, and the World Health

Organization’s (WHO) plans to review UFP indicators in future guidelines (WHO, 2016).

Table 1.1: Tropospheric ozone standards given in the EU Ambient Air Quality Directive 2008/50/EC, the CLRTAP and
WHO guidelines.

Source Averaging period Guideline Value

Maximum daily 8-hour mean Target value 120 pg m-3

Long-term objective 120 ug m-3

1 hour Information threshold 180 pg m-3
Directive 2008/50/EC
Alert threshold 240 yg m-3
Target value 180000 pg m-3h
AOT40" May—July averaged over 5 years
Long-term objective 6000 pg m-3h
CLRTAP AOT40™ April-September Critical level 10000 pg m-3h

Air quality guideline 100 ug m—3
WHO 2005 guidelines = Maximum daily 8-hour mean

Interim target-1 160 ug m-3

) AOT40 is calculated as the sum of concentrations exceeding 80 pug m-3 (40 ppb) accumulated from 8:00 to 20:00 CET.

In regards of ground-level Os, the Directive 2008/50/EC on Ambient Air Quality and Cleaner Air
for Europe of the European Parliament and of the Council (EC, 2008) sets 4 standards for the
regulation of O3 concentrations, which are listed in Table 1.1. These standards are target values,
which require the implementation of measures to ensure that the standard is met, in contrast to
the limit values set for most pollutants, which are legally binding under EU law. The target value
fixes the maximum daily 8-hour mean of 120 pg m=3 to prevent harmful effects on human health

and the environment, and is not to be exceeded on more than 25 days per year, averaged over 3
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years. When concentrations above the hourly information threshold (180 ug m=3) are registered,
the health of sensitive population is at risk, and the authorities shall inform the public. If
concentrations exceed the hourly alert threshold (240 pug m~3) there is a risk to human health for
all the population, and immediate action shall be taken by the authorities. The Air Quality EU
Directive and the Convention on Long-range Transboundary Air Pollution (CLTRAP; UNECE,
2011) also set standards for the protection of vegetation. On the other hand, the WHO air quality
guidelines (WHO, 2006) set the guideline for the maximum daily 8-hour mean to never exceed
100 pg m~3 for an adequate protection of public health. An interim target value of 160 ug m=3 is

proposed for a progressive reduction in highly-polluted areas.

1.4 State of the Art

In recent years, UFPs have emerged as a pollutant of great interest because of their effects on
human health and climate (Cassee et al., 2019; Ohlwein et al., 2019). Still, crucial information
needed to design effective regulating and abatement measures, such as the precise contribution
of different sources and precursors to UFP concentrations, remains unclear to this day. The
response of NPF to variations in UFP concentrations is of particular interest. Generally, when
UFP concentrations are low, NPF is more favored (Birmili et al., 2003; Pikridas et al., 2012; Salma
et al., 2016), but efforts directed at decreasing primary emissions may lead to an increase in NPF
and, consequently, in UFP concentrations (Spracklen et al., 2006; Wichmann et al., 2000).
Therefore, implementing actions to decrease UFP concentrations might be ineffective or even
counterproductive, posing a threat to human health and climate if the formation of particles
increases the initial UFP concentrations. On the other hand, the observation of NPF in highly
polluted environments with high aerosol loads (see Section 1.1.1) evidences the diversity of

circumstances that may lead to an increase of UFPs.

Solar irradiance is a fundamental factor driving NPF (Kerminen et al., 2018) and, consequently,
influencing UFP concentrations. In areas with high insolation, the contribution of photochemical
NPF episodes add to primary emissions of UFPs and to episodes of other photochemical
pollutants, thus entailing major health and climate concerns. This is the case of the larger part of
southern Europe, where clear skies, high temperatures and recirculation dynamics lead to intense
photochemical formation of Os in spring and summer (Gangoiti et al., 2001; Millan et al., 1991;
Querol et al., 2016), when UFPs episodes are also common in the same area (Brines et al., 2015;
Pey et al., 2009). However, the underlying relationship between UFPs episodes and O3 episodes
is not fully understood yet. Previous studies worldwide have reported high concentrations of UFPs

or NPF to be concurrent with high Os concentrations (e.g., Brines et al., 2015; Fernandez-
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Camacho et al., 2010; Minoura and Takekawa, 2005; Park et al., 2008; Pey et al., 2009; Squizzato
etal., 2019; Wang et al., 2016; Wonaschiitz et al., 2015). However, most of these results were based
upon the examination of yearly or seasonal data, and they fail to specify whether the UFP and Os
episodes occurred simultaneously on the same days, or simply the atmospheric conditions in
spring and summer favor high concentrations of the two pollutants separately. There are several

explanations that could justify the coincidence reported in previous studies. These are:

(a) The conditions that favor UFPs episodes on a specific day also favor O3 episodes, and/or
vice versa, so the episodes can be simultaneous. In addition to the well-known high
insolation favorable conditions, the conditions leading to the emission and accumulation

of precursors of both pollutants may be similar.

(b) The formation pathways of UFPs have a direct effect on the chemical and physical
reactions leading to Os formation, and/or vice versa, so the episodes can be simultaneous.
For example, it has been previously observed that ELVOCs, which are involved in gas-to-
particle conversion and are essential for the formation of UFPs, are produced in the a-
pinene ozonolysis (Ehn et al., 2012; Zhao et al., 2013). Additionally, the reaction of O3 with
alkenes forms compounds that lead to HoSO4 formation, which enhances NPF (Kulmala
et al., 2014).

(c) The conditions that favor UFPs episodes on a specific day inhibit O3 episodes, and/or vice
versa, so the episodes cannot occur simultaneously. For instance, the recirculation of air
masses that may cause Os episodes lead to high aerosol loads, which generally disfavor the
formation of particles. In this scenario, the coincidence reported in previous studies may
be merely due to the solar cycles inducing similar seasonal patterns for both pollutants.
Yet, when looking at yearly data without focusing on daily occurrences, the analysis may
reveal that both pollutants episodes take place during the same season or even the same
month. This may be because the occurrence of the episodes is directly influenced by the
intensity of solar radiation and availability of their respective precursors, which make the

most favorable conditions for both pollutants around late spring and summer.

(d) The formation processes of UFPs and Os are unrelated and the coincidence is only

associated to the solar cycles, as in (c).

As explained in Section 1.1.1, the chemistry of atmospheric gas-to-particle conversion involved in
the formation pathways of UFPs is still not completely understood (Kulmala et al., 2014; Lehtipalo
et al., 2018). Furthermore, the exact precursors of particle formation are not fully identified, and
might vary largely depending on the regions and environments (Kulmala et al., 2014). The
dynamics of O3 episodes is complex as well: in addition to the local emission of precursors,

regional and long-range transboundary transport are thought to have important contributions to
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the local Os concentrations (Syri et al., 2001). Stratospheric intrusions and mesoscale
recirculations of the air masses add to the intricacy of O3 episodes (Gangoiti et al., 2001; Kalabokas
et al., 2008; Millan et al., 2002).

One of the main obstacles to broadening our current understanding of the relationship between
these two pollutants is the scarcity of precise measurements of UFPs and their precursors, as the
instrumentation is highly complex and expensive, and usually unavailable for most researchers.
Additionally, the lack of consensus in the instrumentation and measurement techniques used to
measure UFPs worldwide make it difficult to analyze long-term datasets and compare the results
in different areas. Another significant limitation during the measurement of UFPs is the large
influence of chemical and physical atmospheric conditions in the formation pathways of the
particles. The characteristics of NPF may vary greatly within small areas and short periods of time,
thus hindering the observation of such events with standard fixed instrumentation. Portable
instrumentation allows obtaining a more thorough representation of the atmosphere during the
episodes, providing the observations with a vertical dimension. However, such instrumentation
is usually not available due to its high cost and difficult implementation, requiring several people
to manually control the instruments, and often depending upon coordination with airfield

authorities.

Moreover, the majority of detailed studies on atmospheric NPF processes and precursors are
located in only a few locations, e.g., boreal forests or heavily polluted Asian megacities, and the
situation in different environments remains poorly quantified (Kerminen et al., 2018). In general,
different locations have different atmospheric conditions and pollutant concentrations, which in
turn regulate the behavior of key NPF precursors, such as H.SO4 (Dada et al., 2020). Therefore,
the processes observed in a specific environment might not be directly applicable to other
locations. In particular, urban and rural areas in the Mediterranean might have very different
precursors and ambient conditions yielding NPF compared to most of the environments studied

in the literature, due to their particular geographical and climate characteristics.

1.5 Objectives

The objective of this thesis is to characterize the relationship between UFPs episodes and Os in

areas with significant photochemical activity. The specific research objectives of this thesis are:
1. To characterize the dynamics of UFPs episodes and their connection with O3 episodes.

2. To establish whether UFPs and Os episodes are driven by the same processes or occurring

in parallel with the same seasonality pattern.
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3. To describe how UFP concentrations have evolved over the last decade and to identify the

factors driving potential changes.

1.6 The Area of Study

The studies included in this thesis are set in areas of the western Mediterranean in northeastern
Spain and central Spain. In these areas, the influence of the Azores anticyclone and the complex
topography of the western Mediterranean favor the production, accumulation and vertical
recirculation of photochemical pollutants and their precursors (ETC/ACM, 2018; Gangoiti et al.,
2001; Kalabokas et al., 2017; Millan et al., 2002; Toll and Baldasano, 2000).

"~ Montsen
o 4 y

o
~ Barcelona

Figure 1.6: Relief map of the Iberian Peninsula and Balearic Islands showing the areas of study of this thesis. Source:
Cartography Service of the Autonomous University of Madrid (UAM).

To analyze the complexities of the relationship between UFPs and O3 episodes, two areas of study
are considered in this thesis (Figure 1.6): urban and suburban areas in Madrid, central Spain
(Paper I), and urban and regional backgrounds in the western Mediterranean in northeastern

Spain: Barcelona (Paper III) and Montseny (Papers II and III) (Figure 1.7).

The selection of the locations owes to (a) their inclusion in the two regions registering the highest
O3 episodes and the most exceedances of the O3 information threshold in Spain according to
Querol et al. (2016): northern Barcelona and the Madrid basin; and (b) several studies reporting

photochemical particle formation to have a significant contribution to UFP concentrations in
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these two areas (Brines et al., 2015; Minguillon et al., 2015; Pey et al., 2009; Querol et al., 2017;
Reche et al., 2011).

Madrid is the capital and largest city of Spain with 3.3 million inhabitants (6.6 million inhabitants
considering the metropolitan area). It lies in the geographical center of the Iberian Peninsula in a
plateau at an altitude of 667 m above sea level (a.s.l.), with the Guadarrama mountain range
limiting to the north, with a maximum altitude of 2428 m, and 300 km from the Mediterranean
Sea coast. Road traffic is the main source of pollution in the area, with additional contributions
from residential heating, industries and aircraft emissions (Salvador et al., 2015). Anabatic and
katabatic winds driven by the surrounding mountain ranges and river basin lead to mesoscale
recirculations that may accumulate pollutants for several days, causing intense pollution episodes
(Plaza et al., 1997). An average of 4 annual exceedances of the O3 hourly information threshold

are registered per station in the city and neighboring areas (Querol et al., 2016).

Barcelona is the second most populous city in Spain with over 1.6 million inhabitants (5.6 million
inhabitants considering the metropolitan area), located on the northeastern coast of Spain. It lies
in a plain facing the Mediterranean Sea to the southeast and is surrounded by the Llobregat River
to the southwest, the Besos River to the northeast and the Coastal mountain range to the
northwest, with a maximum altitude of 512 m a.s.l. The Pyrenees mountain range, with a
maximum altitude of 3404 m a.s.l.,, lies 120 km to the north of the city (Figure 1.7). The main
sources of pollution in Barcelona and its metropolitan area are road traffic and industries, with
important contributions from shipping, power generation, aircraft, biomass burning and
livestock. The geographical characteristics of the city, together with strong sea breezes caused by
the warm temperatures of the Mediterranean Sea, drive the urban plume inland. The complex
topography channels the air masses northwards to the Montseny natural area (50 km to the
northeast; Figure 1.7) and the Vic plain (60 km to the north), one of the most important O3 hot
spots in Spain (Querol et al., 2016). Large scale recirculations with a return flow at upper levels
may transport pollutants back towards the coast (Gangoiti et al., 2001; Soler et al., 2011). If the
conditions persist for several days, pollutants and precursors accumulate in the area, leading to
intense pollution episodes. In the areas north of Barcelona, the Os; information threshold is

exceeded an average of 15 times per year and station (Querol et al., 2016).
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Figure 1.7: Above: Relief map of the Barcelona-Montseny area of study. A dash-dotted line indicates a cross section
between the two measuring locations used in this thesis. Below: Elevation profile between the measuring locations
Barcelona and Montseny in the cross section marked in the map above.



2 METHODOLOGY

2.1

Methodological Approach

The methodological approach taken in this thesis is a combination of intensive campaigns and

long-term measurements, based on the main objectives of the research:

@

(ii)

(iii)

With the aim of characterizing the dynamics of UFPs episodes and their relationship with
O3 episodes (Objective 1), intensive field campaigns were designed in collaboration with
other institutions that provided instruments that are usually routinely unavailable at our
monitoring sites due to their cost. These campaigns consisted of simultaneous
measurements during a few weeks in early summer (June and July), coinciding with the
highest photochemical activity that drives both NPF and Os episodes in the areas of study.
Vertical measurements with a balloon sounding system expanded the data gathered at

ground level. The results of these campaigns are reported in Papers I and II.

To determine whether UFPs and Os episodes are interconnected or merely occurring with
the same seasonality (Objective 2), it is crucial to identify the time of occurrence of UFP
and Os episodes. For that purpose, it is also crucial to understand how NPF regulates UFP
episodes and concentrations. Data gathered during intensive campaigns (Papers I and
IT), as well as the analysis of long-term data on fixed location provided information on the

temporal and spatial connection between the episodes (Papers II and III).

To assess how UFP and Os concentrations have evolved in recent years (Objective 3), a
series of statistical analysis were performed in Paper III. Using long-time series of
continuous measurements on fixed locations, trends of UFP, Os and other pollutants were

evaluated in different environments.

Section 2.2 includes a list of all the instruments used and summarizes their working principles.

Section 2.3 describes the locations chosen for the intensive campaigns, as well as the

measurement sites that are used for the long-term measurements and indicates the instruments

used in each case. Section 2.4 details the data analysis techniques used for the identification of

NPF and the calculation of particle sinks and parameters during NPF events.

18
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2.2 Instrumentation

Data for this thesis were collected using the instruments summarized in Table 1.1 during intensive

campaigns and long-term measurements. This section briefly describes the measuring principles

of the instrumentation used for each variable. Further details on the configuration of the

instruments for each study and measuring location are given in the corresponding publications.

Table 2.1: Characteristics of the instrumentation used during the experimental measurements. U = Urban; UB =Urban
Background; SB = Suburban background; RB = Regional Background.

Metric Instrument Manufacturer Range Contributor I.’apers
and model (environment)
Vert}cal Balloon sounding University of 0-2000 m a.g.l. University of 1(SB), II (RB)
profiles system Hanyang Hanyang
. TSI3776 2.5-3000 nm CIEMAT 1(UB)
Particle CPC Criversi of Cntversiy of
number conc. niversity o _ niversity o
Hanyang Hy-CPC 3.0-3000 nm Hanyang I1(SB), II (RB)
TSI 3082 8-120 nm IDAEA 1(0)
15-660 nm CIEMAT 1(UB)
TSI 3080 9-360nm  AixMarseille 1(SB)
icle si Université
Particle size
distribution SMPS 10-478 nm IDAEA III (UB)
TSI 3938E77 1-30 nm CIEMAT 1(UB)
University of B University of
Hanyang Hy-SMPS 8-245nm Hanyang 1(SB), I (RB)
Tropos-SMPS 9-856 nm IDAEA I, 111 (RB)
. University of
Particle size - Airmodus A10 1.2-2.5nm Helsinki 1(U), II (RB)
distribution Airmodus A1l 12-40nm  Universityof 1(SB)
Helsinki
Ton size . University of
distribution AIS Airel Ltd AIS 0.8—40 nm Helsinki II (RB)
Thermo Scientific
. 0—-2x105 ppb CIEMAT 1(UB)
Ultraviolet 49i
Os conc. photometry MCV 48AV 0-2x104 ppb IDAEA I1, III (RB)
analyzer :
2B Technologies 0-104 ppb IDAEA 11 (RB)
POM
Aethalometer Magezggl?f““ﬁc 0-100 pg m-3 CIEMAT I (U and UB)
BC conc. ——
Thermo Scientific B } II (RB), III (UB
MAAP MAAP 5012 0-180 pg m3 IDAEA and RB)
Ionicon Analytic Aix-Marseille
VOCs conc. PTR-TOF-MS PTR-TOF 8000 1-5x104 amu Université 1(SB)
Teledyne API
500EU 0-2x104 ppb IQFR 1(U)
NOX conc. Chemiluminescence =~ Thermo Sglentlflc 0-100 ppb CIEMAT 1 (UB)
analyzer 17i
Thermo Scientific
ADLTL 0—200 ppb IDAEA III (UB and RB)
Ultraviolet
SOz conc. fluorescence Teledyne T100 0-2x104 ppb IDAEA IT(RB), ITI (UB
and RB)
analyzer
CO conc. Gas filter Teledyne T300EU ~ 0-1000 ppm IDAEA III (UB and RB)

correlation analyzer
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2.2.1 Balloon sounding system

In Papers I and I1, a sounding system was used during intensive measuring campaigns to study
the vertical distributions of particle concentrations and size distributions, as well as Os
concentrations and meteorological variables. The system consisted of two latex balloons filled
with helium and tied one on top of the other with a separation of a few meters. The maximum
diameter of the balloons when fully inflated was 3.5 m. The balloon in the bottom was tethered to
a winch system that allowed the balloons to ascend and descend at a controlled velocity, which
could be fixed or varied by the operator. The sounding system could perform a complete vertical
profile (ascension up to about 2000 m a.g.l. and descent) in around an hour. A metallic frame
containing the instruments was hooked on the cable that connected the balloons with the winch.

The total weight of the sounding system including the instrumentation was around 6 kg.

&

i @7\03 monitor
Hy-SMPS '

{] troAethalometer

Anemometer:

Figure 2.1: Left: Balloon sounding system at Montseny (Paper Il) at ground level, before hooking the frame that

contained the instrumentation (right). Note that only the instruments used for this thesis have been labeled.

2.2.2 Particle number concentration

Condensation Particle Counters (CPCs) measure the total number of particles in an aerosol
sample by condensing a working fluid into the particles in the sample (Stolzenburg and McMurry,
1991). All CPC models used in this thesis operate with butanol as the working fluid. Other models

operate with water or isopropyl alcohol.
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The sample is carried through a heated saturator in which the butanol is vaporized and diffuses
into the sample. A cooled condenser supersaturates the vapor, which condenses into the surface
of the particles in the sample that have a starting diameter higher than the instrument lower-size-
detection limit, in the order of 3—10 nm, depending on the CPC model. The particles grow in size
up to a few pum, to a point that they can be counted with an optical detector: the droplets are guided
to alaser beam, and a photodetector registers a light pulse for every particle that crosses the beam.
Counting the light pulses and knowing the aerosol flow rate and sampling time, the total number

of particles is calculated.

The total number particle concentration reported in Paper I was measured with a CPC at ground
level. Additionally, in Papers I and II, a miniaturized CPC (Hy-CPC) was installed in the balloon
sounding system to obtain vertical profiles of total number particle concentration. CPCs were also
utilized in Papers I, IT and III as part of other instruments that require CPCs to measure the

particle size distribution of aerosols, as is described in the respective subsections.

2.2.3 Particle size distributions

2.2.3.1 Ultrafine Particles

Scanning Mobility Particle Sizer (SMPS) spectrometers measure the size distribution of particles
with diameters greater than a few nm (Wang and Flagan, 1990). The working principle of SMPSs
is based on the inverse relation between the diameter of a particle (2,) and its electrical mobility
(Z: Knutson and Whitby, 1975):
__qC
3mn Dy, (2.1)

where gis the electric charge of the particle, C¢is the Cunningham correction factor to the friction
of particles that depends on the particle diameter and its mean free path, and 7 is the dynamic

viscosity of air. Z determines the velocity of a particle in an electric field £:
v=ZE (2.2)

SMPS spectrometers consist of an electrostatic classifier that separates particles according to their
sizes and a CPC that counts the number of particles in each size range (see Section 2.2.2). Upon
entering the instrument, particles are neutralized using a radioactive or x-ray source so that the
charge distribution of the sample is stationary. The sample is then directed to a Differential
Mobility Analyzer (DMA).
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The DMA consists of a cylinder with a central rod and grounded walls. By applying a high voltage
to the central rod, thus creating a difference in voltage, an electrical field is generated between the
rod and the walls. The polydisperse sample enters the DMA alongside the outside wall, and
particles move towards the central rod at a velocity that is directly proportional to their Z (2.2),
thus inversely proportional to their diameter (2.1). Therefore, particles with the same diameter
impact the rod at the same point. By varying the voltage applied to the rod, particles of a certain
diameter will impact the rod at the base of the cylinder, where a slit guides the monodisperse
aerosol to a CPC that counts the number of particles. Particles that do not impact the rod at the
slit exit the DMA with the exhaust flow. By scanning a range of voltages, the complete particle size

distribution of the sample is obtained.

In Papers I, IT and III, SMPS spectrometers at ground level provided the size distribution of
particles during both long term and intensive campaigns. In Papers I and II, a miniaturized
SMPS (Hy-SMPS), in combination with a miniaturized CPC (Hy-CPC), was placed on board of the
balloon sounding system to measure the vertical size distribution of particles during intensive

campaigns.

2.2.3.2 Sub-3 nm Particles

Particle Size Magnifiers (PSMs) are used in combination with CPCs to detect particles with
diameters starting at 1 nm (Vanhanen et al., 2011). PSMs use diethylene glycol (DEG) as a working
fluid to grow the particles in the aerosol sample. By turbulently mixing the heated saturated DEG
with colder sample air, supersaturation is generated and particles grow up to around 90 nm. Then,
the sample is grown further with a CPC, which also performs the optical particle counting. The
cut-off diameter of particles in PSMs can be varied by modifying the DEG flow rate, as opposed
to CPCs, in which the cut-off diameter is fixed and depends on the model. Thus, PSMs can provide
size-resolved particle distributions by operating in scanning mode, as in Papers I and II. This

instrument was used during intensive campaigns only.

2.2.3.3 Airlons

An Air Ion Spectrometer (AIS; Mirme et al., 2007) measured the size distributions of positive and
negative air ions with diameters ranging 0.8—40 nm during the intensive campaign reported in

Paper I1.

When the sample air enters the instrument, the flow is split to two DMAs, one for each polarity,

that classify the ions according to their size. The DMAs generate radial electrical fields in which
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the ions move until they precipitate onto different sections of one of the mobility analyzers,
according to their electrical mobility. The AIS has two mobility analyzers, one for each DMA, with
a total of 42 channels. In each channel, an electrometer registers the changes in the concentration
of deposited ions. Finally, the electrometer signals are converted to ion mobility distributions. By
combining the information of all electrometers, the size distribution of positive and negative ions

is determined.

2.2.4 Ozone

Ultraviolet photometry analyzers measure O3 concentrations based on the maximum absorption
of O3 molecules of ultraviolet light at a wavelength of 254 nm and Beer’s Law (2.3), which defines

how light of a certain wavelength is absorbed by an absorbing gas while travelling a distance L:
I = lpe ™, (2.3)

where /is the intensity of the light after the absorption, /,is the intensity of the light if there was
no absorption, ais the absorption coefficient and Cis the concentration of the absorbing gas, in

this case Os.

When the sample gas enters the instrument, it is split into two streams. Part of the sample goes
through an ozone scrubber that converts the O3 into O before being directed to the measuring
chamber. A detector measures the intensity of radiation emitted at a wavelength of 254 nm (7).
This step takes into account the absorption by gases other than O3 or particulate matter in the
sample. The other part of the sample is guided directly to the measuring chamber. The intensity
of radiation emitted at a wavelength of 254 nm by this sample (7)takes into account the absorption

by the Os present in the sample. Finally, the concentration of O3 in the sample is calculated using
(2.3).

In Papers I, IT and III, ultraviolet photometry analyzers were used to measure O3 concentration
at ground level. Additionally, in Paper II, a portable analyzer was placed in the balloon sounding

system to measure the vertical distribution of O3 concentrations.

2.2.5 Black Carbon

2.2.5.1 Aethalometer

Aethalometers calculate mass concentrations of light-absorbing aerosols based on the absorption

of light, such as the concentration of BC, as in Paper 1.
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In an Aethalometer, the optical absorption is measured at seven wavelengths, ranging from 370
to 950 nm, one of which (880 nm) is used for the calculation of BC mass concentrations, assuming
an absorption cross section of 7.77 m2 g At this wavelength, all absorption can be attributed to
BC (Drinovec et al., 2015 and references therein). The remaining wavelengths can be used for

source apportionment or the calculation of the single scattering albedo.

The instrument measures the intensity of the light transmitted to the sample deposited in a filter
(1) and to a reference portion of the filter with no sample (7). Defining the attenuation coefficient
(ATN) as

I
ATN = ~100In (1), 2.4)
the BC mass concentration is calculated assuming that a change in ATN is caused by an increase
in the BC deposited in the filter during a time interval 4z

A- A(ATN)

BC= ————,
Qurn - Q- At (2.5)

where A4 is the filter area, as7v is the attenuation cross section (7.77 m?2 g! for the 880 nm

wavelength) and Qis the flow rate.

2.2.5.2 Multi-Angle Absorption Photometer (MAAP)

In Papers II and IIT, a MAAP was used to measure BC concentrations based on the absorption

and scattering of light in aerosols.

Within the instrument, the sample is deposited onto a glass fiber filter tape, where the aerosol will
accumulate. In the detection chamber, the aerosol-filter layer is exposed to a light source that
emits radiation at a nominal wavelength of 670 nm, at which most absorption can be attributed
to BC. Multiple photodetectors located above the sample (back hemisphere) at different angles
measure the back scatter of the incident light. A photodetector placed below the sample (forward

hemisphere) measures the transmission and forward scatter of the light.

The absorption coefficients of the sample are derived with a radiative transfer model. The actual
wavelength emitted by the instrument is 637 nm instead of 670 nm (Miiller et al., 2011) and,
consequently, the absorption coefficients needs to be multiplied by a correction factor of 1.05.
Finally, the BC mass concentration is derived by assuming that the aerosol light absorption and
BC mass concentration are correlated, with a mass absorption cross section of 6.6 m2 g for rural
and urban aerosol (Bond et al., 2013).
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2.2.6 Volatile Organic Compounds

Proton-Transfer-Reaction Time-Of-Flight Mass Spectrometers (PTR-TOF-MSs) are composed of
a proton transfer reaction (PTR) ion source and a time-of-flight mass spectrometer (TOF-MS)
and measure the online concentration of a range of VOCs in an air sample (Graus et al., 2010;

Hansel et al., 1995), as in the intensive campaign in Paper 1.

Within the instrument, protonated water (HsO*) collides with the sample and transfers protons
to those molecules that have a higher proton affinity than water. The mass spectrometer then
separates different ions according to their mass-to-charge ratio m/z, based on the principle that
charged particles with the same m/z travel with the same velocity in an electrical field and,
therefore, cover a given distance in the same amount of time. By counting the individual signals
that the ions generate when they reach the detector system, the concentration of each compound

is calculated.

2.2.7 NO and NO;

Chemiluminescence analyzers measure NO and NOx (NOx = NO + NO») concentrations and
calculate NO> concentrations, as reported in Papers I and III. The principle of operation of these
analyzers is based on the reaction between NO and Os, which emits photons with an intensity

linearly proportional to the concentration of NO.

The instrument operates in two different modes. In the NOx mode, NO is converted to NO with
a molybdenum converter. In the NO mode, this conversion is omitted. In both modes, the sample
is then guided to the reaction chamber. There, the sample reacts with the Os, generated with an
ozonator inside the instrument. A photomultiplier tube detects the photons generated in the
reaction (2.6) and the NO concentration is computed. Finally, NO» concentrations are calculated

subtracting NO concentrations from NOx concentrations.

2.2.8 SO:;

Ultraviolet fluorescence analyzers were used in Papers II and III to determine SO-
concentrations in ambient air. Within the instrument, the sample gas is exposed to 190—230 nm
ultraviolet radiation. The SO, molecules in the sample gas absorb part of this radiation, which

causes one of their electrons to change to an excited state. The molecules quickly return to a lower
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energy state by emitting photons with a wavelength of 330 nm (fluorescence). By measuring the
amount of photons emitted with a photomultiplier tube, the instrument calculates the

concentration of SO- in the sample gas.

2.2.9 Carbon monoxide

A gas filter correlation analyzer was used in Paper III to measure the concentration of CO. The
measurement fundamentals of gas filter correlation analyzers are based on Beer’s Law (2.3) and

the absorption of CO molecules of light at a wavelength of 4.7 um.

The analyzer generates a beam of infrared light with a known intensity that is directed to a cell
filled with sample gas (sampling chamber). A set of mirrors reflect the light back and forth to
lengthen the absorption path L. After leaving the cell, the beam is guided to a band-pass filter that
only transmits light at 4.7 um to a photodetector that quantifies the intensity of the light after
being absorbed.

Given that water vapor also absorbs light at 4.7 um, a gas filter correlation wheel is added to the
light path in the analyzer. The wheel contains two chambers, one filled with pure N> gas
(measurement cell) and another one with a mix of CO and N3 (reference cell). As the wheel rotates,
the light passes through the cavities alternatively, producing a square wave with two alternating
amplitudes: the infrared light does not interact with the N» in the measurement cell, whereas the

CO in the reference cell absorbs part of the light.

If no sample air is introduced in the sampling chamber, the ratio between the two pulses is 0.6.
When ambient CO is added to the sampling chamber, the ratio increases and tends to 1. The
instrument calculates the concentration by transforming the ratio using a look-up table and
interpolation. Finally, the concentration is normalized to account for changes in the sampling

pressure.

2.3 Measurement Sites and Locations

2.3.1 Madrid

The observations reported in Paper I were made in four different locations in and around
Madrid, central Spain, during an intensive field campaign in July 2016. Four different locations

were used to represent urban, urban background and suburban environments in the area:
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Urban site: Instrumentation installed temporarily at the Institute of Agricultural Sciences
(Spanish: Instituto de Ciencias Agrarias, CSIC; 40.4404° N, 3.6880° W, 713 m a.s.l.), located
200 m from one of the busiest streets in the city, provided observations of urban air in central
Madrid. The instrumentation, installed in the 6 floor of the building, measured BC, NOx and
particle size distributions using an Aethalometer, a chemiluminescence analyzer and an SMPS

and a PSM, respectively.

Urban background: The research center for energy, environment and technology (Spanish:
Centro de Investigaciones Energéticas, MedioAmbientales y Tecnologicas, CIEMAT; 40.4564
N, 3.7256 W, 669 m a.s.l.) is an urban background station in the outskirts of Madrid. Located
9 km NW from the city center and surrounded by green areas, the station is not directly
influenced by traffic emissions. The instrumentation used for the measurements of BC, NOx,
O3, total particle concentrations and particle size distributions consisted of an Aethalometer,

chemiluminescence and ultraviolet photometry analyzers, a CPC and two SMPSs, respectively.

Suburban site: In Majadahonda, a residential city bordering Madrid, an SMPS, a PSM and a
PTR-TOF-MS were temporarily deployed in a suburban environment at the Carlos III Health
Institute (Spanish: Instituto de Salud Carlos III, ISCIII; 40.4574° N, 3.8651° W, 739 m a.s.l.),
located 15 km from central Madrid. In addition, a balloon sounding system was set in the
Majadahonda athletics and rugby field (40.4749° N, 3.8818° W, 728 m a.s.l.) to measure the
vertical distribution of aerosols and O in the suburban environment, at 17 km from the center
of Madrid.

2.3.2 Barcelona

The observations at the urban background location reported in Paper III were made at the
Institute of Environmental Assessment and Water Research (Spanish: Instituto de Diagnostico
Ambiental y Estudios del Agua, IDAEA; 41.3873° N, 2.1156° E, 77 m a.s.l.), in Barcelona,
northeastern Spain. The station is integrated into the atmospheric pollution monitoring and
forecasting network of the Government of Catalonia (XVPCA; Barcelona — Palau Reial station).
The site lies 200 m from one of the busiest streets in the city, thus it is significantly influenced by
traffic emissions. Continuous observations at the current location started in 2012. For the
publications presented in this thesis, BC, particle size distributions, NOx, O3, SO» and CO were
measured with a MAAP, an SMPS and chemiluminescence, photometry, fluorescence and gas

filter correlation analyzers, respectively.
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2.3.3 Montseny

Observations made at Montseny (41.77928° N, 2.35800° E, 720 m a.s.l.) were used for Papers II
and III. It is a regional background station located 48 NE of Barcelona, in a forested area
restricted to traffic in the Montseny Natural Park. The station is integrated into the European
Aerosols, Clouds and Trace gases Research InfraStructure (ACTRIS) and XVPCA networks.
Although the station was established in 2002, continuous aerosol size distribution measurements
are available only since 2013. Instrumentation used for the studies presented in this thesis include
a MAAP, an SMPS and chemiluminescence, photometry, fluorescence and gas filter correlation

analyzers.

Additionally, during an intensive campaign in June and July 2017, a PSM and an AIS were
deployed 250 m from the station and the balloon sounding system was set for a week during the

campaign.

2.4 Data Analysis

2.4.1 Identification of NPF

The identification and classification of NPF events was originally proposed by Dal Maso et al.
(2005). This method relies on the visual identification of different patterns in the daily plots of
particle size distributions. With this method, each day is classified under only one of the following
categories: event, non-event, or undefined if the distribution is unclear. A day is classified as an
event if there is a new nucleation mode that grows in size for at least an hour and grows to larger
sizes throughout the day. Events are further classified into two categories: Class I or Class II if the
distribution presents fluctuations in concentration or mode diameter. Using this scheme, a
substantial number of days fall under the undefined classification because of the definition of the
categories and the inherent personal subjectivity of the visual identification. Moreover, the
method only considers NPF events occurring in a vast region (regional event) and/or during very
stable conditions. Transported events that would only appear for a short time in the distribution

are not classified as events.

Other methods derived from the original classification scheme (Buenrostro Mazon et al., 2009;
Dada et al., 2018; Hirsikko et al., 2007; Vana et al., 2008) improve the classification of events by
using ion size distribution measurements, which are not widely available. More recently, the
automatic detection of events, first introduced by Kulmala et al. (2012), is being explored by a few
authors that make use of artificial intelligence algorithms (e. g., Joutsensaari et al., 2018; Zaidan

et al., 2018). These methods would reduce the subjectivity of human classification, while being
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also less time-consuming. However, to this day, these techniques are not as reliable as the classical

visual methods.

In Papers I and II, NPF events were classified following the original method proposed by Dal
Maso et al. (2005) using the particle size distributions measured by the SMPS spectrometers. In
Paper 1II, the size distribution provided by the AIS was used when available to improve the
classification. In Paper II an additional category was considered to include observed burst events
that would have been classified as non-events. These events last about an hour and stop rapidly

due to a change of air masses or sudden dilution after sunrise.

In Paper III, NPF was explored by applying a Positive Matrix Factorization (PMF) receptor
model (Paatero, 1997) to the particle size distribution. With this method, instead of identifying
and classifying whole days, the hourly contribution of NPF processes to the total and mode-

segregated particle concentration is calculated.

The PMF model is based on the principle of mass conservation: the concentration of a given
species x;j in a sample i can be expressed as the sum of the contributions gik from p independent
sources fik (Hopke, 2016):

P
Xij = Z Jik * fjk + €ij 2.7)
k=1

where ejj accounts for the part of the concentration that the model cannot fit. The model allows
solving (2.7) without knowing the number or characteristics of the sources. This is accomplished

by using a weighted least squares approach, weighting by error estimates (uncertainties matrix).

In Paper III, the particle number concentrations of each size bin measured with the SMPS
spectrometers were used as xj in (2.7). The hourly averages of the particle size distributions
measured with the SMPS spectrometers, gaseous pollutant concentrations (NO, NO», O3, SO2 and
CO) and meteorological variables (temperature, wind speed, relative humidity and solar
radiation) were used to identify and apportion the sources contributing to the observed particle
size distributions. Further information on the PMF model, details of its implementation and the

calculation of uncertainties are given in Rivas et al. (2020) and in Paper III.

2.4.2 Calculation of particle sinks

Aerosols grow in size by taking up a range of vapors, including sulfuric acid (H2SO4), nitric acid,
water, ammonia and organic vapors. This process, called condensational growth, is most effective

for particles smaller than 100 nm. The condensation sink (CS) is a measure of the rate at which
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molecules condense onto the surface of pre-existing aerosols. In Papers I, IT and ITI, CSs were

calculated using the expression derived by Pirjola et al. (1999):

CS = 2D Z ﬁi Dp,i Ni ’ (28)
i

where D is the diffusion coefficient of H>SO4, assumed to be the condensing vapor, f; is the
transitional correction factor (Fuchs and Sutugin, 1971), D,; is the particle diameter and N; is the

concentration of particles in the size range 1.

Small atmospheric particles can also be depleted by coagulating with pre-existing larger particles.
Coagulation occurs when two particles collide, mainly due to their Brownian movement, and the
smallest particle is absorbed by the larger particle to form a single, bigger particle (coalescence).
Thus, the number of particles in the aerosol population is reduced. Coagulation is most effective
to particles smaller than 10 nm. To quantify coagulation processes, the coagulation sink of
particles with diameter D, (CoagSny) is calculated in Paper I following the formula proposed by
Kulmala et al. (2001):

CoagSDp = Z K(Dp, Dp,) NDp/ ,

£ (2.9)

where K is the coagulation coefficient in the transitional regime (Fuchs et al., 1965).

2.4.3 Calculation of NPF parameters

In order to calculate NPF parameters related with the particle diameters, log-normal modes were
fitted to the particle size distribution using the algorithm proposed by Hussein et al. (2005). With
this, up to three different modes are identified for each time step, which represent the most
probable sizes of the aerosol population. This method was applied to all NPF events identified in

Papers I and I1.

The growth rate (GR) of particles, defined as the increase in particle diameter per unit of time
during a NPF event, was calculated in Papers I and II. GRs were calculated for two different size
ranges: from 9 to 25 nm when using SMPS data, and the measuring size range of the instrument
when using PSM data. Analogous to the GR, the shrinking rate (SR)! was calculated in Paper I

when a sustained decrease in particle diameters was observed in NPF events.

tIn Papers II and III, in which the shrinking rate is not calculated, the abbreviation SR is used for solar radiation.
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The formation rate of particles with diameters in the size range AD, formed by nucleation (Japp),
also called nucleation rate, was calculated in Paper I using the equation proposed by Kulmala et
al. (2012):

dNyp, GR
Jap, =57+ Nap, - C0agSap, + Nap, AD, (2.10)

Napp is the concentration of particles in the size range AD,, measured with the PSMs in this case.
The measuring range of each model of PSM determined the range of AD, used in each case.

CoagSapy, is calculated following (2.9).



3 RESULTS

3.1 Review of publications and author’s contributions

Paper I explores the vertical and horizontal distribution of NPF events in different environments
in Madrid by measuring particle size distributions at ground level in urban, urban background
and suburban sites within a two-week field campaign. The evolution of particle size distributions,
condensation and coagulation sinks, growth rates and formation rates were compared and
discussed to elucidate differences during the episodes in the different environments. Occurrences
of particle shrinkage and nocturnal nucleation-mode bursts were also reported. The dynamics of
UFPs and NPF events were further studied by measuring the particle size distributions
throughout the planet boundary layer by performing vertical balloon soundings in a suburban
location. Episodes with formation of new particles were identified and the respective growth rates
were calculated. The results were discussed taking into consideration the vertical structure of the
boundary layer. The NPF events identified in the soundings were compared with the
measurements taken simultaneously at the ground level locations. The results suggested that, on
days with regional NPF events affecting a vast area in the Madrid metropolitan area, NPF has a
greater contribution to UFPs concentrations than traffic emissions. Nonetheless, traffic is the
major contributor to UFPs concentrations when considering annual averages. The NPF events
occur inside the mixing layer, with homogeneous concentrations and growth rates throughout the
layer. For this publication, I performed the analysis of the ground level and vertical measurements

and wrote most of the manuscript.

In Paper II, 4 years of data collected at the Montseny regional background station and data
measured during an intensive field campaign, including vertical balloon soundings, were analyzed
to assess whether and how high Os; episodes, high UFPs episodes and NPF events are
interconnected in the warm season (April-September). The results show that, in this period,
conditions leading to simultaneous high O3 and UFPs concentrations inhibit NPF, whereas NPF
events occur together with the lowest O3 and UFPs concentrations and register the lowest
concentration of particles in the nucleation mode. For this paper, I designed the methodology of
the data analysis, analyzed the 4-year dataset, participated in the field campaign, contributed to

the analysis of the field campaign data and wrote the manuscript.

32
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Paper III describes how the contribution of various sources to the particle size distribution and
mode-segregated primary and secondary particle number concentrations have changed at an
urban background station in Barcelona and at the Montseny regional background station over 7
years. The study reports a general decrease in primary particles and an increase in NPF at both
stations. The total number of particles decreases only in the urban background station, whereas
it increases in the regional background station. An increase in VOCs and H>SO4 may have been
an important factor in increasing NPF, which could be contributing enough to compensate the
loss in aerosol loads due to decreasing primary particles. In this publication, I contributed to the
conceptualization of the idea and design of the methodology, analyzed the Barcelona and
Montseny datasets with the exception of the PMF model implementation, calculated the trends

and wrote the manuscript.
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Abstract. The vertical profile of new particle formation
(NPF) events was studied by comparing the aerosol size
number distributions measured aloft and at surface level in
a suburban environment in Madrid, Spain, using airborne in-
struments. The horizontal distribution and regional impact
of the NPF events was investigated with data from three ur-
ban, urban background, and suburban stations in the Madrid
metropolitan area. Intensive regional NPF episodes followed
by particle growth were simultaneously recorded at three sta-
tions in and around Madrid during a field campaign in July
2016. The urban stations presented larger formation rates
compared to the suburban station. Condensation and coag-
ulation sinks followed a similar evolution at all stations, with
higher values at urban stations. However, the total number
concentration of particles larger than 2.5 nm was lower at the
urban station and peaked around noon, when black carbon
(BC) levels are at a minimum. The vertical soundings demon-

strated that ultrafine particles (UFPs) are formed exclusively
inside the mixed layer. As convection becomes more effec-
tive and the mixed layer grows, UFPs are detected at higher
levels. The morning soundings revealed the presence of a
residual layer in the upper levels in which aged particles
(nucleated and grown on previous days) prevail. The parti-
cles in this layer also grow in size, with growth rates sig-
nificantly smaller than those inside the mixed layer. Under
conditions with strong enough convection, the soundings re-
vealed homogeneous number size distributions and growth
rates at all altitudes, which follow the same evolution at the
other stations considered in this study. This indicates that
UFPs are detected quasi-homogenously in an area spanning
at least 17 km horizontally. The NPF events extend over the
full vertical extension of the mixed layer, which can reach
as high as 3000 m in the area, according to previous studies.
On some days a marked decline in particle size (shrinkage)

Published by Copernicus Publications on behalf of the European Geosciences Union.
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was observed in the afternoon, associated with a change in
air masses. Additionally, a few nocturnal nucleation-mode
bursts were observed at the urban stations, for which further
research is needed to elucidate their origin.

1 Introduction

In urban areas, traffic emissions are a major source of ul-
trafine particles (UFPs; Kumar et al., 2014; Ma and Bir-
mili, 2015; Pey et al., 2008, 2009; Dall’Osto et al., 2012;
Salma et al., 2014; Paasonen et al., 2016). These emissions
include primary UFP exhaust emissions (Shi and Harrison,
1999; Shi et al., 2000; Charron and Harrison, 2003; Uhrner
et al., 2007), the cooling of engine exhaust emissions, and
the condensation of a semi-volatile-phase vapor species that
creates new UFPs during dilution (Charron and Harrison,
2003; Kittelson et al., 2006; Robinson et al., 2007; Ronkko
et al.,, 2017). These are also considered primary particles,
since they are formed near the source. Other relevant UFP
sources include industrial emissions (Keuken et al., 2015;
El Haddad et al., 2013), city waste incineration (Buonanno
and Morawska, 2015), shipping (Kecorius et al., 2016; John-
son et al., 2014), airports (Cheung et al., 2011; Hudda et
al., 2014; Keuken et al., 2015), and construction (Kumar and
Morawska, 2014).

New particle formation (NPF) from gaseous precursors
has been shown to cause high UFP episodes in relatively
clean atmospheres due to low condensation sinks (CSs) orig-
inating from low pre-existing particle concentrations (e.g.,
Kulmala et al., 2000, 2004; Boy and Kulmala, 2002; Wieden-
sohler et al., 2002; Wehner et al., 2007; O’Dowd et al., 2010;
Sellegri et al., 2010; Vakkari et al., 2011; Cusack et al.,
2013a, b; Trostl et al., 2016; Kontkanen et al., 2017). How-
ever, at mountain sites, precursors’ availability seems to be
the most influential parameter in NPF events, with higher val-
ues of CSs during NPF events than during non-NPF events
(Boy et al., 2008; Boulon et al., 2010; Garcia et al., 2014;
Nie et al., 2014; among others). Trostl et al. (2016) reported
experimental results on nucleation driven by the oxidation of
volatile organic compounds (VOCs), and Kirkby et al. (2016)
reported pure biogenic nucleation.

NPF events also contribute significantly to ambient UFP
concentrations in urban environments (Costabile et al., 2009;
Wegner et al., 2012; von Bismarck-Osten et al., 2013, 2014;
Ma and Birmili, 2015; Hofman et al., 2016; Kontkanen et al.,
2017). Common features enhancing urban NPF are high in-
solation, low relative humidity, the availability of SO, and
organic condensable vapors, and low condensation and co-
agulation sinks (Kulmala et al.,, 2004; Kulmala and Ker-
minen, 2008; Sipiléd et al., 2010; Salma et al., 2016). Ur-
ban NPF episodes can be driven either regionally or lo-
cally and may or may not impact regional background ar-
eas (Dall’Osto et al., 2013; Brines et al., 2015; Salma et
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al., 2016). Cheung et al. (2011) and Brines et al. (2015) re-
ported that, in urban areas, nucleation bursts without growth
of particles are common, whereas the frequently occurring
“banana-like” nucleation bursts at regional background sites
are scarcely detected at urban sites, probably because the
high CS during traffic rush hours limits the duration of the
particle growth. These processes seem to prevail in summer
and spring in southern European urban areas (Dall’Osto et
al., 2013; Brines et al., 2014, 2015). Brines et al. (2015) also
reported that, in urban environments, the highest O3 levels
occur simultaneously with NPF events, the highest SO, con-
centrations and insolation, and the lowest relative humidity
and NO and NO; levels. This close association between O3
and UFPs may be due to ambient conditions that favor two
different, but simultaneous, processes or to the fact that they
are both products of photochemical reactions in the same
overall process.

Reche et al. (2011) evaluated the prevalence of primary
versus newly formed UFPs in several European cities and
found a different daily pattern for the southern European
cities, in which the newly formed particles contributed sub-
stantially to the annual average concentrations, probably be-
cause of high insolation and possible site-specific chemical
precursors. Brines et al. (2015) determined that NPF events
lasting for 2h or more occurred on 55 % of the days, and
those extending to 4h occurred on 28 % of the days, with
NPF being the main contributor 14 %—19 % of the time in
Mediterranean and subtropical climates (Barcelona, Madrid,
Rome, Los Angeles, and Brisbane). The latter percentages
reached 2 % and 24 %-28 % in Helsinki and Budapest, re-
spectively (Wegner et al., 2012; Salma et al., 2016). Further-
more, Brines et al. (2015) calculated that 22 % of the an-
nual average UFP number concentration recorded at an urban
background site in Barcelona originated from NPE. Ma and
Birmili (2015) reported that the annual contribution of traffic
to the UFP number concentration was 7 %, 14 %, and 30 %
at roadside, urban background, and rural sites, respectively,
in and around Leipzig, Germany. On the other hand, traffic
emissions contributed to 44 %—69 % of UFP concentrations
in Barcelona (Pey et al., 2009; Dall’Osto et al., 2012; Brines
etal., 2015), 65 % in London (Harrison et al., 201 1; Beddows
et al., 2015), and 69 % in Helsinki (Wegner et al., 2012).

Minguillén et al. (2015) and Querol et al. (2017) demon-
strated that intensive NPF episodes take place inside the plan-
etary boundary layer (PBL) in Barcelona, occurring around
midday at surface level, when insolation and dilution of pol-
lution are at their maxima. Earlier in the morning, NPF can
only take place at upper atmospheric levels, at an altitude
where pollutants are diluted, since at surface level, a high CS
prevents particle formation.

While many studies have investigated NPF around the
world, only a few have focused on the vertical distribution
of these events (Stratmann et al., 2003; Wehner et al., 2010).
In view of this, we devised a campaign with the aim to study
photochemical episodes, including high O3 levels and NPF in

www.atmos-chem-phys.net/18/16601/2018/
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the Madrid metropolitan area. In a twin article (Querol et al.,
2018), the study of the temporal and spatial variability of O3
is presented. In this work we will focus exclusively on the
phenomenology of the NPF events, comparing the aerosol
size distribution at surface level at urban, urban background,
and suburban stations in Madrid and the outskirts of a resi-
dential village 17 km from Madrid. We also study the vertical
distribution of the events using airborne instrumentation car-
ried by tethered balloons.

2  Methodology
2.1 The study area

The Madrid metropolitan area (MMA) lies in the center of
the Iberian Peninsula at an elevation of 667 m a.s.l. (meters
above sea level). It is surrounded by mountain ranges and
river basins that channel the winds in a NE-SW direction.
Having an inland Mediterranean climate, winters are cool
and summers are hot, and precipitation occurs mainly in au-
tumn and spring. Road traffic and residential heating in win-
ter are the main sources of air pollutants, with small contri-
butions made by industrial and aircraft emissions (Salvador
etal., 2015).

In summer, the area is characterized by strong convec-
tion, which results in PBL heights as high as 3000m a.g.L
(above ground level) and mesoscale recirculation caused by
anabatic and katabatic winds in the surrounding mountain
ranges (Plaza et al., 1997; Crespi et al., 1995), which can lead
to the accumulation of pollutants if the recirculation persists
for several days.

The cold and warm advection of air masses associated with
the passage of upper-level troughs and ridges over the area
gives rise to a sequence of accumulation and venting periods,
respectively. During accumulation periods, pollutants accu-
mulate in the area, and concentrations increase for 2-6 days,
until a trough aloft brings a cold advection and a venting pe-
riod starts. For a detailed description of the meteorological
context during the campaign, see Querol et al. (2018).

A few studies have focused on NPF events in the area.
For instance, Gémez-Moreno et al. (2011) reported NPF
episodes in Madrid to be “not a frequent phenomenon”, since
only 63 events per year were detected, with 17 % of the
total days occurring mostly in spring and summer. How-
ever, Brines et al. (2015) reported both intensive summer
and winter NPF episodes at the same station, which ac-
counted for 58 % of the time as an annual average, consid-
ering the prevalence of nucleation bursts for 2h or more.
Alonso-Blanco et al. (2017) described the phenomenology
of particle-shrinking events, i.e., a decline in particle size
caused by particle-to-gas conversion, at an urban background
station in Madrid (CIEMAT), stating that they occur mainly
between May and August in the afternoon, due to either a
change in wind direction or the reduction of photochemical
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processes. Particle shrinkage following their growth is not a
common phenomenon but has been observed in a few areas
around the world. Yao et al. (2010), Cusack et al. (2013a, b),
Young et al. (2013), Skrabalova et al. (2015), and Alonso-
Blanco et al. (2017) and references therein, reported shrink-
age rates ranging from —1.0to —11.1nmh~1.

2.2 Instrumentation

The data used in this study were collected during a summer
campaign in and around Madrid in July 2016. Three air qual-
ity supersites were used, namely, an urban station, an urban
background station, and a suburban station, in addition to
a setting in a suburban environment with two tethered bal-
loons that allowed for the study of the vertical distribution of
aerosols and air pollutants. All stations are located within a
range of 17km. A map displaying all locations is shown in
Fig. 1.

The CSIC (Consejo Superior de Investigaciones Cien-
tificas, the Spanish national research council) urban sta-
tion, operative from 9 to 20 July, was located in the In-
stitute of Agricultural Sciences (40°26'25" N, 03°41'17" W,
713ma.s.l.) in central Madrid. The instrumentation at this
station was installed on the sixth floor of the building, with
instruments sampling through a window. NO, and equiva-
lent black carbon (BC) concentrations were measured with a
chemiluminescence-based analyzer (Teledyne API, 200EU)
and an Aethalometer (AE33, Magee Scientific, 5 Lmin_l),
respectively. The aerosol number size distribution in the size
range 8-120nm was measured with a Scanning Mobility
Particle Spectrometer (SMPS; TSI, 3082) equipped with a
Nano-Differential Mobility Analyzer (DMA; TSI 3085) and
a condensation particle counter (CPC; TSI 3772, | L min~! ).
A particle size magnifier (PSM, Airmodus A10) combined
with a CPC (TSI 3775) were used to measure size distribu-
tions in the size range 1.2-2.5 nm. This system was operated
in scanning mode using Airmodus software (2.5Lmin~!).
PSM data were post-processed and corrected for diffusion
losses by using tailored software provided by Airmodus.

The CIEMAT (Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas, Research center for en-
ergy, environment, and technology) urban background sta-
tion, operative from 4 to 20 July, was located on the out-
skirts of Madrid, 4 km from the CSIC station (40°27'23" N,
03°43'32" W, 669ma.s.l.). NO,, O3, and BC concentra-
tions were measured with a chemiluminescence-based an-
alyzer (THERMO 17i), an ultraviolet photometry analyzer
(THERMO 49i), and an Aethalometer (AE33 Magee Scien-
tific, 5 Lmin_l), respectively. The aerosol number size dis-
tribution in the size range 15-660nm was measured with
an SMPS (TSI 3080) combined with a CPC (TSI 3775,
1.5Lmin~") and in the size range 1-30nm was measured
with a 1 nm SMPS (TSI 3938E77, 2.5Lmin~"). All data
were processed and corrected for multiple charge and dif-
fusion losses by using the TSI Aerosol Instrument Manager

Atmos. Chem. Phys., 18, 16601-16618, 2018
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the Madrid metropolitan area. In a twin article (Querol et al.,
2018), the study of the temporal and spatial variability of O3
is presented. In this work we will focus exclusively on the
phenomenology of the NPF events, comparing the aerosol
size distribution at surface level at urban, urban background,
and suburban stations in Madrid and the outskirts of a resi-
dential village 17 km from Madrid. We also study the vertical
distribution of the events using airborne instrumentation car-
ried by tethered balloons.

2  Methodology
2.1 The study area

The Madrid metropolitan area (MMA) lies in the center of
the Iberian Peninsula at an elevation of 667 m a.s.l. (meters
above sea level). It is surrounded by mountain ranges and
river basins that channel the winds in a NE-SW direction.
Having an inland Mediterranean climate, winters are cool
and summers are hot, and precipitation occurs mainly in au-
tumn and spring. Road traffic and residential heating in win-
ter are the main sources of air pollutants, with small contri-
butions made by industrial and aircraft emissions (Salvador
etal., 2015).

In summer, the area is characterized by strong convec-
tion, which results in PBL heights as high as 3000m a.g.L
(above ground level) and mesoscale recirculation caused by
anabatic and katabatic winds in the surrounding mountain
ranges (Plaza et al., 1997; Crespi et al., 1995), which can lead
to the accumulation of pollutants if the recirculation persists
for several days.

The cold and warm advection of air masses associated with
the passage of upper-level troughs and ridges over the area
gives rise to a sequence of accumulation and venting periods,
respectively. During accumulation periods, pollutants accu-
mulate in the area, and concentrations increase for 2-6 days,
until a trough aloft brings a cold advection and a venting pe-
riod starts. For a detailed description of the meteorological
context during the campaign, see Querol et al. (2018).

A few studies have focused on NPF events in the area.
For instance, Gémez-Moreno et al. (2011) reported NPF
episodes in Madrid to be “not a frequent phenomenon”, since
only 63 events per year were detected, with 17 % of the
total days occurring mostly in spring and summer. How-
ever, Brines et al. (2015) reported both intensive summer
and winter NPF episodes at the same station, which ac-
counted for 58 % of the time as an annual average, consid-
ering the prevalence of nucleation bursts for 2h or more.
Alonso-Blanco et al. (2017) described the phenomenology
of particle-shrinking events, i.e., a decline in particle size
caused by particle-to-gas conversion, at an urban background
station in Madrid (CIEMAT), stating that they occur mainly
between May and August in the afternoon, due to either a
change in wind direction or the reduction of photochemical
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processes. Particle shrinkage following their growth is not a
common phenomenon but has been observed in a few areas
around the world. Yao et al. (2010), Cusack et al. (2013a, b),
Young et al. (2013), Skrabalova et al. (2015), and Alonso-
Blanco et al. (2017) and references therein, reported shrink-
age rates ranging from —1.0to —11.1nmh~1.

2.2 Instrumentation

The data used in this study were collected during a summer
campaign in and around Madrid in July 2016. Three air qual-
ity supersites were used, namely, an urban station, an urban
background station, and a suburban station, in addition to
a setting in a suburban environment with two tethered bal-
loons that allowed for the study of the vertical distribution of
aerosols and air pollutants. All stations are located within a
range of 17km. A map displaying all locations is shown in
Fig. 1.

The CSIC (Consejo Superior de Investigaciones Cien-
tificas, the Spanish national research council) urban sta-
tion, operative from 9 to 20 July, was located in the In-
stitute of Agricultural Sciences (40°26'25" N, 03°41'17" W,
713ma.s.l.) in central Madrid. The instrumentation at this
station was installed on the sixth floor of the building, with
instruments sampling through a window. NO, and equiva-
lent black carbon (BC) concentrations were measured with a
chemiluminescence-based analyzer (Teledyne API, 200EU)
and an Aethalometer (AE33, Magee Scientific, 5 Lmin_l),
respectively. The aerosol number size distribution in the size
range 8-120nm was measured with a Scanning Mobility
Particle Spectrometer (SMPS; TSI, 3082) equipped with a
Nano-Differential Mobility Analyzer (DMA; TSI 3085) and
a condensation particle counter (CPC; TSI 3772, | L min~! ).
A particle size magnifier (PSM, Airmodus A10) combined
with a CPC (TSI 3775) were used to measure size distribu-
tions in the size range 1.2-2.5 nm. This system was operated
in scanning mode using Airmodus software (2.5Lmin~!).
PSM data were post-processed and corrected for diffusion
losses by using tailored software provided by Airmodus.

The CIEMAT (Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas, Research center for en-
ergy, environment, and technology) urban background sta-
tion, operative from 4 to 20 July, was located on the out-
skirts of Madrid, 4 km from the CSIC station (40°27'23" N,
03°43'32" W, 669ma.s.l.). NO,, O3, and BC concentra-
tions were measured with a chemiluminescence-based an-
alyzer (THERMO 17i), an ultraviolet photometry analyzer
(THERMO 49i), and an Aethalometer (AE33 Magee Scien-
tific, 5 Lmin_l), respectively. The aerosol number size dis-
tribution in the size range 15-660nm was measured with
an SMPS (TSI 3080) combined with a CPC (TSI 3775,
1.5Lmin~") and in the size range 1-30nm was measured
with a 1 nm SMPS (TSI 3938E77, 2.5Lmin~"). All data
were processed and corrected for multiple charge and dif-
fusion losses by using the TSI Aerosol Instrument Manager
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Figure 1. Location of the stations and sounding setting used in the
campaign. The location of the airport is also shown. A white solid
line marks the city limits of Madrid.

(AIM) software. In the overlapping range (15-30nm), the
nano-SMPS yielded slightly higher concentration values. In
order to correct these higher values and obtain a continu-
ous size distribution, the daily nano-SMPS values were cor-
rected to adapt to those of the SMPS. We compared the
resulting merged particle size distribution with CPC mea-
surements (CPC TSI 3776, > 2.5nm) to check that there
was good agreement in total particle concentration. Tempera-
ture (4 ma.g.l.), relative humidity (4 ma.g.1.), solar radiation
(35ma.g.l.), and wind speed and direction (55 m a.g.l.) were
measured at a meteorological tower at the station.

The ISCIII (Instituto de Salud Carlos III, Carlos III In-
stitute of Health) suburban station was located at the Car-
los III Institute of Health in Majadahonda, 15km from the
CSIC station (40°27'27" N, 03°51'54" W, 739 ma.s.l.), and
was operative from 4 to 20 July. An SMPS (TSI 3080)
equipped with a CPC (TSI 3775, 1.5Lmin~") measured
the aerosol number size distribution in the size range 9-
360nm. Data were processed and corrected for multiple
charge and diffusion losses by using the TSI AIM soft-
ware. Size distributions in the range 1.2-4.0 nm were mea-
sured with a PSM (Airmodus, Al11, 2.5Lmin~!) in combi-
nation with a CPC (Airmodus, A20) working in scanning
mode. Data were post-processed and corrected for diffu-
sion losses by using the Scilab code provided by Airmodus.
A proton-transfer-reaction time-of-flight mass spectrometer
(PTR-ToF-MS; Ionicon Analytik, PTR-TOF 8000) operating
in H30+ mode was used to measure VOC concentrations. A
detailed description of the instrument can be found in Graus
et al. (2010). The operational procedure for the PTR-ToF-MS
is fully described in Querol et al. (2018). Results regarding
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these measurements are briefly presented in Sect. S1 in the
Supplement.

UFP instrument calibration was performed by the manu-
facturers: TSI in the case of SMPS and CPCs and Airmodus
for PSM. Particle sizing and counting instrumentation at all
stations were collocated next to windows or walls where
holes were available for inlets and equipped with individ-
ual 1/4 inch, 20 cm long conductive silicone tubing inlets for
PSM. SMPS and CPC also had individual 30 cm conductive
silicone tubing inlets. Each instrument had its own flow rate
since there were individual inlets. TSI instrument data were
corrected for diffusion losses and multiple charge losses us-
ing the instruments’ own software.

Regarding the vertical measurements, two tethered bal-
loons carrying miniaturized instrumentation were based
at the Majadahonda (MJDH) rugby field (40°28'29.9" N
3°52'54.6" W, 728 ma.s.1.), 17 km from CSIC. Twenty-eight
flights up to 1200 ma.g.l. were carried out from 11 to 14 July.
A miniaturized SMPS (Hy-SMPS, an SMPS designed by
the University of Hanyang) measured the particle size dis-
tribution in the range 8-245nm with a time resolution of
45s and flow of 0.125Lmin~! (Lee et al., 2015). How-
ever, only particles larger than 10 nm could be detected due
to lower efficiency for finer particles. The instrument was
inter-compared with an SMPS (TSI, Standard DMA with
3776 CPC) for 50nm monodispersed NaCl particles and
polydispersed aerosols (Fig. S1). The number concentration
of particles larger than 3 nm was measured with a miniatur-
ized butanol-based CPC (Hy-CPC, designed by the Univer-
sity of Hanyang). The time resolution was 1s, and sample
flow was 0.125 L min~! (Lee et al., 2014). Temperature, rela-
tive humidity, pressure, wind speed, and wind direction were
also measured. The instrumentation was also equipped with a
global positioning system (GPS). An additional set of minia-
turized instrumentation was placed at surface level for com-
parison.

2.3 Data analysis techniques

Identification of NPF events was made via the method pro-
posed by Dal Maso et al. (2005). After the examination of
the daily particle size distribution, if the day was classified as
an event day, we proceeded to calculate growth rates (GRs),
shrinking rates (SRs), condensation and coagulation sinks
(CSs and CoagSs), and formation rates (Jp, ).

The algorithm proposed by Hussein et al. (2005) was used
to fit log-normal modes to the particle size distribution, from
which GRs were calculated by following Eq. (1):

dDy

GR = ,
dr

(H
where D, is the selected geometric mean diameter corre-
sponding to the growing particle mode. Unless stated other-
wise, in this work, GRs are calculated for particles growing
from 9 to 25nm. When calculating GRs with PSM data, the
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range was selected according to the measuring range of each
instrument (see Sect. 2.2). SRs were calculated analogously
when a decrease in the diameter of the fitted modes was ob-
served.

The CS, a measure of the removal rate of condensable va-
por molecules due to their condensation onto pre-existing
particles (Kulmala et al., 2012), is calculated using Eq. (2):

CS=27DD fiDpiN;, )

where D is the diffusion coefficient of the condensing vapor
(here we use Hy504), Dy ; and N; are the particle diameter
and particle concentration, respectively, for the size class i,
and g; is the transitional correction factor:

. 1+ K;
U4 (3 +0337) K + £ K7

Bi (3)

where the Knudsen number K; =24 /D, ;, with A represent-
ing the mean free path of the condensing vapor in air and
o representing the sticking coefficient, here assumed to be
equal to 1.

The formation rates of particles were calculated as 30 min
averages, following Eq. (4):

dNp GR
JDP:T"—i—CoagSDp-NDP—i-—NDP, (4)

where we use the PSM measuring range for Np,, and CoagS
is a quantification of the ability of the preexisting aerosols
to scavenge newly formed particles. For its calculation we
take the geometric mean diameter of the size ranges 1-25 nm,
using a merged PSM and SMPS particle size distribution.
The CoagS can be calculated using Eq. (5):

CoagSp, = > K (Dp. D}) Ny, (s)
Dj

where K is the coagulation coefficient. For a detailed de-

scription of the parameters and their derivation, see Kulmala

et al. (2012).

A rough estimation of the mixed layer height was deter-
mined using Hy-CPC measurements. The top of the mixed
layer was considered to be at an altitude at which parti-
cle concentration decreases an order of magnitude quasi-
instantaneously and remains constant above this altitude. All
UFP profiles are included in Querol et al. (2018).

Additionally, bivariate polar plots of concentration have
been used to relate wind speed and direction with total parti-
cle concentration using PSM data by means of the R package
“openair” (Carslaw and Ropkins, 2012).
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3 Results and discussion
3.1 Meteorological context

Figure S2 shows the evolution of the temperature, relative hu-
midity, wind speed, and wind direction measured at CIEMAT
from 5 to 20 July 2016. The evolution of temperatures during
this period evidences a succession of accumulation and vent-
ing episodes. Rain gauges collected significant precipitation
only on 6 July at midnight (not shown).

The balloon field campaign, held from 11 to 14 July, co-
incided with the start of a venting period, the passage of
an upper-level trough, and the transition to an accumula-
tion period when the trough moved to the east of the Iberian
Peninsula and a ridge passed over the area of study (see
Fig. §3). Maxima and minima temperatures dropped, while
strong westerly winds predominated until they veered to the
NE on 12 July 18:00 UTC. High nocturnal wind speed peaks
were recorded in this period and were often accompanied by
a change in wind direction. For detailed information on the
meteorological parameters during this campaign, see Querol
etal. (2018).

3.2 Comparison of NPF events at urban and suburban
surface stations

In the following discussions, we group CSIC (urban) and
CIEMAT (urban background) as urban stations and compare
them to ISCIII (suburban). This grouping is done because of
the availability of data during the period of interest. How-
ever, it has to be noted that CSIC is more influenced by traf-
fic than CIEMAT, therefore it is more representative of ur-
ban environments, and, for this reason, CSIC data are chosen
when possible. Eighteen NPF episodes have been identified
on a total of 7 days throughout the campaign. A summary
of these events is presented in Table 1. Out of these, a total
of 14 events on 6 days had simultaneous data available for
at least one of the urban stations (CSIC, CIEMAT) and the
suburban station (ISCIII). These episodes, marked with an
asterisk in Table 1, are selected for further analysis in this
section. Figure 2 represents the aerosol number particle size
distributions for the selected episodes (12—18 July 2016).

3.2.1 Episode characteristics

In the selected episodes, intensive daytime nucleation and
subsequent condensational growth processes took place si-
multaneously at urban and suburban stations, located 17 km
apart, and, accordingly, we classify these as regional NPF
episodes. If the episodes were caused by primary emissions,
then we would observe different size distributions at all sta-
tions, because each one of them is differently influenced by
traffic. The urban station is largely influenced by traffic emis-
sions, whereas the suburban station is much less affected by
these emissions. Since we observe the same size distribution
at both stations, we can say that traffic emissions are not the
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Table 1. Summary of new particle formation events recorded during the campaign, showing the starting time, considered as the moment of
first detection of the nucleation mode, the final time, considered as the time when the mode reaches 25 nm, the growth rate calculated in that
period using SMPS and PSM data, and formation rates at the starting time. An asterisk marks the events that are detected simultaneously at
all stations and were chosen for further analysis in this work.

Date Starting time  Final time GR GRpsm J1
(dd/mm/yyyy) (UTC) (UTC) mmh™H @mh Y (em3s7h
CSIC 12/07/2016 (%) 06:20 10:39 39 1.9 24
13/07/2016 (*) 08:30 12:49 2.0 1.1 8.5
14/07/2016 (%) 08:45 11:53 1.4 6.75 15.7
ISCIII 12/07/2016 (*) 05:30 09:44 3.0 0.7 1.9
13/07/2016 (*) 08:50 11:54 4.6 43 8.1
14/07/2016 (%) 09:20 10:39 7.6 6.8 6.5
16/07/2016 (%) - - - 43 -
17/07/2016 (%) - - - 44 3.2
18/07/2016 (*) 10:44 12:20 29 1.38 6.8
CIEMAT 13/07/2016 (%) 08:15 13:45 25 - -
14/07/2016 (%) 09:00 13:10 4.1 - -
15/07/2016 08:34 13:08 4.0 - -
18/07/2016 (%) 09:09 11:49 2.6 - -
MIDH Sounding ~ 12/07/2016 07:27 08:08 35 - -
13/07/2016 08:39 09:56 53 - -
14/07/2016 09:00 10:34 6.2 - -
3
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Figure 2. Particle size distribution at CSIC, CIEMAT, and ISCIII (top to bottom), from 4 to 20 July 2016. Total particle concentration of
particles with diameter greater than 2.5 nm is also shown.

origin of the observed distributions. Additional arguments in- tion, implying that the particles did not originate from traffic
clude the fact that number concentrations of sub-25 nm par- sources.

ticles peak at noon, when BC levels are at their minimum, as At urban stations, particles of the order of 10nm are de-
well as the concentration of particles measured by PSM be- tected throughout the day, even during the night. Conversely,
ing higher at the suburban station compared to the urban sta- at the suburban station, such small particles are only detected
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Figure 3. Concentrations of BC, O3, NO, and NO> measured from 6 to 20 July 2016 at CIEMAT.

during daytime. Additionally, during some days, a very in-
tense short nucleation burst is registered at around midnight
local time at urban stations, but nothing of this nature is de-
tected at the suburban station. This phenomenon is analyzed
in Sect. 3.4.2.

Despite the detection of sub-10nm particles as early as
04:00 UTC (06:00 LT — local time) at the urban stations, only
after around 09:00 UTC is the growth of the particles ob-
served, occurring roughly at the same time in both urban and
suburban stations. Newly formed particles grow until they
have reached sizes of up to 50 nm, usually around 13:00 UTC
(15:00 LT). After this, shrinkage is observed on 10 days, cor-
responding to 71 % of the days with available data. Conse-
quently, the evolution of the particle size distribution is arc-
shaped in these cases.

It should be noted that nucleation episodes coincide in
time with the early increases in O3 concentrations in the
morning, whereas the occurrence of maximum O3z concen-
tration (120 to 150pgm~> hourly daily maxima between
14:00 and 16:00 UTC; see Fig. 3) takes place during the UFP
growth stage, since oxidation of VOCs and inorganic gases is
also accelerated with photochemistry and the presence of O3
and OH radicals, among others (Coleman et al., 2008; Wang
et al., 2017; Saiz-Lopez et al., 2017).

3.2.2 Comparison of GR, J;, CS, and CoagS

For the observed daily regional NPF events, GRs for the nu-
cleation mode, Ji, CSs, and CoagSs have been determined
using PSM and SMPS aerosol size distribution measure-
ments. Here, the GR is calculated from the time of detection
of the smallest mode until either the particle reaches 25 nm
or it stops growing before reaching that size. We considered
only the events that are observed simultaneously at the sub-
urban station and at least at one urban station (highlighted in
Table 1). GRs regarding the vertical measurements are dis-

www.atmos-chem-phys.net/18/16601/2018/

cussed in the following section due to differing sampling pe-
riods.

The calculated GR for the surface stations are shown in
Table 1. GRs ranged from 2.9 to 7.6nmh~! at the subur-
ban site, with a mean value of 4.5+2.1nmh™!, and from
1.4 to 4.0nmh~! at the urban stations, with a mean value
of 2.8+ 1.0nmh~!. We cannot affirm that the mean value
of the suburban station is higher than that of the urban sta-
tions, because the mean value of the GR at urban stations is
included in the confidence interval of the GR at the suburban
station. It also has to be considered that only 7 days of mea-
surements are available for these calculations, hence further
studies would be needed to confirm the observed differences
between urban and suburban stations. Nevertheless, the GRs
calculated are consistent with those observed by Alonso-
Blanco et al. (2017), ranging 1.4-10.6nmh~! at CIEMAT.

The GRs calculated in this study are also consistent with
those observed in other urban and suburban areas. Kulmala
et al. (2004) concluded that typical GRs are 1-20 nm h~!in
midlatitudes. In particular, Stolzenburg et al. (2005) observed
GRs ranging from 2.4 to 8.5nmh~! in regional events in an
urban environment in Atlanta, GA, US. Qian et al. (2007)
reported regional events with a median GR of 5.1 nmh™!
in an urban environment in St. Louis, MO, US. Ahlm et
al. (2012) reported an average GR of 7.3nmh~! in Bak-
ersfield, CA, US. Manninen et al. (2010) characterized NPF
events at 12 European sites. Cabauw (the Netherlands) and
San Pietro Capofiume (Italy) are stations located in environ-
ments comparable to that in our suburban station, ISCIII. For
these stations, the observed median GRs were 7-8 nmh™!,
corresponding well with our calculated GR for the suburban
station.

Figure 4 shows the average daily cycles of particle concen-
trations in the size ranges 9-25nm (Ng_»s5) and 1.2-2.5nm
(N12-25), where the total particle concentration was mea-
sured by the PSM (N.15), CS, and CoagS during the re-
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Figure 4. Mean daily cycles of (a) total particle concentration in the size range 9-25nm, (b) total particle concentration in the size range
1.2-2.5 nm measured with PSM at CSIC and ISCIII, (¢) total concentration of particles > 2.5 nm measured with PSM at CSIC and ISCIII,
(d) condensation sink (CS), and (e) coagulation sink (CoagS) during regional new particle formation events at urban (CSIC and CIEMAT,

solid line) and suburban (ISCIII, dashed line) stations. Red (urban)
hour of the day is given in UTC. Local time is UTC + 2 h.

gional NPF events at the urban and suburban stations. Aver-
age No_p5 daily mean values are 3.7 x 103 and 2.2x 103 cm™3
at the urban and suburban stations, respectively. N~2 5 has
average daily mean values of 1.6 x 10* and 2.1 x 10* em™3
at the urban and suburban stations, respectively. It has to
be highlighted that Nj2 5 is considerably larger at the

suburban station throughout the day, with mean values of

2.5%10% em 3, compared to 0.5 x 103 cm 2 at the urban sta-

tions. CSs and CoagSs have average daily mean values of

34 %10 37! (2.5 x 1073 s~ ! at the suburban station) and
2.4 % 1072571, respectively. After dawn, anthropogenic ac-
tivities start, and No_25, Nj2-2.5, N=25, CSs, and CoagSs
start to increase at the same time, both in the urban and sub-
urban environments. Around 07:00 UTC, once the morning
traffic rush diminishes, N9 5, N~ 5 and the sinks increase
more slowly; moreover, total particle concentration decreases
in the suburban station, indicating that, in this environment,
the impact of the traffic emissions on total particle concentra-
tion is smaller than near the city center, as expected. Shortly
afterwards, at 09:00 UTC, the photochemical processes are
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and blue (suburban) shaded shapes show 95 % confidence intervals. The

strong enough to start NPF, as suggested by the increase
in particle concentrations, while the sinks achieve relative
minimums. Ng_ps reaches its maximum at midday (9 x 103
and 5 x 10% em™? at the urban and suburban stations, respec-
tively) and then decreases because the particles start growing
to diameters greater than 25 nm, adding to the sinks, which
increase gradually until the evening. NPF leads to maximal
UFP concentrations around midday at all stations, as sug-
gested by the peak in N.; s, which is recorded simultane-
ously with very low BC levels (see Figs. 3 and S4). Around
19:00 UTC, the effect of the afternoon traffic rush is evident,
as the variables evolve in a manner similar to that in the
morning. Finally, at 23:00 UTC, a sharp and short increase
in Ng 75 is observed, associated with the aircraft emissions
discussed in Sect, 3.4.2.

Growth rates (GRpgy) and total formation rates of 1.2—
4.0nm particles (J;) were calculated from PSM data at
CSIC and ISCIII stations. GRpgym were calculated from 11 to
18 July 2016, averaging 4.3 nmh ™! at the urban station and
3.7nmh~" at the suburban station. J; were calculated only
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for the days in which NPF is identified. The results for these
days are included in Table 1. Average Jy values are higher
at the urban station (8.9 cm ™ s~!) compared to the suburban
station (5.3 cm ™3 s_]). Concentrations of 1.2-4.0 nm parti-
cles are lower at the urban station (Fig. S4), which could lead
to lower formation rates. However, the coagulation sink is
greater at the urban station, as discussed before, which con-
tributes to the second factor in Eq. (4). It has to be noted that
only 3 days of overlapping between PSM and SMPS data
were available for NPF events at the urban station and 6 days
at the suburban station. A larger dataset would be needed to
confirm these results.

The average values of the formation rates agree with those
reported at similar stations around the world. For instance,
Woo et al. (2001) reported J3 ranging from 10 to 15¢cm™3 s~!
in Atlanta, GA, US. Wehner and Wiedensohler (2003) re-
ported an average J3 of 13cm™3s™! in Leipzig, Germany.
Hussein et al. (2008) reported nucleation rates (Dp < 25 nm)
ranging from 2.1 to 3.0 cm > s~ ! in summer in Helsinki, Fin-
land.

3.3 Vertical distribution of NPF events
3.3.1 UFP concentrations

Querol et al. (2018) studied the vertical profiles of UFP
and O3 concentrations measured during the campaign using
the balloon soundings at Majadahonda. UFP concentrations
are homogeneous throughout the mixing layer and present
a sharp decrease at the top. As the day progresses, convec-
tion is more effective, and high UFP levels reach higher alti-
tudes as the mixing layer heightens. Moreover, the concentra-
tions tend to increase until midday. Afterwards, they remain
constant or decrease slightly, always showing homogeneous
levels from surface levels to the top of the PBL. Concentra-
tions of UFPs increased markedly from 11 to 14 July, both
at the surface and upper levels. This is consistent with the
observed decrease in the convective activity during that pe-
riod, evidenced by a decrease in temperatures, but also with
an increase in the formation rates calculated in this study.
Therefore, the increase in particle concentration is probably
the result of both a decline in PBL height and more intense
nucleation episodes.

3.3.2 Particle size distribution and NPF episodes

The NPF events described in Sect. 3.2 that took place be-
tween 12 and 14 July were not only detected at surface level,
but also in the upper layers with the balloons soundings in
Majadahonda. However, the measurements were not contin-
uous, since the balloons could not be operated safely if the
wind speed was above 8 ms~! at any vertical level.

Figure 5 shows the fitted modes to the particle size distri-
bution measured in the soundings on 12 July. The fact that
sub-40 nm particles are not detected at the higher levels of
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the first flights suggests that convection is not very effec-
tive yet, and the sounding goes through different atmospheric
layers, most likely the mixed layer and the residual layer. In
the residual layer, Aitken-mode particles formed on previous
days prevail (Stull, 1988). The interphase between the mixed
layer and the residual layer, i.e., the mixed layer height, has
been derived using the UFP vertical profiles (see Querol et
al., 2018). From 10:00 UTC onwards, once convection has
fully developed, the mixed layer covers all the sounding, and
we see a homogeneous distribution at all levels, which is also
comparable to those recorded with the instrumentation mea-
suring at the surface. This agrees with the fact that UFPs are
homogeneously distributed in the mixed layer and are de-
tected at higher altitudes as the mixed layer rises.

In the early morning the size distribution is dominated
by a 60nm mode at all altitudes, which grows to 100 nm
at 11:00 UTC. Even though it is detected at all levels, the
mode decreases slightly in size when the sounding ascends
above the mixed layer limit, which is more clearly visible
on the second flight at around 09:00 UTC. This result sug-
gests that there are lower vapor concentrations in the resid-
ual layer, which inhibits particle growth, whereas the mixed
layer is more polluted, spurring faster particle growth. The
GRs calculated for this mode were 1.8 nmh™! in the residual
layer and 7.3nmh~! in the mixed layer. The concentration
and size of the Aitken mode decrease after midday, which
might be related to an increase in wind speed, entailing di-
lution and evaporation; this leads to the shrinking of the par-
ticles. Because of the increase in wind speed, the balloons
could not be operated safely, and no additional flights were
made on that day.

Moreover, during the morning, we observed particles
growing inside the mixing layer, from 10 nm at 07:00 UTC
to 30 nm at midday. This mode is observed simultaneously
at ISCIII; therefore, we consider it for calculation. The GR
obtained is 3.5nmh~!. The fact that the GR is the same
throughout the mixing layer, even though we expect VOCs
to be higher near the surface, upholds the assumption that the
convection is very efficient and the entire layer is well-mixed.
After 13:00 UTC, due to the increase in wind speed, particles
start to shrink. While concentrations were not as high as they
were during other episodes, the evolution is remarkably sim-
ilar to the NPF event measured at the same time at ISCIII,
which had a GR of 3.0nmh~".

The size distribution and the corresponding fitted modes
for the soundings made on 13 July are presented in Fig. 6. Al-
though the balloons could not fly until 10:30 UTC for safety
reasons, at least two modes are detected from early morning
at the sounding location. A mode starting roughly at 40 nm
at 07:00 UTC grows to 100nm at 15:00 UTC. With a GR of
8.5nmh !, this mode was detected at all altitudes once the
soundings started, indicating that the convection was already
effective by 10:30 UTC and all the measured altitudes were
completely mixed, leading to a homogeneous particle distri-
bution throughout the soundings. This mode is the prolon-
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gation of the Aitken mode detected the day before, which
shrank from midday until the following morning. It is also
detected at ISCIII and CSIC, with GRs of 7.5 and 6.9 nm h~!,
respectively. A nucleation mode also grew from the detection
limit of the instrument, from around 10 nm at 08:30 UTC to
40 nm at 15:00 UTC. Comparing with other stations, we con-
sidered this mode only after 09:00 UTC and calculated the
GR from that time. We consider this a regional NPF event,

Atmos. Chem. Phys., 18, 16601-16618, 2018

since the start of the particle growth is registered simultane-
ously at all the stations. The GRs at the sounding location,
ISCIII and CSIC are 5.3, 4.6, and 2.0nmh~!, respectively.
Figure 7 shows the particle size distribution and fitted
modes for the soundings made on 14 July. Correspondingly,
in Fig. 8, the vertical distribution of particles for some of
the soundings is presented. The earliest soundings revealed
the existence of a residual layer aloft. In order to verify this
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Figure 8. Vertical particle size distribution measured on 14 July during selected soundings.

result, two constant altitude flights were made during the
morning. The extension of the wire was not modified dur-
ing these flights. However, changing wind conditions var-
ied the altitude of the instruments slightly. The altitude was
chosen so that the instruments initially remained outside the
mixing layer, i.e., inside the residual layer. As the insola-
tion increased, so did the altitude of the mixing layer, until
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it reached the altitude at which the balloons were positioned.
As the mixing layer reached the balloons, total particle con-
centration increased sharply from 4 x 103 to 2 x 10* cm™3,
demonstrating that newly formed particles remain inside the
mixing layer.

According to the abrupt decline in particle concentration,
the boundary between the mixing and residual layers was lo-
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cated at 1000 m at 09:00UTC, 1200 m at 10:00 UTC, 1350 m
at 11:00UTC, and beyond 1800 m after 12:00 UTC. This
can be taken as an indicator of the effectiveness of con-
vection, meaning that after 12:00 UTC, the whole measured
particle population was well mixed throughout the sounding
range. Inside the residual layer, particles had a slower GR
(0.5nmh™! compared to 8.45nmh~! for the 40 nm mode —
note that due to the use of a log scale, this might be unno-
ticeable visually), and no particles smaller than 20 nm were
observed.

Nucleation mode particles were detected exclusively in-
side the mixing layer from 08:00 to 12:00UTC, whereas
growth was only observed from 09:00 to 11:00 UTC and
from 12:00 UTC onwards. The time spacing between both
growth periods coincides with a marked decrease in wind
speed. During the first period, GRs at the sounding station,
ISCIIL, and CSIC were 6.2,5.4, and 1.4nmh™!, respectively.
However, during the second stage, particles grew faster at
the urban station (8.6nmh~!) than at the sounding loca-
tion (4.5nmh~1). As the latter is a suburban environment,
this contrasts with the results obtained in Sect. 3.2.2. This
fact could be explained by the veer of NE winds to weaker
southerly winds in Madrid, which was not observed in Ma-
jadahonda.

Overall, the soundings revealed that there is simultaneous
growth and shrinking of nucleation and Aitken modes and
that both of them grow and shrink at different rates. This was
also observed in the surface measurements when comparing
urban and suburban stations (see Sect. 3.2.2).

3.4 Other observations
3.4.1 Prevalence of particles and shrinkage

A further interesting feature is the presence of the Aitken
mode on most days. Usually in the size range between 50—
100 nm, reaching 110 nm in some cases, this mode does not
correspond to newly formed particles, but it follows a par-
allel evolution (condensational growth and potential shrink-
age). When looking at the evolution of aerosol size distribu-
tions on consecutive days, it is possible to see a connection
between this 50-100 nm mode and the distribution of the pre-
vious days. The nucleated and grown mode from one day is
still present the following day, and it continues to grow until
it eventually fades away or grows beyond the detection lim-
its of the instruments. On some occasions, the Aitken mode
can be tracked for 2 or more consecutive days, alternating
between the stages of growth and shrinkage.

The start of the shrinking phase coincides with a marked
increase in wind speed (Fig. S5); therefore, it is associated
with dilution, which favors the evaporation of semi-volatile
vapors, resulting in a decline in particle diameter and concen-
trations, as observed in most cases. The calculated shrinkage
rates are shown in Table S1. SRs for particles with a start-
ing diameter below 40 nm range from —1.1 to —8.0nmh~!.
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For particles in the Aitken mode above 40 nm, the values fall
between —4.9 and —20.5nmh~". The results seem to indi-
cate that, the larger the starting diameter, the faster the par-
ticles shrink. Since shrinkage is observed simultaneously at
urban and suburban stations, shrinkage seems to be aregional
phenomenon in the Madrid area, as already suggested by
Alonso-Blanco et al. (2017). However, we could only iden-
tify a limited number of simultaneous shrinking episodes,
and further research would be needed to confirm these re-
sults.

3.4.2 Nocturnal UFP peaks

Although outside of the major focus of this study (pho-
tochemical nucleation), other interesting events were de-
tected which took place at night. From 6 to 11 and 17 to
19 July, high concentrations of 1.2-4 nm particles are regis-
tered shortly after sunset for several hours, simultaneously at
urban and suburban stations (see Fig. 2). BC, NO, and NO;
concentrations also increase during that time (see Fig. 3).
Therefore, these processes are probably related to local traffic
emissions and the decrease of the mixing layer after sunset.
On the other hand, from 12 to 14 July, high concentrations of
sub-25 nm particles are also detected, but they only registered
at the urban stations at around 23:00 UTC. These are sud-
den, shorter, and more intense, with concentrations greater
than 10° cm—>. They appear as intense bursts that last 1 h or
less, with no subsequent growth. They are not accompanied
by simultaneously high BC or NO concentrations; thus, they
are not linked to traffic emissions, although NO; levels are
significant. Furthermore, these episodes occur outside local
traffic rush hours and are registered together with strong NE
winds, which suggests that they might be transported from
a stationary source and not formed locally. To better support
this hypothesis, Fig. S6 shows PSM data together with wind
direction and wind speed, showing that the episodes coincide
with strong NE winds.

In order to determine the origin of these sub-25nm par-
ticles, bivariate polar plots of concentration have been used
to relate wind speed and direction measured at CIEMAT with
total particle concentration of 1.2-2.5 nm particles, BC, NO»,
and NO measured at CSIC, analyzing daylight and night-
time periods separately (Fig. 9). These plots must be inter-
preted carefully, since the color scale only represents the av-
erage value for a given wind speed and direction. The results
are consistent with what we previously stated; the highest
nocturnal 1.2-2.5nm particle concentrations are linked with
strong winds from the NE direction. Air masses transported
from this direction have the lowest BC levels and moder-
ate NO; concentrations. NO concentrations are insignificant
during the nighttime considering any direction, probably be-
cause of titration due to the high concentrations of O3 ob-
served during the daytime.

In the discussion paper, we pointed out the airport Adolfo
Sudrez Madrid-Barajas, located NE of the city, as a possible
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Figure 9. Bipolar plot of (a) total particle concentration in the size range 1.2—4 nm measured with the PSM, (b) black carbon (BC), (c) NO3,
and (d) NO concentrations at CSIC urban station using the wind data registered at CIEMAT. Daylight and nighttime hours are separated
according to sunrise (05:00 UTC) and sunset (20:00 UTC). The data correspond to the period 11-15 July 2016.

source of these high UFP concentrations. However, the UFP
peaks lasted for about 1h on all days, whereas strong NE
winds prevailed for a few hours. Moreover, the airport has
flights all night; therefore, a longer period with high UFPs
should be observed. Although other studies have linked air-
craft emissions with nucleation bursts without growth (Che-
ung et al., 2011; Masiol et al., 2017), in this study we cannot
affirm that the airport is the origin of these bursts. As men-
tioned before, these episodes were unexpected and were not
the main focus of this study. To elucidate the origin of these
UFP bursts, further research will be required.

4 Conclusions

We investigated the phenomenology of regional and sec-
ondary new particle formation (NPF) episodes in central
Spain. To this end, we set up three supersites (an urban, an
urban background, and a suburban site) 17 km apart in and
around Madrid. We were able to characterize six NPF events,
and, in all cases, the evolution of the particle size distribu-
tion (PSD) was very similar at all stations; around sunrise,
nucleation-mode particles appear and start growing, and in
the afternoon, a decline in particle sizes, i.e., shrinkage, is
observed. The regional origin of the NPF is supported by the
simultaneous variation in PSD in the nucleation mode, parti-
cle number concentrations, and growth and shrinkage rates.
Furthermore, temporal evolutions of condensation and coag-
ulation sinks were similar at all stations, having minimum
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values shortly before sunrise and increasing after dawn to-
wards the maximum value after midday in the early after-
noon. In spite of the 17 km scale and the simultaneous pro-
cesses affecting particle number concentrations, the follow-
ing relevant differences between urban and suburban stations
were observed: (i) the urban stations presented larger forma-
tion rates as compared to the suburban stations, and (ii) in
general, the sinks were higher at the urban stations.

Regarding the vertical soundings of the NPF events, we
observed that, in the early morning, the vertical distribution
of newly formed particles is differentiated into two layers.
The lower layer (mixed layer — ML), in which convection is
effective, is well-mixed and has a homogeneous PSD. This
ML heightens throughout the day, as insolation is more pro-
nounced, extending beyond the sounding limits around mid-
day. NPF occurs throughout this ML, and GRs and concen-
trations are homogeneous. The upper layer is a stable residual
layer (RL), in which particles formed or transported during
the previous days prevail. In the RL, growth is inhibited or
even completely restrained, compared with the growth of the
same particles in the ML. Overall, the soundings demonstrate
that particles are formed inside the ML, but they can prevail
and be displaced and stored at upper levels and continue to
evolve on following days.

In this campaign we could not measure during the earli-
est stages of NPF due to the safety requirements imposed
on the balloon flights early in the morning. We think it is
important for future work to carry out soundings during the
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nucleation phase of the episodes. However, miniaturized in-
struments able to measure smaller particles would be needed
and are not available at the present time. Carrying out these
soundings would allow us to determine whether secondary
NPF takes place throughout the ML or occurs at the sur-
face and is transported upwards afterwards by convection.
If the former is true, then locations with high ML could pro-
duce more secondary particles than we have considered, and
they could affect a larger population or influence climate to a
greater extent.

Additionally, a few nocturnal bursts of nucleation-mode
particles were observed in the urban stations, and further re-
search is needed to elucidate their origin.

We cannot determine whether the NPF episodes were trig-
gered by the pollution generated in the city that extended to
the region or caused by a broader phenomenon. Either way, it
can be concluded that, in summer, the particle number con-
centrations are dominated by NPF in a wide area. The im-
pact of traffic emissions on concentrations of UFPs is much
smaller than that of NPF, even near the city center, where the
pollution load is at the highest. This result is in line with other
studies performed in cities from high-insolation regions (e.g.,
Kulmala et al., 2016). Given the extent of the episodes, the
health effects of NPF can affect a vast number of people, con-
sidering that the Madrid metropolitan area, with more than 6
million inhabitants, is the most populated area in Spain and
one of the most populated in Europe (UN, 2008). For this
reason, we believe that the study of health effects related to
newly formed particle inhalation is crucial.
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S1 PTR-ToF-MS measurements

Among the 152 ions identified with the PTR-ToF-MS, only 3 exhibit temporal trends that might
be relevant in the growth processes of NPF (Fig. S7). Two highly-oxygenated ions, C4H4+OsH* (m/z
101.023) and CoH4OsH* (m/z 77.023), and NO»* (m/z 45.9924) presented evolutions parallel to
those of the particle diameter, i.e. the concentration of these ions increased simultaneously with
the increase of particle diameter, and growth stopped when the concentration of the ions
decreased (Fig. S9). This is observed also on days in which there is no particle formation but there
is particle growth. Thus, the parent molecules of these ions are not linked to particle formation,
but they would most probably contribute to particle growth. The fragment C4H4OsH* has, to the
best of our knowledge, only been reported once over an orange grove in California (Park et al.,
2013) and is most probably from secondary origin considering both its diurnal variation and
oxidation state. It contains sufficient carbon atoms and oxygen functional groups to likely
partition into the condensed phase. NO»+* and CoH4Os3* are known fragments of peroxyacetyl
nitrate (PAN) (de Gouw et al., 2003), but NO>* can also arise from the fragmentation of a wide
range of peroxynitrates (ROONO-) or alkyl and multifunctional nitrates (RONO-) (Aoki et al.,
2017; Duncianu et al., 2017). While the uptake of PAN on particles can be considered as negligible
(Roberts, 2005), higher molecular weight organonitrates are more likely to partition onto the
particle phase. Thus, the particles growth appears to be driven by the uptake of secondary organic
compounds. More precisely, in an urban atmosphere such as Madrid characterized by high NO-
concentrations, the formation of organonitrates and/or peroxynitrates could play an important
role in the particle growth processes. We cannot prove this assumption using the PTR-ToF-MS
measurements. We cannot check if the growth rates can be explained by sulfuric acid alone, since
SO levels were below the detection limit of the standard air quality UV spectrometry instruments

during all the period.
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Table S1: Summary of shrinkage events showing the starting time, considered as the moment of first
detection of a decrease in size, the final time, shrinking rate (SR) and geometric mean diameters at the
beginning and end of the process. It is noted that on some days more than one shrinkage process is
observed and all SR are shown.

SRbp<40 nm (NM h") SRaitk, Dp>40 nm (NM h-1)

Date CSiC CIEMAT ISClll CSIC CIEMAT ISCll
03/07/2016 -1.7
12/07/2016  -8.3 -5.4 -7 -9
13/07/2016  -7.9,-5.5 -4.9
14/07/2016 -20.5, -6.3 -11.9
15/07/2016 -1.9
16/07/2016 -1.9
17/07/2016 -1.5
18/07/2016 -2.2 -3.6
19/07/2016

h a) [ : |

G
”

dN/dLogD, (#/cc)
dN/dLogD, (#/cc)

10 100

D, (nm) D, (nm)

Figure S1: a) Intercomparison between TSI-SMPS and Hy-SMPS for 50 nm monodisperse NaCl particles. The major
peak shows 50 nm particle and the 2 minor peaks are the doubly charged particles. b) Poly-disperse aerosol size
distribution intercomparison between TSI-SMPS and Hy-SMPS.
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Figure S2: Temperature, relative humidity, wind speed and wind direction measured at the CIEMAT meteorological
tower from 6 to 20 July 2016. Temperature and relative humidity are measured at 4 m, and the anemometer is located

at 55 m. Time is UTC, local time is UTC+2.
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Figure S3: 500 hPa geopotential height, in m, and mean sea level pressure in hPa obtained from the Climate Forecast

System reanalysis. The maps correspond to 8, 10, 12 and 15 July 2016, at 12:00 UTC.
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Figure S4: Concentrations of 1.2-4 nm particles measured from 6 to 20 July at CSIC and ISCIII.
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Figure S5: Daily plots of wind speed and wind direction for the days in which shrinkage is observed.
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Figure S7: Temporal evolution of the log-normal fitted modes to the particle size distributions from 12 to 14 July 2016

at ISCIll and measured concentrations of three relevant VOCs.
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We studied the simultaneity of tropospheric ozone (Os) episodes, high ultrafine particle (UFP; diam-
eter < 100 nm) concentrations, and the occurrence of new particle formation at a regional background station in
the Western Mediterranean (northeast Spain), which is affected considerably by the transport of pollutants
emitted in the Barcelona metropolitan area and nearby populated and industrial areas. Using cluster analysis, we
categorized summer and spring days between 2014 and 2018 according to their daily cycles of Oz concentrations,
and then studied the evolution of the particle number size distribution, meteorological variables, and black
carbon and sulfur dioxide concentrations. The analysis revealed that, in spring and summer, the highest UFP
concentrations coincided with the highest O3 episodes, but new particle formation was largely inhibited during
these episodes, probably due to the high aerosol pollution load transported from the Barcelona metropolitan area
to the station. In contrast, new particle formation episodes were concurrent with the lowest concentrations of O3
and UFPs, including the number of particles in the 9-25 nm size range. Measurements carried out in an intensive
field study, using an air ion spectrometer and a particle size magnifier, support these results. In addition,
measurements obtained onboard tethered balloons revealed that sea and land breezes transported regional
pollutants vertically up to about 400 m above ground level. This coincided with episodes of vertical recirculation
of air masses that lasted for several days, which resulted in high O3 and high UFP episodes, while new particle
formation was inhibited.

1. Introduction

Ultrafine particles (UFPs; particles less than 100 nm in diameter) are
not included in air quality regulations, but they have considerable po-
tential for affecting health (Atkinson et al., 2010; Lanzinger et al., 2016;
Stafoggia et al., 2017; Tobias et al., 2018). In urban areas, the main
source of primary UFPs is road traffic (Pey et al., 2009; Dall’Osto et al.,
2012; Kumar et al., 2014; Salma et al., 2014; Ma and Birmili, 2015;
Paasonen et al.,, 2016). Industrial emissions (Keuken et al., 2015b),
airports (Keuken et al., 2015a), harbors (Kecorius et al., 2016), and
biomass burning (Poschl, 2005) also contribute significantly to the in-
crease in UFP concentrations. Furthermore, photochemical formation of
new particles may also exert a large influence on ambient levels of UFPs
in urban and regional environments (Dall’Osto et al., 2013; Salma et al.,

2016; Kerminen et al., 2018; Chu et al., 2019), and even dominate the
total particle number concentrations at a global scale (Gordon et al.,
2017). Here, we use the term UFP episodes to designate the periods
when number concentration (not necessarily particulate matter mass)
markedly increases over the (usually low) regional background particle
number concentration (2000-3000 cm™3). These episodes may be
caused by new particle formation bursts or by regional transport of air
masses and plumes polluted with UFP particles.

Tropospheric ozone (0O3) is a secondary pollutant originating from
the chemical reaction of precursors, such as volatile organic compounds
(VOCs), carbon monoxide (CO), and nitrogen dioxide (NO3). It is esti-
mated that 95-98% of the population is exposed to Os levels exceeding
the World Health Organization (WHOQO) guidelines for the protection of
human health (100 pgm_3 as an 8-h moving average; WHO, 2006),
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while according to the European Union (EU) target value (120 pg m™> as
an 8-h moving average; human health target value), 7-30% of the
population is exposed EEA, 2018). The EU specifies two additional
target values for tropospheric Oz a public information threshold of
180 pgm~% h™! and an alert threshold of 240 pgm =3 h~",

Given their largely secondary origin, characterization of O3 and
photochemical UFP pollution episodes is highly complex, creating
challenges for defining effective strategies to abate the ambient con-
centrations of the pollutants. The Western Mediterranean is particularly
exposed to photochemical O3 and UFP episodes due to its climate of high
insolation and low precipitation. Furthermore, its complex topography,
with steep valleys oriented in the same direction as the diurnal sea
breeze, allows pollution emitted in the densely populated coastal areas
to be channeled inland, especially in the summer (Millan et al., 1991). In
addition to urban and industrial emissions, high levels of nitrogen oxide
(NOx) and sulfur dioxide (SO2) emissions are associated with shipping in
the Mediterranean. The area is also characterized by relatively high
biogenic VOC emissions in the summer, compared to other Mediterra-
nean forests and mixed forests in Europe and the US (Seco et al., 2011).
Therefore, the atmospheric and geographic patterns of this area create
conditions that allow for the production of high O3 concentrations and
UFP regional episodes, the latter due to new particle formation (NPF)
and/or transported UFP-polluted air masses.

Previous studies on particle number size distribution (PNSD) time
series in high insolation urban areas revealed the frequent simultaneous
occurrence of photochemical NPF and Oz episodes in the spring and
summer (Minoura and Takekawa, 2005; Park et al., 2008; Pey et al.,
2009; Fernandez-Camacho et al., 2010; Wonaschiitz et al., 2015; Wang
et al.,, 2016). In a cluster analysis, Brines et al. (2015) reported that
average O3 concentrations reached their highest levels in the NPF cluster
in most of the cities studied during periods of high solar insolation,
temperatures, and wind speeds, and when humidity was low and the
concentrations of other pollutants (e.g., CO, NOx, particulate matter
mass, and black carbon [BC]) were at background levels. It should be
noted that these studies usually covered the whole year, and, therefore,
the simultaneous seasonal peaking of O3 and UFPs may be due to either
similarities in seasonal patterns of these photochemically driven pol-
lutants or the same atmospheric processes causing both pollution epi-
sodes. However, O3 formation peaks under the presence of high
concentrations of precursors (Monks et al., 2015), whereas NPF depends
on the balance between the rates of formation of clusters and the rates of
loss to pre-existing surfaces. In areas with low precursor concentrations,
thus low formation rates, NPF requires clean atmospheres, so that loss
rates do not outweigh formation rates (Boy and Kulmala, 2002).

Carnerero et al. (2018) and Querol et al. (2018) studied NPF and O3
in Madrid in July 2016, and found that even though O3 concentrations
were high throughout the period, NPF only occurred with relatively low
O3 episodes. According to this analysis, NPF and O3 peaks were out of
phase, i.e., relative minimum concentrations of O3 coincided with pe-
riods with NPF, and relative maximum concentrations of Oz corre-
sponded to periods without NPF. To understand the interconnections at
a deeper level, in this study we focus on the warm seasons in the period
2014-2018 to investigate the relationship between episodes of O3, UFPs,
and NPF in the northern region of the Barcelona Province (northeast
Spain), where these episodes occurred with a relatively high frequency.
In the last decade, the O3 threshold for health protection of the European
Air Quality Directive (120 pgm~> for the maximum 8 h moving daily
averages in less than 25 days as an average for 3 years) was consistently
exceeded in the study area. In 2015-2018, 34 to 40 days of exceedance
per year, mostly concentrated in June and July, were recorded in the
monitoring site of this study. Data on episode frequency for UFP and NPF
are not available for the regional background. For the nearest urban
background, the frequency of NPF bursts has been estimated to reach
15% of the time on an annual basis, mainly in spring and summer (Brines
et al., 2015).

As stated above, previous studies have found a clear relationship
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between NPF episodes and high O3 levels. Given that these studies
covered annual periods, the O3-NPF correlation may be due merely to
the fact that both are maximized in spring and summer or that the
occurrence of episodes of high O3 and NPF are interrelated. Oz levels
may, directly or indirectly, play a key role in NPF by increasing OH
radicals; however, our focus here is to determine the relationships be-
tween the most intense O3 and NPF episodes, rather than all episodes.
Thus, the main objectives of this study are to identify the highest epi-
sodes of NPF, UFP, and Os using long time series of O3 and size-
segregated UFP obtained during the warm season, and to investigate
commonalities and differences in the patterns of these events. Further-
more, we use data from a field study that provide information on vertical
profiles of O3 and UFP during 10-14 July 2017 to support the in-
terpretations of the relationship between UFP and Oj in these photo-
chemical pollution episodes.

2. Methodology
2.1. The study area

The data presented in this study were obtained at Montseny (MSY;
41°46'45.63"N, 02°21'28.92"E, 720m a.s.l.), a regional background
monitoring station established in 2002. The station is included in the
European Aerosols, Clouds and Trace gases Research InfraStructure
network (ACTRIS), the Global Atmosphere Watch network (GAW), and
the atmospheric pollution monitoring and forecasting network of the
Government of Catalonia (XVPCA). Montseny is considered a good
representation of regional environments in the Western Mediterranean
Basin (Pérez et al., 2008).

Montseny is located in a rural environment in a valley oriented in a
northwest-southeast direction. It lies in the Montseny Natural Park,
40 km northeast of Barcelona and 30 km northwest of the Mediterranean
coastline. The site is densely forested, the prominent vegetation being
holm oak (Quercus ilex L.). The area around Montseny is restricted to
traffic; the closest road is located 3km from the station. The main
sources of pollutants from the nearby Barcelona metropolitan area
(BMA) are road traffic and industries, with additional contributions
from aircraft, shipping, biomass burning, power generation, and
livestock.

In the absence of strong synoptic winds, sea and mountain breezes
are the main factors that determine the atmospheric dynamics at Mon-
tseny, which in turn regulate the daily evolution of pollutant concen-
trations. For this reason, the station is frequently affected by
anthropogenic emissions originating from the valley and the BMA,
channeled northward due to the complex orography. Previous studies
have demonstrated that, without dominant synoptic winds, the sea
breeze may transport polluted air masses up to the Pyrenees (>3000 m)
and inject them at high altitudes, from where they are transported by
mesoscale winds toward the Mediterranean Sea and sink due to subsi-
dence. The following day, the sea and land breezes can transport the
aged polluted air mass inland, closing the recirculation and causing high
O3 (Millan et al., 1997, 2000; Toll and Baldasano, 2000; Goncalves et al.,
2009; Valverde et al., 2016; Querol et al., 2017) and particulate matter
episodes (Rodriguez et al., 2003) in the Western Mediterranean. This
phenomenon is most favored in the spring and summer, when synoptic
winds are frequently absent in the area, and the sea and land breezes are
stronger as a consequence of maximal solar radiation. Hemispheric
transport and stratospheric intrusions also contribute, to a lesser extent,
to O3 concentrations (Kalabokas et al., 2007, 2017; Querol et al., 2017,
2018).

2.2. Instrumentation
From April to September 2014-2018, part of the permanent instru-

mentation at Montseny was used. Particle number size distribution in
the size range 9-856 nm (N) was measured continuously every 5min



3. RESULTS

62

C. Carnerero et al.

Table 1

Occurrences of new particle formation (NPF) events in absolute numbers and
percentages according to ozone (O3) clusters (see Table 2 for characteristics of
the clusters). The sum of values for the categories for each cluster may not total
100% due to rounding. The total number of days in each cluster is also shown.

NPF category Extreme O3  High O3 Mild O, Low O3

No data 7(11.9%) 31 (14.2%) 57 (16.2%) 51 (21.8%)

Nonevent 43 (72.9%) 144 214 132
(66.1%) (60.8%) (56.4%)

Undefined 2 (3.4%) 6 (2.8%) 10 (2.8%) 3(1.3%)

Burst 6 (10.2%) 22 (10.1%) 31 (8.8%) 20 (8.5%)

Class 11 1(1.7%) 7 (3.2%) 10 (2.8%) 8 (3.4%)

Class 1 0 (0.0%) 8 (3.7%) 30 (8.5%) 20 (8.6%)

Total number of 59 218 352 234

days

with a scanning mobility particle spectrometer (SMPS; TROPOS) con-
nected to a condensation particle counter (CPC; TSI 3772). O3 was
measured with a photometry-based analyzer (MCV 48AV); SO, was
measured with a UV fluorescence analyzer (Teledyne T100); BC was
determined with a multi-angle absorption photometer (MAAP; Thermo
Scientific). All the inlets were located at 3.5 m above ground level. The
station was also equipped with an automatic meteorological station
placed at 10m above ground level (Vantage Pro Plus; Davis
Instruments).

In addition, an intensive field study was carried out from 12 June to
31 July 2017 at a location 250 m east of the station. During the study, an
air ion spectrometer (AIS; AIREL Ltd; Mirme et al., 2007) measured the
mobility distribution of ambient ions in the size range 0.8-40nm. A
particle size magnifier (PSM; Airmodus Ltd., Vanhanen et al., 2011) was
used to measure the number size distributions of charged and neutral
particles in the size range 1.15-2.6 nm and total number concentration
above 1.15nm. The PSM was installed together with an inlet system,
comparable to one described in Kangasluoma et al. (2016), incorpo-
rating an automatic zero measurement and a core sampling (an inlet
system with a bypass flow, on/off ion filter, and a flow system to
automate background measurement) to minimize sampling losses. Prior
to the field study, the PSM was calibrated with tungsten oxide particles
produced with a hot wire generator (e.g., Kangasluoma et al., 2015).

In addition, from 10 to 14 July, the vertical distribution of pollutants
up to 2 km was measured using miniaturized instrumentation suspended
from two tethered balloons. A miniaturized butanol-based CPC (Hy-
CPC; Hanyang University; Lee et al., 2014) measured the number con-
centration of particles with diameters > 3 nm (N3). The measurements
had a time resolution of 1s and a sample flow of 0.125Lmin"'. O3
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concentrations were measured with a photometry-based personal ozone
monitor (POM; 2B Technologies). The balloons were also equipped with
a global positioning system (GPS), a thermometer, hygrometer,
barometer, anemometer, and wind vane. Each profile took approxi-
mately 15min from the surface to the maximum altitude. When there
were high horizontal winds during the sounding, the balloons were
dragged horizontally instead of ascending, and the sounding time
increased.

2.3. Data analysis

For the cluster analysis, we considered the period 2014-2018. We
only used data between April and September to focus on periods of high
photochemical activity and high insolation, and, therefore, high con-
centrations of the pollutants of interest. All times are expressed in local
time (UTC + 2 h), unless otherwise stated.

K-means clustering was applied to the daily O3 hourly concentration
averages. The K-means algorithm divides a set of n samples into K
clusters C = {Cy, Cy, ...,Cg} of equal variance, minimizing the sum of
squared distances of the samples to their closest cluster center, described
by the mean of the samples y;:

n

E mi

e

Xi — luiiz

n
¢

We used the Python module Scikit-learn (Pedregosa et al., 2011) to
implement the K-means algorithm. The number of clusters K has to be
decided by the user. K was chosen so that only one cluster contained all
the days registering an exceedance of the “information wvalue”
(180pgm~ h™!) fixed by the EU 2008/50/CE Directive, using the
minimum number of clusters. This was achieved by using K =10 clus-
ters. Despite being statistically different, some of these initial 10 clusters
represented similar atmospheric conditions. For this reason, we reduced
the number of clusters by grouping similar clusters, i.e., clusters that
shared similar patterns in all or most of the variables considered. To that
end, for each set of days corresponding to the same cluster, we studied
the average values of all the other variables available in order to char-
acterize every cluster (Fig. S1 and Table S1). With this information, we
were able to detect similar clusters and group them. Note that the
original cluster containing all the O3 information value exceedances was
not grouped with any other cluster. More information on the original
clusters and grouping can be found in the supplementary material.
Eventually, four different situations leading to distinct O3 daily patterns
were identified with four cluster groups: days with an exceedance of the
information value (“extreme” cluster), days with high O levels without

Table 2
Qualitative summary of the days in each ozone (0O3) cluster (see also Fig. 1).
Extreme O3 High O3 Mild O3 Low O3
Number of days 59 218 352 234
Temporal distribution June and July Mainly in summer Mainly in spring and autumn Spring and autumn
Days with exceedances of the 8 0 0 0
EU information value®
Days with exceedances of the 59 104 12 0
EU target value”
Temperature Highest Intermediate Intermediate Lowest
Relative Humidity Lowest Low High Highest
Wind speed Highest High Intermediate Lowest
Solar radiation Highest High High Lowest
No.gss Highest Intermediate Intermediate Lowest
No.os Highest High Intermediate Lowest
(o] Highest Intermediate Intermediate Lowest
BC Highest Intermediate Intermediate Lowest
SO, Highest Intermediate Low Low
Comments Very hot and dry summer days, strong ~ Warm and dry days, breezes Mild temperature and humidity, light  Cool and humid days with

breezes cause transport of pollutants

cause transport of pollutants

breezes may transport pollutants

no transport of pollutants

@ European Union (EU) information value: hourly Oz concentration average exceeds 180 pgm™".

3

b EU target value: Os concentrations exceed 120 pg m ™ for the maximum 8 h moving daily averages in at least 25 days as an average for 3 years.
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Fig. 1. Average daily evolutions of ozone
(03), temperature (T), relative humidity
(RH), solar radiation (SR), wind speed
(WS), black carbon (BC), particle number
concentration (N), sulfur dioxide (SO,),
particle number concentration of the
nucleation mode (Ng.»5), and the conden-
sation sink (CS) at Montseny between April
and September 2014-2018. Data are
shown separately for the clusters deter-
mined from K-means cluster analysis
(cluster characteristics are shown in
Table 2). Shaded areas represent 95%
confidence intervals.
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Fig. 2. Boxplot of particle growth rates (GRs) of Class I and Class IT new particle
formation (NPF) events according to their corresponding cluster classification
for the period between April and September 2014-2018. The boxes show the
three quartiles of the distribution, while the whiskers extend to 1.5 times the
interquartile ranges. Values outside this range are shown as outliers. For the
“extreme” cluster, only one value is shown because only one NPF episode was
identified. Cluster characteristics are given in Table 2.

exceedances (“high” cluster), days with moderate Os concentrations
(“mild” cluster), and days with low O3 levels (“low” cluster).

Using the PNSD, we calculated the total number concentration of
particles in the size range 9-855 nm (N), the number concentration of
UFP (No.100), the nucleation-mode concentration, here considered as the
concentration of particles in the size range 9-25nm (Ng.25), and the
condensation sink (CS, the frequency with which condensable vapor
molecules condense on existing particles; Kulmala et al., 2012).

NPF episodes were manually classified according to a scheme
adapted from that of Dal Maso et al. (2005). Days with clear particle
formation and growth were classified as Class L. If the mode, concen-
tration, or diameter fluctuated strongly during NPF, the day was clas-
sified as Class II. Days without a nucleation mode (<25 nm) lasting for at

Cluster extreme
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least 1 h were classified as nonevent. Days with a nucleation mode that
did not grow with time were classified as undefined. In addition to this
classification, we considered an extra NPF category for burst-like events.
Burst events are similar to short Class I events lasting for about 1 h, in
which there is clear NPF that stops rapidly (see example in Fig. $2). This
may be due to either a change of air mass after particles have formed
locally (the air mass is coming from a region where NPF has not
occurred, and the newly formed particles are transported elsewhere) or
the sudden dilution of the particles after sunrise. These bursts were not
registered with increases in BC, and, therefore, cannot be associated
with local emissions such as those from nearby vehicles. Burst events
would be considered nonevents according to the scheme proposed by
Dal Maso et al. (2005) if they lasted for less than 1h. However, we
regarded them as a separate category because they were observed about
three times per month on average during the period of study. Finally,
days that could not be clearly categorized were classified as undefined.

Log-normal modes were fit to the daily PNSD using the algorithm
proposed by Hussein et al. (2005). The modes were used to calculate
growth rates (GR) for all Class I and Class II NPF events.

3. Results
3.1. Data clustering

In classifying NPF events, a total of 717 daily PNSDs were classified,
out of which 533 were categorized as non-NPF events (74% of the days
for which data were available). Only 84 days (12%) were classified as
Class I or Class II events, and 79 days were classified as burst events
(11%). The rest (3%) were classified as undefined NPF events. The
number of days in each NPF event category and the percentages ac-
cording to each cluster are shown in Table 1. These results are in
agreement with those reported in other European studies (see e.g.,
Manninen et al., 2010; Németh et al., 2018; Nieminen et al., 2018;
Pikridas et al., 2012; Wonaschiitz et al., 2015), with NPF ranging from
10 to 57% of the days for which data were available. However, a direct
comparison with these studies is not possible, because most give annual
or seasonal data, whereas in this study we considered data for only
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Fig. 3. Average particle number size distribution for the days in each cluster at Montseny between April and September 2014-2018. Cluster characteristics are given

in Table 2,
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Fig. 4. Average daily cycles of the concentration of negative ions in the size
range 0.8-40 nm, measured with an air ion spectrometer and shown by cluster
classification, during an intensive field study from 12 June to 31 July 2017.
Shaded areas represent 95% confidence intervals. Cluster characteristics are
given in Table 2,
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Fig. 5. Average daily cycles of particle number concentration in the size range
1.15-2.6 nm (N1.15-2.6), measured with a particle size magnifier shown by
cluster classification, during an intensive field study from 12 June to 31 July
2017. Shaded areas represent 95% confidence intervals. Cluster characteristics
are given in Table 2.

April-September. Moreover, we considered burst events as a separate
category, which would have been classified as events or non-events in
other studies (see Table 1).

The results of the O3 cluster analysis are presented in Fig. 1, showing
the average daily cycles of O, temperature, relative humidity, wind
speed, solar radiation, BC, §Og, CS, N, and Ng.35. A qualitative summary
of the results shown in this figure can be found in Table 2. Fig. 2 shows
the particle growth rates for the days that registered Class I or Class II

Atmospheric Environment: X 4 (2019) 100051

NPF, according to their corresponding cluster. Fig. 3 represents the
average 30 min PNSD calculated for each cluster separately.

The O3 daily pattern in the “extreme” cluster was found only in June
and July in a total of 59 days (7% of the period). This is the only cluster
registering O3 exceedances of the hourly information threshold
(180 pg m %), atotal of 10 h registered in 8 days. In addition, all days in
this cluster registered at least one 8h moving average greater than
120 pg O3 m~>. The majority of the days in this cluster were categorized
as non-NPF events (72.9% of the days), and only one Class II NPF event
was detected (1.7% of the days). However, burst-like events occurred at
a higher rate in this cluster compared to the others (see the sharp in-
crease in concentration at 08:00 in Fig. 3). This cluster was characterized
by the highest N, Ng.o5, CS, solar radiation, and temperature, and the
lowest relative humidity. Transported pollution made an important
contribution to the cluster, as suggested by the highest wind speed (with
peaks around 13:00 that point to the arrival of the BMA plume), as well
as the highest BC and SO», both increasing simultaneously from 09:00
and peaking after midday with the wind speed (Table 2). N peaked at
15:00, simultaneously with BC; thus, we may interpret that the high UFP
concentrations of this cluster — the highest of all clusters — were not
attributable to NPF, but to the transport of highly polluted air masses
from the BMA. In addition, Ng.o5 exhibited two peaks (Fig. 1), the
earliest one coinciding in time with the main Ng.o5 peak associated with
the “low” cluster and with the highest SO, peak for the “high” cluster.
This suggests that during this early peak, the high SO» (and O3) might
have given rise to NPF, in spite of a relatively large CS.

The O3 pattern in the “high” cluster occurred mostly in the summer,
with a few events in April, and 218 days (25% of the period) were
assigned to this cluster. Almost half the days in this cluster (104 days)
registered 8 h moving averages greater than 120 pg O3 m°. These days
had high solar radiation and temperature, low relative humidity, and an
important contribution from transported pollutants and precursors, as
suggested by the high peaks for wind speed around 13:00. High levels of
BC, 8Os, N, and Ng.o5 were registered in this cluster (Table 2). NPF
occurred only in 6.9% of the days in this cluster; therefore, transported
UFP emissions were accountable for the majority of the high UFP con-
centrations. When NPF occurred, the range of values for GRs was high
within this cluster, indicating that the transported precursors also
contributed to rapidly growing newly formed particles.

The O pattern in the “mild” cluster was found mainly in the spring
and late summer, and 352 days (41% of the period) were assigned to this
cluster. Only 12 days in this cluster (3% of the days) register 8 h moving
averages greater than 120 pg O3 m™>. The cluster was mainly charac-
terized by mild temperature, high relative humidity, and a moderate
contribution of pollutants from regional transport (Table 2). NPF was
relatively frequent (11.3% of the days within the cluster), although N
and Ng.o5 levels were relatively low. This cluster also had the highest
values and range for GRs. Thus, the cluster included days with high
concentrations of condensable vapors that caused high particle growth
rates, as well as days when the concentration of these vapors was very
low and particles grew slowly.

The O3 daily pattern in the “low” cluster was found mainly in the
spring and September, and this cluster consisted of 234 days (27% of the
period). There were no exceedances of the hourly or 8h O3 thresholds
within this cluster. NPF was detected in 12% of the days, the highest
fraction of all clusters. CS, N, and Ng.o5 were lower than in the other
clusters. These days were characterized by the lowest solar radiation,
temperature, and wind speed and the highest relative humidity
(Table 2). The low concentrations of BC and SO, also suggest that pol-
lutants were not transported to the station. According to Fig. 3, this
cluster had the lowest average number particle concentrations of all
diameters, but especially those larger than 100 nm. For days registering
NPF, the growth rates in this cluster had the lowest range and the lowest
3rd quartile. This suggests that despite NPF being frequent during these
days, there were less condensable vapors that caused particle growth,
and, therefore, the particles grew more slowly than in days in other
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Fig. 6. Hourly concentrations of ozone (03) and ultrafine particles (UFPs, in the size range 9-100 nm) at Montseny during the field study between 12 June and 31
July 2017. Three cases are highlighted: A is an example of a period of extreme O3 concentrations; B is an example of low O3 levels; and C is an example of low UFP
concentrations. The period when the balloon soundings were made is also highlighted.

clusters.

In summary, clustering based on O3 concentrations revealed an
apparent time correlation between O3 concentrations and aerosol
number concentrations, but different time patterns between high O3
concentrations and NPF events with a marked impact on total N. We
explore this connection in the following subsections.

3.2. Intensive field measurements

During the intensive field study from 12 June 2017 to 31 July
2017 at Montseny, a total of 49 days could be classified according to the
cluster analysis described in section 3.1. Of these, 10 days were classi-
fied as falling within the “extreme” cluster, 17 within “high”, 15 within
“mild”, and 7 within “low™. For each cluster, the average cycles of the
concentration of negative ions measured with the AIS, and the concen-
tration of particles in the size range 1.15-2.6 nm (Nj 15.2,6) measured
with the PSM are presented in Figs. 4 and 5, respectively. Fig. 6 shows
the evolution of O3 and UFP concentrations during the field study.

Days recording the most NPF events (days assigned to the “low”
cluster) had the highest negative ion concentration, with relatively
stable concentrations throughout the day with a peak at 2100 cm > at
11:00 UTC. All the other clusters registered their minimum at that time
(around 1000 cm™%), while the maximums were recorded at 13:30 UTC
(around 1700 cm %), Ni.15.2.6 was also highest for clusters registering
the most NPF episodes (“low” and “mild”). However, due to technical
issues, several days of PSM data were missing, and only 30 days were
used to calculate the daily cycles, resulting in the high uncertainties

shown in Fig. 5.

From 10 to 14 July 2017, balloon soundings were made at the sta-
tion. During this period, the middle levels of the troposphere were
dominated by westerly winds, with low pressure systems located in
northern Europe, and an anticyclonic ridge affecting the Southern
Mediterranean, which caused stagnation of air masses over this area (see
synoptic maps in Fig. $3). O3 concentrations were very high, with
maximum hourly values exceeding 170 pg O3 m™°. Three days, 10-12
July, were assigned to the “high” cluster, and two days, 13 and 14 July,
to the “mild” cluster. No NPF events were observed in this period,
although the aerosol loads were high. These observations were consis-
tent with the cluster analysis summary presented in Table 2 for clusters
“high” and “mild”.

Fig. 7 shows the most representative vertical measurements obtained
with the balloon soundings on 10 and 12 July. Both days were assigned
to the “high” classified as cluster; therefore “high”, hence, according to
Table 2, it is expected to observe sea or land breezes are suggested to
that transport pollutants to the station. On 10 July, O3 and N3 concen-
trations were relatively low all day and at all levels. Concentrations were
constant with altitude, excluding the lowest part of the sounding, due to
deposition of O3 at the surface and consumption by NO. The potential
temperature (8) and water vapor mixing ratio (r) profiles corresponding
to the first sounding (09:57 UTC) suggested the presence of a stable layer
near the surface level (up to about 50m) that was diluted by the
sounding at 16:35 UTC. The wind speed profile was consistent with a sea
or land breeze at both soundings, as expected. The morning and after-
noon soundings were very similar suggesting that pollutants and
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Fig. 7. Vertical soundings of the total number of particles with diameter >3 nm (N3), ozone (O3) concentration, wind speed (WS), potential temperature (@), and
water vapor mixing ratio (r) at Montseny on 10 July 2017 (top row) and 12 July 2017 (bottom row). Note that the balloon flight times are different on the two days.
The profiles at 09:57 UTC on 10 July and 07:40 UTC on 12 July correspond to ascending flights; the profiles at 16:35 UTC on 10 July and 11:35 UTC on 12 July

correspond to descending flights.

precursors were not transported into the station, contrary to the results
shown in Table 2.

On 12 July, O3 and N3 concentrations at 07:40 UTC were similar to
those recorded on 10 July. At 10:40, O3 and N3 concentrations were
notably higher, especially in a vertical extension of 200 m above ground
level; maximum concentrations of 194 pg O3 m™* and 6 x 10* particles
cm 2 were recorded. It is important to highlight that N3 and O3 con-
centrations showed a similar pattern at midday, when the mixing layer
was the highest (sounding at 10:44 UTC, 12 July); concentrations were
the lowest at ground level (around 650 m a.s.l.) and maximum at about
900 m a.s.l. The differences in the profiles at morning and midday and
the wind speed profiles were consistent with a sea breeze that trans-
ported a polluted air mass from the Mediterranean, which had been
recirculating for one or more days. This is associated with an increase in
pollutant and UFP concentrations, and, therefore, high CS, which
inhibited NPF. This is consistent with the summary presented in Table 2
for the “high” cluster. Similar observations were also reported by Car-
nerero et al. (2018) and Querol et al. (2018) during an intensive balloon
soundings study in Madrid.

3.3. Case studies of O3, UFP and NPF episodes

For an in-depth analysis of the different time patterns of O3z and
major NPF episodes, we selected as case studies observations for three
different episodes (Cases A to C) during the field study performed at
Montseny from 12 June to 31 July 2017, which are discussed in detail
below. The hourly concentrations of O3 and Ng_jpgat Montseny
throughout the study are shown in Fig. 6. The corresponding PNSD,
combining AIS size spectra of negative ions in the size range 0.8-20 nm
and SMPS data in the size range 20-855 nm, are shown in Fig. 8. Note
that the lower half of the figure only accounts for the negative ions
measured with the AIS, while the upper half represents the concentra-
tion of all charged particles (negative and positive) measured with the
SMPS. Therefore, the concentrations at the boundary between the two
distributions differ. Further information about these differences and a

comparison between AIS and other instruments, including a differential
mobility particle sizer, are found in Gagne et al. (2011). Fig. 9 shows the
averages of 30 min Ny,15_2.6 (PSM) and No_190 (SMPS), and Fig. 10 shows
the 30 min averages of the CS. In addition, Figs. S4, §5, and 56 show the
daily synoptic conditions (geopotential height at 500 hPa and mean sea
level pressure at 12:00 UTC) for each case study.

Case A (18-23 June 2017) comprises a period of very high O3 con-
centrations. A heatwave affected the area during this period, as a
consequence of an anticyclonic ridge over the Iberian Peninsula and the
presence of a very warm air mass transported from North Africa.
Maximum temperatures over 30°C and minimum temperatures over
20 °C were registered during the episode. Maximum Og hourly concen-
trations exceeded 180 pg m™ 2 on three consecutive days (21-23 June),
and a maximum hourly concentration of 193 ug O3 m~ was registered,
the most severe episode at Montseny since O3 measurements started in
2008. All the days in this period were assigned to the “extreme” cluster,
which agrees with the description for this cluster presented in Table 2.

The PNSD reveals only two weak NPF episodes on 19 and 20 June,
coinciding with the lowest O3 concentrations for this case (Fig. 8). The
size distribution of these two events (classic “banana” events) suggests
that NPF occurred over a vast area (Manninen et al., 2010). During the
remaining days, fluctuations in the concentration of the finest particles
detected with the AIS were observed around 06:00 UTC, although this
was not necessarily related to NPF (Manninen et al., 2010). This was
consistent with the concentration of particles measured with the PSM
and SMPS (Fig. 9): around 06:30 UTC, the concentration of total UFPs
and the CS (6 x 103 s’]; Fig. 10) were at their minimum, while a
maximum for Nj j5.96 concentration was registered simultaneously.
This may be related to the initial stages of NPF, although growth above
10nm was not observed. Later, the breeze transported regionally
generated pollutants to the station, which was reflected by an increase in
CS (18 x 1072 s71) and Ng.1gg, both peaking at midday. It is plausible
that the increased CS subsequently stopped the NPF process and the
particles formed in the morning hours never reached sizes above 10 nm.

Case B (28 June-3 July 2017) was a period with relatively low
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Fig. 8. Size distribution spectra combining air ion spectrometer (negative ions, 0.8-20.0 nm) and scanning mobility particle spectrometer (20-856 nm) readings for
the case studies A, B, and C (from top to bottom). Case study A is an example of a period of extreme ozone (O3) concentrations, B an example of low O3 levels, and C
an example of low ultrafine particle concentrations. Missing data and values below the detection limit of the instruments are represented in white.

concentrations of Os3. The lowest temperatures (both maxima and
minima) of the summer were recorded during this period. From 28 to 30
June, there were frequent and intense storms in the area as a conse-
quence of the passage of a front and the associated entrance of a cold air
mass. During this period, there were intense regional NPF Class I events
starting around 11:00 UTC every day (Fig. 8), coinciding with relatively
low O3 concentrations (days between 28 June and 2 July were assigned
to the “low” cluster; 3 July was assigned to the “mild” cluster). The low
temperatures and O3 concentrations agreed with the description for
clusters “low” and “mild” clusters in Table 2.

Fig. 9 shows data consistent with the occurrence of the events: Ny 15

2.6 concentration increased until 10:30 UTC, after Ng.jgo started
increasing but before it peaked at midday. The influence of pollution
from the BMA was limited during these days, as shown also by lower CS
(ranging from 3 x 10735 1at 07:00 UTC to 8 x 10 3s ' at 15:30 UTC)
and Ng.199 compared to those in Case A. Nevertheless, the area probably
received a moderate concentration of NPF precursors in a relatively
clean atmosphere with low CS and high levels of biogenic VOCs and
NHs. According to Van Damme et al. (2018), the area of study is one of
the NH3 hotspots worldwide. These are ideal ambient conditions for NPF
episodes (Lehtipalo et al., 2018).

Case C (20-24 July 2017) was a period with low UFPs, during which
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Fig. 9. Thirty-minute average concentrations of particles in size ranges
1.15-2.6 nm (measured with a particle size magnifier) and 9-100nm
(measured with a scanning mobility particle spectrometer), during case study
(A, B, and C) periods. Case study A is an example of a period of extreme ozone
(03) concentrations, B an example of low O3 levels, and C an example of low
ultrafine particle concentrations. Shaded areas represent 95% confi-
dence intervals.

the combination of an anticyclonic ridge in the Mediterranean and a
low-pressure system in the North Sea caused the passage of a trough over
the Iberian Peninsula, with cold air in its center. At the surface, a sta-
tionary high-pressure system caused the stagnation of warm air in the
area of study. The warm air at the surface in combination with the cold
air aloft favored strong thunderstorms, especially in the afternoons.

10
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Fig. 10. Thirty-minute averages of the condensation sink (CS) at Montseny for
cases A, B and C. Case study A is an example of a period of extreme ozone (03)
concentrations, B an example of low O3 levels, and C an example of low ul-
trafine particle concentrations. Shaded areas represent 95% confi-
dence intervals.

During this period, UFP concentrations were very low, suggesting a low
pollution load, but no NPF events were observed. This agreed with the
average evolution of CS, which was higher than in Case B, when NPF was
observed every day. O3 concentrations were moderate, but the daily
formation was low, i.e., there was no large difference in the concen-
trations throughout the day. In addition, the background concentration
decreased during this period. For this reason, the days in this case were
not assigned to a single cluster, but to “high” (22 July), “mild” (20, 21,
and 24 July), and “low” (23 July) clusters. In this case, the conditions for
inhibiting O3 formation also inhibited NPF.,

4. Conclusions

We studied the simultaneity of the occurrence of peak episodes of O3,
UFPs, and NPF in a regional background station located 40 km often
downwind of the BMA in northeast Spain in the Western Mediterranean,
between April and September in 2014-2018. In addition, the concen-
trations of negative ions and particles <3 nm were measured during a
field study from 12 June to 31 July 2017. The vertical distribution of
pollutants up to 1500 m above ground level was determined from 10 to
14 July 2017.

During these warm periods, the results indicate that the highest UFP
concentrations coincided with the highest O3 episodes. However, the
probability of NPF with particles growing to >25 nm (according to the
definition of an NPF episode) was the lowest during these days, even
though the nucleation-mode number concentration was the highest due
to the contribution of traffic emissions and growth rates were high due
to high concentrations of condensable vapors. In this period, tempera-
ture, solar radiation, and wind speed were at their highest, and relative
humidity at its lowest. The CS and concentrations of BC and SO; were
also at a maximum. This suggests that pollutants are recirculated and/or
transported from the BMA and other populated and industrial areas to
the station during warm periods. Conversely, when the transported air
mass is relatively clean and there is no recirculation, especially during
and after the passage of weather fronts, UFP and O3 concentrations are
at their lowest, and NPF is most favored, although growth rates are at
their lowest. This may be because high O3 episodes at Montseny require
polluted air masses (with high levels of particles, and accordingly CS)
being transported from the valleys and the BMA. On the other hand, NPF
requires either high precursor concentrations or clean atmospheres
when precursor concentrations are low. However, when the atmosphere
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is too clean, for example during the passage of a cold front causing
strong convection and instability, the concentrations of NPF precursors
are too low, and loss rates are greater than formation rates, thus the
formation of particles is not detected. In addition, the concentration of
newly formed particles in this case is low compared to the background
particle number concentration. Thus, it is important to be aware of the
scales of background and episode concentrations at the location of
study. For example, NPF has been described in the Artic with much
lower concentrations of precursors (Nieminen et al., 2018).

In essence, summertime vertical recirculation of Wester Mediterra-
nean air masses is a major cause of regional O3 pollution episodes, and it
is also responsible for enrichment of aerosol particles and particle pre-
cursors, which results in high levels of UFPs associated with higher Oa.
This increases the CS to the point that NPF is inhibited. On the other
hand, in the absence of recirculation and during its initial stages, humid
air masses with NPF precursors are transported inland by the diurnal
local-scale circulations (Millan et al., 1997). These are diluted into dryer
and warmer rural air masses, enriched with biogenic volatile organic
compounds and NHg. This is the optimum scenario for NPF in air masses
with relatively low O3 background concentrations (Lehtipalo et al.,
2018). However, the dynamics of O3, UFP, and NPF episodes are very
complex, and we cannot conclude that these episodes are either simul-
taneous or mutually excluding. Further studies are needed to better
understand these intense episodes.

With regard to implications for air quality, the occurrence of the
highest O3 episodes with the highest UFP levels may magnify the health
impacts of the episodes. The transported UFPs consist of both primary
and secondary particles. During the lowest (but still high in absolute
concentration) spring-summer Oz episodes (days in the “low” cluster),
the contribution of primary UFPs is very low, with UFPs being mainly
secondary resulting from NPF. The health impact of UFPs in these two
distinct types of episodes is probably different, as reported by Tobias
et al. (2018) when evaluating the health outcomes of traffic-related and
bulk UFP concentrations in Barcelona. They reported that
NPF-dominated days were associated with low premature mortality risk,
because these episodes were linked with less polluted days. During these
days, the total number of particles is the lowest, as we have demon-
strated in this study.
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Relating high ozone, ultrafine particles, and new particle

formation episodes using cluster analysis

Carnerero et al (2019)

Table S1: Qualitative summary of the days in each Oz cluster before grouping (see also Figure S1). * EU information

value: hourly O3 concentration average exceeds 180 pg m3. ** EU target value: O3 concentrations exceed 120 pg m-3

for the maximum 8-h moving daily averages in at least 25 days as an average for 3 years. Cluster 2 was identified as

cluster “extreme”. Clusters 9 and 3 were grouped into cluster "high”. Clusters O, 1, 7 and 8 were grouped into cluster

“mild”. Clusters 4, 5 and 6 were grouped into cluster "low".

Clusters 0 1 2 3 4 5 6 7 8 9

Number of 97 112 59 122 58 128 48 58 85 96

days

Temporal Early spring ~ Whole Juneand  May, June  Early and Early spring ~ Early Whole Early spring  Whole

distribution  and late period July and July late and late springand  period and late period
summer summer summer late summer

summer

Days 0 0 8 0 0 0 0 0 0 0

exceeding

information

value *

Days 7 0 59 51 0 0 0 5 0 53

exceeding

EU target

value **

Temperature High Intermediate  Highest High Lowest Low Low Intermediate Intermediate High

Relative Intermediate  Intermediate Lowest Low Highest High Very high  High High Low

humidity

Wind speed Intermediate  High Highest High Lowest Low Very low Intermediate Low High

Solar Intermediate  Intermediate  Highest Very high  Lowest Low Lowest Intermediate Low Intermediate

radiation

No._gss High Intermediate  Highest High Low Intermediate  Lowest Intermediate  Intermediate Intermediate

No.s Intermediate  High Highest High Lowest Intermediate  Lowest Intermediate Low High

CS High Very low Highest High Very low Very low Lowest Intermediate  Intermediate Intermediate

BC High Intermediate  Highest High Lowest Intermediate  Very low High Intermediate  High

SO, High Low Highest High Very low Very low Very low High Intermediate  Intermediate

Comments Intermediate  Low Very hot Hot and Cool and Cool and Cool and Intermediate  Intermediate Intermediate
temperature  temperature, and dry dry humid humid days  humid temperature, temperature, temperature,
and intermediate  summer summer days, no with low days, no humid high low
humidity, humidity, days, days, pollutants  transport of  pollutants  afternoons, humidity, humidity,
pollutants low strong pollutants  or pollutants or with low moderate
and transport transport  and precursors  and precursors  moderate transport of  transport
precursors of precursors  are precursors are transport pollutants
are pollutants  are transported transported and
transported and transported precursors

precursors
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Figure S1: Results of the average O3 daily cycles after the first level of clustering analysis at Montseny for the time

period 01/04/2014 — 30/09/2018.
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Figure S2: Example of a burst-like new particle formation event at Montseny on 29 August 2017 06:00 UTC.

Figure S3: Geopotential height at 500 hPa and mean sea level pressure at 12:00 UTC for Case C (10 — 14 July 2017).
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Figure S4: Geopotential height at 500 hPa and mean sea level pressure at 12:00 UTC for Case A (18 — 23 June 2017).

Figure S5: Geopotential height at 500 hPa and mean sea level pressure at 12:00 UTC for Case B (28 June — 3 July 2017).
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Figure S6: Geopotential height at 500 hPa and mean sea level pressure at 12:00 UTC for Case C (20 — 24 July 2017).
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Figure S7: Temperature registered at Montseny from 12 June - 31 July 2017.



3. RESULTS 78

3.4 Paperlll

Trends in primary and secondary particle number

concentrations in urban and regional environments in NE Spain

Carnerero, C., Rivas, 1., Reche, C., Pérez, N., Alastuey, A. and Querol, X.

Published in Atmospheric Environment on October 6, 2020

https://doi.org/10.1016/j.atmosenv.2020.117982



3.4 Paper lll 79

Atmospheric Environment 244 (2021) 117982

ATMOSPHERIC
ENVIRONMENT

Contents lists available at ScienceDirect

Atmospheric Environment

ELSEVIER journal homepage: http://www.elsevier.com/locate/atmosenv

Check for

Trends in primary and secondary particle number concentrations in urban &
and regional environments in NE Spain

Cristina Carnerero "’

Xavier Querol®

, loar Rivas “, Cristina Reche “, Noemi Pérez“, Andrés Alastuey *,

@ Institute of Environmental Assessment and Water Research (IDAEA-CSIC), Barcelona, 08034, Spain
" Dept. of Civil and Environmental Engineering, Universitat Politecnica de Catalunya, Barcelona, 08034, Spain
¢ ISGlobal, Barcelona Institute for Global Health, Barcelona, 08036, Spain

HIGHLIGHTS

e Decreasing traffic emissions in cities could favour photonucleation in high-insolated rural areas.
e We measured gaseous pollutants, black carbon and particle size distributions.

¢ We statistically analysed trends and applied positive matrix factorisation receptor modelling.

¢ Reducing emissions in cities increases the number of particles in nearby rural areas.

e Policies aimed at improving air quality in cities may negatively affect nearby rural regions.

ARTICLE INFO ABSTRACT
Keywords: We analysed long-term datasets of ambient air concentrations of gaseous pollutants, black carbon (BC) and
Ultrafine particles particle size distributions at an urban background air quality station (Barcelona, Spain; 2013-2019) and a

New particle formation

Trend analysis

Photonucleation

Positive matrix factorisation receptor model

regional background station (Montseny, Spain; 2014-2019). Using BC as a tracer of primary emissions, we
segregated the aerosol load in modes and analysed their trends, considering all-year data and seasons separately.
We also applied the positive matrix factorisation (PMF) receptor model to the particle size distributions to
identify different sources that contribute to the particle number concentration. Qur results show that the number
concentration of primary particles decreased at the urban and regional background stations (—4.1 and —4.7% per
year, respectively) along the period of study. This decrease was also observed for primary particles in the
nucleation, Aitken and accumulation modes separately. This change leads to a decrease in condensation sinks
(CS, —3.1 and —5.6% per year), that, together with an increase in temperatures (+1.5% per year in the urban
background; +1.4% per year in the regional background), results in a markedly increasing trend in the contri-
bution of new particle formation to the total number particle concentration (+17.7% and +11.9% per year). The
total particle number concentration decreased in the urban background (—2.5% per year), whereas the trend
increased for the regional background (+3.0% per year). The latter result is in contrast to most literature reports
and is most likely due to higher insolation and increased biogenic VOC (BVOC) emissions that would enhance
photonucleation, along with a marked decrease in the CS. An increasing trend in H»SO4 concentrations driven by
increasing SO concentrations (+11.1% per year) could also be favouring the formation of new particles in the
regional background, but it is not clear that the increasing trend in SO is real or it is related to a faulty
maintenance of the instrumentation.

Overall, we conclude that decreasing primary emissions results in a decrease in the total number concentra-
tions of urban aerosols, despite the increase in the formation of new particles by photonucleation. Moreover, the
total particle number concentration of regions downwind of the urban areas increases because new particle
formation is more favoured and compensates for the primary particles’ number concentration decrease.
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1. Introduction

Nitrogen oxides (NOx) and black carbon (BC) emissions, tracers of
road traffic emissions in urban environments, have decreased in high-
income cities around the world in the past decades (Colette et al.,
2011; Font and Fuller, 2016; Geddes et al., 2016; Guerreiro et al., 2014;
Krecl etal., 2017; Olstrup et al., 2018; Querol et al., 2014). This decrease
is a consequence of the implementation of emission abatement policies,
including the reduction in vehicle fleet emissions, regardless of trends in
urban traffic intensity.

Despite the clear health benefits from reducing primary emissions,
cleaner environments might increase the formation or decrease the
consumption of secondary pollutants, such as tropospheric ozone (Os,
due to a decreased titration by NO), and the production of newly
generated secondary particles, due to a decline in condensation sinks
(CS) favouring nucleation (Kerminen et al., 2018 and references
therein). Thus, particle number concentrations may increase despite a
decrease in primary pollutant emissions (Wichmann et al., 2000).

Ultrafine particles (UFPs; particles less than 100 nm in diameter)
might have serious adverse health effects, including oxidative stress
with DNA damage, which can lead to carcinogenic mutations and pul-
monary diseases (Brauner et al., 2007; Lanzinger et al., 2016).
Furthermore, their health impact is enhanced because, when inhaled, a
proportion of these particles might translocate to the lung and reach
different body organs (Cassee et al., 2011). In spite of this, UFPs are not
regulated in air quality standards and, therefore, no efforts are being
made to reduce their ambient concentrations. In urban environments,
road traffic is the main source of directly emitted UFPs (Paasonen et al.,
2016), followed by non-road transport and domestic fuel burning
(Kumar et al., 2014). Furthermore, UFPs may be newly formed in the
atmosphere as a result of the reaction of gaseous precursors in favour-
able conditions. Atmospheric new particle formation (NPF) dominates
the total particle concentration in the global troposphere (Gordon et al.,
2017), but its contribution varies in different environments (Kerminen
et al., 2018; Ma and Birmili, 2015; Nieminen et al., 2018).

In regional environments located near polluted cities, NPF may be
favoured under low UFP concentrations (Carnerero et al., 2019).
Transported air masses with high UFP concentrations, although
enriched with precursors, increase CS levels and inhibit NPF (Wichmann
et al., 2000). Thus, a decrease in urban emissions could lead to an in-
crease in NPF in nearby regional environments. If, on the other hand, the
aerosol load decreases, a decreased radiative forcing would potentially
produce rapid warming rates (Kloster et al., 2008; Makkonen et al.,
2012).

Here, we aim to evaluate and compare trends in the contribution of
primary and secondary sources and NPF to the total particle number
concentration (N) and the mode-segregated N in urban and regional
background environments in the area of Barcelona (NE Spain) using a
long time series (2013-2019 and 2014-2019, respectively). We use BC
as an indicator of primary combustion-related emissions, and positive
matrix factorisation (PMF) receptor modelling applied to the particle
size distribution (PSD) to apportion primary and secondary contribu-
tions to the aerosol population.

2. Methodology
2.1. Monitoring stations

In this study, we use data collected at two air quality research
supersites located in NE Spain: Barcelona, an urban background site into
the city, and Montseny, a regional background site located into the
Montseny Natural Park, 48 km NE of Barcelona (see Fig. 51 for the
detailed location of the stations). Both stations are integrated into the
European Aerosols, Clouds and Trace gases Research InfraStructure
network (ACTRIS), and the atmospheric pollution monitoring and
forecasting network of the Government of Catalonia (XVPCA).

Atmospheric Environment 244 (2021) 117982

2.1.1. Barcelona (urban background)

The station is located in the Institute of Environmental Assessment
and Water Research (IDAEA; 41° 23'14.28"N, 2°6'56.34"E, 77 m a.s.L.).
The site is located 200 m from one of the busiest streets in Barcelona.
The data presented here correspond to the period 2013-2019.

Black carbon (BC) concentrations were measured with a multi-angle
absorption photometer (MAAP; Thermo Scientific). Levels of O3 were
determined with a UV photometry based analyser (MCV 48AV); S0,
concentrations were measured with a UV fluorescence analyser (Tele-
dyne T100 EU); NO; levels were registered with a chemiluminescence
analyser (Model 42i-TL; Thermo Scientific), and CO was measured with
a gas filter correlation analyser (Teledyne T300 EU). Particle number
size distributions (PNSD) were measured with a scanning mobility
particle spectrometer (SMPS; TSI 3080) connected to a condensation
particle counter (CPC; TSI 3772). We discarded the lower range (10-15
nm) of the distribution due to an instrument malfunction during a
considerable length of the time series considered in this study. The
distribution used in this study includes size ranges from 15 to 478 nm.
Using the PNSD, we calculated the total particle number (N; 15-478
nm), nucleation-mode number concentration (Nyye; 15-25 nm), Aitken-
mode number concentration (Naj; 25-100 nm) and accumulation-mode
number concentration (Naee; 100-478 nm).

Meteorological parameters were measured at the rooftop of the
University of Barcelona, Faculty of Physics, located 350 m from the
urban background station.

2.1.2. Montseny (regional background)

The station is located in a natural environment in the Montseny
Natural Park (41°46'45.63"N, 02°21'28.92"E, 720 m a.s.l.). It lies in a
forested valley oriented in a northwest-southwest direction, 48 km NE of
Barcelona. When sea and mountain breezes are sufficiently strong-
—mostly in spring and summer, when solar irradiance is high-
—emissions originated in industrial and urban areas nearby are
channelled inland and reach the station because of the complex orog-
raphy in the area. In these cases, high UFP and O3 concentrations are
registered, whereas NPF is less favoured due to an increased CS (Car-
nerero et al., 2019). The data presented here correspond to the period
2014-2019. Note that the data series begins one year later than in
Barcelona because of substantial data gaps in 2013.

Particle number size distribution in the size range 9-856 nm was
measured with a mobility particle size spectrometer (MPSS; TROPQOS)
connected to a condensation particle counter (CPC; TSI 3772). Levels of
BC, O3, SO5, NO; and CO were measured with the same instruments used
at the urban site. Meteorological data were obtained using an automatic
station (Davis Vantage Pro Plus).

Analogously to the urban background station, we calculated the total
particle number (N; 9-856 nm), Ny (9-25 nm), Nj; (25-100 nm) and
Nace (100-856 nm). Despite having different size ranges, we consider
that Ny is comparable at both sites, given that particles larger than 478
nm (the maximum diameter detected by the SMPS at the urban back-
ground) do not contribute significantly to the number concentration.
However, Ny, may not be directly comparable between stations, given
that we do not consider particles between 9 and 15 mm at the urban
background, and this will be taken into account when discussing the
results.

2.2. Data analysis

We averaged all measured variables to hourly values in order to carry
out a homogeneous data analysis. All times are expressed in coordinated
universal time (UTC), unless otherwise stated. Local time is UTC +2 h in
summer and UTC +1 h in winter.

2.2.1. Contributions of primary and secondary particles
Following the methodology proposed by Rodriguez and Cuevas
(2007) and later improved by Kulmala et al. (2016), we used BC as a
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tracer for primary particles to distinguish primary (N;) and secondary
(N3) contributions to N, Nyye, Naj and Naee. According to this method,
the minimum emission of primary particles, Ny, is estimated using the
following expression:

N, =3, BC, (@8]

where s; (particles per unit of BC) is a scaling factor determined with
observations of particle number and BC. Throughout this study, we
calculated s; as the 1st percentile of the ratio N/BC. In other words, in
the N vs BC scatter-plot, 1% of the data points are located below a line
with a slope equal to s;.

Considering that the total particle number is the sum of primary and
secondary particles, the number concentration of secondary particles
that may oceur during the dilution of the vehicle exhaust or in ambient
air, Na, is estimated using:

N>=N—Nj. (2)

It has to be noted that only particles containing BC are considered as
primary particles; therefore, there might be non-BC-related particles
that fall into Nz when using this method.

Equations 1 and 2 have been used analogously for the mode-
segregated particle numbers Ny e, Naj, and Nyee, as in (Kulmala et al.,
2016) to calculate N1,ue, N1ai, Nlace, N2nue, N24aj and N1;ce.

2.2.2. Mann-Kendall tests

All trends presented here were obtained using pymannkendall, a Py-
thon package for Mann-Kendall tests (Hussain and Mahmud, 2019). The
Mann-Kendall test is a non-parametric trend test used to evaluate
monotonic trends. The Mann Kendall test statistic is calculated as
follows:

n—1 n

S=Z ngn (X,—Xk). (3

k=1 j=k+1

where sgn (x) is the sign function.

If S is positive (negative), the variable X has a monotonically
increasing (decreasing) trend, provided that the p-value indicates sta-
tistical significance (p < 0.05).

Through this work, we present two types of tendencies. Firstly, we
calculated Mann-Kendall tests for all data. Separately, we subsetted 3-
month data corresponding to winter (DJF; December-January-
February), spring (MAM; March-April-May), summer (JJA; June-July-
August) or autumn (SON; September-October-November) and
computed independent Mann-Kendall tests. In all cases, the data used
are the daily averages of the variable, considering only days with at least
75% of data availability.

When the Mann-Kendall test suggests a significant trend, the Theil-
Sen method is applied to quantify the magnitude of the trend by
means of the Sen’s slope estimator (Sen, 1968; Theil, 1992), calculated
as the median slope of all data pairs in X (Eq. (4)). Using the estimator,
we calculated the average percent change per year for each variable,
considering all year data and seasons separately.

m = median {x, — x,} C))]
j—i

2.2.3. Positive matrix factorisation (PMF)

The positive matrix factorisation receptor model (PMF; Paatero,
1997) was used to identify and quantify the sources of the PNSD at each
station. The model was conducted with Multilinear Engine 2 (ME-2;
Paatero (1999)), using R (version 3.6.1; R Development Core Team
(2017)), following the methodology described in Rivas et al. (2020).
PMF is a multivariate least-squares method that presumes that the
observed aerosol size distribution, X, considered as a matrix with di-
mensions n observations x m size bins, can be determined by means of a
source matrix, F, and a contribution matrix, G:
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p

Xy = ng-'f;k + ey, 5)

k=1

where p is the number of independent sources, Fy is the concentration of
the component emitted by the kth source in the jth size bin, Gy is the
contribution of the kth source to the ith sample, and E is a residual
matrix.

To identify and apportion the sources of PNSD, hourly averages of
the PNSD were used in combination with hourly concentrations of
gaseous pollutants (NO, NO;, O3, SO5 and CO), and meteorological
variables (temperature, wind speed and relative humidity). Solar radi-
ation measurements were also used for Montseny, but not for Barcelona,
because the residuals did not meet the normality condition.

The uncertainty matrix is calculated as follows:

S = 0 (Nf.f + A_‘Z) + G- Ny, (6)

where a and C3 are constants, Ny is the concentration of sample i for the
size bin or pollutant j, and Nj is the average concentration of the size bin
or pollutant j. Values for @ and C3 were empirically determined (0.01
and 0.1 for the urban background dataset, and 0.04 and 0.12 for the
regional background dataset). We assigned higher uncertainties to the
lower and higher ends of the particle size distribution (2« for the first
and last 3% size bins, and 1.5« for the following 3% bins). Moreover, we
used a scaling factor of 5a for the gaseous pollutants, which was
empirically determined so that the residuals were randomly distributed
around zero. For detailed information on the methodology used for PMF,
see Rivas et al. (2020).

3. Results
3.1. Urban background

Fig. 1 shows daily cycles of BC, O3, SOz, N and CS. Table 1 provides
all-year and season-separated average annual trends for all variables
discussed in this subsection.

BC concentrations peak at 7 UTC and 19 UTC in Barcelona, coin-
ciding with the typical morning and afternoon traffic rush hours.
Monotonically decreasing BC concentrations over all the period (—4.2%
per year) and in all seasons, suggest a decrease in primary emissions,
particularly those coming from road traffic.

The daily evolution of O3 concentrations follows that of solar radi-
ation, with marked decreases around the traffic rush hours due to
titration by NO, and is maximal in summer. Overall, O3 decreases when
using all-year data (—2.7% per year). Considering seasons separately, O3
decreases all seasons except in spring.

S0, concentrations follow a typical sea breeze pattern, peaking at
noon. The main source of O3 in Barcelona is shipping emissions that are
transported inland from the harbour and the Mediterranean Sea to the
urban background station with the sea breeze. During the period
considered in this study, SO» concentrations had a monotonic decrease
(—2.0% per year). Moreover, concentrations have radically decreased
since 2009 (not shown here) pointing to a decrease in the SO» emissions
emitted by freight ships and cruises, as reported by (Schembari et al.,
2012) in Western Mediterranean harbours after the European directive
2005/33/EC, implemented in 2010.

The number of particles in the size range 15-478 nm (N) peaks at 7
UTC and 19 UTC, and has a secondary peak at 12 UTC, especially
marked in summer and spring, when the high insolation favours NPF. N
decreases throughout all the period (—2.5% per year), and in spring and
autumn, although there is no significant trend in winter and summer.

CS has a similar evolution to BC and N, peaking later (8 UTC and 21
UTC). Moreover, in between the peaks at midday—when NPF is more
likely—CS levels do not decrease as much as they do during the night.
When considering all-year trends, CS decreases in Barcelona (—3.1% per
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Fig. 1. Daily cycles of black carbon (BC), ozone (O3), sulphur dioxide (SO3), number of particles in the size range 15-478 nm (N) and condensation sink (CS),
separated by annual averages from 2013 to 2019 at Barcelona (urban background).

year). Calculating the trends separately for seasons, CS decreases only in
spring and autumn.

Temperature has an increasing trend when considering all-year data
(4+1.5% per year). When considering seasons separately, the trend is
increasing for all seasons except in autumn, with a slight decreasing
trend (—0.5% per year).

Nnue has a clear seasonal evolution. In general, Ny, peaks at noon
and has two minor peaks at 7 UTC and 19 UTC. However, in winter, the
noon peak is unnoticeable, whereas in summer, the midday peak is twice
as high as the morning and afternoon peaks (not shown here). Ny, does
not follow a significant monotonic trend in the period of study. Taking
into account that the size range 15-25 nm includes both primary and
secondary emissions, this may suggest that the decrease in primary
emissions might compensate for any possible increases in NPF favoured
by the decrease in CS and the increase in temperature. This will be
further analysed in more depth in this section by separating primary and
secondary contributions to N, and PMF modelling in sections 3.1.1 and
3.1.2. It should be noted that ignoring the SMPS size bins from 10 to 15
nm (see Sect. 2.1.1) most likely has an increased effect on the NPF than
on the primary particles in the size range 15-25 nm.

Najt has a similar evolution to that of N, with a lower contribution at
midday. However, there is clearly a slight increase at midday from
spring to autumn, corresponding to newly formed particles that have
increased to 25 nm. Throughout the study period, Naj, decreases when
considering all-year data (—4.1% per year) and in all seasons separately.

The daily evolution of N is similar to that of BC, peaking at 7 and
20 UTC. This agrees with a decreasing trend overall (—3.8% per year),
and in all seasons except in summer, when the trend is not statistically

significant.

3.1.1. Primary and secondary particle number concentrations

The primary contribution to the total number of particles (N1), as
well as to the different modes considered (N1,uc, N1aj, N1acc), have a
clear traffic pattern, with morning and afternoon peaks (Fig. 2). N1aj
contributes the most to N1, followed by N1,... They all decrease over the
entire period (—4.1% per year for N1 and -4.2% per year the mode-
segregated N1) and in all seasons, agreeing with the trend in BC.

The secondary contribution to the total number of particles (N2),
N2,4c and N2, have a similar evolution throughout the day (Fig. 2):
these peak with the morning and afternoon rush hours, but also at
midday, pointing to a formation of particles by photonucleation gener-
ating new particles that later grow to over 25 nm. The midday peak is
more pronounced in spring and summer in all cases. N2,y and N2aj
contribute by a similar amount to N2 (Fig. 2). N2, is mostly constant
throughout the day and has no trend for the entire period except for an
increase in winter and a decrease in autumn. Its contribution to N2 is
smaller than that of the other modes. N2 only has a significant increasing
trend in winter. N2, increases over all of the period (+2.4% per year)
and in winter and autumn. N2,; decreases when considering all-year
data (—2.4% per year) and in autumn.

3.1.2. PMF barcelona

The PMF solution that made the most physical sense had four factors
(Fig. 3): NPF (diameter mode 15 nm), Fresh traffic (diameter mode 32
nm), Aged Traffic (diameter mode 88 nm) and Regional Secondary
(diameter modes 16 and 224 nm). This solution is comparable to that
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Table 1

Sen’s slope of 2013-2019 data at Barcelona (urban background), expressed as an
average annual percent change. All year (January-December) and season-
separated data are presented. Slopes for variables with non-significant mono-
tonic trends are not shown (indicated with a hyphen).

Variable All year DJF (% MAM (% JIA (% SON (%
(% year'l) year_l) year_l) year'l)
year™')

BC —4.2 -1.5 -1.3 -1.0 —-2.2

T 1.5 0.5 0.6 0.5 -0.5

03 -2.7 -1.0 - -1.1 -0.7

S0, —-2.0 -0.4 -0.5 -2.0 -0.3

cs —-3.1 - -0.9 - -3.6

Nis-a78 —2.5 - -0.8 - -1.1

N1 (primary) -4.1 -1.4 -1.3 -1.0 -2.2

N1 in Nuc. mode —4.2 -1.5 -1.3 -1.0 -2.2

N1 in Aitk. mode —4.2 —-1.5 -1.3 -1.0 —-2.2

N1 in Acc. mode —4.2 -1.5 -1.3 -1.0 -2.2

N2 (secondary) - 2.1 — — -

N2 in Nuc. mode 2.4 2.1 - - 1.3

N2 in Aitk. mode —2.4 - - - -1.3

N2 in Acc. mode - 1.3 - - -3.4

Nnue - - - - -

Nait —-4.1 -1.4 -1.0 -1.2 -1.7

Nace -38 -1.1 -0.8 - -3.3

Photonucleation 17.7 10.7 - - 15.4

(PMF)

Fresh traffic (PMF)  —4.0 - -1.4 -1.5 -1.3

Aged traffic (PMF)  —5.3 -1.6 - -1.4 -3.3

Regional - - - 1.8 -2.4

secondary
(PMF)

obtained in Rivas et al. (2020) for Barcelona when considering the
period 2013-2016. The daily cycles of each factor are presented in
Fig. 4. In addition, Fig. S2 shows the average weekly and monthly cycles
of each factor.

NPF has a daily distribution similar to that of solar radiation, peaking
at 12 UTC. The solution chosen here makes this factor fluctuate around
zero before sunrise, with negative contributions to the N that make no
physical sense. This is probably due to a compensation in one or more of
the other factors. Given that in this study we are assessing trends, and we
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are interested in the factors’ temporal distributions and the changes with
time rather than obtaining quantitative data of contributions, we
acknowledge this inaccuracy; however, we strongly believe that the
conclusions resulting from this section on trends are sound. NPF has the
highest average daily contribution on 7% of the days considered (Fig. 5)
and has a median contribution of 11% to N. The highest dominance
(number of days with a higher daily contribution than the other factors)
and the highest contribution to N occur in summer (June-July-August;
Fig. §3), with 15% of the days and 18% contribution to N, respectively.
On days when NPF dominates the total number concentration, BC and
NO; concentrations are at their lowest, as is the relative humidity.
Insolation, temperature and Os are intermediate. Both the contribution
and dominance of this factor increase throughout the period considered
here (2013-2019). The Mann-Kendall tests reveal monotonically sta-
tistically significant increasing trends when considering the entire
period (+17.7% per year; note that for this quantification, only the
positive values have been considered; therefore, the quantification of
the trend might be inaccurate) and also winter and autumn.

Fresh traffic has a typical traffic daily distribution, with peaks at 7
and 20 UTC (8 and 21 LT in winter, and 9 and 22 LT in summer). The
contribution of this factor is higher in the colder seasons (Fig. 54).
Overall, Fresh traffic has the highest average daily contribution on most
days (91% of the days with data availability, Fig. 5). On these days, BC
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Fig. 3. Normalised factors for the selected solution of the positive matrix fac-
torisation (PMF) for Barcelona (urban background).
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from 2013 to 2019 at Barcelona (urban background).
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Fig. 5. Percentage of days in which the contribution of each PMF factor
dominates the total particle number concentration at Barcelona (urban back-
ground), separated by years from 2013 to 2019.

and NO; concentrations are at their highest, whereas insolation, tem-
perature and O3 levels are the lowest. Fresh traffic is also the factor that
contributes the most to the total number of particles, with a median
contribution of 63% to N. The number of days of dominance, the
contribution to N and the annual (—4.0% per year) and seasonal ten-
dencies (except in winter) decrease throughout the period considered,
agreeing with the decrease in BC concentrations that suggested a
reduction in traffic from 2013 to 2019 in Barcelona (Sect. 3.1).

Aged traffic describes the same daily distribution as Fresh traffic, but it
has a much lower contribution to N. The average contribution of this
factor to N is homogeneous throughout the year (Fig. 55). Aged traffic
dominates only on 2% of the days (Fig. 5) and contributes to a median of
20% of the hourly average of N. Both indicators have a decreasing trend,
agreeing with the trends in Fresh traffic. On days dominated by Aged
Traffic, insolation, temperature and Oz concentrations are higher than

days in which other factors dominate. The Mann-Kendall tests also
reveal decreasing trends throughout the period (—5.3% per year) and in
all seasons except in spring.

The distribution of Regional Secondary also peaks at 7 and 20 UTC,
suggesting sources related to traffic. There is no significant variation in
the contribution of Regional Secondary to N along the period of study
(Fig. S6). This factor is not to be confused with N2 (particles with a
secondary origin; see Sect. 2.2.1). The contribution of Regional Second-
ary to N is the smallest of all factors (2%), and there are no days in which
this factor dominates. The trend tests only reveal significant trends in
summer (increasing) and autumn (decreasing).

3.2. Regional background

As might be expected, the daily evolution of the concentrations of
most pollutants and N at the regional background station in Montseny
are markedly different from those at the urban background of Barcelona.
As in most mountain sites, patterns affected by sea or mountain breezes
are recorded for most variables, instead of typical rush hour patterns:
concentrations begin to increase smoothly after sunrise and peak around
midday (Fig. 6). Table 2 shows all-year and season-separated average
annual percent changes derived from Sen’s slopes of all variables dis-
cussed in this subsection.

BC concentrations peak around 13 UTC and have a similar daily
evolution and magnitude in all seasons. BC decreases monotonically
when considering the period 2014-2019 (—4.5% per year) and in spring
and autumn. However, when considering winter and summer sepa-
rately, BC concentrations have no trend. This could be related to biomass
burning for household heating in the area during the colder months, and
from agriculture, which we expect to be widespread in the rural area.

Temperature increases when considering all-year data (+1.4% per
year). When considering seasons separately, up to an increase in +2.6%
per year is recorded in winter and spring, whereas the trend is
decreasing in autumn.

The evolution of O3 concentrations is clearly seasonal. Not only are
the concentrations higher in summer and spring, but the influence of
solar radiation is also markedly higher in the warm period, when the
difference in minimum and maximum Oj levels is around 40 pg m ™ as
an average, peaking at 13 UTC, whereas in winter, the concentrations
are constant throughout the day. O3 concentrations slightly decrease



3.4 Paper lll

85

C. Carnerero et al.

— 2014
—— 2015
2016
2017
2018
2019

600

BC (ng m™3)

200

9 12 15 18 21
Time UTC

— 2014
1.4/ — 2015
2016
2017

2018
/’.J\ 2019

— 2014
0.008
- 2016
2017
2018
2019

0.0071

0.006

CS(s71)

0.0051

0.004-

0.003/

0 3 6 9 12 15 18 21
Time UTC

Atmospheric Environment 244 (2021) 117982

0 3 6 9 12 15 18 21
Time UTC
— 2014
8000 — 2015
I 2016
/ 2017
2018
— 6000/ / 2019
1 \
E | N
S
= 4000

9
Time UTC

Fig. 6. Daily cycles of black carbon (BC), ozone (Os), sulphur dioxide (SO2), number of particles in the size range 9-856 nm (N) and condensation sink (CS),
separated by annual averages from 2014 to 2019 at Montseny (regional background).

Table 2

Sen’s slope of 2014-2019 data at Montseny (regional background), expressed as
an average annual percent change. All year (January-December) and season-
separated data are presented. Slopes for variables with non-significant mono-
tonic trends are not shown (indicated with a hyphen).

Variable All year DJF (% MAM (% JJA (% SON (%
(% year ') year 1) year ) year 1)
year 1]
BC —4.5 - -5.2 - -10.4
T 1.4 2.6 2.6 1.9 -2.0
(073 —-0.7 -1.0 - - —-1.5
S0, 111 7.7 9.4 14.6 9.9
Cs —5.6 - —4.6 —4.1 -10.8
No.g s6 3.0 4.7 3.9 - 3.3
N1 (primary) —4.7 - —-5.2 —-2.2 —-10.4
N1 in Nuc. mode —4.6 - -5.2 - -10.4
N1 in Aitk. mode —4.1 - -5.2 - -10.4
N1 in Acc. mode —4.6 - -5.2 - -10.4
N2 (secondary) 8.0 7.9 10.0 - 9.1
N2 in Nuc. mode 12.7 10.2 14.9 5.1 16.1
N2 in Aitk. mode -1.1 - 7.5 - -
N2 in Acc. mode —4.3 - - —6.3 -11.8
Nnue 9.7 8.6 10.2 6.5 153
Nait - - 2.9 - -
Nace -5.3 - - -3.8 -11.8
Photonucleation 11.9 10.4 11.4 7.5 19.9
(PMF)
Aged aerosol 3.6 5.4 5.4 - -
(PMF)
Regional (PMF) -9.4 - -10.4 -8.5 -16.8

when considering all year (—0.7% per year), and in winter and autumn,
but have no significant trends in the warmer period of the year, as
opposed to the urban background station.

S0, is also transported with sea breezes, similar to many other pol-
lutants in this station, peaking at 13 UTC. SOz concentrations increase
throughout all of the period (+11.1% per year) and all seasons. This high
increase is probably related to inaccuracies in the corrections of the zero
baseline during the instrumentation maintenance and changes in the
data retrieving system since 2019 (see Fig. S7), although it might also
point to different sources of SO; in the regional and urban backgrounds
because we found no trend for SO, in Barcelona.

The number of particles in the size range 9-856 nm (N), as well as
Nnue and Njjt, peak at 14 UTC and has a marked seasonal influence, with
twice as many particles in summer as in winter. Conversely, Ny also
peaks at 14 UTC but does not show significant seasonal differences. N
increases throughout the period (+3.0% per year). When considering
seasons separately, N shows no trend in summer and increases during
the rest of the year. Ny, increases throughout the period (+9.7% per
year), also when considering seasons separately. Na;; increases only in
spring. Nac. decreases throughout the entire period (—5.3% per year)
and in summer and autumn.

CS levels also describe a pattern similar to a breeze, but they peak at
16 UTC, later than any other variable considered here. This is associated
with particles being formed locally or transported to the station. The fact
that CS has clear seasonal variations (maximum in summer) agrees with
NPF occurring locally and contributing to an increase CS in the warmer
periods and around midday, when the irradiance is higher. The trend
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analysis reveals that CS levels decrease throughout all of the period
(—5.6% per year), except in winter, when the trend is not statistically
significant.

3.2.1. Primary and secondary particle concentrations

N1 is consistently low throughout the year. N1,,,c and N1,; are very
low, and the main contribution to N1 is N1, which peaks around 13
UTC (Fig. 7). The trend analysis reveals that N1, as well as the mode-
segregated N1, decrease when considering the entire period (—4.7%
per year) and in all seasons except in winter. The mode-segregated N1
decrease when considering all year data (—4.6% per year for nucleation
and accumulation modes and —4.1% per year for Aitken mode) and
when considering spring and autumn separately, similarly to BC.

N2 has a clear seasonal pattern, comparable to that of N. The
contribution to the mode-segregated particle numbers is also parallel to
that of Npye, Najt and Nye.. Regarding period and seasonal trends, N2
increases when considering the whole period (+8.0% per year) and in all
seasons except in summer (no significant trend). N2, markedly in-
creases during all of the period (4+12.7% per year) and seasons. N2aj
decreases during the entire period (—1.1% per year), but only has a
significant trend in spring when separating seasons. Finally, N2,.. de-
creases when considering the whole period (—4.3% per year) and in
summer and autumn.

3.2.2. PMF montseny

The PMF solution that made the most physical sense had three fac-
tors (Fig. 8): NPF (diameter mode 18 nm), Aged aerosol (diameter mode
41 nm) and Regional (diameter mode 123 nm). The average daily cycles
of each factor are presented in Fig. 9. In addition, Fig. S8 shows the
average weekly and monthly cycles of each factor.

NPF begins increasing at 7 UTC and peaks at 14 UTC (Fig. 9). The
absolute concentration of this factor is higher during weekdays,
compared to weekends, and in summer and spring (Figs. 58 and 59). NPF
dominates an average of 14% of the days (Fig. 10), and the median
contribution of this factor to N reaches 20%. The highest contribution to
N occurs in spring (median contribution of 23%), with summer and
autumn registering the lowest contribution (18%). Winter registers the
highest occurrence of days with NPF dominating N (21% of the days),
whereas the lowest occurrence of NPF-dominated days takes place in
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Fig. 8. Normalised factors for the selected solution of the positive matrix fac-
torisation (PMF) for Montseny (regional background).

summer (only 5% of the days). On days when NPF dominates N, the
relative humidity is lower, the wind speed is constant throughout the
day (in contrast to the typical breeze pattern), and the concentration of
BC is the lowest of all factors. The contribution of the NPF increases
monotonically in the period considered in this study (+11.9% per year),
including when considering seasons separately.

Aged aerosol increases rapidly from 8 to 14 UTC, and declines at a
slower pace (Fig. 9). Similar to NPF, this factor is higher during week-
days and in summer (Figs. S8 and S10). The highest absolute contribu-
tion of Aged aerosol is registered in summer. The relative contribution to
N and the dominance of Aged aerosol are approximately constant
throughout the year, with slightly higher percentages in spring (53%
and 70%, respectively). The contribution of Aged aerosol to N increases
monotonically in the period considered (4-3.6% per year) for all seasons
except in summer and autumn, with no significant trends.

The contribution of the Regional factor increases from 5 to 13 UTC
(Fig. 9). The absolute contribution is relatively homogeneous
throughout the week and higher in summer (Figs. 58 and 511). The
relative contribution of Regional to N, as well as the number of days with
dominance of this factor, are similar from autumn to spring (averages of
28% and 26%, respectively), but markedly lower in summer (18% and
16%, respectively). The Mann-Kendall tests reveal a decreasing trend of
this factor, when considering the entire period (—9.4% per year) and
when separating trends, except in winter, with no significant trend.
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100 . 2014
. = 2015
) . 2016
i‘ 80 2017
[ 2018
3 2019
S 60
©
£
£
S 40
Y
5}
2
o 20
o
L

0
N N
) X
% X
e,b <«
&)
?.

Fig. 10. Percentage of days in which the contribution of each PMF factor
dominates the total particle number concentration at Montseny (regional
background), separated by years from 2014 to 2019.

Atmospheric Environment 244 (2021) 117982

4. Discussion

At both stations considered in this study, our analysis reveals a
reduction of primary particles (N1), and consequently a decline in CS
levels, as well as an increase in temperature, all of which could favour
photonucleation. Moreover, according to our PMF results, the absolute
and relative contribution of NPF to N increases at both the urban and
rural stations throughout the period considered here. This is also sup-
ported with an increasing trend in N2 and Ny, (the latter only in the
regional background). However, N decreases at the urban station,
whereas it increases at the rural station. This difference may imply that
either (i) the impact of policies on decreasing primary emissions is lower
at the regional station, compared to the urban station, because of
different ratios of primary and secondary particles at each station; (ii)
the increase of NPF at the regional background is more significant,
compared to the urban station, despite having a lower percentage of
increase per year; or (iii) the increase in temperature plays a crucial role
at the rural station (e.g., increasing BVOC emissions that could enhance
photonucleation and particle growth in the rural environment). The
difference in the lowest particle size ranges considered at each station
(15 nm at the urban station; 9 nm at the regional station) may also
contribute to some extent to the difference in trends. This could also play
a role in the similarity of the trends for N2, and NPF at the regional
background, whereas they differ at the urban station.

We found a general increasing trend for temperatures at both envi-
ronments. Rising temperatures increase the saturation vapour pressure
of nucleating species, thus decreasing nucleation rates. This, in turn,
leads to decreasing N (Yu et al., 2012). However, increasing tempera-
tures generally lead to increasing emissions of BVOCs. The increasing
CO3 concentrations registered around the world enhance photosynthesis
and the gross primary production of the forests, which in turn increases
BVOC emissions (Nieminen et al., 2014). The increase in BVOCs can
have two opposing consequences. On the one hand, it may contribute to
increased nucleation via oxidation of biogenic vapors and, therefore,
enhanced nucleation (Lehtipalo et al., 2018) and increased aerosol load.
On the other hand, increasing biogenic emissions may increase the
coagulation sink and decrease N (Kulmala et al., 2004). In our regional
background with large and dense forests, N increases. Therefore, it
seems that the contribution of oxidised BVOCs is more important than
the contribution to the coagulation sink or the increase in the saturation
vapour pressure.

There are no observations of a direct link between increasing tem-
peratures and decreasing BC concentrations in the literature. However,
increasing temperatures most likely lead to a decrease in emissions
related to household heating during colder seasons (Sun et al., 2020).
This is not the case at either of our stations: BC concentrations have no
trend in winter, whereas they decrease during the rest of the year.

The decrease in Nuj; at the urban station agrees with the decreasing
trend for the Aged traffic factor. Naj has no trend at the regional back-
ground. However, given that N1aj; (primary Aitken-mode particles)
decreases significantly more than N2,j;, the Aged aerosol factor is more
representative of primary emissions transported to the station by land
and sea breezes, given that the regional station is located in a natural
park restricted to traffic and with no local emissions. This agrees with
the reported decrease in the contribution of 30-100 nm particles at lo-
cations around Paris (France) when the stations were downwind of the
city (Pikridas et al., 2015), evidencing a direct link between the urban
plume and primary Aitken particles. Considering that emissions have
decreased at our urban background station, N1,; were expected to
decrease at the regional background station.

Average O3 concentrations decrease during summer at the urban
station. This does not agree with the general increasing trends for most
of the urban air quality sites in the same area reported by Massagué et al.
(2019), which were attributed to the decrease in NO/NO- ratios (and the
consequent decline in Og titration) or to a VOCs-limited regime of Oj
formation in the urban environment (Massagué et al., 2019). On the
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other hand, no significant trend is recorded at the regional station
during the warmer seasons, agreeing with the constant average con-
centration patterns reported by (Massagué et al., 2019) during the last
decade.

Our findings regarding the decreasing trend in primary emissions
agree with previous studies in the same area. Querol et al. (2016) and
Massagué et al. (2019) reported a decrease in urban NO and NO; con-
centrations in Spain from 2000 to 2015, and in Barcelona from 2005 to
2017, respectively. Decreasing NO and NO; concentrations at the urban
background station could lead to increasing new particle formation from
organic vapors (Yan et al., 2020), agreeing with the increasing NPF
factor contribution at this station. However, this is not the cause of
increasing NPF at the regional background station, where NOx con-
centrations have no trend in the period considered in this study.

Previous studies around the world describe decreasing trends in
anthropogenic emissions over the last decades. Asmi et al. (2013) re-
ported decreasing trends for the N and N, in many stations in the
Northern Hemisphere from 2001 to 2010, particularly in winter. They
attributed this trend to a general decrease in anthropogenic emissions on
a global scale. Similarly, Nieminen et al. (2014) reported Npyue and Nyec
decreasing trends at Hyytiala (Finland) in all seasons from 1997 to 2013.
This was also described by Riuttanen et al. (2013) at the same station
from 1998 to 2008, especially in air masses that were more influenced
by anthropogenic emissions.

Sabaliauskas et al. (2012) reported a decrease in the number of
particles less than 50 nm in diameter, as well as N, at a roadside station
in Toronto from 2006 to 2011. This was attributed to changes in the
vehicle fleet. Squizzato et al. (2019) reported decreasing concentrations
of NOx, SO5, CO and UFPs in Rochester (Northeastern US) in the period
2002-2016. The authors attributed these decreases to the implementa-
tion of emission controls and economic changes. Sun et al. (2020) noted
a decreasing trend in BC concentrations at 16 urban background and
regional background stations in Germany from 2009 to 2018. This was
attributed to decreasing anthropogenic emissions, which lead to a
decrease in N at all stations.

Most of these studies describe decreases in N as a result of decreasing
anthropogenic emissions, which agrees with our observations at the
urban background station, but is in contrast to the increasing trend in N
at the regional background station. Considering that the area of Barce-
lona receives more insolation than most of the stations reported in the
locations where the studies referred here were carried out, we believe
that the increasing trend of the aerosol number load at our regional
background station is due to enhanced NPF favoured by the intense
insolation, and increasing BVOCs emissions that would contribute to
photonucleation and particle growth more than in the urban environ-
ment. Increasing local VOCs emissions could also be enhancing local
NPF events in the regional background area, as reported by (Dai et al.,
2017) in the Yangtze River Delta region (China). Unfortunately, VOC
measurements were not available for this study. The increasing trend in
S0, could also lead to increasing HS04 concentrations, which would be
favoring NPF, thus increasing Nnuc. However, as we mentioned in
section 3.2, the increase in SO, concentrations might not be real, as it
could be related with faulty instrumentation maintenance.

The fact that NPF contributes the most in summer at the urban
background, whereas the regional background has the maximum
contribution of NPF in spring, points to the relevance of BVOCs in the
formation and growth of new particles in the regional background. This
agrees with the observations reported by Kalivitis et al. (2019) at
Finokalia, a marine background station in the eastern Mediterranean,
from 2008 to 2018; they found NPF to be more frequent in spring due to
increased biogenic emissions, monoterpenes being the main contributor,
and summer the season with the least frequency of NPF, despite having
the highest solar radiation.

The occurrences of the different PMF factors identified in Barcelona
also agree with those reported in previous studies in Barcelona. Using a
cluster analysis, Brines et al. (2015) found that traffic was the source
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that contributed the most (dominated 63% of the days), whereas
nucleation dominated only on 15% of the days. Our study revealed that
the urban fresh traffic contribution dominated 91% of the days, whereas
NPF dominated only on 7% of the days. Despite the difference in the
relative contributions, due to the different methodology applied in both
studies, as well as the different time periods, the results are consistent.
Other studies in Barcelona concluded that the majority of UFPs
(65-69%) correspond to traffic emissions, and photonucleation events
contribute substantially to the annual N average (Dall'Osto et al., 2012;
Pey et al.,, 2008, 2009). The results of our study reveal that traffic
emissions contribute to 63% of N as an hourly average, whereas NPF
contributes to 11%. Taking into the account that in summer the
contribution of photonucleation is higher, we agree that NPF can
contribute remarkably to the annual particle number.

5. Conclusions

We analysed and compared time trends in levels of gaseous pollut-
ants and the mode-segregated particle number concentrations, dis-
tinguishing between primary and secondary particle contributions based
on BC concentrations, in an urban background (2013-2019) and a
regional background station (2014-2019) in the area of Barcelona (NE
Spain, W Mediterranean). We have also applied positive matrix factor-
isation receptor modelling (PMF) to the particle number size distribu-
tions in order to identify sources and analyse the trends of their
contributions.

Primary particles and condensation sinks (CS) have decreased in
both environments, whereas temperature has an increasing trend. In this
scenario, the contribution of NPF to the total number of particles has
increased significantly at the urban and regional background stations.
The time trend of the total particle number concentrations differs at both
stations. At the urban background station, the decreasing trend in pri-
mary emissions forces a decreasing trend in the total particle number
concentrations, whereas the increase in the new particle formation
(NPF) at the regional background station leads to an increasing trend in
the total particle number concentration.

The decrease in primary emissions impacts the number of
accumulation-mode particles, which have decreased at both stations.
Moreover, the Regional factor at the regional background station (mainly
consisting on accumulation-mode particles) has a decreasing trend as
well.

Our results agree with the generalised decreasing trend in anthro-
pogenic emissions around the world over recent years. However, this
leads to different consequences regarding the total particle number at
our stations. At the urban background station, the decreasing trend
agrees with most of the literature reports. However, the increasing trend
at the regional background is in contrast to those reported in most
studies. We believe that this is related to the more intense insolation in
this area, compared to most of the locations in those studies. The dif-
ference between the urban and regional stations could be explained by
the effect of the increasing biogenic emissions, favoured by increasing
temperatures, which would enhance photonucleation in the rural area,
which would, in turn, increase the total number of particles. The
increasing trend in SO, could also lead to increasing HSO4 concentra-
tions, which would be favoring new particle formation. However, as we
mentioned in section 3.2, the increase in SO concentrations might not
be real, as it could be related with faulty instrumentation maintenance.
The lower primary emissions from urban areas could also favour new
particle formation events in the regional environment.

From our results, we may infer that applying local measures aimed at
the reduction of urban emissions of pollutants decreased UFPs concen-
trations at urban locations, but the particle number concentration of
aerosols finer than 25 nm in diameter increased because climate patterns
favour NPF in the study area. Moreover, the reduction of urban traffic
would cause an increase in UFP concentrations at nearby regional lo-
cations affected by urban plumes. The increase in the regional particle
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number concentration is driven by both nucleation and Aitken mode
particles, whereas in the urban locations, only the number of nucleation-
mode particles increases.

Overall, we conclude that decreasing primary emissions results in a
decrease in the total number concentrations of urban aerosols, despite
the increase in the formation of new particles by photonucleation.
Moreover, the aerosol load of regions enriched with BVOCs downwind
of urban areas increases because photonucleation is more favoured, and
the decrease in number concentration of primary particles is compen-
sated for by the newly formed particles.
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Figure S1: Detailed location of the urban background (Barcelona) and the regional background station (Montseny).
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Figure S3: Seasonal average daily cycles for the “Photonucleation” factor contribution to the total particle number at
Barcelona (urban background station), separating annual averages from 2013 to 2019.
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Figure S4: Seasonal average daily cycles for the “Fresh traffic” factor contribution to the total particle number at
Barcelona (urban background station), separating annual averages from 2013 to 2019.
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Figure S6: Seasonal average daily cycles for the “Regional secondary” factor contribution to the total particle number
at Barcelona (urban background station), separating annual averages from 2013 to 2019.
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Figure S7: Time series of SO, concentrations at the regional background station Montseny before corrections. Errors
that could be clearly linked to faulty instrument maintenance have been detected and corrected before calculating the

trends. However, additional invalid data might still be present in the dataset used for SO, trend calculations.
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Figure S8: Average daily, weekly and monthly cycles of the contributions of each PMF factor to the total particle number

at Montseny (regional background station) from 2014 to 2019.
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Figure S9: Seasonal average daily cycles for the “Photonucleation” factor contribution to the total particle number at
Montseny (regional background station), separating annual averages from 2014 to 2019
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Figure S10: Seasonal average daily cycles for the “Aged aerosol” factor contribution to the total particle number at
Montseny (regional background station), separating annual averages from 2014 to 2019.
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Montseny (regional background station), separating annual averages from 2014 to 2019.



4 DiscussioN

The results of this thesis have provided an in-depth analysis of the spatial and temporal evolution
of UFPs and Os in different environments and under diverse environmental conditions. The
intensive measurement campaigns have allowed investigating the vertical distribution of aerosols
and Os in two different environments, suburban and regional background; the horizontal
distribution of regional events in urban and suburban locations; and the characterization of
particular UFPs, NPF and O3 events with the help of advanced instrumentation. Additionally, the
analysis of long-term measurement datasets at an urban background and a regional background
stations has allowed characterizing the temporal evolution of UFPs, the sources and processes
that contribute to their concentrations and their relation with other pollutants and atmospheric

conditions, as well as an exhaustive trend analysis of all of these.

In order to characterize the dynamics of UFPs episodes and their connection with O3 episodes
(Objective 1), it is necessary to determine under which conditions these episodes are favored, and
to identify what contributes to their formation and transport. This analysis is detailed next in
Section 4.1, by means of a conceptual model that aims to help understanding the physical
processes that take place under different atmospheric conditions, which has been developed
based on the results reported in the scientific publications presented in this thesis. Section 4.2
discusses the connections between UFPs and O3 episodes (Objective 2). Finally, Section 4.2 also
examines what factors are contributing to the concentrations of UFPs, while also discussing how

these have evolved in recent years (Objective 3).

4.1 Conceptual Model

The results of this thesis revealed two distinct scenarios that govern local and regional UFPs and
Os concentrations by controlling their local formation and transport: vertical recirculation of air
masses and venting scenarios. The occurrence of either scenario is mainly determined by synoptic
and mesoscale meteorological conditions (see e.g. Gangoiti et al., 2001). On the other hand, the
increase in the magnitude of UFP and O3 concentrations in each scenario is modulated by the
availability of precursors and by local atmospheric and orographic conditions. In general, each of

these two scenarios persists for a few days and are constantly alternating in spring and summer.
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The alternation from one scenario to the other may occur on consecutive days, although typically
there is a transition period that may last several days. Whereas the recirculation and venting
scenarios are relatively easy to identify and characterize, the transition periods are harder to
describe because the atmospheric patterns are less definite. For this reason, this section focuses
only in the description of the recirculation and venting scenarios, because UFPs and O3 episodes
generally occur during these and not during the transition periods. It also has to be noted that the
conditions during any of the scenarios may be evolving throughout the days in which the event
occurs. This makes it sometimes difficult to distinguish the exact time when one scenario ends
and a transition period or a different scenario starts. Yet, each scenario has specific characteristics
that usually allow distinguishing from one another. Table 4.1 summarizes the general
environmental patterns of recirculation and venting scenarios. Figure 4.2 and Figure 4.4 illustrate
an interpretation of the conditions and atmospheric processes taking place in recirculation and

venting scenarios, respectively.

Table 4.1: General characteristics of recirculation and venting scenarios.

Characteristic

Recirculation scenario

Venting scenario

Occurrence

Synoptic signature
Conditions

Temperature
Wind
Concentration of UFPs

Type of UFPs

NPF

NPF precursors

Particle sinks

Concentration of O3

Concentration of nucleation-

mode particles

Vertical features

Most favored in summer

Influence of the Azores anticyclone
Stagnation, accumulation of pollutants
High

Breeze, jet-type mesoscale winds

High

Primary + secondary

Disfavored

High
High
High
High

Transport of pollutants + mixing layer

All year

Passage of fronts

Changes of air masses, dispersion of

pollutants

Relatively low in summer and spring
Strong synoptic and mesoscale winds
Intermediate or low

Mostly secondary

Favored in summer and spring.
Regional events detected at surface and

throughout the mixing layer

Variable

Low

High but relatively lower than in

recirculation
Variable

Homogeneous mixing layer + residual

layer
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4.1.1 Vertical recirculation scenario

In periods with high insolation, common in the area of study, the ultraviolet solar radiation heats
the surfaces facing the sun, which in turn transfer part of the heat to the air at ground level. As a
result, the air parcels close to the surface are warmer than the parcels above. Warmer air parcels
are less dense and therefore more buoyant than colder parcels above them, which puts them in
motion (thermal convection). The heated air parcels start ascending and cooling adiabatically,
i.e., without heat transfer, until they have the same buoyancy than the air surrounding them, while
colder air parcels are displaced downwards. This results in a well-mixed atmospheric boundary
layer, named mixing layer (Figure 4.1; Stull, 1988). The stronger the heating is, the higher the air
will arrive, which determines the height of the mixing layer. Therefore, the layer is usually deepest
at midday, when the solar radiation is most intense. However, several other factors may influence
the height of the layer. For instance, the mixing layer is higher in drier environments because dry
air is heated more rapidly than moist air. However, the evaporation of plant moisture
(evapotranspiration) into drier surrounding air increases the buoyancy of air parcels, which
results in deeper layers in vegetated areas (Troen and Mahrt, 1986). Rough terrain, such as
mountains or tall buildings in cities, increase the friction of the air parcels (mechanical
convection), resulting in a more turbulent flow that increases the height of the layer (Arnfield,
2003).
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Figure 4.1: Schematic of the typical structure and diurnal cycle of the convective atmospheric boundary layer. Not to
scale. Adapted from Stull (1988).

If the surfaces being heated have slopes, for example in mountains and systems with complex

orography, the parcels of air adjacent to the surface are warmer than those next to them at the



4. DISCUSSION 100

same altitude. In this case, the movement of the air parcels causes an upslope flow, known as
anabatic wind or valley breeze (Seinfeld and Pandis, 2006).

When the sun stops heating the surfaces, the earth emits long-wave radiation resulting in the
cooling of the air parcels at ground level at a higher rate than the surrounding parcels of air,
resulting in the termination of the rising motions. This causes the atmospheric boundary layer to
shrink and become stable at night (Figure 4.1; Stull, 1988). In the case of complex terrain, when
the sun stops heating the slopes, the air in the surface cools faster than the surrounding air,
leading to katabatic winds or mountain breezes with a downslope flow opposed to that during
daytime (Seinfeld and Pandis, 2006).

In areas with large bodies of water, the different heat capacities of water and land create pressure
differences that result in a system of breezes. During daytime, the land heats faster than water,
thus the air parcels at ground level rise and are replaced by air above the sea, producing a flow
from the water to the land. The strength of the breeze is proportional to the temperature difference
between the body of water and the land (Atkinson, 1982). Aloft, the flow has an opposing direction

and there is a descent of air above the water due to the differences in air pressure (subsidence).
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Figure 4.2: Conceptualization of the vertical and horizontal distribution of pollutants and vertical profile (see also Figure
4.3) of the total number of particles during a recirculation episode in a rural environment affected by urban and
industrial plumes, as reported in Montseny in Paper II.
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In the Western Mediterranean basin, the sea breeze creates a flow of pollutants from the polluted
coastal areas towards the land that adds to the flow of valley breezes caused by the complex
Mediterranean orography in the absence of strong synoptic flows (Drobinski et al., 2006). The
superposition of sea and land breezes is sometimes referred to as combined breeze (Millan et al.,
1996). When the solar radiation is intense and the temperature difference is very high, the
combination breeze may transport pollutants from the coastline to more than 100 km inland. The
air masses then reach the Pyrenees mountain range, which inject them in the mid-troposphere at
2000-4000 m a.s.l., creating a stratified reservoir layer of aged pollutants (Millan et al., 1996).
There, the prevailing westerly winds transport the air masses back to the Mediterranean, where
they sink to compensate the typical thermal lows that form at surface during the warm periods
(subsidence) (Gangoiti et al., 2001; Millan et al., 1991). In addition, northerly jet-like winds
associated with the Azores anticyclone, channeled in the geographical gap between the Pyrenees
and the Alps, add to the downslope nocturnal winds, transporting the pollutants southwards to
the sea at night. During daytime, this flow is deflected eastwards, as a consequence of the
formation of diurnal high pressure systems in the Mediterranean basin associated with mesoscale
sinking (Gangoiti et al., 2001). The repetition of this cycle for 2 to 5 days causes the accumulation
and ageing of pollutants (Gangoiti et al., 2001). In general, the influence of the Azores anticyclone
over southern Europe is more frequent in summer (Millan et al., 1997). However, the influence of
the anticyclone in the area is not uncommon in spring and autumn as well, or even in winter.
Therefore, this scenario can be active during any time of the year, although it is most favorable in
late spring and early summer (Papers II and III), when the synoptic configuration favors this
closed-loop circulation and the high insolation is highest, coinciding also with the period with the

highest temperatures and lowest relative humidity.

Similar recirculation patterns have been observed in areas beyond the Mediterranean. In Madrid,
the Guadarrama mountain range to the north of the city may create a closed-loop circulation of
air masses similar to that of the Mediterranean basin, under certain conditions (Querol et al.,
2018).

The vertical recirculation of air masses and accumulation of pollutants lead to very high
concentrations of UFPs, which grow in diameter as the air masses age. In this case, UFPs are both
primary and secondary, with the proportion of primary and secondary particles depending on the
type of environment (regional background, urban, traffic...), the time of the day and season.
Although the high number concentration of pre-existing particles prevents efficient NPF (Papers
IT and III), the concentration of nucleation-mode particles is very high. These particles are most
probably primary, although it cannot be discarded that they are formed elsewhere and have been
transported afterwards. In this scenario, early stages of particle formation are often detected as

increases in sub-3 nm number concentrations and sub-10 nm bursts around sunrise, but the fresh
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particles very rarely grow to larger sizes. There are two likely causes for this: either the incoming
polluted air masses increase the scavenging of these small fresh particles, or the breeze carries
away the local air mass enriched with freshly formed particles, which may continue to grow
further outside our measuring bounds. In the rare cases when freshly formed particles are
observed to grow further in this scenario, growth rates are higher than in cleaner days. This
suggests that the transported air masses are enriched with condensable vapors that overcome the
scavenging by the high number of pre-existing particles. This has also been observed in Chinese
megacities, where growth rates are higher during more polluted events (Kulmala et al., 2017; Qi
et al., 2015; Wu et al., 2007).

The high insolation in this scenario, added to the accumulation of precursors and vertical
recirculation of air masses also favor the formation of Os. Additionally, fumigation processes
related to convective activity bring O3 accumulated in high-altitude reservoirs down to surface
level (Millan et al., 2002). Despite deposition and O3 consumption at night, the daily formation
and the vertical recirculation of O3 formed on previous days, as well as external contributions,
lead to very high Os concentrations that often exceed the air quality standards and guidelines

(Section 1.3), as described in Paper II.

Vertical soundings carried out during this scenario in Paper II clearly showed that the combined
breeze transports air masses enriched with UFPs and Os (Figure 4.2). Their vertical distributions
are similar to that of the wind speed — with higher values in the lower levels, but low values just
above the surface — and increase towards midday (Figure 4.3). Additionally, there is significant
Os formation during the day, apparently independent of the transported air masses. The high
number concentration of pre-existing particles is probably responsible for the absence of NPF
during the soundings. However, the instrumentation used in the soundings only measured the
size distribution of particles greater than 10 nm in diameter. Thus, it remains unclear whether the

first stages of nucleation occur in the mixing layer in these cases.

4.1.2 Venting scenario

In contrast to the recirculation scenario, the venting scenario is characterized by strong or
moderate synoptic and mesoscale winds that favor the dilution of pollutants, mainly in periods
with atmospheric instability, during the passage of fronts or cold air masses aloft that may cause
precipitation. The strong winds prevent the formation of well-developed breezes, thus the
atmospheric circulation is not a closed loop as in the recirculation scenario, and the air masses

change frequently. These conditions are opposite to those governing recirculation episodes, in



4.1 Conceptual Model 103

which the influence of the Azores anticyclone blocks the passage of fronts in the area. For this

reason, the two scenarios cannot occur simultaneously and they are constantly alternating.
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Figure 4.3: Schematic of the vertical profile of the particle number concentration (N) and ozone concentration (Os3)
during recirculation and venting episodes, according to the balloon sounding measurements reported in Papers | and
I1. Dotted lines represent the distribution in the morning and solid lines represent the distribution in the afternoon. The
O3 profile in venting scenarios has been conceptualized after the measurements reported by Querol et al. (2018), which
were carried out simultaneously during the intensive campaign reported in Paper I.

The absence of stagnation prevents the accumulation of pollutants and precursors, which leads to
relatively low CS and Os formation. In spite of this, O3 levels may still be high in these conditions,
compared to the rest of the year. Additionally, the lack of strong breezes transporting pollutants
and precursors leads to relatively clean atmospheres in remote areas that are usually affected by

polluted air masses during recirculation episodes.

Itis important to bear in mind that O3 is a high oxidant with an important role in oxidizing gaseous
pollutants involved in NPF. In these summer-spring venting episodes the Oz levels are much lower
than during the recirculation scenario, but markedly high compared with the rest of the year. The

concentrations might be high enough to favor the occurrence of NPF in conditions with low CSs.

The balance between the availability of precursors and particle sinks determines the
concentration of UFPs and the occurrence of NPF. If the concentrations of precursors are high
enough, NPF takes place with formation rates sufficient to compensate the losses to the pre-
existing aerosol. Those days had the highest negative ion and sub-3nm particle concentrations.

However, growth rates in these cases are lower than during events that took place in recirculation
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scenarios. This agrees with cleaner air masses, which would have lower particle sinks but also less
condensable vapors, thus slowing down the growth processes. In this case, the concentration of
UFPs is intermediate, with mainly secondary particles. By contrast, in some days, the availability
of precursors may be too low due to lower emissions or atmospheric conditions that wash out the
precursors or prevent the transport of nearby sources (Paper II). In these cases, the formation
rates are lower than loss rates, thus the formation of particles is inefficient and the concentration
of UFPs is very low. In general, the origin of UFPs in this scenario includes both primary and
secondary particles. The contribution of secondary particles may dominate over primary particles,

although the balance depends on the time of the day and local conditions.
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Figure 4.4: Conceptualization of the vertical and horizontal distribution of pollutants and vertical profile (see also Figure
4.3) of the total number of particles during a venting episode in urban and suburban environments, as reported in
Madrid in Paper I. See legend in Figure 4.2.

NPF episodes in this scenario may be regional episodes, i.e., episodes take place simultaneously
over large areas and even in different environments at the same time. As reported in Paper I,
condensational growth starts simultaneously in the different environments and it coincides with
the beginning of increasing O3 concentrations, which peak in the afternoon. Nucleation-mode
particles — including those related to traffic emissions — may be detected at any time in urban

environments, even at night. By contrast, in cleaner locations such as suburban or regional
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environments, nucleation-mode particles are only detected at daytime before midday, shortly
before condensational growth is observed. Accordingly, it may be concluded that, in this scenario,
particles may be formed or emitted locally depending on the environment, whereas the growth of
particles is not caused by local precursors, but by precursors homogeneously distributed in an air

mass covering a relatively wide area.

The formation of particles leads to maximum UFPs concentrations at midday, coinciding with the
lowest BC concentrations at urban locations. However, rural locations affected by breezes may
register the maximum UFP concentrations coinciding with the highest BC concentrations,
because there are no local emissions of BC, it is transported and is usually maximum in the

afternoon, shortly after the breeze has reached the maximum strength.

The total number concentration of particles starts increasing at sunrise simultaneously at urban
and suburban locations, coinciding with the typical traffic rush emissions. This causes the particle
sinks to increase as well at the same time, which inhibits the activation of freshly formed particles
until around 9 UTC (11 local time), when particle sinks are at a relative minimums and the
intensity of solar radiation is around its daily maximum. Particles then grow for a few hours up to
around 50 nm in the afternoon. At that point, nucleation and Aitken mode particles may start
shrinking coinciding with increases in wind speed and the decline of solar radiation. The
subsequent dilution favors the evaporation of semi-volatile vapors. Shrinking seems to be a
regional phenomenon and was previously reported by Cusack et al. (2013) in Montseny and
Alonso-Blanco et al. (2017) in Madrid during warm periods. According to the observations
reported in Paper I, larger particles (D, > 40 nm) seem to have higher shrinking rates than
smaller particles (D, < 40 nm). Shrinking was not observed in accumulation mode particles.
Focusing only on the particle diameter, this result may seem in apparent contradiction to the
Kelvin effect (4.1), according to which the vapor pressure — an indication of the evaporation rate
— is higher over a curved surface than over a flat surface (Thomson, 1871):

4
ese(T) = e5(T) - exp (ﬁ) (41)
14

where e, is the vapor pressure over a curved surface, esis the vapor pressure over a flat
surface, ois the surface tension, nis the number of moles of the condensed phase per unit

volume, R is the universal gas constant and D, is the surface diameter.

Therefore, according to (4.1), molecules on the surface of small particles should evaporate more
easily and have higher shrinking rates than those on the surface of larger particles, which have
less curvature than small particles. There are several possible explanations of the discrepancy of
this effect with our results. Firstly, the curvature effect decreases exponentially with the particle

diameter, mainly affecting particles with less than around 20 nm in diameter, thus having a
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negligible impact in the size ranges in which shrinking was observed in Paper I. Secondly, it is
plausible that the densities of large particles are different from those of small particles. Kannosto
et al. (2008) reported that nucleation mode particles have higher densities than Aitken mode
particles, but are less dense than accumulation mode particles. The authors attributed the
differences between nucleation and Aitken mode particles to the condensation of lighter
compounds during growth stages. Accordingly, less densely distributed molecules over the
surface of larger particles evaporate more easily than the more dense condensed molecules on
smaller particles. This could also explain why shrinking was not observed in accumulation mode
particles, which may be too dense. In the size ranges measured with our instrumentation, the
differences in density probably have a bigger impact on the shrinking rate compared to the Kelvin
effect. Finally, it is important to bear in mind that the shrinking rates of only a few regional events
were calculated (16 occurrences in 8 days). It cannot be ruled out that a higher number of

observations could lead to different results.

Another important result is the frequent detection of an Aitken mode that corresponds to particles
formed on previous days. These particles are first detected as fresh particles in the nucleation
mode one day and then alternate stages of growth and shrinkage over consecutive days until they
are diluted or grow beyond the detection limit of the instrumentation. The fact that this
phenomenon is observed during a venting scenario suggests that these particles are regional
particles present in a vast area because, despite the local changes of air masses due to the strong

winds, the particles are detected uninterruptedly throughout multiple days.

Balloon soundings performed in venting scenarios (Paper I) revealed the structure of the
atmospheric boundary layer (Figure 4.3 and Figure 4.4), which evolved during the day. At sunrise,
convective activity starts to develop a mixing layer that deepens towards midday. The
concentration of UFPs also increases throughout the day, with homogenous concentrations in all
of the vertical extension of the layer. Therefore, as convection heightens the mixing layer, particles
emitted or formed at ground level are detected at higher altitudes. On the other hand, the vertical
distribution of O3 does not seem to be influenced by the vertical structure of the atmospheric
boundary layer or the height of the mixing layer, although it does affect the magnitude of O3

concentrations (Querol et al., 2018).

NPF is observed throughout the mixing layer, simultaneous with regional events registered at
surface level (Paper I). The fact that these suburban events are registered almost simultaneously
at surface level at the urban locations suggests that the vertical distribution of atmospheric
processes conceptualized in Figure 4.4 is similar in urban and suburban environments that are
nearby. Growth rates were very similar aloft and at surface, which points to a homogeneous
distribution of condensable vapors throughout the mixing layer. Particle shrinking was also

observed aloft, related to increases of wind speed that enhanced evaporation of the particles, as
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observed at surface. The regional growth of particles formed in previous days is also detected

throughout the mixing layer.

As in the recirculation scenario, the concentrations of UFPs in the venting scenario are higher on
days with shallower mixing layers (Paper I), i.e., days with lower convective activity, which also
have higher formation rates. Thus, the higher UFPs concentrations in days with lower mixing
layer heights owe to both a more intense NPF and to less volume in which the particles are

vertically distributed.

Above the mixing layer, the balloon soundings revealed a layer that is probably the remnant of
the mixing layer of the previous day (residual layer, see Figure 4.1). Once the convective activity
stops, a shallow stable layer forms at surface layer, and the remaining previously mixed layer
becomes the residual layer, which is detached from the surface. When the sun rises again on the
following day, convective cells develop a new mixing layer that heightens throughout the day. This
makes the lower limit of the residual layer be detected at higher altitudes as the mixing layer
develops. In the boundary between the mixing and residual layers, the concentration of UFPs
decreased sharply. In the residual layer, the particle size distribution was considerably different
to that in the mixing layer. Particles in the residual layer were larger, more aged, than in the
mixing layer. Additionally, no nucleation-mode particles were detected in the residual layer and
NPF was not observed at any time at this higher altitude. However, Aitken-mode particles, some
of them probably formed in the mixing layer on previous days, were observed to grow in the
residual layer. Our results show that particles in the residual layer have lower growth rates than
in the mixing layer, probably due to a lower concentration of vapors that are able to condense
onto particles, compared to the mixing layer. Accordingly, it may be concluded that the vapors are
emitted at the surface and are vertically mixed during the day via convection inside the mixing
layer. When convective activity ceases at sunset, the residual layer contains leftover vapors that
were not able to condense onto particles during the day. These vapors may be involved in particle
growth inside the residual layer, but since the layer is isolated from surface emissions, no
additional vapors are introduced in the layer and the concentration of vapors eventually

diminishes.

In summer, venting episodes are registered with relatively low temperatures in all environments.
However, our results lead to different conclusions regarding the relative humidity, which depends
on the location and type of analysis used to identify NPF episodes. In the urban and suburban
locations in Madrid (Paper I) and the regional background in Montseny (Paper II), the NPF
episodes coincided with periods with high relative humidity. However, in the urban and regional
backgrounds of Barcelona and Montseny (Paper III), days in which NPF dominate the total
number of particles, which is considered as a proxy of venting episodes in that study, occurred

with low relative humidity. The latter is contrary to the findings of Paper II for the relative
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humidity at Montseny and with the result of Paper I in Madrid. However, it is consistent with
previous studies that have reported that low relative humidity enhances NPF (Brines et al., 2015;
Kulmala et al., 2004; Kulmala and Kerminen, 2008). The fact that the relative humidity was found
to be higher in periods with NPF events in Paper I may be related to the fact that the relative
humidity depends on the temperature and, accordingly, it is not a direct representation of the
amount of water in the atmosphere, which could be the actual factor that influences NPF. Another
possible explanation that could also explain the inconsistency of the findings in Montseny could
be the fact that the conditions during a venting scenario can be very diverse conditions, as
discussed here earlier. It is possible that the different circumstances causing NPF events in
venting scenarios (concentrations of HoSO4 and Os, insolation, type of VOCs...) are linked to

different atmospheric conditions that are compatible with both low and high relative humidity.

4.2 How are UFPs and O3 Episodes Connected?

It is well known that Os favors NPF by acting as an oxidant, for example by favoring the oxidation
of SO, into H»SO4, and by producing OH that enhance particle formation rates (Hao et al., 2009).
Additionally, ozonolysis contributes to the condensational growth of particles (Hao et al., 2009).
Thus, it is not evaluated here if O3 is relevant for NPF, but rather if intense O3 episodes coincide
with high UFPs concentrations, and specifically with NPF. Accordingly, one of the main objectives
of this thesis was to elucidate the relationship between UFPs episodes and O3 episodes (Objective
2), determining whether they are occurring simultaneously driven by the same processes,
influencing each other, occurring in parallel with the same seasonality pattern or are unrelated

(see Section 1.4).

The findings from this thesis, especially those summarized in the conceptual model described in
Section 4.1, suggest that there may be a link between UFPs and Os episodes. In particular, it seems
that the conditions leading to recirculation events favor both UFPs and O3 episodes (case a in

Section 1.4), and these often occur during the same day.

Nevertheless, the previous conclusion does not rule out all the other possibilities. For instance, it
cannot be cannot discarded the fact that, on specific days, the conditions that favor the UFPs
episodes disfavor O3 episodes, or vice versa (case c in Section 1.4). In fact, during venting episodes,
when the formation of O3 is low compared to recirculation episodes, but high enough to favor the
oxidation of precursors, the formation of new particles is most favored. Although the
concentration of UFPs in these cases is not as high as during recirculation events, this inverse
connection has to be considered too. Thus, during the summer recirculation episodes it is not the

acute O3 pollution that inhibits the formation of particles, but that these maximal O3
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concentrations occur with environmental conditions that disfavor NPF, such as a high CS due to

the recirculation and aging of air masses.

In summary, UFPs episodes are undoubtedly related to O3 episodes, but the connection between
them is rather complex. Both pollutants are higher in spring and summer, but the episodes may
or may not be simultaneous on the same day during this warm period, depending on the
atmospheric conditions. The occurrence of an O3 episode on a given day seems to be always
concurrent with an UFPs episode caused by accumulation of primary and secondary particles.
However, high UFPs concentrations caused by NPF are mostly occurring with relatively lower Os
concentrations (but still high in absolute concentration) during venting periods. In any case, both
UFPs and O3 concentrations and episode occurrences have a similar evolution throughout the
year, when considering months or seasons instead of separate days. As stated in Section 1.4, this
result has been widely reported in the literature, but it is difficult to elaborate on the relationship
between both episodes when doing statistical analysis that use long-term series. Previous studies

failed to explore the complex dynamics of the episodes of both pollutants that are exposed here.

4.3 Contributions to the Concentration of UFPs

To better understand how UFPs concentrations evolve and to identify the factors that are
influencing their evolution (Objective 3) it is important to identify and apportion the different

sources and processes that contribute to the aerosol population.

Regarding the contribution of NPF, our research found that, on days with NPF events, the number
of UFPs related to NPF is higher than the number of particles related to traffic emissions (Paper
I). However, when considering long-time series, the majority of days do not have NPF events
(Papers II and III). For this reason, when considering the average annual UFPs concentrations,
our results show that primary emissions (mainly from traffic) have a greater contribution to the
total number of particles in urban locations than NPF (Paper III). In fact, NPF takes place in
only 7-14% of the days at the locations with long-term measurements considered in this thesis
(Papers II and IIT). These results agree with the 10—30% reported for European urban and rural
locations in the literature (Kerminen et al., 2018). Nonetheless, with the generalized decreasing
anthropogenic emissions reported in Paper III and references therein, the number of days with
NPF events is increasing. Therefore, the contribution of NPF to the number of UFPs is increasing
as well. The total number of UFPs, however, may either increase or decrease, depending on the
local conditions and precursor emissions (natural and anthropogenic). On one hand, the decline

in anthropogenic emissions would reduce the number of primary UFPs, consequently reducing



4. DISCUSSION 110

the total number of UFPs. On the other hand, decreasing UFPs leads to a decline in condensation

and coagulation sinks, thus NPF is more favored, which could increase the number of UFPs.

In rural environments, primary UFPs anthropogenic emissions are minor contributors to the total
number of particles. Despite a decline in transported anthropogenic precursors, the local natural
precursors are able to form new particles because of the decrease in sinks. Moreover, the
increasing temperatures are probably enhancing the emission of natural precursors (Lathiére et
al., 2006). Thus, NPF becomes more favorable and the concentrations of UFPs increase in rural
environments (Paper III). On the other hand, our results show that in rural environments NPF
is more favored in weekdays than in weekends (Paper III), revealing that anthropogenic
emissions enhance the formation of new particles not only in urban locations, but also in nearby
environments affected by the transport of urban emissions. This is in apparent contradiction with
the fact that NPF increases when anthropogenic emissions decrease. A possible explanation for
this inconsistency might be that a certain amount of anthropogenic precursors is required for
efficient NPF. If the emissions are below that threshold, for example during weekends, NPF is
disfavored. However, if the emissions during the weekdays decrease but are above that threshold,
NPF becomes more favorable because there are enough precursors to form particles but there are

less sinks scavenging those particles.

In urban environments, where anthropogenic primary particles have a major contribution to the
total number of particles, the decline in anthropogenic emissions leads to a direct decrease in the
total number of UFPs. These results suggest that, in urban environments, the decrease in
anthropogenic emissions of atmospheric pollutants reduces both the precursors and sinks in a
similar proportion. The number of days with conditions favorable for NPF increase only slightly

compared to the marked increase in regional environments.

In summary, reducing anthropogenic emissions of atmospheric pollutants in urban areas results
in a decrease of the total number particle concentrations in these locations. In rural environments,
the trend is inverse: the declining trend in anthropogenic emissions results in an increase of the
total number of particles (Paper III). There are several explanations for the contrasting results
between urban and rural environments. Firstly, the generally rising temperatures may play an
important role in this result, since the local emission of biogenic precursors may be increasing.
The different influence of biogenic emissions is also evident when looking at the different
seasonality of NPF episodes in different environments. At the regional background, NPF events
are most frequent in spring, when biogenic emissions are expected to be maximal, whereas at
urban locations, which are not expected to be influenced by biological processes, NPF episodes
are most favorable in summer. Nonetheless, increasing biogenic emissions could also increase the

CS to a point where NPF is inhibited. Although this does not seem to be the case, further research
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is needed to investigate and quantify the differences in the composition of precursors, specifically

those related to biogenic emissions.

Secondly, the policies implemented in recent years aiming at decreasing primary emissions have
had a notable impact in the total number of particles at urban environments, given that primary
vehicle exhaust particles dominate the total aerosol budget there. However, since primary
particles have a lesser contribution at rural environments, these policies probably have not

significantly diminished the total number of particles in the regional background.

Thirdly, the fact that secondary particles increase at the regional background, whereas these show
no trend at the urban background, may indicate that there is a significant increase in NPF at the
regional background — probably favored by the reduction of particles transported from urban and
industrial areas — that is contributing to increasing the total number particle concentration.
However, this does not explain why the reduction of particle sinks does not lead to significantly

increasing NPF and the number concentration of secondary particles at the urban background.

Lastly, it is important to bear in mind the different measuring ranges of the instrumentation used
in our studies. In the data analysis reported in Paper III, the lower range of particle size
distributions (10—15 nm) had to be discarded at the urban background station due malfunctioning
instrumentation for a considerable length of the long-term series. The issue could not be fully
identified and, accordingly, the correction of the series was not possible. The exclusion of the
lower size range may have had a great impact in the analysis of the contribution of NPF to the
aerosol population in urban areas. Thus, these results should be interpreted with caution, since
an underestimation of the total and nucleation-mode number particle concentrations cannot be

excluded at the urban background.
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CONCLUSIONS

The main objective of this thesis was to characterize the main environmental patterns governing

UFPs episodes and offer some insights on their connection with those of tropospheric Os.

Intensive campaigns carried out during UFPs and O3 episodes have contributed to advance the

understanding of how the concentrations of these pollutants vary in time and space. Additionally,

the evaluation of long-term datasets at fixed locations has revealed the seasonality of UFPs and

Os episodes. The latter has also provided insights on the factors driving the trends on UFPs

concentrations over the last decade. The following main conclusions were extracted from this

thesis:

The formation and transport of UFP and Os at local and regional scales are governed by
two distinct scenarios: vertical recirculation of air masses and venting scenarios. Typically,
each of these scenarios persists for a few days and are constantly alternating in summer
and spring. The occurrence of either scenario is mainly determined by large-scale
meteorological conditions, whereas the increase in the magnitude of UFP and O3
concentrations in each scenario is modulated by the availability of precursors and by local

atmospheric and orographic conditions.

In the recirculation scenario, the closed-loop recirculation causes the accumulation of
pollutants and leads to very high concentrations of UFPs — which grow in diameter by
condensation of vapors as the air masses age — and Os, with simultaneous episodes on
the same day. UFPs are both primary and secondary, with contributions to bulk number
particle concentrations depending on the type of environment, time of the day and season.
The large number of pre-existing particles caused by accumulation of pollutants generally

prevents efficient NPF in this scenario.

In the venting scenario, strong winds prevent the formation of well-developed breezes,
thus the atmospheric circulation is not a closed loop as in the recirculation scenario, and
the air masses change frequently. The absence of stagnation and recirculation prevents
the accumulation of pollutants and precursors, which leads to intermediate or low
concentrations of UFPs and relatively low particle condensation and coagulation sinks and

Os formation. Yet, these relatively low O3 concentrations, but high in absolute values, are
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high enough to favor the occurrence of NPF in conditions with low sinks, given its

important role in oxidizing gaseous pollutants involved in nucleation processes.

e During NPF events measured in venting scenarios, particles may be formed or emitted
locally, whereas the growth of these particles by condensation of vapors may be
simultaneous in large areas. Thus, it can be concluded that the formation of particles is a
local process and particle growth is a regional process, each of them controlled by different
gaseous precursors. In any case, the precursors of both processes are emitted or formed at

surface level and are vertically well mixed inside the mixing layer during the day.

e When considering the average annual UFPs concentrations, primary emissions (mainly
from traffic) have a greater contribution to the total number particle concentrations in
urban areas than NPF. However, on days with NPF events, the contribution of NPF to bulk

number concentration is higher than that of traffic emissions.

¢ When considering long-time series, NPF events occur only in a low proportion of days per
year. Nonetheless, the number of days with NPF events is increasing due to a general
decreasing trend in anthropogenic emissions of atmospheric pollutants. Therefore, the

contribution of NPF to the number concentration of UFPs is increasing as well.

e The total number concentration of UFPs may either increase or decrease, depending on
the type of environment. In urban areas, the decline in anthropogenic emissions causes a
direct decrease in the total number concentration of UFPs. In rural environments, NPF
becomes more favored and the total concentration of UFPs increases. This is probably
caused by an increase in the local biogenic emission of precursors caused by the rising
temperatures, as well as by a reduction of condensation and coagulation sinks due to the
decline in the transported air pollutants as a result of emission abatement policies.
Nonetheless, a potential slight increase of specific anthropogenic precursors (SO2) could

have enhanced NPF to some extent in the rural environment evaluated in this thesis.

e NPF events have a different seasonality in rural and urban environments. In rural
environments, NPF are most favored in spring, when the emission of biogenic precursors
is at its maximum. In urban environments, where biogenic emissions do not play an
important role, NPF is found to be most favored in summer, probably due to higher

insolation and slightly higher SO..

e UFPs episodes are undoubtedly linked with tropospheric Os; episodes. However, the
connection between the two pollutants is complex. In particular, it seems that the
conditions leading to vertical air mass recirculation events favor both UFPs and Os;
episodes, and these often occur during the same day. Yet, on specific days, the conditions

that favor the UFPs episodes disfavor Os episodes, or vice versa.
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e The concentrations and frequency of episodes of UFPs and O3 have a similar pattern when
considering months or seasons instead of separate days. The concentrations and
frequencies of episodes of both pollutants are higher in spring and summer, but the
episodes may or may not be simultaneous on the same day during this warm period,
depending on the atmospheric conditions and patterns of the emission of precursors. The
occurrence of an Oz episode on a given day seems to be always concurrent with an UFPs
episode caused by a regional accumulation of primary and secondary particles. However,
high UFPs concentrations caused by NPF are mostly occurring with relatively low O3
concentrations during venting periods (low for spring and summer, but high in absolute
levels). During the summer recirculation episodes it is not the acute O3 pollution that
inhibits the formation of new particles, but that these maximal O3 concentrations occur
with environmental conditions that disfavor NPF, such as a high CS due to the increase of
the concentration of atmospheric particulate matter caused by recirculation and aging of

air masses.

e The policies implemented in recent years aiming at decreasing primary emissions of
particulate matter and gaseous pollutants have had a notable positive impact in abating
the total number particle concentrations in urban environments. However, these policies
probably have not significantly diminished the total number of particles in the regional

background.

e Abatement policies have had a general positive effect in the reduction of pollutant
concentrations. Nonetheless, the air quality might decay in certain areas by increasing the
total number particle concentrations, as observed in the regional background. Still, taking
into account the human exposure to these changes, it is recommended that abatement
policies continue to be applied and reinforced, given that the more densely populated

urban areas would benefit from them.

e There is a clear increasing trend in NPF at the regional background. In urban locations,
the increase in the number of NPF events is small but not insignificant. Therefore, it is
important to continue monitoring the concentration of UFPs and periodically inspecting
the evolution and occurrences of NPF events, because they may eventually lead to an
increase in the number particle concentrations in urban locations. The health effects of
particles from NPF have not been studied enough to this date, but an increase of these
particles might have adverse effects for a large number of inhabitants, since these areas
are usually densely populated. In addition, future research should address the global
changes in particle number concentrations due to the changes in anthropogenic
emissions. A global increase in the number of particles could have severe effects not only

in human health but also in climate.
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The following list provides suggestions for future research that could allow addressing the

limitations and gaps of knowledge that have been identified in this thesis.

e The measurements of hourly VOCs concentrations were performed only during intensive field
campaigns at Madrid, Barcelona and Montseny using a PTR-TOF-MS. Unfortunately, these
measures provided data for only short periods of time. Consequently, there is a lack of
continuous measurements of VOCs precursors of secondary organic particles and Os
influencing the UFP and O3 episodes described in this thesis. Given the crucial role that these
play in NPF and Os formation, it is of critical importance to have continuous measurements
of VOCs concentrations for future research on this topic. Recently, a PTR-MS has been
installed at Montseny, which will provide valuable information on UFPs and O3 episodes at
this location, specifically on biogenic precursors, and a new PTR-TOF-MS will be installed in

Barcelona.

e A general limitation in some of the results presented in this thesis is the measuring size range
of the instruments used. Although in Paper I instrumentation that is more precise was used
for the intensive campaign, the typical size cut-off of the particle sizers used in long-term
measurements is around 10 nm. Moreover, the particle size distribution below 15 nm at
Barcelona had to be discarded in the analysis of Paper III due to an unknown instrument
malfunction. Given that the initial — and perhaps most important — stages of NPF events
occur below this size, the use of instruments with a lower size detection limit is strongly
recommended for future research. This would allow for a better identification of NPF events,
some of which might be underestimated or even overlooked with the instrumentation

currently in use.

e On a similar note, future experiments using balloon soundings should try to use instruments
with a lower size detection limit. This, coupled with earlier morning flights before convection
becomes efficient could help elucidate whether NPF takes place all over the mixing layer at
any time or it is limited to happen at the surface and the particles are later mixed to upper

levels.
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e Future experimental campaigns aimed at measuring the vertical distribution of pollutants
could explore alternative sounding systems that are easier to operate and transported and are
less dependent of meteorological conditions. Drone soundings may be a good alternative,
although the limited payload capacity, compared to balloon soundings, may pose difficulties
in experiments measuring with multiple instruments at the same time. Additionally, some
authorities may require specific licenses to operate drones and airfield limitations in restricted
areas. Finally, the effect of the air displacement generated by the drone wings, which could
influence the sampling, should be taken into account if drones are used for this type of

soundings.

e Improving the identification of NPF episodes would benefit future research. On the one hand,
the classification of episodes chosen in this thesis is rather limited due to the instrumentation
available to measure particle size distributions. With the method and instrumentation used,
a considerable number of days are classified as undefined events, which are not considered
for analysis. A large number of these events could have been properly classified if
instrumentation with lower size detection limits would have been used. On the other hand,
future studies could benefit from a routine classification of NPF events at all stations that
measure the size distribution of aerosols. Accordingly, a comparison between multiple
stations would allow studying the extent and characteristics of regional UFPs episodes.
However, this classification is time-consuming and ideally requires a group of at least two
scientists manually classifying each day. Moreover, the traditional visual methods have
inherently a subjective component. For all of this, this field of study would benefit from more
research in the development of NPF classification schemes that use machine learning and data

mining to reduce time costs and subjectivity.

e Moreover, the choice of the methodology used to estimate the contribution of NPF to UFPs
concentrations, i.e., event classification in Papers I and II and source apportionment in
Paper III, might lead to different results. Each of these methods has intrinsic uncertainties
and limitations that require cautious interpretation of the results. Future studies should
consider the suitability of each method, and choose one or the other depending on the type of

analysis needed and the resources available.

e Another limitation of this thesis is that the studies are based exclusively on experimental
measurements and the subsequent data analysis. Future studies combining experimental data
with meteorological, emission and/or photochemical models would certainly offer valuable

insight into this field of study.
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Finally, given that NPF is becoming more favorable in recent years, future studies should
evaluate the effects of these secondary UFPs on health effects and climate, considering their
effects on cloud formation and composition, the duration of the events and the associated

radiative forcing.
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