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VOC (Volatile Organic Compounds) are key constituents of atmospheric chemistry and
pollution as precursors of harmful compounds like ground ozone and secondary organic
aerosols, which in turn have a strong impact on local/regional air quality, climate, vegetation
and human health. For that reason and in order to design and implement efficient air pollution
control measures, there is a growing interest for their better characterization, as well as the
identification, speciation and quantification of their respective sources.

Mediterranean basin is a complex environment, favoring the development of severe air
pollution events. Despite that, there is a lack of VOC studies in the urban areas of the region,
while the existing ones have shown significant uncertainties associated with compounds
speciation and the contribution from the different emission sources. Considering this, Athens
(Greece) is the ideal place for VOC measurements due to the lack of reported levels for NMHCs
the last 15 years, the continuous exceedance of Oz and aerosol concentrations and the increasing
emissions from specific pollutant sources (e.g. wood burning for residential heating). In this
work, we report the results of an 17-month field campaign for NMHCs in Athens (October 2015
— February 2017), under the frame of the international project ChArMEX (The Chemistry —
Aerosol Mediterranean Experiment). This was supported by two one-month intensive
observation periods (winter and summer) at the same station, and two additional near-source
campaigns (tunnel and traffic station).

More than 40 VOC with 2 to 16 carbon atoms have been measured giving for the first time a
detailed characterization of their temporal and spatial variability on an annual basis, especially
for C2 — C3 NMHC:s, followed by the determination of its driving parameters. The comparison
with other VOC studies in cities worldwide highlighted the role of sources to the observed
levels, with significant air pollution for Athens in winter. Furthermore, the analysis indicated
that monoterpenes and isoprene, known compounds of biogenic origin, presented a complex
variability probably influenced by emissions other than biogenic. The latter provides interesting
insights for the assessment of their impact on air quality, as precursors of secondary pollutants.
Moreover, the application of the receptor-oriented model Positive Matrix Factorization (PMF)
allowed the identification of the main factors related to VOC sources and the quantification of
their contribution. Traffic-related emissions and residential heating were determined as the
major VOC sources in the city, whereas a second PMF simulation to the intensive observation
period gave additional information about sources such as the fuel evaporation from stationary
points.

Key words: VOC, Athens, monoterpenes, atmospheric pollution, PMF model, Mediterranean
basin, ChArMEX project
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Les COV (Composés Organiques Volatils) jouent un réle majeur dans la problématique de
pollution atmosphérique, puisqu’ils interviennent en tant que précurseurs des composés
secondaires comme 1’0zone troposphérique (O3) et I’ Aérosols Organiques Secondaires (AOS)
qui ont des impacts sur la santé et le climat. Afin de mettre en place des stratégies efficaces de
réduction de la pollution de 1'air, il est crucial de caractériser et quantifier la contribution des
principales sources d’émission de COV.

Le basin Méditerranée constitue un environnement complexe, favorisant le développement des
¢épisodes de pollution. Cependant, les mesures de COV dans les zones urbaines de la région
restent limitées et les études existantes ont montré des incertitudes significatives quant a la
contribution des différentes sources d'émission. Dans ce contexte, Athénes (Gréce) est un cas
d’étude intéressant notamment pour les COV. Cette zone urbaine fait face a des dépassements
des valeurs limites européennes en d’Oz et d’AOS ainsi qu’a une augmentation des émissions
de polluants pour des sources spécifiques (par exemple, le chauffage résidentiel au bois).

Les travaux présentés dans ce manuscrit portent sur I’ étude des COV a Atheénes, réalisée dans
le cadre du projet international ChArMEX (The Chemistry - Aerosol Mediterranean
Experiment). La méthodologie s’appuie sur une campagne de mesure de 17 mois (d’octobre
2015 a février 2017) sur un site représentatif proche du centre-ville, sur deux campagnes
intensives d’un mois chacune réalisées a la méme station ainsi que sur deux campagnes réalisées
en champ proche des sources (en tunnel et en station trafic).

Plus de 40 COV de 2 a 16 atomes de carbone (C2 a C16) ont été mesurés, permettant la
caractérisation détaillée de leur variabilité temporelle et spatiale sur une base annuelle, suivie
de la détermination des facteurs d'influence. Les COV de C2 a C3 étaient mesurés pour la
premiere fois a Athénes. La comparaison aux autres études de COV en zones urbaines a mis en
évidence la typologie des sources ainsi que I’importance de la pollution atmosphérique en hiver
a Athénes. Concernant les monoterpénes et l’isopréne, composés en général d'origine
biogénique, l'analyse a mis en évidence des sources anthropiques dans cette atmosphere
urbaine, ce qui fournit des informations intéressantes pour 1’évaluation de leur impact sur la
qualité de I’air en tant que précurseurs des polluants secondaires. L’application du modele
orienté récepteur « Positive Matrix Factorization » (PMF) sur la base de données annuelles, a
permis d’identifier et quantifier les contributions des principaux facteurs associés aux sources
de COV. Les émissions liées au transport routier et au chauffage résidentiel ont été déterminées
comme les sources de COV dominantes. Une seconde analyse PMF sur la base de donnes des
campagnes intensives a d’une part corroboré les résultats et, d’autre part, a conduit a
I’identification de sources supplémentaires comme 1’évaporation de carburants des points
stationnaires.

Mots de clés : COV, Athénes, monoterpénes, pollution atmosphérique, modele PMF, bassin
Meéditerranéen, Projet ChArMEx
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[Topd t1c TpwTOPOLAiES Y100 TOV TEPLOPIGUO KOL UEIMON TOV ATUOGPAIPIKAOV POT®V, GTN
Meooyelo Kot Tic TOAES TOL TV TEPIPAALoVY e&akoAovBovv va Kataypagoviol vepPacelg
TOV TPOPAETOUEVOV OPLIKOV TIL®V Yo TNV Tpootacia tng vyeiag. [Tapoia avtd, ot peréteg
oT0. aoTIKG Kévrpo TG mepoyne ywo. Iltmrikove Opyovikode YdpoyovavOpakeg (Volatile
Organic Compounds 1} VOC), ot omoiot givat Tpddpopot tov tpomoc@aiptkon 6Covtog (03) kot
TOV OEPOAVUATOV, €lVOl TEPLOPICUEVES, EVA OPICUEVEG VTOOEIKVOOLV afePalOTNTES OTIG
TOPOTNPNOELS TTOL TPOKVTTOLV OO GLYKPIGELS He PACEIS OEOOUEVOV EKTOUTMV, GYETILOUEVEG
LE TN GLUVEIGQOPE TV TTNYOV EKTOUTNG KOl TO YNUKO TOVG OMOTOTOUN. ZVUVETHS, 1| ABva
amoteLEl 100VIKN TOTOOEGIO Y10 LETPNOELS TV EVAOGEDV QLTAOV, AOY® TNG UN-KOTOYPOONG TOV
EMIESWV TOVG TaL TeEAeVTOia 15 ypdvia (TANV ehdyiotv eEapécewv), TnG cuveyovs vaépfaocng
TV opiov tov O3 Kol TOV 0EPOAVUATOV, KOBMG Kot TG aHENCNG TOV EKTOUTOV omd HEXPL
TpOTIVOC aoBevelg myég pomav (m.y. kKavon EOAov Yo owlokn Béppoveon). Xtnv moapovca
gpyocio. mapovotdlovior To OMOTEAECUOTO oG 17unvng KOpmividg OoTHOGOOPIKOV
petpiicemv mediov yio un-Mebavikovg YopoyovavOpakeg (non-Methane Hydrocarbons 7
NMHCs) oty Abfva (Oxtodfplog 2015 - dePpovdiprog 2017), oto mhaiclo tov S1eBvolg
npoypdupotog ChArMEX (The Chemistry - Aerosol Mediterranean Experiment). ITapdAinia,
exmoviOnkay dV0 EVIATIKEC TEPIOOOL EMOYIKMV PHETPNOEDV (XEWLMVA KOl KOAOKaAIPL) 6TOV 1510
oTafuo Kot EMTAEOV, dVO EKOTPOTEIEC CLALOYNG OEIYUATOV AEPO GE YVMOGTEG TNYES POTOVOTG
(onpayyo Kot aoTiKOS 6TOOUOC HETPNGEDV).

Ta dedopéva meprocotepmv amd 40 VOC pe 2 €wg 16 dtopa dvBpaka, mov cuALEYONKaV KaTd
N OBPKELN TNG KAUTAVIOG, YPNOLOTOWONKOY Yia T HEAETN TNG MUEPTONG KOl ETOYLOKNG
dlokOpOVonG Toug o€ £To1a AoT Kot TV TapaydvTov Tov TV ennpedlovy, eved Ta enineda
C2 - C3 NMHCs oty AbMva mapovoidlovtot yio Tpotn eopd. H emoyikdtnto mopovctalet
oY OLKVUOVGT), LE LEYIGTO TO XEWLAOVO Kot EAGYIGTO TO KOAOKAIPL Y10, TNV TAELOVOTNTO TOV
EVOGEMV, EVO 1 NUEPTN O SLOKOLLAVOT) EXNPEALETAL OO TNV £VTOOT TOV EKTOUTMOV TOV TNYOV,
v TayOTNTO TOL OVEHOL Kol TO VWog Tov otpopotog ovaueEns. H obdykpion tov
QMOTEAECUATOV OVTAOV PE TOPOUOIEG EPEVVEG GE GAAES TOAELS OVEDEIEDY TO POLO TV TNYDV
GTO TOPOTNPOVUEVA EMiMEd, OOV Yo TV ABMva avt) 1 enidpacn eivar o €viovn Tov
yepovo. Emmpocheto, too povotepmévia kKot TO 1GOMPEVIO, YVOOTES EVAOGELS Ployevolg
Tpoélevone, mapovsiocoy pio povadikn HeTofAntomta emnpeacpévn and avlpwmoyeveic
EKTTOUTEG, 1) Omoia OV AAUPAVETOL LITOWYT] KOTA TNV EKTIUNGT TNG TOLOTNTOS TOL 0épa. TENOG,
N xpNon Tov otatiotikov poviélov Positive Matrix Factorization (PMF) enétpeye tov
TPocdoptopd Tov koplwv tnydv NMHCs atnv AGMva kot v KT Go TG GVVEIGPOPAS TOVG
OTO EMIMEDN TOV CLYKEVIPMOEMV. ATO QVTEC, O1 EKTOUTES A TNV KivIon OYNUATOV Kol TV
o1K10KT B€éppavon emikpotovy, evo pia devtepn PMF pocopoimon ota 0e00UéEVa TG EMOYIKNG
EVIOTIKNG TepLOdov  mapatnpnons emPePoaimce to  amoteléouarta, Oivoviag emiong
TANPOPOPIES Yio TPOCHETES TN YEC.

Aé€arg-krewdna: VOC, NMHCs, A0nva, povotepmévia, atposoapikn pomaven, PMF model,
Meooyerog, ChArMEX
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Earth’s atmosphere is the gaseous body surrounding our planet. It is composed by a mixture of
different gases, like nitrogen (~78%), oxygen (~21%), argon (~1%) and trace gases (<1%). In
the atmosphere except for gases, solid particles or liquid droplets with diameters less than
100um are suspended, namely aerosols. The interaction and exchange between the earth and
the atmosphere change the composition of the atmospheric mixture. However, the last decades,
this exchange is greatly affected by the increase of human activities that caused an increase of
“anthropogenic” emissions of compounds in the air. Among the mentioned atmospheric
species, trace gases play a crucial role in the altering of the atmospheric chemical reactions and
the development of air pollution episodes, subsequently having a significant impact on climate
change, air quality, ecosystems, vegetation and human health.

Nowadays, the effects of both the climate change and the deterioration of air quality on the
quality of life (decrease of water reservoirs, increase of drought and temperature, decrease of
crop yields, increase of floods, etc.) are among the main causes for the modern migration to
urban locations or between countries. This phenomenon leads to the acceleration of climate
change due to the increase of pollutants’ emissions. It is a matter of fact that since 2013, air
pollution is classified as carcinogenic for humans (IARC, 2013), while only in Europe it was
responsible for more than 500.000 premature deaths in 2014 (EEA, Air Quality in Europe,
report, N° 13/2017). Thus, the goal of scientific initiatives is the understanding of changes in
atmospheric composition and the establishment of links to the air pollution development, in
order to protect living organisms and the environment. In this context, observation campaigns
are organized in selected sites worldwide for the monitoring of targeted air pollutants and if
possible, their apportion to sources. In particular, VVolatile Organic Compounds (VOC) raise
concerns as they are precursors of important constituents of severe air pollution episodes, like
tropospheric ozone and secondary organic aerosols (SOA).

Due to its location (intersection of three continentals: Europe, Africa and Asia) and climate
(mild and rainy winters followed by hot and dry summers), the Mediterranean region is among
the areas where climate change is expected to have a negative impact in the close future (Giorgi
and Lionello, 2008; Sillmann et al., 2013). Furthermore, the development of air pollution
episodes, such as photochemical smog (tropospheric ozone), are favoured, causing poor air
quality in the area and therefore in the cities of the basin. It is a matter of fact that the
concentrations of pollutants often exceed international and European standards (Kanakidou et
al., 2011; Karanasiou and Mihalopoulos, 2013), while according to previously published
studies, 0zone concentrations can be almost a factor of 3 higher over the Mediterranean basin
than the background of the entire hemisphere (Lelieveld et al., 2002).

For these reasons, the understanding and assessment of the air quality in the Mediterranean
basin (MB) remain of scientific interest. Furthermore, more attention is paid in the Eastern
Mediterranean Basin, in which high concentrations of trace gases and background tropospheric
ozone are reported, in combination to the increasing population and the environmental issues
(Cramer et al., 2018; Kanakidou et al., 2011; Lelieveld et al., 2002; Solomou et al., 2018).
Nevertheless, estimates for 2050 show that premature immortality for Eastern Mediterranean
region will account for 723.000 deaths (Lelieveld et al., 2015). Despite the aforementioned
issues, the geographic distribution of the available studies on VOC concerning urban

23



environments of the EMB is limited and there is still a need of comprehensive analysis and
source apportionment (Salameh et al., 2015, 2016). This highlights the importance for VOC
studies in this area on their ambient levels, variability, driving parameters and sources, since
they are precursors of tropospheric ozone and SOA, as it is already mentioned.

For Athens, the capital of Greece, the observations on the current air-quality reported by the
available studies, indicate that although the levels of pollutants have decreased compared to the
past, they still exceed European limits in frequent cases. Indeed, the most recent State of the
Environment Report (SOER 2018, http://ekpaa.ypeka.gr/index.php/soer-2018) indicated that
the Oz annual mean level is still above the European legislation limit of 120 pg m. However,
the majority of VOC studies in Athens were conducted mainly in the 90s, and only one recent
work reported the levels of ~11 VOC species (Kaltsonoudis et al., 2016) from two intensive
campaigns (summer 2012 and winter 2013) by the means of a Proton Transfer Reaction — Mass
Spectrometry (PTR-MS). The latter reported also a first attempt for source apportionment.

In order to fill the scientific gap of knowledge for VOC in the Eastern Mediterranean Basin and
to better investigate their respective sources, the current thesis is dealing with VOC
measurements in Athens (Greece), focusing on the factors controlling their variability, the main
sources and their contribution. For that reason, C2 — C12 NMHCs were monitored for more
than one year in a representative site in the centre of Athens, whereas information for additional
VOC were obtained with parallel measurements in intensive observation campaigns. These
datasets were used for the determination of the sources of VOC in Athens, with results to be
further affirmed from the comparison to other pollutants (indicators of sources’ emissions) and
chemical profiles derived from measurements close to traffic-related sources.Thus, for the
better presentation of the objectives, strategy, experimental set up and observations/results, the
current work is organized in 6 chapters as follows:

1. Chapter 1 presents an overview of the VOC in the troposphere, their sources and fate,
followed by the status of the air quality in Mediterranean basin and Athens. The chapter
ends with the main scientific questions that derived from this overview and the
objectives/strategies of the PhD thesis.

2. In Chapter 2 the experimental set-up is explained in detail.

3. In Chapters 3, 4, 5 and 6 the results and observations from the analysis of the VOC
datasets are presented, focused on the understanding of the parameters driving the
variability, the possible impact to atmospheric chemistry and the respective sources.

4. Finally, the last chapter summarizes the main observations from the analysis of this
work, concluding with the main scientific and future perspectives.
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1. VOLATILE ORGANIC COMPOUNDS (VOQ) IN THE
ATMOSPHERE

1.1 VOC definition

Volatile organic compounds (VOC) are a very broad group of carbon-containing trace gases.
The latter correspond to compounds with 1 to approximately 15 carbon atoms (Koppmann, et
al., 2008 and references therein). In the Directive 1999/13/EC of the European Commission
VOC are defined as any organic compound having a vapor pressure equal or greater than
0.01 kPa at 293.15 K, or simply as volatile carbon compounds that participate significantly
in atmospheric photochemical reactions (EPA 2017; CEPA 2016). Methane (CH4), carbon
monoxide (CO) and carbon dioxide (CO>) are excluded from this group because they are
important greenhouse gases with low reactivity and high ambient concentrations (for instance,
VOCs have concentrations of a few ppb, while CO2 concentration for 2014 was 398 ppb —
European Environmental Agency 2017).

Furthermore, VOCs are classified into several categories based on different criteria. One of
their main categorizations depends on the chemical composition of the compounds. Non-
Methane Hydrocarbons (NMHC) is a large group of VOCs that contain only carbon and
hydrogen. They can be further distinguished according to the type of carbon bond (for example
to alkanes, alkenes, alkynes etc.) and their carbon body structure (branched NMHC, aromatics,
etc.). Oxygenated NMHCs are included in the group of oxygenated volatile organic compounds
(OVOC). Beside oxygen, halogens are also found in the structure of volatile organic
compounds. In this case the grouping depends on the halogen atom in the compound’s chemical
composition (as CIVOC for chlorinated VOCs) and they belong to halogenated hydrocarbons.

Another classification of VOCs is based on their degree of volatility. The latter is expressed for
every compound by the effective saturation mass concentration ( C;" ), calculated from Eq |
- 1 as follows (Shiraiwa and Seinfeld, 2012):

« _ 10 M;p;
U7 760RT

Eq.1-1

were M; (g mol?) is the molecular weight of compound i, p; (Torr) is the saturation vapor
pressure of pure compound i, R (m® atm mol? K ) is the gas constant and T (K) is the
temperature.

Thus, from the above equation, organic compounds with C* >108 pg m™ are considered volatile
(Robinson et al., 2007; de Gouw et al, 2011). Intermediate volatile organic compounds (IVOC)
have a C* between 10° and 10° pg m (Tkacik et al., 2012), compounds with C* between 1073
and 10° ng m correspond to semi-volatile organic compounds (SVOC) (Donahue et al.,
2006), while the rest are non-volatile organic compounds.
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1.2 Sources of VOCs

Globally, there is a variety of VOC sources in the atmosphere. Primary emissions are of
anthropogenic and biogenic origin, exhibiting different strength and chemical composition
of emitted VOC:s; in particular, biogenic emissions exceed anthropogenic, accounting for 90%
of the global VOC respectively (Guenther et al., 1995; Kansal, 2009). Furthermore, these
compounds can be formed in atmosphere from chemical reactions, which serves as a secondary
source (for instance Atkinson, 2000).

As it described later in the chapter, VOCs take part in various atmospheric processes that can
have a negative effect on air quality. Thus, it is important to identify, quantify and categorize
their sources in order to establish control plans for their reduction. These can be determined
using various methods and tools, and this procedure is named “Source Apportionment or
SA”. Due to the variety of approaches, the selection of the appropriate method takes into
account firstly the sampling location, resulting in two categories of SA models: source- and
receptor- oriented models. The former are useful for datasets obtained close to one specific
source, whereas the latter are useful for sites representatives of the air pollution plumes around
the entire study-area. Since there are various types of the aforementioned models, for the better
choice are also considered the size and variability of the dataset, the climatology and
topography of the sampling site, and the information for the major pollutant sources in the
immediate vicinity. On the other hand, information for VOC sources and their contribution to
selected areas or regions are also provided from emission inventories (Sect. 1.2.3 of this
chapter). A more detailed summary of the source apportionment approaches is given in Sect.
I — Al of the Annex I.

Finally, in the following paragraphs, more details are given for the sources of VOCs, both per
type (of source) and per group (of compounds).

1.2.1 Biogenic emissions

Previously it was shown that biogenic emissions are the main contributors of VOC in the
atmosphere. The latter are therefore named BVOC (biogenic volatile organic compounds) for
simplicity. According to studies, the major biogenic source is terrestrial emissions (vegetation
and microbial activity) with a contribution of 98%o, with the rest of the sources being the ocean
and soil (Bonsang et al., 1999; Koppman, et al., 2008; Schade & Goldstein, 2001; Kansal, 2009
et references therein). Furthermore, Guenther et al. (1995) estimated that 75% of these BVOC
are emitted from trees, while the rest 25% is attributed to shrub and crops emissions (Guenther
1995). Isoprene is the most abundant BVOC, followed by terpenoids and OVOCs (Guenther
1995, Puxbaum 1997, Schade & Goldstein 2001, Koppmann 2008). Nevertheless, the type of
the plant/tree affects the diversity of the emitted BVOCs. In particular, deciduous trees and
shrubs emit mainly isoprene, in contrast to coniferous trees that emit terpenoids and OVOCs
(Guenther 1995, Koppmann 2008, Kansal 2009).

Concerning terrestrial emissions, these are primarily dependent from plant activity, including
the plant growth, the communication and competition to other species and its protection
(Fuentes et al., 2000; Geron et al., 2000; Laothawornkitkul et al., 2009). Plant activity is
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influenced by atmospheric dynamics both in short- and long- term. More specifically, light
and temperature, and to a smaller scale humidity, are the main environmental factors which
affect vegetation activity and thus emissions of BVOC (Fuentes et al., 2000; Geron et al., 2000;
Guenther et al., 1995; Kesselmeier and Staudt, 1999; Tiiva et al., 2017). Based on these
observations, a classification of BVOCs as light and or/ temperature dependent is attempted on
several studies (i.e.Kesselmeier and Staudt, 1999). For example, it is reported that isoprene is
both light and temperature dependent, while most of the monoterpenes and OVOC are mainly
temperature dependent (Guenther et al., 1995; Kesselmeier and Staudt, 1999). As a result, the
seasonal variation of BVOC levels is driven by atmospheric dynamics, presenting a maximum
during summer, when high temperatures and increased sunlight prevail that favor biogenic
activity, and a minimum during winter (Guenther et al., 1995; Liakakou et al., 2007; Seco et
al., 2011). To summarize, biogenic emissions depend on climatology and the type of vegetation,
thus they differ from a geographical region to another one.

1.2.2 Anthropogenic emissions

The anthropogenic sources of VOCs are numerous, including traffic- related emissions
(stationary and mobile emissions), industrial emissions, solvent use, residential/commercial
activities, agricultural emissions related to anthropogenic activity (livestock farms,
deforestation etc) and waste management (Koppmann et al. 2008, Barletta et al., 2005). Since
every village/city/region/country etc present different anthropogenic activity, there are studies
that identify the pollutant sources in a selected area, quantifying also their VOC contribution.
One example is given below for Europe, where the anthropogenic VOC sources have been
identified, classified and quantified by the European Environmental Agency (EEA, 2017) (Fig.
I —1). In this case, almost 50% of the emissions originate from industrial processes, followed
by residential/other emissions and agriculture emissions (16 & 15% respectively). Road
transport emissions account only for the 9% of the VOC emissions, which is attributed to
regulations and measures that were imposed on fuel composition for the improvement of the
air quality (Huang et al., 2017).

1,4% 0,1% Energy production and distribution
2,2%

i
8,7% /Ll% Energy use in industry
/ ¥ Non-road transport
9.1%
Road transport

Commer cial/Institutional/Residential
15,9%
Industrial processes and product use

46,8% u Agriculture
B Waste

Other

Figure I - 1: Emissions of NMVOC by sector group in Europe, EEA 2017
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Every VOC source have its own chemical composition of emissions. The latter are established
by near-source sampling campaigns or chamber experiments (for example in Watson et al.,
2001). They can be used for the identification of sources and they provide useful information
for the main emitted compounds from sources of interest, which can eventually facilitate the
designing of control measures that target specific VOC. In the following paragraphs are given
the chemical composition of some of the major VOC sources:

1. Based on Figure | — 1, the largest pool of VOC in Europe are industrial processes.
Due to the large number of activities and materials in this sector, the chemical
composition varies (Liu et al., 2008, Zheng et al., 2013). Among the predominant
emitted species from petroleum refineries (diesel, gasoline, LPG production),
petrochemical production and their evaporative emissions (Liu et al., 2008, Dumanoglu
etal., 2014) are found aliphatic, aromatic and halogenated VOC (for example n-pentane,
n-heptane, 1-pentene, 3-me-pentane, benzene, toluene, m/p xylenes, 1,2 dichloroethane,
carbon tetrachloride).

2. Road transport emissions are linked to the type of fuel and its incomplete combustion,
thus they consist from vehicle exhaust emissions, fugitive emissions from the vehicle’s
piping system, emissions from the various driving processes related also to the vehicle’s
condition/age (for example cold start emissions or refueling) (Montero et al., 2010).
Gasoline and diesel are used the most as fuels, while biofuels, natural gas and LPG gain
slowly part of the demand (TERM 001, EEA 2016). The chemical profile of exhausts
from gasoline-powered and diesel vehicles presents ethylene, propene, benzene/toluene
as the main emitted species (Liu et al., 2008; Baudic et al., 2016), followed by C5 - C6
alkanes. Higher VOC ( >C10) are significant in the exhausts of diesel-powered vehicle
exhausts, but not in the gasoline-powered exhausts.

3. Fuel evaporation emissions originate mainly from vehicles, storage facilities, fuel
transportation and fuel distribution. Propane is the major VOC in the chemical profile
of fuel evaporation in LPG-powered vehicles (Na et al., 2004; Liu et al., 2008). In the
equivalent profile from oil-powered vehicles, a variety of VOCs is reported: C4-C7
alkanes/alkenes and aromatics (for example i/n — butanes, benzene and toluene) (Brown
etal., 2007, Liu et al., 2008, Baudic et al., 2016).

4. Residential emissions, primarily for heating purposes, were recognized as important
VOC sources only the recent years (Helen et al., 2008; Gustafson et al., 2007; Gaeggeler
et al., 2008; Baudic et al., 2016; Kaltsonoudis et al., 2016). Oil, wood, coal and natural
gas are the main burning fuels for residential heating. The major VOC originating from
wood burning are ethylene, acetylene, benzene and various OVOCs, although strong
emissions from ethane are also reported (Liu et al., 2008, Baudic et al., 2016). The same
compounds dominate emissions from coal burning, with different contribution
depending on the type of coal.
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5. Natural gas is a “clean” fossil fuel used for industrial processes, power generation and
residential heating and cooking (Dong et al., 2017; A.F. Campos et al., 2017). Emissions
derive mainly from consumption related to combustion and leakages from the storage
facilities and distribution network, thus ethane and propane are identified as the
predominant VOC (Brown et al., 2008; Baudic et al., 2016).

1.2.3 Emission inventories: Another tool for VOC sources

Emission inventories are datasets that provide the total amount of pollutant/pollutants in the
atmosphere at different scales: from local to global. These are used as input information in air
pollution modelling and air quality monitoring and for air quality forecasting (Streets et al.,
2003, Francois et al., 2005). It is a matter of fact that the estimations of the above modelling
simulations are critical for policy makers when considering the implementation of new or
improvement of the existing air quality abatement measures. Thus, the accuracy and
representability of emission inventories is crucial for the delivery of representative outcomes.
To better understand these datasets, a small summary of their built up and the estimation of
their uncertainty is presented in Sect. | — A2 of Annex I.

The uniqueness of each emission inventory is a result of 5 main characteristics:

e The source categories

e The studied pollutants

e The spatial distribution

e The temporal resolution

e And, the methodology for the compilation of the emission inventory.

Popular global emission inventories are EDGARv.4.3.1 (Emissions Database for Global
Atmospheric Research) and MACCity (Monitoring Atmospheric Composition and Climate and
megaCITY Zoom for the Environment). Continental inventories include the database of EMEP
(Co-operative Programme for Monitoring and Evaluation of the Long-Range Transmission of
Air pollutants in Europe) for Europe, SPECIATE4.4 for U.S.A, REAS (Regional Emission
inventory in ASia) for Asia and L14-Africa for Africa. The majority of global and regional
inventories report estimations only for anthropogenic air pollutants. Some of the few biogenic
emission inventories are RETRO, GEIA (Global Emissions InitiAtive), POET and MEGAN-
MACC. Numerous national and local inventories can be found in the literature: APEI (Air
Pollutant Emission Inventory) for Canada, the emission inventory of CITEPA (Centre
Interprofessionnel Technique d'Etudes de la Pollution Atmosphérique) for France and
AIPARIF for Paris, for Lebanon in Waked et al (2012), for various locations of China in Zhao
et al (2017) and for Greece the FEI-GREGAA (Flexible Emission Inventory for Greece and the
Greater Athens Area) (Fameli & Assimakopoulos, 2016).

An important drawback of all the emission inventories are the reported large uncertainties per
source. These originate from errors in input data, the different assumptions, the selected model
and approach etc. As an example, European Environmental Agency in “Air pollutant emission
inventory guidebook” (2016) estimates the uncertainty in emission factors for VOCs from 20%
for solvent usage and waste management to 300% for natural emissions and other mobile
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sources. One can easily understand that these high uncertainties are then induced into the air
pollution prediction models, affecting significantly the accuracy of their estimations and
creating conflicting results.

Overall, the high uncertainties, in combination with the absence of data from field
measurement campaigns for VOC (Belis et al., 2014) can produce important over- or under-
estimates of emissions, as well as other implications (Arriaga-Colina 2004; Gros et al., 2011,
Borbon et al., 2013; Salameh et al., 2016,2017; and references therein):

e Large discrepancies are observed between VOC observations and inventories, for
specific VOC and sectors.

e The heterogeneity of the VOC composition in observed anthropogenic emissions is not
presented in global emission inventories.

e Thereis a lack of information in some areas that affect the predictions of models, like
for example in Africa and Mediterranean (Salameh et al., 2017; Huang et al., 2017).

1.3 VOC:s fate in the atmosphere

Once emitted in the atmosphere, VOCs undergo a variety of processes (chemical, physical,
atmospheric horizontal and vertical transportation) that control their atmospheric fate and
lifetime. Furthermore, through complex reaction pathways, VOCs participate in the formation
of tropospheric ozone (O3) and secondary organic aerosols (SOA), which can cause adverse
effects on vegetation, climate and health. Furthermore, the following paragraphs will deal with
the oxidation of VOC by the main atmospheric oxidants, the main VOC sinks and the factors
controlling their lifetime, their contribution to ozone and SOA formation and the effect of
atmospheric dynamics.

1.3.1 Tropospheric chemistry of VOCs

Oxidation and photolysis are the principal reactions that chemically transform VOCs in the
troposphere. The OH radical, ozone and the nitric radical are the main oxidants in the
atmosphere (e.g. Atkinson, 2000), whereas chlorine radicals can contribute importantly to the
atmospheric oxidation of VOC in coastal areas (Arsene et al., 2007; Hopkins et al., 2002).
Nevertheless, the OH radicals are considered the most reactive towards VOCSs (i.e. in Atkinson,
2000; Seinfeld and Pandis, 2016). Therefore, in the following paragraphs the tropospheric
chemistry of VOC is analyzed more in detail, considering only the reactions that are significant
in urban environments.

1.3.1 — 1 Photolysis of hydrocarbons

The term “photolysis” describes the dissociation of VOC due to sunlight. Although this
chemical process has minor role to the depletion of the majority of compounds such as alkanes,
alkenes and aromatics, for small aliphatic aldehydes and a,b-unsaturated carbonyl compounds
is significant, antagonizing often the oxidation from the OH radical (Atkinson, 2000). A
representative example is the behavior of formaldehyde, for which photolysis and the
oxidation by the OH radical compete, resulting in lifetimes of 4 and 1.2 hours respectively
(Atkinson 2000).
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1.3.1 - 2 Main atmospheric oxidants
The OH radical

The OH radical has primary and secondary sources, with the former being the photolysis of
atmospheric pollutants and the latter the recycling of the radicals in the reaction chains. Since
the main source is associated to sunlight, OH radicals present their highest concentrations in
summer and during day (i.e in Elshorbany et al., 2010; Liakakou et al., 2007 and references
therein).

In non-polluted areas of the troposphere, like remote regions, photolysis of ozone in the
presence of water vapor is a large source of OH radicals (Fig. I - 2) (Atkinson, 2000; J. Crutzen,
1995). As a result, two OH radicals can be produced from the destruction of an ozone molecule.

O; + hv—= 0, + O('D) (4 < 335nm)
O('D) + H,O - 20H
Figure I - 2: Main reaction chain for the production of OH radicals from the Oz photolysis
(Adjusted from Atkinson, 2000).

On the other hand, in polluted parts of the troposphere, the most significant sources of OH
radicals are the photolysis of nitrous acid (HONO) and the photolysis of formaldehyde and
other carbonyls in the presence of NO (Fig. | - 3). Moreover, ozonolysis of alkenes is also
suggested as an OH source (i.e Elshorbany et al., 2009).

(@ HONO + hv—- OH + NO

(b)  HCHO + hv—H + HCO (A < 370nm)—H, + CO
H + 0, -HO,
HCO + 0, —+HO, + CO

HO, + NO—OH + NO,

Figure I - 3: (a) Production of OH radicals from the HONO photolysis (Adjusted from
Atkinson; 2000) (a); and (b) Chain reactions for the formation of OH radical from the
formaldehyde photolysis (Adjusted from Nan et al., 2017).

Furthermore, OH radicals can be recycled (secondary source) from the NOx and Ox recycling
mechanisms, which are important only in NOx-limited and pristine air respectively (Lelieveld
et al., 2016). Finally, important sinks of the radical are the implication to the VOC — NOx
chemistry and the reaction with NO2 (Atkinson, 2000; Elshorbany et al., 2009).

The NOs radical

The NOz is formed in the atmosphere from the reaction of NO2 and Os (Fig. | - 4). It is present
in measurable concentrations during night, since it photolyzes quickly in the morning to its
primary constituents (Fig. | - 5).
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NO + O; - NO, + O,

NO, + O, > NO,; + 0,

Figure I - 4: Production of NO3 radicals at night (Adjusted from Atkinson, 2000).

NO; + hv = NO + O,
NO; + hv — NO, + O(P)

Figure I - 5: Photolysis of NOs radicals (Adjusted from Atkinson, 2000).

The oxidation reactions from NOgz influence the chemical fate of VOCs and NOx during night,
which could possibly lead to a nocturnal production and atmospheric cycling of the OH, HO:
and RO radicals based on evidence (Brown and Stutz, 2012; Wayne et al., 1991). Moreover,
organic nitrates and secondary organic aerosols can also be produced from the NO3 reactions
(Brown and Stutz, 2012).

Ozone (O3)

Ozone is an abundant compound of the stratosphere. Low levels can be found also in the
troposphere, for which their main origin is the stratosphere-troposphere exchange and the
formation from precursors (i.e. Chameides et al., 1992). Its molecule consists from three oxygen
atoms and presents two equivalent resonance structures, with delocalized = pair of electrons
(Fig. 1 —6). This grands ozone the ability to rapidly react with inorganic and organic compounds
by subtracting hydrogen cations, leading to the formation of radical oxygen species (ROS),
which are more oxidized, as it is shown in the following.

PO S0 PR
= ~, ——— -
e\f’; '*9@ "r__f \pfe, @‘\Q- \_'?1‘
. 0, N o
— “““*{:}/e — "_,_/q.:\@*

Figure I - 6: Ozone structure (Adjusted from Bocci et al., 2009).

1.3.1 — 3 Oxidation pathways of VOCs

As mentioned previously in the section, VOCs are oxidized in the atmosphere mainly from the
OH radical during daytime and from the NOs radical at night. Cl atoms can also oxidize some
VOCs, however, they play a minor role in the global troposphere (Pechtl and von Glasow, 2007;
Rudolph et al., 1997; Young et al., 2014).

In Figure | — 7 isillustrated the general oxidation pathway of VOCs (Atkinson and Arey, 2003).
The first step is the abstraction of an hydrogen atom from the oxidant, which leads to the
formation of the alkyl radical (R°). The alkyl radicals are then reacting with O2 forming peroxy
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radicals (RO2"). At this point, the reaction chain can either propagate or terminate. The
continuation of the reactions with the hydroperoxyl radicals, nitrogen dioxide, nitrogen
monoxide and other peroxy radicals leads to more substituted and oxidized products and the
formation of secondary pollutants like tropospheric ozone and secondary organic aerosols
(Section 1.3.2).

VOC (+ OH/NO4/Og/hy) —= R
| 0z

ROOH <122 Roy ——2= =" ROONO

ca rb::un}fl / \

= RONQ2

alcohﬂl
RD + N'Dg

!

products

Figure I - 7: VOCs general oxidation process in the troposphere (scheme adjusted from
Atkinson and Arey, 2003).

1.3.1 — 4 Ozonolysis of unsaturated hydrocarbons

The reaction of unsaturated hydrocarbons with tropospheric ozone is an additional
transformation process for these compounds, creating a variety of OVOCs (Atkinson, 2000;
Johnson and Marston, 2008). The first steps of ozonolysis (Fig. | - 8) include the formation of
a Criegee intermediate that quickly decomposes through complex mechanisms, not-well
understood yet (Atkinson, 2000; Hasson et al., 2001; Johnson and Marston, 2008).
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Figure I - 8: Formation of Criegee intermediate by ozonolysis of an alkene (Johnson and
Marston, 2008).
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Except of a major atmospheric sink of hydrocarbons, ozonolysis of unsaturated VOC can also
produce OH radicals during nighttime and compounds that contribute to photochemical smog,
such as secondary organic aerosols (Gutbrod et al., 1996; Koch et al., 2000; Johnson and
Marston, 2008). For that reasons, until today the exact mechanism, kinetics, intermediates and
products are under investigation, however, there are still a lot to be learned (Johnson and
Marston, 2008; Giorio et al., 2017).

1.3.1 - 5 Secondary formation of VOC

In Figure | — 8 it is apparent that the reaction of the peroxy radicals lead to the formation of
additional VOC, such as carbonyls and alcohols. Few studies provide estimations for the
contribution of this source (e.g. Altshuller, 1993; Borbon et al., 2004). For instance, for a rural
site in France, at least 50% of the light aldehydes were attributed to secondary formation
(Borbon et al., 2004), whereas Atkinson (2000) indicates that for compounds like
formaldehyde, secondary formation is among its main sources.

1.3.1 - 6 VOC atmospheric sinks and lifetime

The reactions of VOC in the atmosphere, which were presented in sections 1.3.1 — 1 and 1.3.1
— 3 are their main atmospheric sinks. In particular, the oxidation by the OH radical is the most
important sink, driving the lifetime of VOC. Photolysis is an additional sink for certain VOC,
like formaldehyde, intermediate or aliphatic VOC (Koppmann, 2008 and references).
Furthermore, physical sinks like the wet (washing out) and dry deposition (surface uptake),
sufficiently remove VOC, especially the more polar ones. Nevertheless, the chemical structure,
the molecular weight, the solubility and the diffusion properties of VOC greatly influence the
impact of their chemical and physical atmospheric sinks (Koppmann, 2008).

As it was previously mentioned, the lifetime of VOC in the atmosphere depends on their
removal processes, which are oxidation, photolysis, wet and dry deposition. In general, the
lifetime t of an organic compound is defined as the time for its concentration to decrease to /&
of its initial value. The overall rate of removal can be derived by summing the reaction rates
of these processes (Eq. | — 2) (Seinfeld and Pandis, 2016):

1 =1 1 1 1 1 1 1
/Toverall - /Twetdep + /Tdrydep + /Tphot + /TOH + /T03 + /TNO3 + /TCL Eq' -2

where 7=1/u and p is the reaction rate of the specific process. Therefore, for the compounds
that react predominately with the OH radical, it is often practical to estimate their lifetimes
using the more simplified Eq. | — 3, based only on this reaction and if the OH concentration is
known.

1

YoH = Yiom Eq.1-3

where 7 is the lifetime of the compound in respect to the oxidation by the OH radical, k is the
reaction rate coefficient (k) and [OH] the concentration of the radical in molecules cm™3.

Typical lifetimes of selected VOC are presented in Table | - 1 (Atkinson, 2000). It is apparent
that alkanes can residue in the atmosphere for long periods, while BVOCs and alkenes present
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a very short lifetime. This difference in the lifetimes can be useful in the analysis and
interpretation of results, as it will be discussed later in the thesis (Chapter 4).

Table I - 1: Calculated lifetimes of selected VOCs with respect to their reaction with the OH
radical, the NOs radical, the Oz radical and their photolysis (Atkinson, 2000)

Lifetime due to

Organic OH 2 NO3P 03¢ Photolysis @
Alkanes Propane 10 days 7 years >4500years
n-Butane 4.7 days 2.8 years >4500 years
n-Octane 1.3 days 240days
i-Octane 3.2 days 1.4 years
Alkenes Ethene 1.4 day 225 day
Propene 5.3 hours 4.9 days 1.6 day
Trans-2-butene 2.2 hours 1.4 hours 2.1 hours
Isoprene 1.4 hour 50 minutes 1.3 day
a-Pinene 2.6 hour 5 minutes 4.6 hours
Limonene 50 minutes 3 minutes 2.0 hours
Aromatics Benzene 9.4 days > 4 years > 4.5 years
Toluene 1.9 days 1.9 years > 4.5 years
m-Xylene 5.9 hours 200 days > 4.5 years
1.2.4 Tri-me-benzene 4.3 hours 26 days >4.5 years
Styrene 2.4 hours 3.7 hours 1.0 day
Oxygenated Formaldehyde 1.2 day 80 days >4.5 years 4 hours
Acetaldehyde 8.8 hours 17 days > 4.5 years 6 days
Glyoxal 1.1 day 5 hours

2For a 12-h daytime average OH radical concentration of 2.0x106 molecule cm-3

® For a 12-h night-time average NO3 radical concentration of 5x108 molecule cm-3.
¢ For a 24-h average O3 concentration of 7x1011 molecule cm-3

dFor overhead sun.

1.3.2 VOC as precursors of atmospheric pollutants

1.3.2 — 1 Tropospheric Ozone formation

Tropospheric ozone constitutes 10% of the total ozone planetary budget. It is a greenhouse gas
and an OH radical precursor, whereas it is responsible for the photochemical smog (i.e.
Chameides et al., 1992; Cooper et al., 2014). Furthermore, taking as an example Europe,
episodes of increased ozone occurs over many cities and rural areas in summer, which are
directly related to its local formation or its transport from distant sources. Apart from the air
pollution, ozone is responsible for adverse effects on ecosystems and health after a long-term
exposure (Turner et al., 2015).

As it was already mentioned, Os originates in the troposphere from photochemical reactions
and the downward transport from the stratosphere. Major anthropogenic precursors of ozone
are VOC, NOx, CHs and CO, whose emissions influence greatly its production, while
chemical reactions and dry deposition are the main destruction pathways.
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In the presence of NOXx, ozone is produced from the photolysis of NO2, however it is
immediately destroyed by the reaction to NO for the re-formation of NO> (Figure | —9). Thus,
from this reaction, the reactants and products are in equilibrium and no extra ozone is produced.

NO, + hv - NO + O(*P)
OCP)+ 0, + M0 +M (M = air)

NO + Oj —*NO: + 01
Figure I - 9: Production of Oz in the atmosphere (Adjusted from Atkinson, 2000).

However, if in the reaction mix of Figure | — 9 are added VOC, and more specifically the RO
and HOz radicals from their oxidation (Figure | — 7 of Sect. 1.3.1 — 2), the reaction of the latter
with NO produces NO-, ending the equilibrium. Consequently, the depletion of NO by the
additional reaction to VOCs, and the excess production of NO2 contribute to tropospheric ozone
formation (Fig. 1 —10):

—» HOy OH
voc ROy RO*
NO NO;
hv
O
05

Figure I - 10: Ozone formation in the VOC — NOx environment (adapted from Atkinson,
2000)

Because these reactions are sensitive, they can also serve for the destruction of tropospheric
ozone. For example, high levels of nitric oxide scavenge ozone, like in the city centers where
fresh emissions of traffic occur, while they produce additional NO; that reacts with VOC
impeding ozone formation. Therefore, the photochemical formation or destruction of ozone is
dependent from the VOC/NOX ratio. This is better illustrated by the ozone isopleths plots, like
the ones presented in Figure | - 11. In the cities that NOx are high, the ratio tends to be VOC-
limited, thus for the decrease of ozone any control measures should be imposed mainly on
VOCs. On the contrary, for suburban and rural areas that receive aged air masses, ozone is
increased due to the built-up from the photochemical formation during transport (longer
exposure to sunlight); since VOC are considered stable in these areas, any control of NOx can
sufficiently reduce the production of ozone (Finlayson-Pitts and Jr, 1993; Seinfeld and Pandis,
2016).
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Figure I - 11: a) Typical ozone isopleths, generated from models based on initial mixtures of
VOC and NOx in air, b) three-dimensional depiction of the ozone isopleth, generated from the
same model as graph (a). The point D refers to a VOC-limited region, like highly polluted
urban centres, while point A refers to the NOx limited region like downwind suburban and
rural areas (Finlayson-Pitts and Jr, 1993).

Finally, due to the different chemistry and reaction of VOCs, their ozone-generating capacities
vary. There are different concepts for the estimation of that in the literature, like the POCP
(Photochemical Ozone Creation Potential) and the OFP (Ozone Formation Potential) using
MIR (Maximum Incremental Reactivity). POCP was developed by Derwent et al. (1998) and
it is defined as the change in mean ozone levels when a VOC compound is reduced relative to
the change in mean ozone levels when ethene is reduced (reference compound). It is calculated
for a certain area, time-frame and weather conditions, based also on the reaction to the OH
radical. It has been used in studies (Andersson-Skold and Holmberg, 2000; Lam et al., 2015;
Wu et al., 2017), however, OFP is simpler to use. The incremental reactivity concept was
developed by Carter (1994) and Carter et al. (1995), allowing the estimation of the OFP based
on the molecules of ozone formed per NMHCs carbon atom added to a certain atmospheric
reaction mixture of NMHCs and NOx. These maximum values are named MIR and they are
reported in Carter (2009). As a result, the OFP of each NMHC can be calculated per sample by
multiplying the concentration to the MIR value (Garg and Gupta, 2019; Tohid et al., 2019). In
the literature, toluene, xylenes and BVOC are considered important ozone precursors giving
high yields (Calfapietra et al., 2013; Tohid et al., 2019; Wu et al., 2017)

Implications of tropospheric ozone

Apart from the deterioration of the air quality, ozone is harmful to human health and
ecosystems. Starting from the health issues, prolonged exposure to tropospheric Os, especially
during strong pollution episodes (for example photochemical smog) are the main cause of
respiratory problems. In particular, since ozone is a gas, it easily penetrates the respiratory
system and reaches the lungs, affecting negatively the interphase of the oxygen-carbon dioxide
exchange in the blood and breath (Marchwinska-Wyrwal et al., 2011; Turner et al., 2015). This
result in increased medication usage, hospital admissions and mortality. For that reason, the
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European Environmental Agency has set an 8-hour threshold of 110 pg m for the health
protection, whereas WHO has set this threshold at 100 ug m (https://www.who.int/news-
room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health ). It is a matter of fact that the
European Environmental Agency report on Air Quality in Europe for 2014 (EEA report, N°
5/2014, 2014) indicates that the mortality rate due to ozone is probably higher than originally
considered.

Moving on to the exposure of vegetation to tropospheric ozone, it is a result of its deposition
on the earth's surface. Furthermore, ozone is absorbed by plants, leading to damages on their
cells and impairing the growing and reproduction ability (Hatfield et al., 2011). For instance,
Chuwabh et al. (2015) estimated an increase of the local crop damage of up to 20% in 2050 for
high ozone concentrations. Overall, the consequences include a possible alter of the ecosystem
structure, reduction of biodiversity, forest growth and the agricultural crop yields. Considering
all the above, European Environmental Agency has set a vegetation protection threshold of 65
ug m™ mean value of 24 hours.

1.3.2 — 2 Formation of secondary organic aerosols (SOA)

The dispersion of gaseous and liquid particles in a gas is called aerosol. These particles can be
emitted in the atmosphere directly from the sources or they can be formed in the atmosphere.
For the latter, if their precursors are organic compounds, they are named secondary organic
aerosols (SOA). SOA are produced from the gas-to-particle partitioning of VOC (Seinfeld
and Pandis, 2016). More specifically, in Figure | — 7 of Sect. 1.3.1-3 (this chapter) it is shown
that the products of VOC oxidation are more oxidized, more substituted, more polar and with
lower volatility like di- and poly-substituted alcohols, carbonyls and peroxynitrates. These
compounds are less volatile (volatility decreases for more oxidized products), resulting to easier
partioning between the gas and the particulate phase in already existing particles, or their
condensation to form new nuclei. This process is simplified in Figure | — 12.

gaseous
phase
vOC particulate
i phase
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CO +CO,

Figure I - 12: General scheme of SOA formation from VOCs oxidation in the atmosphere
(adjusted from Camredon et al., 2007).
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The potential of SOA formation from VOCs is dependent from certain factors (Kroll and
Seinfeld, 2008; Seinfeld and Pandis, 2016):

e The volatility of the products from VVOC oxidation.

e The atmospheric abundance of the precursor VOC. It is important for the precursor to
be oxidized rapidly for the accumulation of its products, followed by their transition to
particle if they reach the saturation mixing ratio.

e The chemical reactivity with other atmospheric components.

As a consequence, VOC have different SOA formation potential (SOAFP). From studies in
the literature (Koch et al., 2000; Wang et al., 2013; Wu et al., 2017; Zhang et al., 2018) it is
known that aromatics (e.g. toluene) and BVOC (monoterpenes, isoprene) are among the main
SOA precursors giving important yields of SOA. Nevertheless, SOAFP can be estimated either
from model simulation (i.e. Wang et al., 2013) or from calculation using equations (i.e.
Dominutti et al., 2018; Wu et al., 2017). For the latter are used the emission ratios of the VOCs
to a reference compound (e.g. toluene) and a non-dimensional model-derived SOA formation
potential, like the reported ones in Derwent et al. (2010).

Implications of SOA

SOA, as all aerosols, have direct and indirect impact on air quality and climate, whereas
aerosols are also related to health implications. More specifically, SOA can scatter and
absorb solar radiation (direct impact), whereas they act as cloud condensation nuclei (CCN),
creating droplets of smaller radii. The latter increases the number of droplets in the cloud, as
well as their lifetime, which in turn scatter and absorb sunlight, while their smaller droplet size
result in higher albeidos (indirect impact). As a consequence, SOA contribute to the heating or
cooling of the atmosphere based on their size and composition, as well as their albeido. This
is better depicted in Figure I — 13, in which it is apparent that the overall contribution of SOA
to the radiative forcing is both positive and negative, in contrast to the total contribution of
aerosols that is negative.
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Figure I - 13: Annual radiative forcing due to aerosol-radiation interactions (RFari, in W m~
2) from different anthropogenic aerosol types. for the 1750-2010 period. BC FF is for black
carbon from fossil fuel and biofuel, POA FF is for primary organic aerosol from fossil fuel
and biofuel, BB is for biomass burning aerosols and SOA is for secondary organic aerosols

(Adapted from Boucher et al., 2013).

For all the reasons above, the formation mechanism of SOA, their ambient levels and their
impact to air quality are under investigation the latest years. It is a matter of fact that Tsigaridis
and Kanakidou have predicted that the SOA vyields will double by 2100 based only to the
contribution of BVOC (Tsigaridis and Kanakidou, 2003, 2007). However, important
uncertainties are reported to the model results due to the missing information for the VOC
molecular composition of biogenic and anthropogenic emissions, as well as the SOA formation
yields from their organic precursors (Camredon et al., 2007; Tsigaridis and Kanakidou, 2003,
2007; Yuan et al., 2013). This is apparent also in a new study (Zhang et al., 2018), in which it
was shown that monoterpenes are the main precursors of SOA during summertime in a site at
USA.

Concerning the health implications, SOA and aerosols in general, are responsible for
respiratory, cardiovascular and lung problems, while they contribute to the reported
accelerated deaths (EEA report, N° 13/2017, 2017). More specifically, they penetrate the
respiratory system and they reach the lungs, from where they enter the circulatory system.
However, the degree of penetration in the organism is depended from the size of their diameter.
In addition, they are carriers of other harmful substances that are absorbed on the aerosols due
to surface interactions (Marchwinska-Wyrwal et al., 2011; Poschl and Shiraiwa, 2015), which
also introduce in the system.
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1.3.3 Effect of atmospheric dynamics on VOCs variability

In the previous sections was presented the atmospheric fate of VOCs in relation to their
chemical transformation. However, their emissions are also influenced by atmospheric
dynamics, which can accumulate or dilute them, while they transport them away from the
sources vertically and horizontally. In this context, meteorological factors that influence often
VOC variability are ambient temperature, solar radiation, wind velocity and wind direction.
Moreover, atmospheric dynamics like the atmospheric turbulences (land-sea breeze, frontal
air systems) and the mixing layer height should also be considered when VOC results are
interpreted.

First of all, VOC can travel along the atmospheric interfaces where they are advected and
diffused. For this process, wind speed and the local topography are the determining factors
(Draxler and Taylor, 1982 and references therein). For instance, in urban environments, the
dispersion of the pollutants is a complex interaction between atmospheric flow and flow around
buildings, as it is depicted in Fig. | — 14 (Tominaga and Stathopoulos, 2013; Vardoulakis et al.,
2003).
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Figure I - 14: Schematic diagram of flow and contamination patterns around a rectangular
building (Tominaga and Stathopoulos, 2013)

Furthermore, in local scales, turbulences like the land-sea breezes, are responsible for the
circulation of VOCs between the sources and the close region, contributing often to air pollution
episodes (Lalas et al., 1983). These turbulences are local wind system typically encountered
along coastlines, which are driven by the difference between the heating or cooling of the water
surface and the adjacent land surface (Fig. | — 15).
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Figure I - 15: Typical sea-breeze (day) and land-breeze (night) circulations (Adjusted from
Encyclopadia Britannica, Inc, 2014)

Another type of transport is the vertical diffusion. More specifically, VOCs move upright in
the atmosphere or are exchanged between the layers of the atmosphere. This transportation is
enhanced by the atmospheric temperature gradient, the uplifting by frontal systems (Purvis
et al., 2003) and the turbulence of the Planetary Boundary Layer (PBL). Nevertheless, the
knowledge of the PBL height and its seasonal and diurnal evolution is an important parameter
for air quality analysis and the understanding of VOC dispersion. PBL is sensitive to the Earth’s
surface forcing (Stull, 2012), resulting in a distinct diurnal cycle that depends on both the
synoptic and local weather conditions. In Figure | — 16 is depicted the diurnal cycle of PBL in
a clear convecting day (good weather). In general, and based on Figure | — 16, it is apparent
that the PBL increases during day, as a result mainly of the increase of the surface temperature,
whereas it decreases during night, following the decrease of the surface temperature.
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Figure I - 16: Diurnal cycle of the PBL height over land for a clear convective day (Collaud
Coen et al., 2014).

At this point it should be mentioned that the transportation time of VOC can vary from some
hours for regional scale advection, to 1 or 2 days for vertical mixing out of the boundary later
and to 4 — 6 years for troposphere-stratosphere exchange (Seinfeld and Pandis, 2016).
Consequently, the lifetime of the compound, along with the already mentioned atmospheric
processes, determine its transportation. For that reason, increased concentrations of
pollutants can be observed in remote or intercontinental regions, even though there are no local
sources (i.e. Borbon et al., 2004). On the contrary, the transportation of pollutants is not always
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free in the different atmospheric layers. In the boundary layer temperature inversion (0.5-2
km), the tropopause (10-15 km) and the intertropical conversion zone (ITCZ, 10°S-10°N), the

atmospheric mixing is physically impeded, resulting in strong gradients of organic compounds
across these interfaces.

1.4 Additional information for VOC

1.4.1 Health effects

Short-term and long-term exposure to air pollution is associated with health implications. For
the first case, which corresponds to an exposure of a few hours or days, acute health effects
are observed. Moreover, the long-term exposure (over months or years) is linked with a chronic
health effect and increased morbidity and mortality. In fact, from 2013 the International
Agency for Research on Cancer (IARC) has classified air pollution as carcinogenic to humans
(IARC, 2013). According to the European Environmental Agency (EEA) report on Air Quality
in Europe (EEA report, N° 13/2017, 2017), almost 500000 premature deaths of 2014 were
attributed to air pollutants such as particulate matter, Oz and NOx. However, VOCs in the
ambient air are not a direct threat to human health, with the exception of benzene and 1.3
butadiene that are classified as potentially carcinogen for human health (IARC, 2012). As a
matter of fact, EU average annual limit of 5 ug m™ or 1.5 ppb (Directive 2008/50/EC of the
European Parliament). Nevertheless, it is important to remember that their secondary products
(ozone and SOA) are causing important health implications, as it was seen in Sects. 1.3.2 — 1
and 1.3.2 - 2.

1.4.2 Action plans for VOC regulation

Following the recognition of VOCs as important atmospheric pollutants, international
protocols have been enforced for the regulation of VOCs emissions in the atmosphere, as
follows:

e 18/11/1991 — The VOCs Protocol. It was signed by 24 parties in Geneva. The main aim
was the reduction of VOCs emissions, due to their contribution for the formation of
ground-level ozone (Europe, 2004).

e 01/12/1999 - The Goéteborg Protocol. Because the main aim was the reduction of
Acidification, Eutrophication and Ground-level Ozone, it contains restrictions and
target ceilings on several compounds including VOC. The latest revision of 2012
extends the application of national emission reduction commitments by 2020 and
beyond.

European Union in particular, has also enforced directives targeted to the regulation of VOCs:

e 11/03/1999 — Directive n°1999/13/CE for the limitation of emissions of volatile organic
compounds due to the use of organic solvents in certain activities and installations.
Although it is no longer in force, it was the first detailed attempt for the control of VOC
emissions from sources for the benefit of the health and the environment.
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e 16/11/2000 — Directive n°2000/69/CE relating to limit values for benzene and carbon
monoxide in ambient air. The annual limit of benzene was set at 5 pg m, which had to
be met by the participating countries by 2010. This limit is still in force under the
directive n°2008/50/EC.

From the above information, the need for more VOC field measurements was highlighted,
especially in urban areas where billions of people are gathered and their health, as well as the
sustainable development, are threatened. This applies well in regions like Mediterranean basin,
in which the lack of studies on specific air pollutants underestimate already the levels of key
compounds (Sect. 1.2.3), in combination to the negative impact of climate change, as it
presented in the next section.

2. AIR QUALITY OF THE EASTERN MEDITERRANEAN BASIN
(EMB)

2.1 Air pollution and Urban agglomerations

The need of humans for employment, higher income, better living conditions, security and
contemporary health-care lead millions of people to cities, creating large urban
agglomerations or megacities (Baklanov et al., 2016). Although megacities are considered
cities with more than 10 million habitants, the term is also widely used for urban
agglomerations with more than 5 million of people (Molina and Molina, 2004). In reality,
54% of the population resides in urban environments, with 53% of them in Asia, 14% in Europe
and Latin America & the Caribbean with 13% (UN, 2014).

The fast-growing urbanisation and the accumulation of the population in the megacities have a
strong impact first locally to the landscape and urban environment. However, polluted air
masses can transport from the city affecting the air quality on a larger scale, as well as the
global climate (Baklanov et al., 2016). Megacities produce a huge amount of gaseous pollutants
such as particulate matter, greenhouse gases (CO2, CH4), NOx, CO, VOC, and SOx.
Therefore, based on observations close to megacities and model simulations, for example in
Mexico City and Istanbul, the polluted plume can transport many kilometres away from the
city affecting the surrounding region and extending the secondary production of pollutants like
tropospheric ozone (Baklanov et al., 2016; Molina et al., 2010; Im and Kanakidou, 2012).
Although, this is a global environmental issue, in this thesis the focus in on the Mediterranean
Region.

2.2 The Mediterranean Region

Mediterranean Sea is located at the intersection of three continentals: Europe, Africa and
Asia. It is semi-enclosed marginal sea with only one opening to the ocean through the narrow
Strait of Gibraltar (Lascaratos et al., 1999). The Mediterranean Basin is the area surrounding
the sea and it is separated to the West, Central and East Mediterranean (Karanasiou and
Mihalopoulos, 2013) (Fig. | - 17). The climate is characterised by mild and rainy winters and
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by hot and dry summers, in combination with high solar radiation and cloud-free conditions
all year long (Kanakidou et al., 2011; Lelieveld et al., 2002). As a result of the climate and the
location, the region is sensitive to air pollution (Im and Kanakidou, 2012; Monks et al., 2009)
and climate change (Giorgi and Lionello, 2008; Lelieveld et al., 2012).
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Mediterranean Basin hosts a great number of urban agglomerations, with many of them being
in the Eastern part (Fig. | - 18). Furthermore, long-range transport of pollutants from these
cities is observed mainly in the lower troposphere, as reported by Lelieveld et al. (2002). More
specifically, the west part of the Basin is influenced by air masses from Western Europe (for
example Italy and France), whereas the east part from Eastern European air masses (for
example from Poland and Greece). On the other hand, in the free troposphere are combined
plumes from Asia and North America and in the upper troposphere Asian monsoons carry
loads of pollutants from the East.
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Figure I - 18: Megacities and urban agglomerations around Mediterranean basin (photo
adjusted from Mediterranean cities and Climate Change — MC3, 2016)

One of the main air quality issues reported for the region (for urban and remote areas) is severe
episodes of photochemical smog, meaning elevated concentrations of tropospheric ozone,
especially in summer. In particular, Lelieveld et al. (2002) found that ozone concentrations can
be almost a factor of 3 higher over the Mediterranean than the background of the entire
hemisphere. In addition, the existence of important natural sources of particulates like the sea,
the desert and the forests (apparent in Figure | — 17), air pollution events are also associated
with increasing levels of aerosols (Kanakidou et al., 2011; Lelieveld et al., 2002). It is a matter
of fact that this region has the highest Aerosol Optical Depth (AOD) in the world
(Hatzianastassiou et al., 2009).

As it was mentioned previously, air masses from urban agglomerations carry pollutants, from
which VOC and NOx are precursors of tropospheric ozone and SOA. Furthermore, many
studies have shown that long-range transport of these precursors and their transformation during
transport contribute the most to ground ozone and SOA (Derstroff et al., 2017; Finardi et al.,
2018; Im and Kanakidou, 2012; Kanakidou et al., 2011; Solomou et al., 2018). It is a matter of
fact that in a remote site of Eastern Mediterranean elevated concentrations of peroxyacetyl
nitrate or PAN and ground ozone (indicator of anthropogenic impact on photochemical smog)
were observed, which were associated with precursors that reached the area with aged air-
masses (Rappengliick et al., 2003).

Recent studies have shown that climate change will have a negative impact on the
Mediterranean region in the close future, with increase of the warming (25% higher than the
global rates) and drought, increase of sea’s temperature and the number of heatwaves, and
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decrease of rainfall (Giorgi and Lionello, 2008; Sillmann et al., 2013). This mixture, apart from
the strong negative effect on water, ecosystem, food, health, security and the sustainable
development of the MB in general, will influence greatly the air pollution episodes (Cramer et
al., 2018; Finardi et al., 2018). More specifically, in an exceptionally warm summer in Europe,
characterized as prototype of the air quality in a warmer climate (Vautard et al., 2007), the
increase of the heat in parallel to the decline of rainfall were identified as the driving
parameters for this unique (for that decade) air quality situation. These caused the persistence
of anticyclonic conditions over Mediterranean and the prevailing of stagnant conditions,
leading to a significant increase of heat and pollutants, which are then trapped and re-circulated
in continental-sea circulation systems, increasing the background levels of ozone and SOA.
Moreover, the estimations of the previous studies showed that reduction to the ozone precursors
locally and globally can have an important effect on tropospheric ozone levels and related
episodes (Finardi et al., 2018; Vautard et al., 2007). Lastly, it is worthwhile mentioned that this
summer prototype of the future air quality was the inspiration of a recent scientific initiative in
Mediterranean, the ChArMEX project that we will see in the next paragraph.

For all the above reasons, the understanding and assessment of the air quality in MB has
gathered the scientific interest for decades. Furthermore, scientific initiatives were organised,
whose objectives can be summarised as follows: (1) the monitoring of pollutants for the
observation of their temporal and spatial variability; (2) the influence of meteorology and
dynamics on the observed variability and the transport of pollutants; (3) the source allocation
of the pollutants; (4) the assessment of the influence of the monitored compounds on air
pollution and air quality; and (5) the use of model simulations for the air quality forecasting
and climate change prediction. For these reasons, short- or long-term measurement campaigns
were organised with advanced instrumentation in selected sites of the MB, using field
measurements, aircraft and/or satellites observations.

Some examples of such initiatives are:

e The Mediterranean Campaign of Photochemical Tracers — Transport and Evolution
(MEDCAPHOT-TRACE) organised at Athens (Greece) in 1994-1995 with the
participation of 16 international scientific groups (Ziomas, 1998; Ziomas et al.,
1998).

e The Photochemical Activity and solar Ultraviolet Radiation — PAUR (1996-1998)
and Photochemical Activity and solar Ultraviolet Radiation Modulation Factors-
PAUR 11 (1998-2000) funded by European Union, focused on the photochemistry
of Eastern Mediterranean (Zerefos et al., 2001).

e The Chemistry-Aerosol Mediterranean Experiment (ChArMEX) that was part of
MISTRALS (Mediterranean Integrated Studies At Local And Regional Scales)
international project. In general, it is a search program that aims at the better
understanding of the air quality and tropospheric chemistry in Mediterranean, which
in turn would help for a more efficient estimation of the future impacts on the region.
Furthermore, it has many sub-projects that focus on air quality, regional climate, and
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biogeochemistry, and their future evolution. In this context, advanced methods and
instrumentation are used, combined with field, aircraft and satellite observations.

Nevertheless, the role of VOCs in the current and future air quality of the MB was apparent in
this paragraph, highlighting the need for studies on their ambient levels, variability, driving
parameters and sources. This will increase the robustness of the model estimations and
forecasting, which in turn will facilitate the policy making of air pollution abatement measures.
In the following section the focus is on the Eastern Mediterranean Basin, in which high
concentrations of trace gases and background tropospheric ozone are reported, in combination
to the increasing population and the environmental issues (Cramer et al., 2018; Kanakidou et
al., 2011; Lelieveld et al., 2002; Solomou et al., 2018). In addition, the climate of the region
resembles the predicted conditions of the future air quality in Europe under the warmer climate
scenario, thus it constitutes an interesting area for scientific expertise.

2.3 Eastern Mediterranean Basin

Figure I — 19 presents the Eastern Mediterranean Basin (EMB), including some of the
surrounding megacities and large urban agglomerations such as Istanbul (Turkey), Cairo
(Egypt), Athens (Greece), Beirut (Lebanon) and Tel Aviv (Israel). The cities marked with stars
were chosen based on the availability of research works on air pollutants. Common
characteristic of these urban areas (and other cities that are not marked in the map) is the poor
air quality due to the high concentrations of pollutants that often exceed international and
European standards (Kanakidou et al.,, 2011; Karanasiou and Mihalopoulos, 2013).
Therefore, the report of World Health Organisation for 2014 (WHO, Regional Committee 61,
2014) attributes 400000 premature deaths to Eastern Mediterranean (with a focus on the Middle
East — North Africa part), directly linked to outdoor air pollution. This number is smaller than
the corresponding one for Europe in 2015 specifically (535000 premature deaths attributed to
air pollution; EEA, N° 13/2017, 2017), however, estimates for 2050 showed that premature
immortality for Eastern Mediterranean will be the third highest (723000 deaths) after Western
Pacific and Southeast Asia (2470000 and 2070000 deaths respectively) (Lelieveld et al., 2015).
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Figure I - 19: Urban agglomerations in EMB: 1) Athens, Greece; 2) Istanbul, Turkey; 3)
Izmir, Turkey; 4) Beirut, Lebanon; 5) Tel Aviv, Israel; 6) Cairo, Egypt (photo adjusted from
Google maps).

Furthermore, the deterioration of the local air quality is complemented by the long-range
transport of pollutants between cities and close continentals (Solomou et al., 2018). For
instance, Kanakidou et al., (2011) simulated air mass back-trajectories showing that polluted
masses from Athens and Istanbul have 10 to 30% probability to reach southern areas of EMB,
in contrast to Cairo that is only 1 to 3% (Fig. | — 20). Another example is found in the study of
Kocak et al., (2011), in which model simulations showed that air masses from Istanbul can
travel over Aegean and Greece and even reach Libya and Egypt during summer, whereas
Wagner et al., (2000) have investigated the long-range transport of pollutants from northern
and central EMB cities to Israeli coasts.
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Figure I - 20: Map for the probability of arrival of trajectories starting from (a) Istanbul, (b)
Cairo and (c) Athens. The black points indicate the city of Istanbul, Cairo and Athens
respectively (adjusted from Kanakidou et al., 2011).

Despite the known air quality issues, the “geographic distribution” of the available studies on
air pollutants in the EMB (and especially for urban environments) is uneven, in addition to the
lack of comprehensive analysis. The existing ones are mainly focused on particulate matter
and some indicators (NOx, CO, SOz), while VOC measurements and their apportionment to
sources are even less and, in most cases, not recent or provide limited information. This absence
of information for some regions can be partly justified due to the difficulties in the realization
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of experimental campaigns due to geopolitical issues and constrains, and the closeness of cities
(Sarnat et al., 2010). In the next paragraphs, an overview of the existing studies on VOCs at the
EMB is given:

Egypt: Only one study reports VOC measurements for Egypt, and more specifically for
the Greater Cairo Area (Khoder, 2007). In this work, short-term measurements of VOC
>C5 were conducted in 3 locations (one traffic site, one urban site and one rural site)
indicating higher levels for all sites in comparison with other megacities worldwide (like
Hong Kong in China, Manila in Philippines and Rome in Italy) and EMB cities such as
Athens (Greece) and Beirut (Lebanon) (Rappengliick et al., 1998, 1999; Salameh et al.,
2015). Moreover, information about VOCs for this country cannot be found elsewhere
since there are no national or local VOC emission inventories.

Israel, Palestine & Jordan: For these countries there are not any VOC studies in the
literature. Nonetheless, for Israel, there is one national emission inventory of pollutants
with data until 1998, also reporting estimations for some VOC (Weinroth et al., 2006).
Lebanon: In the literature there are detailed and recent VOC measurements in Beirut
that examine the seasonality of VOC levels and identify their sources and contribution
(Salameh et al., 2014, 2015, 2016). In general, the reported levels are two times higher
compared to other megacities of the North Hemisphere (like Paris in France and Los
Angeles in USA). Furthermore, the main VOC sources are mobile traffic and gasoline
evaporation. Information about VOCs are also provided by a national emission
inventory for anthropogenic and biogenic sources (Waked et al., 2012).

Turkey: As it is already mentioned before, due to the bad air quality of the Turkish
cities, efforts for the documentation of the VOC levels and apportion to their sources
have been made (Kuntasal et al., 2013). Most of the studies were conducted in Izmir,
due to the petroleum refinery, petrochemical industry and commercial port of the city
(Elbir et al., 2007; Muezzinoglu et al., 2001). The general conclusion was that the BTX
levels are higher in comparison to other cities worldwide and the main source is motor
vehicle emissions. On the contrary, very high VOC loads are reported for locations close
to heavily industrialized areas of the region (Cetin et al., 2003; Civan et al., 2015;
Dumanoglu et al., 2014). VOC levels in Ankara are comparable (Lille, France; London,
UK) or lower (Athens, Greece; Hong Kong, China) to other urban centres, with traffic
emissions being the primary source (Kuntasal et al., 2013; Yurdakul et al., 2013). In
Bursa, a recent study (with C, - C12 VOC) revealed VOC concentrations similar or
lower to Ankara for most compounds, originating from various sources apart from
traffic emissions (Yurdakul et al., 2017). For Istanbul only one study exists for VOCs
(Demir et al., 2011). The measurements were conducted to a suburban station, with the
collection of 141 daily samples and additionally, 90 and 51 day and night samples, from
March to May 2011. They found low ambient VOC levels, with the emissions mainly
from industrial activities in the close vicinity. An important drawback for most of the
previous works is that the results are based on very few samples, plus only heavy
VOCs are measured (from 5 carbon atoms and above). As a result, in some cases, like
Istanbul, additional VOC measurements and analysis are needed in order to understand
the air quality better. Data for VOC and their sources can be also obtained from emission
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inventories for various Turkish cities (Alyuz and Alp, 2014; Markakis et al., 2012 and
references therein), although most of them report estimations of TVOC (total VOC
concentrations) or HC (total NMHC concentrations). In particular, emission inventories
with emission estimations for individual VOC are given by Markakis et al., (2012).

e Cyprus: As part of the ChArMEX project, VOC field campaigns were organized at a
background station of Cyprus (Debevec et al., 2017, 2018). The published works
provided information for the VOC variability, their sources (biogenic and
anthropogenic) and their contribution to the formation of new particles. Especially for
the latter, the work of Debevec et al. (2018) is among the few existing ones in the
literature considering the important influence of BVOC to that. Nevertheless, the
influence from continental air masses, which could enhance VOC levels depending on
their origin, was highlighted.

Among the Mediterranean countries, Greece presents an important amount of published works
on the origin and evolution of air pollution episodes and pollutants’ variability. Greek cities
suffer from poor air quality, due to the frequent air pollution episodes related to natural and
anthropogenic emissions of pollutants, the Mediterranean climate and the complex topography
(Kanakidou et al., 2011; Karanasiou and Mihalopoulos, 2013; Diapouli et al., 2017). For these
and other reasons, Athens was chosen for the conduct of the current thesis, which was mainly
funded by the ChArMEX project. Thus, the following section deals with the air quality in city,
with a special attention to the existing VOC studies in Athens.

2.4 Air quality in Athens

Located in the Eastern Mediterranean basin, Athens is the 4™ largest urban agglomeration of
the EMB after Istanbul (Turkey), Cairo and Alexandria (Egypt) (Brinkhoff, 2015), with more
than 4 million population. The Mediterranean climate and its location inside a semi-closed
cycle of mountains with one opening to the sea, favours the development of severe air
pollution episodes such as photochemical smog, winter night smog and dust events (Cvitas et
al., 1985; Fourtziou et al., 2017; Gratsea et al., 2017; Kalabokas et al., 1999; Karanasiou and
Mihalopoulos, 2013; Lalas et al., 1983; Paraskevopoulou et al., 2014; Theodosi et al., 2011).
Apart from the local deterioration of the air quality, it was observed that polluted air masses
originating from Athens transport many kilometres away, affecting greatly other areas in the
Mediterranean basin (Im and Kanakidou, 2012; Kanakidou et al., 2011; Rappengliick et al.,
2003). As a result, this is an ideal location for the air quality assessment and the characterisation
of VOC in the atmosphere.

2.4.1 Athens topography, climate and dynamics

The city of Athens is located in a basin, on the west coast of the Attica peninsula (central south-
east Greece). The basin covers an area of 450 Km? that it is defined by four surrounding
mountains, Parnitha (1400m at N/NW), Penteli (1000m at N/NE), Hymettos (900m at E) and
Egaleo (450m at W) (Fig. | — 21). Except of these mountains, the area is partitioned by smaller
hills like Philopapou, Pnika and Lycabettus. At the south is found the gulf of Saronicos that
connects the city to the sea. The climate of Athens is hot and dry in summer but wet and mild
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in winter, while the prevailing wind circulation develops along the axis of the basin, between
the mountain openings and the sea (Katsoulis, 1996; Ziomas et al., 1995).

e By
S e Parriitha-y) 5\
LIo, /YK “.\.?Ee‘)\ucl{
dar \—))
M(';
‘ATH:”' A\
smi/ /7))

[ PER
ealeo /\1‘1
( _GEO
REN

\ U,V?""?”"«" Mesogia
\ | b Plain

Saronicos Gulf

10 km

Figure I - 21: Typical map of the Greater Athens Area, including the Thriassion and Mesogea
plan, the city center, the Mountains and Saronicos Gulf (adjusted from Kassomenos et al.,
2003).

The complicated topography, in combination to the microscale and mesoscale climatology
affect greatly the air quality of Athens. The presence or not of high- and low-pressure systems,
the weather conditions, the anabatic/katabatic wind flow, the development of local wind cells,
the temperature inversions, wind speed and wind direction, as well as the emission strengths of
sources can influence the development of air pollution episodes.

Although every season presents different meteorological characteristics (i.e. high and low
temperatures/solar radiation respectively, etc), the pollution events are driven from four
common factors: (1) the presence of anticyclonic weather in stable atmospheric conditions;
(2) a swallow surface temperature inversion for many consecutive days; (3) low wind speed;
and (4) increased emissions from the sources.

Starting from the first factor, stationary anticyclonic conditions are usually formed when a high-
pressure system passes over Greece, which produces light winds. This situation favors the
development of a temperature inversion close to the surface (1200m mean value height;
Katsoulis, 1988) in the night as a result of the land nocturnal cooling. The latter, in combination
to other local circulation systems (e.g. katabatic air flows, sea-land breeze) and stable
atmospheric conditions (cloudless skies) causes a stratification of the lower troposphere by air
masses of different origin and photochemical age. These layers inhibit the vertical mixing of
the pollutants, trapping them under the inversion. The nocturnal inversion systems are often
dissolved the first morning hours due to the surface heating by solar radiation, thus having a
minor impact (Katsoulis, 1988a, 1988b, 1996; Lalas et al., 1983). Finally, the surface inversion
systems end when a cold front pass over or strong northerly winds persist, or due to the increase
of the pressure gradient (under specific conditions) (Katsoulis, 1988). Furthermore, the
entrapment is also favored by the height of the planetary boundary layer (PBL) (Gratsea et
al., 2017; Kallos et al., 1993; Lalas et al., 1983 and references therein), which is higher during
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day favoring the better vertical mixing and dilution of pollutants, whereas it is lower during
night, allowing the accumulation of pollutants into the swallower inversion layer. In particular
for Athens, a distinct seasonal and diurnal variability is reported with higher heights in
summer and in daytime, and more specifically (Alexiou et al., 2018): (a) The mean daily PBL
height is 1.8 times higher than the mean night height, taking into account all months, and (b) In
summer, the difference between the mean daily and the mean night PBL height is a factor of 2,
while in winter it is approximately 1.6 To summarize, the PBL height in summer is higher than
winter (for both daytime and nighttime) and also the difference between the daily and night
PBL height in summer is higher than winter.

The previous conditions are applied more in winter than summer. More specifically, summer
air pollution events are usually associated with the local circulation systems that are enhanced
from the weakening of the background synoptic winds. These circulation systems are mainly
the sea/land breeze and anabatic/katabatic flows. The sea/land breeze plays an important role
to the air quality of Athens in summer (occurring almost 50% of the days), since it promotes
strong pollution events (Lalas et al., 1983). Three sea-land breeze cells are identified in Athens.
The strongest one is developing from Saronicos Gulf towards Athens, and the two others from
Thriassion plan (South) and Mesogea (East) towards Athens. An anti-clockwise rotation is
observed for the sea breeze. During night, the land breeze originating from northerly directions,
together with the katabatic air flows, transport the pollutants from the city to the sea, followed
by their recirculation towards the city with the next sea breeze; the latter originates from S/SW
direction with a depth of 400 — 800 m and occurs during day (Katsoulis, 1988a, 1996; Lalas et
al., 1983). As a result, pollutants that were transported from the city over the sea flow back to
Athens, where they are trapped into the mountainous barrier resulting in their accumulation.
In addition, since solar radiation in summer is strong, the pollutants can be chemically
transformed during their transportation, while they contribute to the formation of ground ozone
(photochemical smog) (Katsoulis, 1996). Finally, clean tropospheric atmosphere is observed
when strong northerly winds persist (in summer are named “Etesians”) that ventilate the basin
(Katsoulis, 1988a, 1988b, 1996; Lalas et al., 1983)

2.4.2 Air pollution measurements in Athens

Due to the frequent exceedance of ozone and particulate matter (PM) levels that characterize
air pollution events in Athens, the first studies assessing air quality were published over 40
years ago and they were dedicated to the examination and description of the microscale,
mesoscale and synoptic climate conditions that influence the formation of these pollution
episodes (Kallos et al., 1993; Katsoulis, 1996; Klemm et al., 1998; Lalas et al., 1983; Ziomas
etal., 1995). Except of tropospheric ozone and aerosols, among the studied pollutants in Athens
are found black carbon (BC), carbon monoxide (CO), nitrogen oxides (NO, NO2z, NOx),
peroxyacyl nitrates (PAN), volatile organic compounds (VOC) and other (Diapouli et al.,
2017a, 2017b; Eleftheriadis et al., 1998; Glavas and Moschonas, 2001; Gratsea et al., 2017;
Grivas et al., 2004, 2012; Kalabokas et al., 1999; Kaltsonoudis et al., 2016; Karanasiou and
Mihalopoulos, 2013; Paraskevopoulou et al., 2014, 2015; Petrakis et al., 2003; Rappengliick et
al., 1998; Stavroulas et al., 2019; Theodosi et al., 2011, 2018; Vasilakos et al., 2007 and
references therein).
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Since the primary concern of the past years was photochemical smog (Oz), and in studies it was
shown that ozone levels could increase following the increase of its precursors, many
campaigns were organized in Athens targeting NOx and VOC (later in the section). Although
NOx levels are reported since 1981 (Lalas et al., 1983), it was not before 1993 that the first
short-term VOC measurements in Athens were conducted, followed by other studies mainly
in the 90s (Bakeas and Siskos, 2002; Giakoumi et al., 2009; Kourtidis et al., 1999; Moschonas
et al., 2001; Moschonas and Glavas, 1996; Pateraki et al., 2008; Rappengliick et al., 1998,
1999). The majority of these works report the ambient levels of VOC, their temporal evolution
and the effect of various parameters, as well as their contribution to ozone formation. However,
as it will be shown in the next section, their complete seasonal variation was never examined,
nor they were allocated in sources. Nevertheless, the evolution of tropospheric ozone in the
ambient air of the city is always under investigation due to the frequent exceedances that still
occur (State of the Environment Report - SOER 2018, http://ekpaa.ypeka.gr/index.php/soer-
2018)

Finally, the observations and conclusions that derive from the air pollution measurements in
Athens, are summarized as follows:

1. From the past until today, the levels of pollutants decrease. Kalabokas et al. (1999)
presented multi-year trends (11 years of measurements) of CO, NOx and SO in various
stations in Athens, reporting the important decrease of their levels after 1990 as a result of
the pollution abatement actions, like the old car replacement program, the introduction of
catalytic systems at the vehicles exhausts, the circulation rearrangements at the city centre,
the metro line extension etc (Kalabokas et al., 1999; Katsoulis et al., 1996). SO was reduced
already from 1977 due to the prohibition of heavy oil for residential heating and the
reduction of the sulphur content in diesel oil. The decrease continued the following years
and it is observed also in recent studies; however, after 2009, the decrease of the
concentrations can be attributed also to the economic recession in Greece, which lead firstly
to the increase of the price of all types of fuels and consequently brought a decrease of
traffic emissions, and secondly, to the cessation of industrial activities (~30% for Athens)
(Gratsea et al., 2017; Karanasiou and Mihalopoulos, 2013; Paraskevopoulou et al., 2015;
Theodosi et al., 2011, 2018; Vrekoussis et al., 2013). For example, Vrekoussis et al. (2013)
showed an accelerated decrease of NO, and SO, for the period 2008 — 2011 by 7.5 and 3.5
times respectively, due to the aforementioned recession. Nevertheless, the decrease of
pollutants since 1988 is illustrated in Figure I — 22 for CO, NO, and NOg, although
differences related to the acquisition of the data are not considered.
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Figure I - 22: Annual mean values of CO, NO and NO; for Athens for the years 1988 —
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1995 (Patission station, green bar; adjusted from Kalabokas et al., 1999), 2004 and 2012 (blue
bars; adjusted from Vrekoussis et al., 2013 for Athens).

2. Pollutants’ levels often exceed European limits. Lalas et al., (1982) report hourly levels of
surface ozone more than 147 ug m™ every day for summer of 1980, which is close to the
value of 160 pg m™ (maximum value: 220 pg m™) in Katsoulis (1996) for the years 1984
—1993. Even today that the pollutants’ levels decrease, the ozone and PM concentrations
often exceed the European legislation limits (120 and 50 pug m™ respectively), as it is
depicted in Figure | - 23 from the current State of the Environment for background stations
participating at the national monitoring network (SOoER 2018,
http://ekpaa.ypeka.gr/index.php/soer-2018). This is also corroborated by the most recent
European air quality report (EEA Report, N° 12/2018). In the same context, Theodosi et al.
(2011) and Grivas et al. (2012) present PM10 values higher that the European legislated
annual average and the 24h value. Moreover, Petrakis et al. (2003) report a 4-month average
concentration of benzene of 10 pg m™ for summer 2000, which was two times higher than
the European annual target and also it was expected to increase greatly in winter.
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Figure I - 23: Median, interquartile range and min-max values for the 93.2 percentile of
maximum daily 8-h mean O3 concentration values (upper graph), and median and min-max
values for the 90.4 percentile of daily mean PM10 values (lower graph). Adapted from the

SoER, 2018.

3. Low wind speed and the PBL height favour the accumulation of pollutants. Katsoulis
(1996) examined the effect of microscale conditions to pollutant levels, showing that wind
speed is the main factor controlling the observed variability, while the effect of sources is
apparent for specific classification of the data. This is pointed out also in other studies (i.e.
Fourtziou et al., 2017; Gratsea et al., 2017).
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4. Higher levels are observed in winter compared to summer, except from the levels of ground
ozone. This trend is shown for CO, NOx, NO, PM1o and PM2s in many studies (i.e.Gratsea
et al., 2017; Katsoulis, 1996; Paraskevopoulou et al., 2015) and it is attributed to stronger
emissions from sources during winter, as well as the favourable meteorological conditions.
Moreover, it is worth mentioned that Gratsea et al. (2017) report increased levels of CO
during winter night pollution events (Fig. | - 24) that are reaching the levels of 2000, in
contrast to the morning concentrations that continue to decrease. These are associated to the
increased wood burning for residential heating (Athanasopoulou et al., 2017), since the
increase of the oil price made citizens to choose wood stoves and fireplaces as means for
heating due to the smaller price of wood logs. This is observed in other cities of Greece as
well (Dimitriou and Kassomenos, 2018; Saffari et al., 2013) and for other compounds like
EC (Theodosi et al., 2018). In addition, Stavroulas et al. (2019) showed that organics are
the largest fraction of aerosols in both winter and summer, with 50% of their winter levels
originating from domestic heating emissions. Finally, Kaltsonoudis et al. (2016) report a
decrease of the winter mean concentrations of VOCs from 11 — 34% if winter smog events
are excluded from the dataset, highlighting the important contribution of this source.
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Figure I - 24: Mean integrals of the morning and evening CO peaks for summer (top panels)
and winter months (bottom panels) calculated for five monitoring stations in Athens. The time
scale is different for summer and winter. The dark grey curve corresponds to the mean value
of all five stations and the grey shaded area represents the standard deviation (1o). In the
internal panels the mean value is reproduced in different scale to highlight the existing trend
over time (Adapted from Gratsea et al., 2017).

6. Traffic, industrial and domestic heating emissions are the main pollutant sources in
Athens. In the past, industrial emissions accounted for the 2/3 of SO and all particulate
emissions, while traffic emissions for the 3/4 of NOx and almost all CO (Kalabokas et al.,
1999). However, due to the implementation of air pollution abatement measures, as well as
the industrial activity recline, emissions related to traffic and residential heating are the two
main sources of pollutants in Athens (Fourtziou et al., 2017; Gratsea et al., 2017;
Kaltsonoudis et al., 2016; Theodosi et al., 2018).
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From the previous overview are missing the VOC studies in Athens. Since these are the
compounds of interest in the current thesis, the next section presents in chronological order the
scientific initiatives and studies on VOC, to better understand the evolution of their objectives
and perspectives.

2.4.3 Overview of VOC measurements in Athens

1991 - 2000

Moschonas and Glavas, (1996) were the first team to measure and report VOC levels in Athens.
Their experiments were conducted in the city center, giving the levels of 57 C3 — C10 VOC
from five sampling periods in summer 1993 and spring 1994 (sampling only during morning),
providing also some insights on their potential sources. A few months later, the first quasi-
continuous measurements of 46 C4 — C12 VOC with the means of a GC — FID analyzer were
performed under the frame of MECAPHOT-TRACE for one month in September 1994
(Rappengliick et al., 1998) in a traffic and a suburban station. Except of investigating VOCs
impact on the photochemical smog evolution episodes, they also examined the factors affecting
the observed temporal variability, including some discussion for the potential sources. A
continuation of this project followed from October 1995 to September 1996, with the off-line
sampling of 15 VOC:s to three different stations inside Athens (Bakeas and Siskos, 2002). Since
the purpose of this campaign was to evaluate the photochemical pollution, the sampling
frequency varied from one hourly sample per day to one sample per week depending on the
station, resulting in approximately 300 samples. Under the frame of PAUR, Rappengliick et al.
(1999) implemented a second VOC campaign in Athens to a rural station in summer 1996, for
a period of 15 days. They provided the levels and temporal variability of 49 compounds, from
which 13 species are considered of biogenic origin; these are the first reported concentrations
of this group of VOC. Moschonas et al. (2001) performed a one-day sampling campaign in June
1997, determining the noon concentrations of 29 NMHCs in the center of Athens and estimating
their emission rates. Finally, 4-month time-resolved summer concentrations of benzene, toluene
and xylenes (BTX), measured by a DOAS system in a semi-urban station close to the city-
center, are reported by Petrakis et al. (2003) for 2000.

2001 - 2010

From 2001 and after, only two VOC studies were conducted in Athens, both monitoring only
benzene, toluene and xylenes (BTX). First, Giakoumi et al. (2009) conducted BTX off-line
measurements in 2004 at two locations in Athens (a traffic and a suburban station), which
comprised from three sampling campaigns over a period of eight months (warm seasons),
examining the temporal variability of the species in function of specific meteorological
conditions (i. e. during sea-breeze). Afterwards, Pateraki et al. (2008) also determined the BTX
levels in an urban and a suburban station (the latter was the same as in Giakoumi et al., 2009),
with the implementation of two off-line sampling campaigns in winter and summer 2005.

2011 - Today

60



It was not before 2012 that a new VOC campaign was implemented in Athens: Kaltsonoudis et
al. (2016) conducted two intensive campaigns in summer 2012 and winter 2013 at a suburban
and an urban background station respectively, by the means of a Proton Transfer Reaction —
Mass Spectrometry (PTR-MS). Their examination showed firstly an important decrease to the
VOC ambient levels, and secondly, the effect of smog episodes on the concentrations in winter
months. Similar observations for this trend are also reported by Psiloglou et al. (2017), which
compared benzene and toluene levels from 2014 — 2015 to previous values from 2009, both
monitored by a DOAS system in a suburban station. Furthermore, Kaltsonoudis et al. (2016)
made a first attempt for the source allocation of the measured VOCs, however, the limited
VOC suite did not allow a more source-specific VOC identification.

Emission inventories for Athens

A small number of emission inventories exist in the literature for Athens and Greece (i.e.
Bossioli et al., 2002; Dimitropoulou et al., 2018; Fameli and Assimakopoulos, 2015, 2016;
Kourtidis et al., 1999; Markakis et al., 2010), with some of them being traffic emission
inventories (Fameli and Assimakopoulos, 2015; Kourtidis et al., 1999). Recently, a new
emission inventory for BVOC emissions over Greece was published (3 groups: isoprene,
monoterpenes and OVOC) covering the year of 2016 (Dimitropoulou et al., 2018). However, it
is important to mention that only one emission inventory appears to include or have been
validated or constrained by actual VOC measurements (Kourtidis et al., 1999). Finally, the lack
of national and official emission inventories was also indicated in the latest National Emission
Ceilings Directive from the European Environmental Agency (NEC; Directive 2016/2284)

As a summary, in this section it is apparent that the seasonal variability of VOCs on an annual
basis was never reported for Athens, whereas the information for light NMHCs are limited or
completely absent (like for C2 NMHCs). Additionally, the available reported studies on VOC
date back almost twenty years, with the exception of Kaltsonoudis et al. (2016). The latter, in
combination to the limited information for their current sources and their intensity highlight the
scientific gap for these compounds in Athens, which is crucial considering the continuous
exceedances of their secondary pollutants (O3 and SOA).

3. Objectives and Strateqy of the PhD Thesis

In the previous sections, the need for the continuation of the assessment of the air quality in
Mediterranean basin and especially in the EMB and its urban centres, was highlighted,
ultimately for the better understanding of the future air quality in Europe. More specifically,
research works focused on VOCs and their sources are of great importance since they are
important precursors of ground ozone and SOA, with demonstrated impact on climate change.
In particular, it is worthwhile mentioned that the predicted future ground ozone levels appear
sensitive to precursor emissions. Thus, the obtained information on VOCs from field
measurements serve many purposes in local to global scale:
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f)

9)

They provide insights for the variability of VOC, their implication in local and regional
atmospheric chemistry and burden, their interactions, the influence from atmospheric
dynamics and their origin

In urban environments, the mixture of sources and pollutants is complex, thus VOC field
measurements assist the determination of the contribution of all significant sources

The combination of VOC datasets with other pollutants can help the better understanding
of the formation processes of secondary compounds and the chemical reactions
Especially in Athens, the characterization of the VOC variability is important since it is
currently limited (or completely absent in some cases). This will assist the assessment of
air quality and the better understanding of O3 exceedances and SOA levels, as well as the
impact of VOC on air quality during winter smog events

In national scale, the policy makers can establish more targeted air pollution abatement
measures on the pollutants in question and their secondary products (O3 and SOA) by
knowing their levels and sources

In European and global scale, the observations from the VOC field measurements could
constrain existing emission inventories or future model simulations, increasing the
accuracy of model predictions. This in turn could help policy makers to plan and implement
better adapted strategies for the improvement of the air quality, based on real-life
conditions (Abbass et al., 2017)

At the end, all these previous purposes aim at the protection of human health, of the
environment and ecosystem that is achieved by the sustainable development, which in
turn is linked to the efficiency of the previously mentioned air quality improvement
strategies.

Therefore, all the aforementioned needs and future perspectives, as well as the choice of Athens
for VOC measurements in the EMB, set the framework of the current PhD thesis, based on the
two big questions originating from the scientific gap:

What are the VOC levels in Athens, and which are the factors controlling their
variability?

What are the main sources and their relative contribution on VOC levels?

In a summary, the objectives are:

1. The investigation of the temporal variation of VOC concentrations in Athens (Greece)
by conducting high resolution measurements.

2. The comparison of VOC levels in Athens with other Mediterranean cities, for the
better understanding or the current air quality and the factors affecting it.

3. The identification and quantification of VOC sources.

The establishment of sources’ fingerprints with field measurements.

5. The comparison of the results to estimations of emission inventories.

e
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Accordingly, the strategy can be summarized as follows and includes:

v C2 - C12 VOCs continuous measurements in Athens (Greece) from 15 October 2015
to 28 February 2017, at an urban background station. A high temporal resolution
is ensured by a cycle analysis of 30min.

v 3intensive campaigns (winter, summer and traffic station) with additional sampling
methods and different instrumentation of analysis (canisters, charcoal and DNPH
cartridges) that allow the examination of the seasonality of more VOC species and the
specification of the various sources’ emission profiles.

v Collection of samples close to sources with off-line sampling methods, for the
detection of more VOC species.

v" PMF source apportionment, for the identification and quantification of VOC sources.

v' Comparison of the results with similar works for other Mediterranean cities.

Following the presentation of the theoretical background and the establishment of the state of
the art that concluded with the objectives and the strategy of the current thesis (Chapter 1), the
outline of the next chapters is the following: a) Chapter 2 explains in detail the experimental
set-up for the implementation of the Athens VOC campaign, the different campaigns, the data
treatment and validation of the results; b) Chapter 3 presents the 1% publication of results from
the campaign, aiming to gain a first insight of the VOC variability in winter, which was never
examined, and the main VOC sources; c) Chapter 4 focuses on the characterization of the
variability of VOCs from all the datasets of the campaign and the investigation of its driving
parameters; d) Chapter 5 focuses on the variability of monoterpenes and isoprene and their
origin; e) In Chapter 6 the analysis of the observations via the source apportionment of VOCs
using the PMF method is presented. The results are then compared to similar works in other
cities (Paris and Beirut), as well as to preliminary results from a PMF simulation on the
additional VOC dataset from the Athens campaign; and f) The dissertation ends by the
Conclusions and Perspectives section, where a summary of the observations and results of the
PhD thesis will be presented, followed by the new scientific questions and the future
perspectives.

63



64



CHAPTER 2 — Materials and Methods

65



TABLE OF CONTENTS FOR CHAPTER 2

1. EXPErimMeNntal SEFAEOY .. .covveieiieiieie ettt nneas 67

1.1 Main and iNtenSivVe CAMPAIGNS .. ....civertireeieierieriesie st siesteereseeeeseesee e ste e ssesseeseeeenees 70

1.2 Tunnel and PatiSSiON CAMPAIGN ......ccveivieieiieriieieseesieesie e sreesee s e see e e essesneesnees 71

2. Instrumentation for VOC MEaSUIEMENTS ........cocverueririeeriesie e sieeee e siesee e see e enes 73

2.1 NMHC Analyzers: Automatic GC—FIDS..........ccccoiriiririiiiieieienie e 73
2.1-1GC—FID C2 — C6: Nafion dryer contribution on the sample drying process

AN PEITIEN SYSTEBIM ...ttt st reene e 79

2.2 Quality control and POSt PrOCESSES ....c.veiverrveeierrersieeiesreesieesieeseesteesteseesreessesneesseessens 80

2.2.1 Calibration of the analyzers and control charts..........cccccooeieiienin i, 80

2.2.2 Post process of the Chromatograms..........cooveiverieiieneere e e 82

2.2.3 Limit Of Detection (LOD) ....cccueieeieiieiieiesiesieesie et ee st sneesreesne e sneenne e 84

2.2.4 Uncertainty of the CONCENTIALION ........ccveieiieiieie e 85

2.3 Off — line VOC MEASUIEIMENTS........ccveiiiiriierieiieieie st sie st sie s es e see et sresre e ssesseenees 87

2.3.1 Sampling and analysis of VOC in Charcoal cartridges.........cccecvvververrnreeseennnnn. 88

2.3.1 — 1 Laboratory analysis of charcoal Cartridges.......cccccuveriveresieriveresrieseeneenns 89

2.3.2 Off-line sSampling IN CANISIELS .....c.veieeiiieieeiesieeie e e nee e 92

2.4 Inter-comparison of sSampling MEthodS. ........covriririiiiirieeee s 93

2.4.1 Inter—comparison of the results of the winter IOP 2016.......ccccccoevverieeeeieennnnn. 93

2.4.2 Inter—comparison of the results of the summer IOP 2016 ..........ccccocvevveirreennenn. 94

2.4.3 Inter—comparison of the results of the Traffic Near Source Campaign 2017 ...... 94

2.5 Robustness of MoNoterpene reSUILS.........cccoviiiiiiiiie e 95

2.6 ANCIHIAry MEASUIEIMENTS .....cveieeivieieeieesieeie e siee e ee e e e e reesteenee e e sseeneesneesreeneennes 96

2.7 CONCIUSIONS ...vvevieeie ettt ettt st b et e st et e et ebeabeaneeneene e e s 97

66



The current chapter describes the experimental strategy that was deployed for the field
campaign in Athens, in order to obtain high-resolution VOCs measurements and further
determine the chemical profiles of the individual emission sources. The 1% part of this chapter
provides information relative to the monitoring sites, the compounds of interest and the
equipment utilized, whereas the 2" part focuses on the description of the measurement
methods, the associated quality assurance and the data validation process.

1. Experimental strateqy

The first step for the design of the field campaign is the selection of the sampling site. To serve
our goals (Sect. 3 of Chapter 1), this site should be a receptor of the air pollution from the city,
thus the Thissio Monitoring Station of the National Observatory of Athens was selected (Fig.
Il — 1). The station is operated by the Institute of Environmental Research and Sustainable
Development (IERSD). It is located in the historical center of Athens, on top of a hill (Lofos
Nimfon, NOA, 37.97° N, 23.72° E, 105 m a.s.I and ~50 m above the mean city level),
surrounded by a small park of coniferous trees, a pedestrian zone, a residential area and by the
Filopappou (108 m a.s.l) and Acropolis Hills (150 m a.s.l), which are located 500 m and 800 m
away respectively. Furthermore, this site is characterized as urban background
(Paraskevopoulou et al, 2015; Gratsea et al., 2017), i.e. representative of the air quality over
Athens. In addition, the population around the site is sparse, thus the impact of local emissions
is expected to be weak. Furthermore, Figure Il — 1 illustrates the location of the station on the
top of hill and the building where the equipment was installed.
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and the building hosting the equipment (4" panel).
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The selection of the urban background monitoring station of Thissio in Athens, in combination
with the need for VOC monitoring raised by the issues analyzed in Chapter 1, was the basis of
the experimental protocol that has been applied. The design and implementation of a series of
sampling campaigns targets firstly to monitor a broad variety of VOC and secondly to obtain
high resolution data series. In particular, one major campaign of more than one-year duration
(referred hereafter as Main Observations Campaign — MOP) and two seasonal intensive
campaigns (Intensive Observation Campaigns — IOP) were conducted at the urban background
site. Two short-term additional campaigns close to major VOC sources (Near-source
Campaigns) were also implemented.

Since two of the main objectives of this work are the chemical speciation of specific sources
and the source allocation (Section 3 of Chapter 1), a great variety of compounds was selected
including tracers of possible sources:

e Alkanes Cz — Cg. These compounds are emitted from various sources including traffic
related processes, fuel evaporation, biomass burning (domestic, agricultural or natural),
oil and natural gas exploitation and solvent usage (Abeleira et al., 2017; Dominultti et
al., 2016; Dalsgren et al., 2018; Gilman et al., 2013; Kalabokas et al., 2001; Schauer et
al., 2001 and references therein).

e Alkenes C2 — Cs. These compounds are products of incomplete combustion and thus
associated to traffic emissions (fuel combustion for transportation) or domestic heating
and any other kind of combustion (Gilman et al., 2013; Koppmann, 2008; Salameh et
al., 2014; Schauer et al., 2001)

e Alkynes. Acetylene is the only compound monitored from this group. Like alkenes, it
is also emitted as a product of incomplete combustion (Salameh et al., 2015; Schauer
etal., 2001).

e Aromatic hydrocarbons. Major sources of these compounds are vehicle exhaust, fuel
evaporation and spillage, industrial emissions and solvent usage. Following the
application of the European directives for the reduction of the atmospheric levels of
benzene (maximum content of 1% for benzene in petrol fuels — Directive 98/70/EC),
nowadays it is emitted mainly by wood burning for residential heating than by traffic
(Borbon et al., 2017; Gelencsér et al., 1997).

e Biogenic hydrocarbons (BVOC). Isoprene and terpenes are well-known compounds
of this category. They are mainly emitted from vegetation, although there is evidence
of anthropogenic sources (Geron et al., 2000; Guenther et al., 1995; Hellén et al., 2012;
Liakakou et al., 2007; Rouviere et al., 2006).

e Oxygenated volatile organic compounds (OVOC). Aldehydes, ketones, alcohols and
organic acids belong to this category. They can be emitted from both natural and
anthropogenic sources, whereas they can also be secondarily formed in the atmosphere.
OVOCs are thus considered as key products of the VOC oxidation and could also
contribute on the oxidation capacity of the lower troposphere (Mellouki et al., 2015;
Zhu et al., 2018).

e Intermediate volatile organic compounds (IVOC). C11 — C16 alkanes are of
atmospheric importance, due to their high SOA formation rate (Aumont et al., 2012).
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Traffic, cooking and biomass burning are among their main emission sources (Salameh
etal., 2015, Zhao et al., 2014).

1.1 Main and intensive campaigns

Apart from the wide range of VOC, a sufficient number of high-resolution samples were
acquired in order to accurately deconvolute and apportion the sources. For these reasons, the
“VOC Athens campaign” is composed of one main campaign (MOP) and two seasonal
intensive campaigns (in winter and summer - IOP). The targeted compounds of the MOP are
the C2-C12 NMHCs, using two automatic gas chromatographs equipped with a flame
ionization detector (GC — FID, Chromatotec, Saint Antoine, France). These analyzers collect
and analyze air samples on-line (continuously) under a 30-min sequence. More specifically, the
“airmoVOC C2 — C6” GC — FID was operating from 15" of October 2015 to 28" of February
2017 (18-months) and the “airmoVOC C6 — C12” Chromatrap GC — FID from 1% of February
2016 to 28" of February 2017 (13 months) for the determination of C2 — C6 and C6 — C12
NMHCs respectively.

Additional VOC, including OVOC and IVOC, as well as more alkanes, alkenes and aromatics
were measured during the two short-term-campaigns (IOPs), which were implemented in
winter and summer 2016. The scope of these campaigns was to obtain a more detailed dataset
to be related to the sources. For that purpose, additional measurement methods were deployed.
More specifically, VOCs were monitored by off-line sampling of air in adsorbent tubes that
was followed by their posteriori analysis at the laboratory, whereas a PTR-MS (Proton Mass
Transfer - Mass Spectrometer, lonicon Analytic, Austria) was used for the on-line
measurements of VOC including OVOC. However, the results of the PTR-MS and the OVOC
dataset from the summer 10P will not discussed further in this manuscript, as the instrument
(PTR-MS) and (still on-going) data analysis were under the responsibility of a post-doctoral
researcher, whereas the summer IOP OVOC dataset will be used for their inter-comparison. A
description of the intensive campaigns is given in the following paragraphs.

Table Il — 1 summarizes the period and duration of every sampling campaign during the Athens
VOC experiment, whereas Table Il — 2 presents the technical summary of the campaigns,
including information for the target compounds, the sampling method and the instrumentation
used. In addition, in Table Il — Al of the Annex the target compounds per sampling campaign
are presented. In this point, it is important to mention that the operation of the GC analyzers
and the treatment of MOP, IOPs and near-source campaign datasets were under my sole
responsibility.
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Table Il - 1: Time coverage of the VOC measurement campaigns in Athens. For the MOP
campaigns, the operational period (%) is indicated at the right (considering the maximum

potential)

Athens VOC campaign

2015

2016

2017

10 11 12

123456 78 9 101112

1 2

MOP (C2 - C6 NMHCs)
MOP (C6 - C12 NMHCs)

Near-source campaign 1 (Tunnel)
Near-source campaign 2 (Traffic station)

IOPs

=~ 81%

~93%

Table Il - 2: Summary of the sampling campaigns, the instrumentation and the target

compounds
) ) o Sampling &
Duration | Sampling method | Analysis instrument o Target VOC
analysis time
17 months
MOP (€2 - €8 (16/1072015 On-line samplin GC -FID Continuous, 30 ﬁlllliar;i&l'sa:)lkf:::
NMHCs) - Ping minutes yBe7nzeni '
28/02/2017)
13 months
MOP (C6 - C12 (20/01/2016 On-line samolin GC -FID Continuous, 30| Alkanes, Aromatics,
NMHCs) - Piing minutes Monoterpenes
28/02/2017)
14 days . .
Off-line sampling . Alkanes, Alkenes,
winter jop | (28/01/2016 with Charcoal Ge _FID. (analysis in 3hours  |aromatics, OVOC, IVOC,
y cartridges Douai, France) monoterpenes
10/02/2016) g P
20 days . .
Off-line sampling . Alkanes, Alkenes,
Summer IOP (02/09/2016 with Charcoal & GC[;FID_ ('zinalySI)s In 3 hours aromatics, OVOC, IVOC,
- . ouai, France
' monoterpenes
23/02/2016) DNPH cartridges p

1.2 Tunnel and Patission campaign

To obtain the VOC chemical fingerprint of emissions related to traffic, two short-term near
sources campaigns were organized; the first in a tunnel on the Athenian peripheral and the
second in a traffic monitoring station (Patission Station) close to the city centre. The tunnel is
located approximately 10 Km northward of the Thissio station, whereas Patission station is 3
Km away in the same direction (Fig. 11 - 2).
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Figure 11 - 2: (left) The location of Thissio (urban background) and Patission (traffic)
monitoring stations as well as the tunnel for the VOC tunnel campaign; (right) Zoom on
Thissio and Patission stations to better depict their position on the city plane. (The map and
city plane are adapted from Google Maps).

Google Earth

For the first campaign a tunnel on the peripheral highway of Athens (namely Attiki Odos) of
200 m length and 3 lanes per direction was chosen, with no specific restrictions for heavy duty
vehicles. The off-line measurements took place on 12 May 2016 from 12:00 LT to 12:45 LT
(LT = UTC+2) at the middle of the tunnel, to limit the influence of ambient air from outside.
Figure Il — 3 presents the instrumental set-up deployed in the tunnel.

o,

Figure 11 - 3: Experimental set-up in the tunnel during the VOC tunnel campaign of Athens
in May 2016.

For the second campaign, the Patission monitoring station of the Air Quality agency of Athens,
located at the homonym street canyon in downtown Athens (37.99°N, 23.73°E), was selected.
This canyon-street is an ideal site for the investigation of the Athenian traffic fingerprint, since
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it is characterized by increased flux of vehicles with frequent traffic jams (Figure 11 —4). The
VOC measurements were conducted from 22 to 24 February 2017 with off-line sampling on
canisters and cartridges, while the sampling line was placed on the 5" floor of the building.

Patission - Traffic

et .
Figure 11 - 4: Location of Patission Traff

ic station.

In Table Il — 3 technical information of the two campaigns, including the target compounds,
the sampling method and the instrumentation used is summarized.

Table Il - 3: Summary of the sampling campaigns, the instrumentation and the target

compounds

Near-source

Off-line sampling

Analysis: GC- FID at

3 - 10 minutes, 9

; . lday |(Canisters, Charcoal(Thissio for canisters & GC .
campaign 1: '
PAIIN =1 (1255/2016)| & DNPH  |-FID at Douai (France) for| ATPIes (3 canisters, 4
Tunnel sampling cartridges) the cartridges charcoal, 2 DNPH)
Near-source i i
) 3 days Off-line sampling | Analysis: GC- FID at 12;2';‘::)6; ﬁ?ﬂstgrs)
campaign 2: | (5/02/2017 |(Canisters, Charcoal[Thissio for canisters & GC cartridges (14 canisters
Patission Traffic — & DNPH -FID at Douai (France) for g .
24/02/2017 id h id & 54 cartridges (27 of
station ) cartridges) the cartridges each)

Targeted VOC:
alkanes, alkenes,
aromatics,
monoterpenes,
isoprene, OVOC,
IVOC

2. Instrumentation for VOC measurements

2.1 NMHC Analyzers: Automatic GC-FIDs

For the measurement of NMHCs with 2 to 12 carbon atoms (C2-C6), two compact automatic
gas chromatographs equipped with a flame ionization detector (FID) (airmoVOC C2 - C6 and
airmoVOC C6 — C12, Chromatotec, Saint Antoine, France) were installed at the Thissio
station. The sampling system of these analyzers is automatic, meaning that air samples are
collected and analyzed on-line, based on the settings provided by its operating software, without
manual injection by the user. The analysis cycle includes 4 steps, which are repeated every 30
minutes: (1) The sampling and preconcentration of the NMHCs ; (2) The injection of the sample
to the chromatographic column; (3) The chromatographic separation of the compounds by the
column; and (4) The detection of the compounds. At the end of the analysis, the software
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generates a chromatogram for each sample, which is processed later on by the user for the
extraction of the final data. These steps have different order and duration for every analyzer,
thus in Figure Il — 5 the sampling and analysis program of every analyzer is presented.

Method for AirmoVOC C2 - C6
a)
Sampling 600 sec
Desorption 240 sec
Injection

Acquisition L1 895 sec

L
Oven L - 1 -
36°C 38°C 15°C/min 202°C 15°C/min 36°

10s

b) Method for AirmoVOC C6 - C12

Sampling 1350 sec

Desorption | 115 sec
Injection H s

Acquisition 1140 sec

- I I -
36°C  38°C 50°C 80°C 15°C/min 200°C 36°C

Oven

Figure 11 - 5: Sampling and analysis program of the a) airmoVOC C2 — C6 and b) airmoVOC
C6 — C12 for the Athens MOP.

Furthermore, Figure Il — 6 presents the general scheme of the two GCs with all the different
mechanical parts that are involved in the sampling and analysis of the air samples. The green
(Fig. Il — 6a) and blue (Fig. Il — 6b) lines indicate the air flow after the introduction of the
sample to the GCs, whereas the red lines correspond to the air flow after the desorption of the
compounds from the trap.

airmoVOC C2-C6 / cal
Valve air H2 Air
H D Q Flow regulator
Piezo
valve (H2) ®
|

Solencid valve
stop carrier gas 2 Restriction )(

(valve 3) column in an

oven
R&m'i:ﬁnn)(
[o e ] — |
»Slgnal treatment
Head column @ [ ]sample in
pressure measire 3 Event
@—Q\(L |ﬁ| *( %
........... : Relay 7 l_l A

Solencid valve  Pneumatic ® Permeation oven

(valve 8) valve I

. Sample OUT
Resticton ) Peltier cooling | Gritical orifice (sampling pump)
50u
Purge 15 ml/min | D
I— Filter
53532” Pneumatic | Pneumatic | Pneumatic <OtE SCHEMA DE PRINCIPE airmoVOC C2-C6 / CAL
scheme |valve position|valve position) CFROMATOLEC airmo -
{valve 6)
o R Injectian .
= [ [ 35241 SAINT ANTONE SPRIAIR/00013 001  ps/oos201g
1 Sampling e
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| 2 g

Figure Il - 6: General scheme of the a) AirmoVOC C2 — C6 and b) AirmoVOC C6 — C12 for
the sampling and analysis of ambient air (Copyright: CHROMATO-SUD, 2004, France).

Starting from the operational parameters, 2 types of gases are needed for the performance of
the instruments: 1) Hydrogen ( > 99,999% of purity) as carrier gas and as carburant for the FID
detector and 2) Zero-air — VOCs free ( > 99,999% of purity) as a fuel for the FID detector.
AirmoVOC C2 — C6 uses in addition nitrogen (of purity > 99,99%) for the sample drying
system and the operation of the pneumatic valve, with a gas flow of 80 ml m at the start of the
campaign and around 200 ml m™* at the end of the campaign. The change of the flow of nitrogen
was required in order to increase the drying efficiency of the sample, which was the origin of
analytical issues that will be described in the next paragraphs (Sect. 2.2.1). Nevertheless, the
change of nitrogen did not affect the identification of the compounds, as it is verified by the
calibration samples (Sect. 2.2.1, Figure Il — 8).

Ambient air is introduced at ambient pressure by means of an external pump via a 6-m stainless-
steel line of 0.315 cm diameter. The flowrate was measured at 19 ml min™ and 45 ml min for
the GC C2 — C6 and C6- C12 respectively, giving a residence time of less than 150 seconds.
The sampling time for this campaign was set at 22.5 minutes for the GC C6 — C12 and for the
GC C2 - C6 at 10 minutes from 16/10/2015 to 15/07/2016 and was set down to 6 minutes for
March 2016 and from 16/07/2016 to 28/02/2017. The decrease of the sampling time was
imposed by the higher concentrations often encountered in winter 2016, especially for butanes
and pentanes. A porous filter of 4 pm size was placed at the sampling inlets of both instruments
(placed next to each other on the same height) to avoid any particles that can damage the
instrument or hinder the analysis of the targeted compounds. At the end of the line the air sample
is carried inside the instrument towards a trap, to pre-concentrate the VOCs before their
injection to the separation column. However, this procedure and the rest of the analysis method
is different for the two analyzers thus the main points will be summarized as follows:
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Preconcentration of the NMHCs before the injection:

AirmoVOC C2 - C6

1) A Nafion dryer is placed before the trap to reduce the water content of the sample.
The operation of this dryer is explained in the next paragraph (Sect. 2.1 — 1).

2) The dried sample is then carried towards a trap cooled at -8°C with a Peltier system,
to pre-concentrate the VOCs before their injection to the separation column. The latter
step is important because C2 — C6 NMHC:s are very volatile (boiling point < 30°C), thus
their trapping is favored by the cold environment that is created by the Peltier system
(temperature set to -8°C).

3) The pre-concentration tube is 8-cm long and of 2.25 mm diameter. It is filled with 3
different types of absorbents that are separated by a metallic net: Carboxen 1000 (carbon
molecular sieve 50 mg) for the C2 — C4 NMHCs, Carbopack B (black graphitized
carbon, 10 mg) for the C4 — C6 NMHCs, and Carbotrap C (black graphitized carbon,
10 mg) for the heavier NMHCs. When the sample enters the trap, it interacts firstly with
Carbopack, then with Carbotrap and lastly with Carboxen, while the temperature of the
system is kept stable at -8°C.

AirmoVOC C6 - C12

1) The sample is introduced directly to the pre-concentration trap (8-cm long, 2.25 mm
diameter). There is not a Nafion dryer, nor a Peltier cooling system, thus nitrogen
gas is not needed in this analyzer.

2) The pre-concentration trap is operating in ambient air temperature.

3) The absorbent of the trap is the Carbopack C (black graphitized carbon) (10mg), for
the entrapment of NMHCs with more than 5 carbon atoms.

Desorption of the sample and injection:

In both instruments, the trapping of NMHCs follows a rapid thermo-desorption, which is
achieved by the increase of the trap temperature in a few seconds. Then, the NMHCs are
instantaneously reversely flashed from the trap into the column in order to reduce the possible
retention of the heavier compounds from the absorbents. The characteristics of every analyzer
for this phase are presented below:

AirmoVOC C2 - C6

1) The rapid thermo-desorption is achieved by increasing the trap temperature to 220°C
and the whole procedure lasts 4 minutes (Figure Il —5a).

2) The NMHCs are flashed from the trap crossing firstly the Carboxen material, in
order to reduce the possible retention of the heavier compounds from the absorbents.

3) The injection of the sample to the analytical column is 10 s.
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AirmoVOC C6 - C12

1) Forthe thermo-desorption the trap temperature increases to 380°C and the procedure
lasts 2 minutes.
2) The injection of the sample to the analytical column is 10 s.

Chromatographic separation:

In this stage, the compounds are separated based on their molecular mass and their interactions
with the stationary phase of the column. The elution is assisted by a column temperature
program. Both the column and the program are different for the two GCs, as listed below:

AirmoVOC C2 - C6

1) A capillary analytical column (Al203/Na>SO4) with a length of 25m long and a
diameter of 0.53 mm is used.

2) The column temperature program that is followed is presented in Figure Il —5a; in
asummary, it starts at 36°C for two minutes, then going up to 38°C in 60 s, followed
by a gradual increase to 202°C (rate: 15°C/min) until one minute before the
acquisition. The temperature remains steady and starts decreasing to 36°C (rate:
15°C/min) 5 minutes before the end of the acquisition.

AirmoVOC C6 - C12

1) The capillary analytical column is a metal MTX30CE (30 m x 0.28 mm diameter
and 1 mm film thickness).

2) The temperature gradient of the oven is depicted in Figure Il — 5b. The starting
temperature of the oven is set at 36°C. 30 seconds after the start of the desorption
increases up to 38°C in 60 s, followed by a gradual increase to 50°C (rate: 2°C/min)
for 6 minutes, then it reaches 80°C in 3 minutes (rate: 10°C/min) and 200°C in 8
minutes. Then, the temperature remains stable for 3 minutes, followed by a gradual
decrease to 36°C (rate: 15°C/min) until the next cycle of analysis.

At the end of the column, the eluted compounds successively reach the FID detector. The
hydrocarbons are burnt and decomposed from the high temperature (170°C), producing ions.
The latter are collected on a metal electrode connected to a high DC voltage. This creates an
electric current that is proportional to the mass of the VOC arriving to the detector. The electric
signal is then digitalized and transferred to the central processing unit (CPU) of the GC
computer. All the parameters generated by the acquisition of the sample (data, chromatograms,
etc) are then transferred through a RS — 232 portal to the software VistaCHROM allowing the
plot and process of chromatograms.

In Table Il — 4 the operational parameters of the two analyzers are summarized.
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Table Il - 4: Operation parameters of the airmoVOC C2 — C6 and airmoVOC C6 — C12.

cycle

Unit C2-C6 C6-C12
Carrier gas flow (H2) ml min-! 7-8 3-4
FID H: flow ml min-! 23 (2 Bar) 27 (2 Bar)
FID Zero air flow ml min-! 180 (3 Bar) 180 (3 Bar)
Nz flow (Nafion & valve) | ml min? ;?) (53( : erl;n::tw?:\;ir:]uk;i;é%lg -
Room temperature °C +10 - +35 +10 - +35
FID temperature °C 170 170
Sampling time (ambient min 10 0r 6 225
air & calibration)
Analysis time of every min 30 30
cycle
Trap temperature °C -8°C (Peltier effect) Ambient temperature
mperatoreof e rap | 220 380
Thermo - desorption time min 4 2
Injection time sec 10 10
Oven program °C 38 — 202 — 36 38 — 50 — 80 — 200 — 36
FID temperature °C 170 170
Analysis time of every min 30 30
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2.1-1GC - FID C2 - C6: Nafion dryer contribution on the sample drying process
and Peltier system

The necessity of the drying lies on the absorbents that are used for the pre-concentration of the
sample that are sensitive to humidity (Ras et al., 2009).

The Nafion dryer is a semi-permeable membrane tube. More specifically, it is consisted from
two tubes made from the material nafion, which are one inside the other. The chemical structure
of nafion is depicted in Fig. Il — 7; in general, it is an tetrafluoroethylene-perfluoro-3,6-dioxa-
4-methyl-7-octenesulfonic acid copolymer or simply a Teflon polymer with branches that
ending in the sulfonic group of —SO3zH. The acidic properties of this group grant the material
the ability to remove the humidity from a sample by retain water.

/—\ iWal feed inlet
6F= Sulfonic Acid Group

Wet purge
| gas outlet

|

CF; Side chain o

| |
TEFLON™ Backbone CF—0—CFr—CF—0—CF—CFr—

| |

CFz CF3y

|
CFz

=0 -—H* Dry purge k
0 H gas inlet

O—=uw

ﬂ Dry gas
| outlet

To an'é.lyzers
NAFION® Molecule

Figure Il - 7: Nafion chemical structure (image from http://www.nafionstore.com/pg/19-
Nafion-_US.aspx ) and the Nafion — permapure - tube (image from
https://www.inacom.nl/gasdrogers-nafion-permeabel.html )

The drying operation is the following: the air sample is passing through the inner tube while an
inert gas is flowing at the opposite direction in the outer tube. The “drying” gas should have
less water content than the air sample in order to have a drying effect; for instance, nitrogen
was chosen (99.99% purity) for the Athens VOC campaign. The sulfonic groups of the Nafion
retain only the water molecules, whereas they are not interacting with the sample’s components.
From then, the retained water is transferred through chemical exchanges deeper in the Nafion
membrane, since the water content is less there. This exchange continues until the water
molecules reach the outer part of the tube, from where they evaporate back in the atmosphere
by the “dry” gas. The drying operation is repeated non-stop during the entire campaign.

At the outlet of the nafion dryer, the dry sample is carried into the trap that is placed inside a
Peltier Cooling system. The system consists from a thermo-electric device in which is placed a
glass tube for the pre-concentration of the sample. Thermo-electric coolers operate according
to the Peltier effect; when a DC electric current flows through the device, heat is removed from
one junction and goes to the other, resulting in a cooling and a heating effect respectively. The
hotter junction is attached to a heat sink so that it remains at ambient temperature, while the
cooler junction can reach below room temperature. In our case the Peltier system was set to
-8°C.
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2.2 Quality control and post processes

2.2.1 Calibration of the analyzers and control charts

Two NPL (National Physical Laboratory) NMHC standard gas mixtures were used during the
Athens MOP campaign. The 1% NPL (D64 1636) contained 30 NMHCs of ~4 ppb concentration
each and was used for 5 months (January — May 2016). The 2" NPL (D09 0597) contained 32
NMHCs of ~2 ppb concentration each. Both standard mixtures were certified by the National
Reference Laboratory of the United Kingdom and their composition is presented in Table 11 —
A2 of the Annex Il. The simultaneous calibrations of both chromatographs were performed
almost every 15 days and each calibration cycle was composed from 4 to 5 measurements of
the calibration standard.

For the determination of the stability of the two analyzers during the campaign, control charts
were created. More specifically, the mean value of the coefficients derived from the 1%
calibration of the campaign was used as a reference for the calculation of the relative difference
of every coefficient obtained in the following calibrations during the campaign. The relative
difference is plotted against the calibration date. By considering the stable NPL composition,
records out of the + 20 % limit denote stability issues of the GC, otherwise no changes on the
calibration outcomes are expected.

The control charts of acetylene and i-butane as well as of toluene and 1.2.4 TMB
representatives for the C2 — C6 and C6 - C12 NMHCs respectively are presented in Figures 11
—8and Il — 9. Even though two different standard mixtures were used, the derived coefficients
did not present any difference and therefore these points are not highlighted. The calibrations
of the GC C2 — C6, which correspond to the two different sampling times of the campaign, are
marked with black (for the 10 min sampling) and orange (for the 6 min sampling).

In Figure 11 — 8 for the NMHCs of GC C2 — C6, an increasing trend of the relative difference
occurs from the 1% calibration until the end of August 2016, which reflects the decrease of the
response coefficients. This issue had a higher impact on the more volatile compounds such as
ethane, ethylene, propene and acetylene, whereas the heavier NMHCs like i-butane and
pentanes were less affected. Furthermore, this decrease was accompanied by a noisy baseline
for many chromatograms. An excess of humidity in the sample was identified as the major
cause, due to an inefficient Nafion dryer (Sect. 2.1of this chapter). Apart from that, the
humidity also caused the deterioration of the trap, leading to its replacement at the end of
August 2016. After the change, the coefficients of all the compounds recovered to stable levels
comparable to the 1% calibrations or even higher. The effectiveness of the trap replacement is
verified by the comparison with the Paris calibration prior the transport of the GC to Greece,
revealing comparable relative differences of the coefficients that are maintained until the end
of the MOP. Overall, it is quite difficult to have a unique response coefficient representative
for the total period of the C2 — C6 NMHCs measurements. Therefore, 2 or 3 different response
coefficients were calculated per compound, based on the individual control chart trends.
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Figure 11 - 8: Control charts of a) i-butane, b) acetylene before the change of the trap and c)
acetylene after the change of the trap focused on the period from the change of trap and after.
The date of the calibration used as reference +/- 20% (red lines) is indicated in the box on the
top left of every chart. The blue circle indicates the calibration in Paris, before the transport of

the equipment to Greece, and the yellow vertical line marks the date of the trap change

Concerning the control charts of the response coefficient for toluene and 1.2.4 TMB (Fig. Il —
9), discrepancies of 20 — 40% are observed from the 1% calibration (20/01/2016) until
09/03/2016. This difference was not associated with changes on the chromatograms or with any
interference. However, on 11/03/2016, the analyzer presented an instability which gradually
shifted the retention times, before going back to the previous values without any external
intervention. Moreover, since there was no apparent cause and in order to address this issue,
two response coefficients were calculated and used for the C6 — C12 NMHCs, one for the period
from 20/01/2016 to 11/03/2016, and a second one from 12/03/2016 until the end of the
campaign. Moreover, it is important to note that the heavier compounds presented higher
variability of their response coefficients compared to the others, however, remaining within +
20%, except of a few points (e.g. 1.2.4 TMB in Fig. Il - 9).
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Figure 11 - 9: Control charts of the response coefficient for toluene and 1.2.4 TMB for the
total period of measurements. The date of the calibration used as a reference for the
calculation of the limit of £20% (red lines) is indicated in the box on the top left of every
chart.

Finally, zero-air samples were analyzed during the campaign whenever it was possible, serving
as blank samples but only for examining if there is a strong contamination that could affect the
analysis of a compound (Sect. Il — Al of the Annex I1).

2.2.2 Post process of the chromatograms

For every analyzed sample, the software Vistachrom (installed in both GCs) generates a
chromatogram that is treated by the program “PeakViewer” (an extension of Vistachrom).
Firstly, the chromatogram is qualitatively analyzed for the identification of the compounds, and
secondly, a quantitative analysis for the calculation of the concentrations of the VOC is
performed.

Qualitative analysis

The identification of the peaks of the chromatograms is performed automatically by the
program “PeakViewer” with the use of an identification table, based on the retention time of
the compounds in the calibration samples. Examples of such reference chromatograms are
presented in Figure Il - 10 for the GC C2 — C6 and C6 — C12. For all the compounds, the
retention time window was set at +5s around the reference retention time. Moreover, the
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identification table was often checked and adapted based on the calibration chromatograms of
that period.
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Figure 11 - 10: Example of a chromatogram obtained from a NPL sample. Identification of
the target compounds of the GC C2 — C6 (upper graph) and of GC C6 — C12 (lower graph). In
the lower graph the blue compounds were included only in the 2ppb NPL that was used after
20/05/2016.

Quantitative analysis

In order to calculate the concentration, the response coefficient k has to be determined for each
compound according to Eq. Il —1:

J; = —2LNPL Eq. 11-1

[NMHC]; npL
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where A; yp., 1S the peak area of the compound i detected in an NPL sample and [NMHC]; ypL
is the certified concentration of the compound i (ppb) in the NPL.

Then, the concentration of each NMHC is calculated following Eq. 11 — 2:

[NMHC;] = A% Eq. 11 -2
where [NMHC;] is the concentration (in ppb) of the compound i in the chromatogram of one
sample, A; amp «ir (IN UA | unit of the area) is the peak area of the compound i detected in the
specific sample, and K; is the response coefficient of the compound i (in UA ppb™).

At this point it is important to mention that for the discussion of the results in the following
chapters, the concentrations of the NMHCs were averaged to 1-hour and the 30-min data were
used only for the source allocation.

2.2.3 Limit of Detection (LoD)

The Limit of Detection (LoD) is the lowest concentration of a compound that can be detected
in a sample. The Eq Il — 3 is applied on the baseline results as follow:

LoDi=3%x‘;—§ Eq.11-3
where LoD; is the detection limit of the compound i in ppb, Hgy and H; are the height of the
noise in the baseline and the height of the peak of the compound i (in UA s?) respectively in
the selected sample, A; is the area of the compound i detected in the selected sample and k; is
the response coefficient of the compound i during the sampling period of the selected sample.
The LoDs calculated for our systems are presented in Table Il — 5 demonstrating detectable
levels of 0.02 to 0.05 ppb for both systems.

Table Il - 5: LoD of the C2 — C6 and C6 — C12 NMHCs.

GC C2-C6 LoD (ppb) | GC C6-C12 | LoD (ppb)
Ethane 0.05 2-me-Pentane 0.04
Ethylene 0.04 n - Hexane 0.04
Propane 0.04 Benzene 0.04
Propene 0.04 i - Octane 0.03
i - Butane 0.02 n - Heptane 0.03
n - Butane 0.03 Toluene 0.03
Acetylene 0.03 n - Octane 0.03
Trans — 2 — butene 0.02 Ethylbenzene 0.03
1 - Butene 0.02 m- /p-Xylenes 0.03
i - Pentane 0.03 0-Xylene 0.03
n - Pentane 0.03 Nonane 0.03
Isoprene 0.04 1.3.5TMB 0.02
1.2.4TMB 0.03
1.2.3TMB 0.03
a-Pinene 0.03
Limonene 0.02
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2.2.4 Uncertainty of the concentration

The concentrations of the compounds are associated with an uncertainty, which reflects random
and systematical errors in the measurement method. The procedure of determination starts by
estimating the uncertainty of each component used in the Egs. Il — 1 and Il — 2 and then
calculating the final uncertainty by propagating the errors. The steps of this procedure are
explained in detail in Sect. 11 — A2 of the Annex I1.

The total absolute uncertainty of the concentration of the compound i in a sample (u (C;)) is
calculated by Eq. Il — 4, based on the propagation of uncertainties (assuming that the standard
uncertainties of each factor are not correlated):

2
W) = Ty [+ utx) Eq. 11- 4

Where y is a function of x, parameters that are considered independent like the y =
(%5, e, X, o, X)), and u?(x;) is the variance associated with the sample x; of the
compound i.

By combining the relative uncertainties presented in Sect. Il — A2 of the Annex I, we obtain
the equation for the total uncertainty (u (C;) ) in the concentration of the compound i (Eq. Il -
5):

u (Cij) =j uizgt(AiNPL) + u%eproz(AiNPL) + u12v1;L (Ci)) % Cl] Eq.11-5
AiNPLnorm AinpL CinpL
Where win: (A; npL)s Urepro (Ai npr) and uyp;, (C;) are the absolute uncertainties due to the
integration of the peaks in the chromatograms, the reproducibility of the calibrations and the
NMHC concentrations in the NPL standards (Eqs. 11 — AL, Il = A2 and Il — A3, Sect. Il - AL,
Annex 1), A; ypLnorm 1S the mean peak area (derived from normal integration; refer to
explanation of the Eq. Il — A1, Annex II) of the samples used for the calculation of the
Uint (A; NpL), A ypr 1S the mean of the peak areas of the compound i that were used for the
calculation of the ..y, (4; npr), Cinprthe concentration of the compound i in the NPL

standard and C; is the concentration of the compound i in the sample j.

Furthermore, for the concentrations of the compounds between the 2 LoD and the LoD, the
relative uncertainty is calculated from Eq. Il — 6:

u (Cj) =2+ LoD Eq. I1-6

Finally, in order to have a 95% confidence in the concentrations, the absolute total uncertainty
u (C;) is enlarged by a coefficient (k = 2).

In Table 11 — 6 the mean values of the concentration and the corresponding enlarged uncertainty
(V) for the C2 — C12 NMHC for their common period of 13 months (1/02/2016 — 28/02/2017),
summer 2016 and winter 2017 are given. The values are expressed in pg m since this unit is
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better for the positive matrix factorization (the statistical tool for the source apportionment)
input matrix (for the mixing ratio).

It is apparent that for the majority of the compounds the uncertainty of the concentration in
winter 2017 is lower than for summer 2016, which is related to the higher levels that were
recorded in the cold seasons, as well as the good stability of the instruments. Moreover, it should
be mentioned that for compounds with an important number of concentrations close to the LoD
(like 1.2.3 TMB, isoprene, limonene etc), the value of U is high, due to the higher uncertainty
of these concentrations.

Table Il - 6: Mean concentrations and mean enlarged uncertainty (U) of the NMHCs of the
MOP for the common period of measurements (01/02/2016 — 28/02/2017), summer 2016 and

winter 2017.
13-months Summer 2016 Winter 2017
NMHC (ug m™)| Concentration | Uncertainty | Concentration |Uncertainty | Concentration | Unce rtainty
(mean) (mean) (mean) (mean) (mean) (mean)

Ethane 4.49 0.35 2.70 0.42 521 0.32
Ethylene 3.23 0.24 1.85 0.33 411 0.09
Propane 3.62 0.10 1.99 0.13 4.75 0.07
Propene 1.42 0.27 0.52 0.52 2.03 0.12
i - Butane 3.13 0.09 1.56 0.12 3.86 0.08
n - Butane 4.09 0.10 241 0.09 5.01 0.11
Acetylene 5.18 0.40 4.87 0.16
Trans-2-butene 0.60 0.38 0.22 0.62 0.72 0.27
1-Butene 0.65 0.39 0.24 0.75 0.82 0.26
i - Pentane 7.66 0.08 6.20 0.07 7.91 0.06
n - Pentane 1.82 0.10 1.45 0.11 1.76 0.10
Isoprene 0.15 1.52 0.36 1.28 0.12 1.49
2-me-pentane 3.80 0.12 2.90 0.11 3.83 0.12
n - Hexane 1.16 0.35 0.81 0.44 1.16 0.29
Benzene 1.74 0.25 0.85 0.28 2.62 0.21
i - Octane 0.41 1.08 0.22 121 0.47 1.14
n-Heptane 0.44 0.84 0.26 1.07 0.50 0.79
Toluene 6.98 0.21 4.54 0.20 7.55 0.21
n - Octane 0.47 0.84 0.30 0.97 0.52 0.86
Ethylbenzene 1.33 0.39 0.81 0.44 1.46 0.43
mp-Xylene 8.38 0.30 5.10 0.31 9.20 0.34
0-Xylene 1.38 0.41 0.81 0.47 152 0.44
Nonane 0.31 0.70 0.25 0.74 0.31 0.75
a-Pinene 0.72 0.42 0.71 0.29 0.71 0.59
1.3.5-TMB 0.31 1.32 0.15 1.46 0.36 1.34
1.2.4-TMB 1.40 0.69 0.86 0.74 1.64 0.75
1.2.3-TMB 0.26 131 0.21 1.33 0.27 1.35
Limonene 0.33 1.34 0.15 1.29 0.48 1.35
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2.3 Off — line VOC measurements

Additional VOCs were measured during the IOP with off - line measurement methods, i.e. an
in-situ sampling method followed by an analysis of the samples later on in the laboratory (Sects.
1.1 and 1.2 of this Chapter). For our case, an auto-sampler and sampling tubes of charcoal
cartridges were used, collecting more than 200 air samples during the various campaigns in
Athens in different locations. Cartridges are sampling tubes which are coated or filled with
selected absorbents for VOC sampling and entrapment. Because of the different physico —
chemical properties of targeted VOC, the charcoal ones were used for the C6 — C11 oxygenated
VOC, substituted aromatic VOC and C10 — C16 alkanes.

For the off — line sampling of the ambient air an auto — sampler ACROSS from TERA
Environnement (France) which can be operated by the user’s PC through the software
ACROSS, was used. In Figure Il — 11 the scheme of the sampler is presented: four independent
channels (A, B, C, D) of 6 ports are used for the sampling on the tubes, with the A and B port-
groups for the charcoal cartridges. Each of these 6-port groups are connected to individual mass
flow controllers (MFC), in order to set a stable sampling volume depending on the cartridge
type and the measurement needs. In particular, the MFCs of the A and B groups allow a flow
around 200 ml min?, An ozone scrubber is used to prevent ozonolysis of unsaturated
compounds as well as any interference for the targeted carbonyls (Helmig et al., 1997,
Detournay et al., 2011; Dettmer and Engewald, 2003; Kleindienst et al., 1998). In our case a
MnO. scrubber offers the best compromise for the measurement method. A porous filter of
2um was placed in the inlet for the retention of the particles.

The operation parameters of the sampling method are determined through the program
ACROSS from which can be set the number of samples, their name, the sampling flow, the
starting date and duration of sampling, as well as the time interval between two samplings. At
the end of the sampling of each ramp, the program generates a file with all the above
information and the total sampling volume of every cartridge.
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Figure Il - 11: The scheme of the auto-sampler ACROSS/TERA.

In the intensive campaigns at Thissio station, the sampler was placed beside to the GCs C2 —
C6 and C6 — C12, with its sampling line at the same height than the GCs lines.

In addition, air samples were collected with canisters and analyzed afterwards at the Thissio
station by the two GC — FID by configuring them for off-line operation. All the above methods
are described in detail in the following paragraphs.

2.3.1 Sampling and analysis of VOC in Charcoal cartridges

The charcoal cartridges were chosen based on the methodology developed by Detournay et
al. (2011) for the off — line sampling of VOC, justifying that the best absorbent for the target
compounds is a combination of Carbotrap and Carbopack (also mentioned in Sect. 2.1 of
this chapter). These two absorbents are black graphitized carbon and they are commercialized
by SIGMA ALDRICH.

The sampling time on the cartridges had a duration of 180 min (3 h). The long duration of
sampling is required due to the low ambient concentrations that the targeted compounds are
expected to have, thus they need to be adsorbed in ahigh enough amount (Detournay et al.,
2011). The flow rate for charcoal cartridges was set to 200 mL m™ resulting in a sample volume
of ~35 L. At the beginning of the campaigns and at random times during them, the sampling
lines were purged by ambient air for 5 - 10 minutes. In addition, blank samples were taken, in
order to check any contamination during the sampling, the storage and the transportation of the
cartridges. After the sampling, the cartridges were stored in a cool place and were analyzed
within three months.
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The same parameters were applied as well to the intensive campaign of Patission station
(February 2017) and for the 4 tunnel samples (May 2016), with the exception of the sampling
time. More specifically, because in Patission traffic campaign were expected higher levels of
concentration depending on the time of the day, the sampling duration was 60 minutes for the
traffic rush hours (06:00 — 10:00 LT), 120 minutes for the noon to afternoon hours (11:00 —
18:00 LT) and 180 minutes for the night hours (19:00 — 05:00 LT). For the tunnel samples, the
sampling duration was 30 minutes (12:00 — 12:30 LT and 12:30 — 13:00 LT).

2.3.1 -1 Laboratory analysis of charcoal cartridges

The cartridges were transported and analyzed in the Laboratory of Volatile Organic Compounds
in IMT Lille Douai (Douai, France). For their analysis a GC — FID (Clarus 680, Perkin — Elmer,
USA) coupled with a thermo-desorption system or ATD (TurboMatrix 650 “Automatic
Thermal Desorption”, Perkin — Elmer, USA), was used. The analytical procedure is composed
of 4 steps: the transfer of VOCs from the cartridge to the thermo-desorption system, the
chromatographic analysis and the identification of the compounds by the GC — FID and finally,
the qualitative and quantitative analysis.

Transfer of VOCs from the cartridges to the ATD system

For this first step, the system is purged for 1 min for the removal of interfering substances like
water and CO». Afterwards, the cartridge is heated at 350 °C for 15 min and with an inverse, to
the sampling, flow of Helium (carrier gas). VOCs are desorbed and transferred to the pre-
concentration trap (heated in lower temperature than the thermo-desorption) with duration of
15 min for the effective entrapment of the VOC. In addition, the used absorbent for the trap for
this project is Carbopack B (Sect. 2.1 of this chapter). The initial temperature of the trap is set
at 10°C, however, for the rapid desorption of the compounds towards the column, the
temperature is rising with a rate of 40°C s™ until it reaches 350°C. Then, the VOC are
transferred to the column by a He flow rate of 50 ml min™ through a heated line of 210°C
temperature, while a split ratio of 1/5 is applied at the exit of the trap.

Chromatographic separation and identification

The principles of the VOC chromatographic analysis and identification from a GC — FID system
were described in the previous section (Sect. 2.1 of this chapter). Nevertheless, the
chromatographic column and the temperature program of the oven are different in this GC —
FID compared to the ones used at Thissio station. More specifically, the capillary column is a
CP-Sil-5CB (100% dimethypolysiloxane, 1 pm film thickness). The oven follows a 141 min
temperature gradient program that starts with a temperature of 36°C for 13 min. Then, the
temperature rises to 135 °C with a rate of 1°C min™! followed by a second rise of 5°C min™ until
250°C, remaining then stable for 5 min. During these 141 min, the VOC are eluted from the
column and are transferred to the FID detector. The total cycle of analysis has a duration of 160
min.

Qualitative analysis
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For the identification of the compounds in the chromatograms, the retention times of reference
samples were used. These could be gas mixture standards (like a NPL gas cylinder) or liquid
standards of specific VOC that are not included in the gas standards. The latter are prepared
based on gravimetric analysis: the liquid solution of known concentration for a specific VOC
is diluted in methanol, and then it is vaporized and transferred rapidly in a charcoal cartridge.
For that procedure, the vaporization of the solution needs a temperature of 200°C and it is
transferred through a heated line of deactivated silica (at 200°C) with a Helium flow (carrier
gas) of less than 15 ml min (fixed injection pressure of 6 bar). Finally, the cartridge is analyzed
under the same conditions as any sample. An example of the identification of the peaks of an
ambient air chromatogram during the winter campaign of 2016 in Thissio is presented in Figure
Il — 12. Most of the samples from the “Athens VOC campaigns” have been analyzed by the
engineers of the Department of Atmospheric Science and Environmental Engineering of IMT
Lille Douai (Douai, France).
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Figure 11 - 12: Chromatogram of an ambient air sample (in two parts due to size restrictions)
from the winter campaign of 2016 in Thissio.

Quantitative analysis

The concentrations of the VOC in the cartridges are calculated by Eq. Il — 7 in pg m™:

[VOC]l — Ai amb air— Ai blanc Eq “ _ 7

ki *Vsample

Where [VOC]; is the concentration of the compound i (in ug M3), 4; gmbp air aNd 4; pranc (i
UA) are the peak areas of the compound i in the specific cartridge sample and the blank samples
respectively, k; is the response coefficient of the compound i (UA ng™) and Vsgmpie (in L) is
the total volume of air collected through the cartridge.
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For the comparison of these results with the ones measured by the GCs, the concentrations of
the VOC of the cartridges [VOC]; were also converted in ppb, with the use of their molar mass
(Eq. 11 - 8):

[vOC); (ppb) = [VOC]; = Eq.1l-8

Where [VOC]; is concentration of the compound i in pg m= and M; is the molar mass of the
compound i (in g.mol™).

During the analysis of the samples of the intensive campaigns a limited number of standards
were acquired for the verification of the analytical performance of the analyzer. Thus, the
response coefficients k used in the Eq. Il — 8 are calculated from past calibrations of the
instrument. Nevertheless, response coefficients were also calculated for the current standards,
which are then compared to the used (previous) response coefficients. The comparison
indicated a difference less than +20% for all the campaigns, except of a-pinene that is -36%.
As an example, in Figure |1 — 13 the comparison of the coefficients of the common compounds
for the summer 10P 2016 is presented.

=

g 8000 4 y—1.05x-774.36

= 2=0.97

g _ 6000 - .

Shy- 5

g4 40007 "

£S 2000

E [I T T T 1

0 2000 4000 6000 5000
RC - Past calibrations (UA/ng)

Figure Il - 13: Regression between the response coefficients (RC) from the standards of the
summer IOP 2016 and from past calibrations.

2.3.2 Off-line sampling in canisters

The canisters used in our campaign for the VOC off-line sampling were Entech’s Silonite
(Silonite™ VS Summa) of 6L. They have an internal Silonite™ coating that provides a high-
quality, long-term sample storage solution. These canisters are certified to meet the technical
specifications required for EPA methods TO-14a and TO-15.

Before sampling, the canisters were cleaned by repeated cycles of zero-air filling and
evacuation of at least three times. In the last cycle, the canister was filled with zero air to be
then analyzed by the GC-FID system to verify the efficiency of the cleaning procedure. They
were finally evacuated a few days prior to the sampling at the site, resulting in under-pressurized
canisters.
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For the sampling of ambient air, the valve of the canister was opened slightly to achieve low
air flow sampling during 3 to 4 minutes. For the Patission intensive campaign, another sampling
method was used, which involved the installation of a portable mass flow meter at the sampling
port of the canister, permitting the set-up of a certain flow rate and fixed sampling duration
from 3 to 10 minutes (Sauvage et al., 2009).

At the end of every sampling campaign, the canisters were transported back to Thissio station
for their analysis with the GCs within 20 days, as described in Sect 2.1 (this chapter). Before
the analysis, canisters were pressurized by adding a known amount of zero-air resulting in a
sample dilution by a factor of two.

2.4 Inter-comparison of sampling methods

The parallel sampling of VOC with different methods in every campaign (seasonal and
Patission) facilitated the inter-comparison of the levels of the common species for the
verification of the robustness of the results. The results are presented for each campaign in the
following paragraphs.

2.4.1 Inter—-comparison of the results of the winter IOP 2016

During the winter IOP of 2016, on-line and off-line measurements with the GC — FIDs and
charcoal cartridges were conducted in parallel respectively. For this comparison, the common
species of the two techniques are used. From Sect 2.1 (this chapter) it is known that the on-
line measurements of the GC — FIDs were performed every 30 minutes and for the off-line
measurements (cartridges) every 3h. Due to the difference in sampling time, each cartridge
sample corresponds to 6 GC integrated samples. The inter-comparison showed an excellent
linear relationship for the majority of the common compounds and with a slope between 0.8
and 1.2, as it is depicted in Figure Il — 14 for benzene and toluene (Figure Il — Al of the
Annex |1 for the rest). These compounds are used as reference, since they are indicators of the
stability and optimal performances of the instruments. An exception is 2-me-pentane, for which
the slope is 1.45, indicating higher recorded concentrations from the GC — FID, which are
justified by the co-elution of this compound with another not-identified one.
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Figure 11 - 14: Relationship between benzene and toluene from the GC — FID C6 - C12 and
the off-line method using charcoal cartridges, for the period of the winter IOP 2016 (28/01 —
10/02/2016).
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2.4.2 Inter—comparison of the results of the summer 10P 2016

In Figure Il — 15 the correlation of benzene and toluene from the GC — FID on-line
measurements and the charcoal cartridges is depicted (Figure Il — A2 of the Annex |1 for the
rest). Although in this case the relative difference of the levels is ~+20%, the majority of the
compounds demonstrate slopes between 0.97 (toluene) and 1.49 (1.2.3 TMB) with R? > 0.90,
despite the lower concentrations observed in summer compared to the ones in winter 2016.
However, it is important to note that for some compounds like n-Octane, the levels measured
by the GC C6 — C12 analyzer are two times higher than the concentrations from charcoal
cartridges. Due to the discrepancies, possibly attributed to integration procedure or the storage
handling, the cartridges results were excluded, keeping only the online GC results.
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Figure 11 - 15: Relationship of benzene and toluene from the GC — FID C6 - C12 and the
charcoal cartridges, for the period of the summer IOP 2016 (2/09 — 23/09/2016).

2.4.3 Inter—-comparison of the results of the Traffic Near Source Campaign 2017

The Patission intensive campaign took place in a traffic monitoring station on the homonym
street (Sect. 1.2 of this chapter), with the use of off-line sampling methods for VOC, i.e.
canisters, charcoal and DNPH cartridges. The sampling time of canisters was 10 min and for
the cartridges 1h. In addition, the canisters were analyzed within 2 days after the sampling from
the GC — FIDs in Thissio station, whereas the cartridges were analyzed within 2 months in
Douai (France) (Sect. 2.3 of this chapter). The time-window between sampling and analysis
was set from stability experiments for other campaigns with similar characteristics and
instrumentation, since such experiments were not conducted during this campaign. Thus, it is
important to compare the common species in order to verify that the differences in sampling
methods, storage, transportation and handling are not impacting the results.

The similarities of the two techniques with regard to the levels of benzene and toluene are
presented in Figure Il - 16, whereas the rest of the compounds in common are illustrated in
Figure Il — A3 (Annex I1). The comparison indicated that despite the different sampling time
and handling of the two types of samples, the results are almost similar for the majority of the
compounds with slopes between 0.96 and 1.39 (R? > 0.80), indicating thus the suitability of the
methods and the stability of the compounds during storage. In this case, n-octane is also an
exception presenting a slope of 1.82.
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Figure 11 - 16: Relationship of benzene and toluene from canisters and charcoal cartridges,
for the period of the near-source campaign in Patission station in 2017 (22/02 — 24/02/2017).

2.5 Robustness of monoterpene results

A-pinene and limonene, known for their biogenic origin, are having high reactivity making their
monitoring quite challenging due to fast chemistry. The first step to assure the validity of the
measurements is the verification of their retention time, followed by the inter-comparison of
the concentrations derived from on-line and off-line sampling methods. The mean retention
time of a-pinene and limonene in the calibration samples (STD), in the ambient air levels and
a “Retention time” experiment that was conducted at the Laboratory of Volatile Organic
Compounds in IMT Lille Douai (Douai, France) are compared in Figure Il — 17, along with
toluene as a reference for the stability and performance index of the method. The respective
results for 1.2.4 TMB are additionally depicted due to vicinity of its retention time relative to
the terpenes. The comparison showed that in all cases the retention time of the compounds is
similar, with a relative standard difference less than 1%, except of limonene that is 17%. The
latter might be explained by the elution of the compound, which occurs at the end of the
temperature gradient program (Fig. Il — 5, Sect. 2.1 of this chapter), resulting in a small
instability of the chromatographic separation.
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Figure Il - 17: Mean retention time of toluene, a-pinene, limonene, and 1.2.4-TMB in the
calibration samples, ambient air samples and the “Retention time” experiment. The error bars
(apparent only for limonene) correspond to the standard deviation of the retention time in the

calibration samples.
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Furthermore, the inter-comparison of the levels of a-pinene and limonene from the on-line
sampling with the GC — FID C6 — C12 and the off-line sampling with charcoal cartridges in
winter IOP is presented in Figure Il — 18. Limonene’s off-line and on-line data are well
correlated with a slope of 0.88 and a correlation coefficient of 0.94 highlighting their similar
variability and the robustness of the results. For a-pinene, the scatterplot is broader presenting
a slope of 0.77 with a correlation coefficient of 0.64. These values indicate that the on-line
measurements often result to higher concentrations and not always in agreement. It is already
known that the trapping and analysis of terpenes is not easy due to their isomerization during
storage, analysis and other processes related to heat. This affects mainly a-pinene over limonene
(Larsen et al., 1997; McGraw et al., 1999, and references therein). In addition, the peak of a-
pinene is very close to the one of benzaldehyde in the off-line chromatograms, which might
affect the integration of a-pinene. These two parameters might be the factors for the observed
behavior of a-pinene. Nevertheless, these results are satisfactory.
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Figure 11 - 18: Relationship of a-pinene and limonene from the off-line measurements on
cartridges and on-line measurements by the GC -FID for the winter I0P (1/02/2016 —
10/02/2016).

The inter-comparison for the summer 10P did not present similar results. In Sect. 2.4.2 we saw
slightly elevated levels of the on-line measured concentrations compared to the off-line which
might be associated to bad storage of the cartridges, as well as integration issues due to the low
detected levels. This issue affected mainly a-pinene, whereas for limonene we obtained a very
good correlation coefficient (R?: 0.93) but a slope lower than one (graphs not shown).

2.6 Ancillary measurements

Apart from the VOC measurements, a variety of high-resolution equipment was also operated
in Thissio Station, providing additional information for the synergistic investigation of the
compounds of interest. The equipment covering gaseous and particulates species, as well as
other parameters, is as follows:

1. ACO andaNOx (NOx = NO and NO,) Automatic Analyzers (Horiba Ltd., 360 series)
of one-minute resolution.

2. An ozone analyzer (Thermo 49i) of one-minute resolution.

3. A seven wavelength Dual Spot Aethalometer (Magee Scientific AE33) that separates
the fossil fuel and wood burning BC components (BCs and BCws respectively).
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4. The NOA Meteorological Station that provides hourly averaged data for atmospheric
temperature, relative humidity, wind speed and direction.

2.7 Conclusions

Following the determination of the objectives of the project in Chapter 1, this chapter described
the strategy and the organization of the 17-months “Athens VOC campaign”, which is
comprised by one main campaign with time-resolved measurements of C2 — C12 NMHCs
(MOP) and intensive campaigns in winter and summer (IOP). The latter was implemented by
the application of additional off-line techniques for the determination of a variety of VOC,
including oxygenated and intermediate volatile organic compounds. Furthermore, near-source
campaigns were conducted, by collecting samples close to targeted emission sources to obtain
their chemical fingerprint.

During the MOP, C2 — C6 NMHC were monitored from October 2016 to February 2017 and
C6 — C12 NMHCs from February 2016 to February 2017 by means of two autonomous, on-line
GC - FIDs. This allowed a great time coverage of measurements (~81% and ~93% for the C2
— C6 and C6 — C12 analyzers) with high-resolution (30-min quasi-continuous sampling), which
in turn will permit the investigation of the temporal and spatial variability of the compounds of
interest and their allocation to sources. Furthermore, it is worthwhile noting that a VOC dataset
of that extended size and resolution (more than 19500 and 17500 30-min samples for C2 — C6
and C6 — C12 NMHC:s respectively) was never reported previously for the Athens environment
showing its importance. On the other hand, the data treatment was quite challenging. For
example, the C2 — C6 analyzer suffered from stability issues related to humidity for many
months, which were reflected on the dataset. The resolution of this issue required also the
establishment of a robust approach for the calculation of the concentrations of these compounds
for this period (Sect. 2.2.1). Nevertheless, as it was shown in the chapter, the previous efforts
resulted in a robust dataset which will be examined in the following chapters.

For the winter and summer IOPs of 2016, the deployment of off-line sampling methods
(cartridges) allowed the identification and quantification of additional VOC species, with a very
low detection limit (0.01 pg m™). These two seasonal datasets provide further information for
the in-depth investigation of the seasonal profiles of VOC and their incorporation to the MOP
dataset might contribute to the better source allocation of the VOC in Athens by increasing the
input information for the source apportionment. In the same context, the near-source campaigns
in the tunnel and to Patission monitoring station allowed the determination of the chemical
profile of the traffic source, which also will be used later for the validation and interpretation
of the source apportionment results.

Finally, the implementation of all the above on-line and off-line sampling methods enabled the
verification of the robustness of the results of the campaigns by the inter-comparison of the
datasets. The common species of the MOP and the winter 10P are in a very good agreement.
Similar is also the NMHCs comparison from the near-source campaign in Patission station. On
the contrary, the MOP and the summer IOP showed slopes between 1.20 and 1.60 for the
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majority of the compounds, indicating higher concentrations of the NMHCs from the MOP (on-
line sampling method). This might be attributed to the storage conditions of the cartridges
and/or integration issues due to the low levels in this season. Last but not least, a special focus
was given to the validation of the concentrations of a-pinene and limonene, which required
additional experiments and inter-comparison between data. Thus, having acquired all the above
VOC and ancillary datasets from Thissio Station, the analysis and the discussion on the
outcomes follows in the next chapters.
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1.Introduction

In Section 2.4 of Chapter 1 it was demonstrated that the air quality in Athens has changed
during the last decade. Despite the decrease of the atmospheric levels of pollutants like CO, NO
and NO> that was attributed to the reduction of emissions, nowadays, the contribution of
individual emission sources has been modified by enhancing some types of pollution events
induced by socioeconomic factors. Such an example is the winter night-time smog events which
are associated with domestic heating practices forced by the financial recession in the country.
The occurrence and persistence of these events are of concern for the air quality in Athens.
Diapouli et al., 2017a, 2017b; Fourtziou et al., 2017; Gratsea et al., 2017; Paraskevopoulou et
al., 2014, 2015; Stavroulas et al., 2019; Theodosi et al., 2018 (and references therein) have
already investigated the role of residential wood burning emissions to the production and
variability of pollutants in the Attica basin. Regarding the VOCs, the only recently published
work by Kaltsonoudis et al. (2016), reports an enhancement of the night-time concentrations
during smog events attributed to domestic heating.

Therefore, the need for the monitoring of VOC:s is reinforced by two facts: (1) nowadays there
is only one study in Athens that reports the winter levels of aromatic and oxygenated VOC
(Kaltsonoudis et al., 2016), whereas no information about the light NMHCs is available for the
area and (2) at the time of this work, the information for the chemical characterization of the
VOC profile from wood burning emissions remains limited worldwide and challenging (i. e.
Baudic et al., 2016; Gaeggeler et al., 2008; Gustafson et al., 2007; Hellén et al., 2008; Liu et
al., 2008; Rouviére et al., 2006).

A first dataset of C2 — C6 compounds has been obtained during the first winter-time of the
Athens MOP. The dataset includes light alkanes, alkenes, acetylene and benzene that are
classified among the wood burning tracers (e. g in Barrefors and Petersson, 1995; Baudic et al.,
2016; Schauer et al., 2001) and isoprene as well. Thus, a first study of VOC levels and
variability in winter allowed to highlight the influence of domestic heating emissions. The
originality of the results combines two facts. At first, they are the first reported levels of C2 —
C6 NMHC since the last VOC research study in Athens 20 years ago and then, they constitute
the first ever recorder winter levels for these compounds. These results lead to a peer-review
article with the following objectives: (a) the examination of the temporal variability of the
studied VOC; (b) the determination of the effect of atmospheric dynamics; (c) the assessment
of the influence of the main VOC sources in Athens; and (d) the evaluation of the current air
quality in Athens concerning VOC levels, especially for light compounds that were almost
never reported (Chapter 1, Sect. 2.4.3). The aforementioned article was published in
November 2018 in the ChArMEXx special issue of the “Atmospheric Chemistry and Physics”
journal (Panopoulou et al., ACP-18-16139-2018) and is presented below.
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Abstract. Non-methane hydrocarbons (NMHCs) play an im-
portant role in atmospheric chemistry, contributing to ozone
and secondary organic aerosol formation. They can also
serve as tracers for various emission sources such as traffic,
solvents, heating and vegetation. The current work presents,
for the first time to our knowledge, time-resolved data of
NMHCs, from two to six carbon atoms, for a period of
3 months (mid-October 2015 to mid-February 2016) in the
“greater Athens area” (GAA), Greece. The measured NMHC
levels are among the highest reported in the literature for the
Mediterranean area during winter months. and the majority
of the compounds demonstrate a remarkable day-to-day vari-
ability. Their levels increase by up to factor of 4 from autumn
(October—November) to winter (December—February). Mi-
croscale meteorological conditions, especially wind speed in
combination with the planetary boundary laver (PBL) height,
seem to contribute significantly to the varability of NMHC
levels, with an increase of up to a factor of 10 under low
wind speed ( < 3ms~!) conditions; this reflects the impact
of local sources rather than long-range transport. All NMHCs
demonstrated a pronounced bimodal, diurnal pattern with a
morning peak followed by a second peak before midnight.
The amplitude of both peaks gradually increased towards
winter, in comparison to autumn, by a factor of 3 to 6 and
closely followed that of carbon monoxide (CO), which in-

dicates a contribution from sources other than traffic, e.g.,
domestic heating (fuel or wood burning). By comparing the
NMHC diurnal variability with that of black carbon (BC),
its fractions associated with wood burning (BCyh) and fossil
fuel combustion (BCg), and with source profiles we conclude
that the morning peak 1s attributed to traffic while the mght
peak 1s mainly attributed to heating. With respect to the mght
peak, the selected tracers and source profiles clearly indicate
a contribution from both traffic and domestic heating (fos-
sil fuel and wood burning). NMHCs slopes versus BC,, are
similar when compared with those versus BCyr (slight dif-
ference for ethylene), which indicates that NMHC's are most
likely equally produced by wood and o1l fossil fuel burning.

1 Introduction

Non-methane hydrocarbons (NMHCs) are key atmospheric
constituents for atmospheric chemistry. In the presence of
NO,, their oxidation leads to the formation of tropospheric
ozone and other species, such as peroxy radicals (RO3) and
peroxy acetyl nitrate (PAN), which affect the oxidative ca-
pacity of the atmosphere (Atkinson, 2000 and references
therein). NMHC oxidation contributes to the formation of
secondary organic aerosols (SOA), which in turn affect hight

Published by Copernicus Publications on behalf of the European Geosciences Union.
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scattering, visibility and cloud condensation nuclei formation
(Tsigandis and Kanakidou, 2003; Seinfeld and Pandis, 2016
and references therein). In urban areas NMHCs mainly orig-
mate from anthropogenic sources such as traffic, solvent use,
residential heating, natural gas use and industrial activity, but
they can also be emitted from natural sources such as vege-
tation (Guenther et al., 1995; Barletta et al., 2005; Kansal,
2009; Sauvage et al., 2000; Salameh et al., 2015; Baudic et
al., 2016; Jaimes-Palomera et al., 2016). Besides their key
role as a precursor for secondary pollutants, NMHCs are of
interest due to their association with human health issues
(EEA report no. 282016, 2016). Since 2013, atmospheric
substances have been classified into four major groups by the
International Agency for Research on Cancer (WHO-TARC,
2013) with respect to their carcinogenicity to humans, with
benzene and 1,3-butadiene among those NMHCs classified
as potential carcinogens (IARC, 2012).

Athens, the capital of Greece with almost 5 million inhab-
itants, is frequently subject to intense air pollution episodes,
which lead to exceedances of the EU air quality limits.
The driving processes and atmospheric dynamics of these
episodes have been scrutinized over the last few decades
(Cwvitas et al., 1985; Lalas et al., 1982, 1983, 1987; Mantis
et al., 1992; Nester, 1995; Melas et al., 1998; Ziomas et al.,
1995; Kanakidou et al., 2011). However, measurements of
pollution precursors are mostly limited to ozone and nitrogen
oxides. The few existing, non-continuous NMHC measure-
ments in Athens were carried out using canisters or sorbent
tubes and were only performed over short periods of time
(days) during summer or autumn (Moschonas and Glavas,
1996; Klemm et al., 1998; Moschonas et al., 2001; Giak-
oumi et al., 2009). Continuous measurements of NMHCs
in Athens were carried out for a peried of 1 month dur-
ing summer 20 years ago at three locations, two suburban
and one urban, and reported almost 50 C4-C12 compounds
(Rappengliick et al., 1998, 1999). More recently continuous
measurements of NMHCs were carried out by Kaltsonoudis
et al. (2016), for 1 month in winter 2013 at an urban loca-
tion (Thissio) and 1 month in summer 2012 at a suburban
location (A. Paraskevi), and reported 11 oxygenated organic
gaseous compounds and C53-C8 NMHCs. Meanwhile, sig-
nificant changes in pollutant sources have occurred in Athens
over the last 20 years, which have led to significant decreases
in the annual concentrations of major pellutants such as CO,
802 and NO,. (Gratsea et al., 2017; Kalabokas et al.., 1999).
As this trend has been attributed to the car fleet renewal, fuel
improvement, the metro line extension and industrial emis-
sion controls, a related decrease in NMHC levels originating
from traffic and industrial emissions 1s also expected. How-
ever, since 2012, a new wintertime source of pollution has
emerged in Greece in the form of uncontrolled wood burning
for domestic heating (Saffari et al., 2013; Paraskevopoulou
et al., 2015; Kaltsonoudis et al., 2016; Fourtziou et al., 2017
Gratsea et al., 2017). This is an important source of vari-
ous pollutants such as particulate matter (PM), polycyclic
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aromatic hydrocarbons (PAHs), black carbon (BC) and CO
(Gratsea et al., 2017; Hellén et al., 2008; Paraskevopoulou
et al., 2015; Schauer et al., 2001, and references therein),
and 1t can represent up to 50 % of the mass of volatile or-
ganic compounds (VOCs) during winter as found in Paris
by Baudic et al. (2016). Studies regarding the characteriza-
tion of VOC emissions from domestic wood burning based
on emissions close to sources, in ambient air or in cham-
bers have been published; however, differences have been
observed in the emission rates or the emission profiles, which
are attributed to the type of wood, stove, fire lighting mate-
rial and the burmning stages (Barrefors and Petersson, 1995;
Baudic et al., 2016; Evtyugina et al., 2014; Gaeggeler et al.,
2008; Gustafson et al., 2007; Hellén et al., 2008; Liu et al.,
2008; Schaueret al., 2001 and references therein). Moreover,
very few studies report light NMHC measurements from do-
mestic wood buming (Barrefors and Petersson, 1995; Bau-
dic et al., 2016; Liu et al., 2008; Schauer et al., 2001), and
the studies that do exist present significant discrepancies. For
example, the higher contribution of benzene relative to acety-
lene in the residential wood burning profile reported by Bau-
dic et al. (2016) was different to the profile presented by Liu
et al. (2008). In addition, in their recent work, Kaltsonoudis
et al. (2016) reported the important contribution of wood
burning to the winter nighttime concentrations of aromat-
ics and oxygenated VOCs. The above clearly demonstrates
the increasing need for intensive measurements of NMHCs
in Athens, which in turn will allow for the impact of future
changes (fuel composition changes or other control strate-
gies) on atmospheric composition to be assessed. In other
words, there is the need to establish a “current baseline” for
the atmospheric composition in Athens in terms of NMHC
levels.

The current study presents, time-resolved data of 11 se-
lected (from 15 determined) C2-Ct NMHCs, over a time
span of several months (October 20135 to mid-February 2016)
in the greater Athens area (GAA). In addition, time-resolved
data of toluene, ethylbenzene, m-/p-xylenes and o-xylene
are used, which were simultaneously monitored from mid-
January to mid-February 2016. The emphasis of this work
15 on (1) the determination of the ambient levels of C2-C6
NMHCs during autumn and winter, 20 years after the first
summertime measurements were carried out — these are the
first ever known continuous measurements of NMHCs (espe-
cially C2—C3 NMHCs) in Athens; (2) the study of the NMHC
temporal characteristics and the determination of the factors
controlling their variability; and (3) the investigation of the
impact of traffic and residential heating on NMHC levels
which are among the most important sources of air pollution
in Athens, especially during the “economic crisis” period that
was characterized by an important decline of industrial activ-
ity (Vrekoussis et al., 2013).

www.atmos-chem-phys.net/18/16139/2018/



A. Panopoulou et al.: Non-methane hydrocarbon variability in Athens during wintertime

2  Experimental
2.1 Sampling site

Measurements were conducted from 16 October 2015 to
15 February 2016, at the urban background station of the
National Observatory of Athens (NOA, 37.97°N_ 23.72°E,
1053 ma.s.] and about 30m above the mean city level) at
Thissio; this site is considered to be a receptor of pollution
plumes of different origins (Paraskevopoulou et al., 2015).
The station 1s located in the historical center of Athens, on
top of a hill (Lofos Nimfon), and 1s surrounded by a pedes-
trian zone, a residential area and the Filopappou (108 m a.s.1)
and Acropolis hills (150 m a.s.1), which are located 500 and
800 m away, respectively (Fig. 1). More information about
the morphology, meteorology and dominant transport pat-
terns in Athens can be found in Kanakidou et al. (2011),
Melas et al. (1998) and references therein.

2.2 Online NMHC measurements

Two portable gas chromatographs equipped with respec-
tive flame 1onization detectors (GC-FID; Chromatotec, Saint
Antoine, France) were used for NMHC measurements in
Athens. Specifically, airmoVOC C2-C6 (during the whole
period, from October 2015 to February 2016) and air-
moVOC C6-C12 Chromatrap GC (from mid-January until
mid-February 2016) analyzers were used for the determi-
nation of C2-C6 and C6-C12 NMHCs, respectively. These
mstruments collected ambient air through collocated inlets
on the rooftop of the station, 4 m above ground. The C2-C6
NMHC analyzer was set to sample ambient air on a 10min
basis followed by an analysis time of 20 min, while the C6—
C12 NMHC analyzer sampled on a 20 min basis with an anal-
ysis time of 20 min and a total cycle time of 30 min (sampling
and analysis). Therefore, the synchronized monitoring was
performed with an overall 30 min time resolution, for both
analyzers.

For the airmoVOC C2-C6 analyzer, 180 mL of air was
drawn through a 0.315 cm diameter, 6 m-long stainless-steel
line with a filter pore size of 4 pm at the sampling inlet, and a
flow rate of 18.9mL min~". Once sampled, ambient air was
passed through a Nafion dryer (activated by gas nitrogen)
to reduce the water content. Hydrocarbons were then pre-
concentrated at —9 °C (Peltier cooling system) on a 2.25 mm
internal diameter, 8 cm-long glass trap containing the fol-
lowing adsorbents: Carboxen 1000 (50 mg), Carbopack B
(10 mg) and Carbotrap C (10 mg) all from Supelco Analyti-
cal, Bellefonte, PA, USA. Next, the trap was heated rapidly to
220°C for 4 min and the pre-concentrated VOCs were ther-
mally desorbed onto a PLOT column (Restek Corp., Belle-
fonte, PA, USA, Al,04/Na;80y; 25m x 0.53mm, 10mm
film thickness). One minute prior to the analysis, the oven
temperature was raised from 36 to 38 °C, followed by a con-
stant heating rate of 15 °C min—! that reached 200°C by the
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end of the analysis. Details regarding the equipment tech-
nique and performance, as well as the estimation of the un-
certainty, are provided by Gros et al. (2011). The detec-
tion limit is in the range of 0.02 ppb (propene, n-pentane)
to 0.05 ppb (propane), while for ethane and ethylene it is
0.1 pph.

The airmoVOC C6-C12 analyzer collected 900 mL of air
through a 0.315cm diameter, 6 m-long stainless-steel line
with a filter pore size of 4pm at the sampling inlet, and
a flow rate of 435mL min—!. The hydrocarbons were pre-
concentrated at ambient temperature on a glass trap contain-
ing the adsorbent Carbotrap C. The trap was then heated
to 380°C over 2 min to desorb the pre-concentrated VOCs
into a separation column (MXT30CE; 30 m = 0.28 mm, 1 mm
film thickness). With 1 min delay, the oven temperature was
raised from 36 to 50°C at a rate of 2 °C min—!, followed by
a second heating of 10°Cmin—! up to 80°C. Finally, at a
constant heating rate of 15 °C min—! the temperature reached
200°C and remained there until the end of the analysis. In
the present work, toluene, ethylbenzene, m-/p-xylenes and o-
xylene (TEX) will be used from the GC C6-—C12 data series.
The uncertainty of the instrument is less than 20 %, and the
detection limit of the BTEX is 0.03 ppb.

Simultaneous calibrations and identification of the com-
pounds were performed by a certified National Physical Lab-
oratory (NPL) standard NMHC muxture (~ 4 ppb)} contain-
ing ethane, ethylene, propane, propene, i-butane, n-butane,
acetylene, i-pentane, n-pentane, isoprene, benzene and 15 ad-
ditional hydrocarbons.

2.3 Auxiliary measurements

Real-time monitoring of carbon monoxide (CO), black car-
bon (BC) and nitrogen oxides (NO, =NO and NOz) was
also conducted during the study period. For CO and NO,
measurements, Horiba 360 series gas analyzers with a 1 min
resolution were used and were calibrated with certified stan-
dards. A seven-wavelength AE33 Aethalometer (1 min reso-
lution; Magee Scientific) was operated for the measurement
of BC, and its fractions associated with fossil fuel and wood
bumning (BCg and BCyp. respectively) were derived auto-
matically by the instrument software. Meteorological data
were provided by the NOA meteorological station at Thissio.

2.4 Street canyon measurements

To identify the NMHC fingerprint of traffic emissions,
NMHC measurements were conducted at a monitoring sta-
tion belonging to the air quality agency of Athens from the 22
to 24 February 2017. The station is located in a street canyon
in downtown Athens which is subject to heavy traffic and
frequent traffic jams (Patission street; 37.99° N, 23.73° E).
Samples were collected every hour during the morning rush
hour from 06:55 to 10:15LT (LT=UTC42), in 6 L stainless
steel—silonite canisters. The sampling method for ambient air
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Figure 1. Map of the greater Athens area. The four mountains listed in the legend define the borders of the study area.

is described in detail elsewhere (Sauvage et al., 2009). Be-
fore the analysis, the cylinders were pressurized by adding a
known amount of zero air which resulted in the sample be-
ing diluted by a factor of 2. Afterwards each canister was
connected to the GC-FID system using a Teflon polytetrafiu-
oroethylene sampling line and analyzed using the method
described in Sect. 2.2. Before sampling, the canisters were
cleaned by filling them up with zero air and re-evacuating
them. which was done at least three times. The content of
the cylinders was then analyzed using the GC-FID system
to verify the efficiency of the cleaning procedure. The canis-
ters were evacuated a few days prior to the analysis and were
analyzed a maximum of 1 day after sampling.

3 Results and discussion
3.1 Temporal variability of NMHCs

Figure 2 presents the temporal variability of selected
NMHC:s for five major groups of compounds: ethane and n-
butane (for saturated hydrocarbons), propene and ethylene
(for alkenes), acetylene (for alkynes), benzene and toluene
(for aromatics) and isoprene (for potential biogenic com-
pounds). Other measured NMHC's are presented in Fig. S1 in
the Supplement. During the study period, the data availability
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(in comparison with the maximum potential data availability)
for all C2-C6 NMHCs was higher than 87 %. Most of the
data for isoprene were below the limit of detection due to the
low vegetation activity during this period of the year (Fuentes
et al., 2000; Guenther et al., 1995). Moreover, the significant
nighttime levels (above 300 ppt in some cases) could be in-
dicative of non-vegetation sources, like traffic or domestic
wood burning (Borbon et al., 2001, 2003; Gaeggeler et al.,
2008; Kaltsonoudis et al., 2016). However, due to the low
data coverage it is not possible to determine an accurate di-
urnal variability for this compound.

The majority of the compounds showed a remarkable day-
to-day variability throughout the study period with levels
increasing by up to factor of 4, from autumn (October—
November) towards winter (December—February; Figs. 2 and
S1). The highest values observed for ethane and ethylene
mostly ranged between 26 and 23 ppb, and were encountered
in wintertime. For these compounds, the lowest values were
above 0.3 ppb for the whole period. During the intensive 4-
month measurement period, toluene exceeded 10 ppb, while
benzene was below 6 ppb. Benzene is the only NMHC in-
cluded in the European air quality standards due to its possi-
ble adverse human health effects (IARC, 2012).

In Table 1, the mean values of the measurements of this
study are compared with those reported in the existing liter-
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Figure 2. Temporal variability of (a) ethane and »-butane, (b) ethy-
lene and propene, (¢} acetylene, (d) benzene and toluene and (e} iso-
prene, based on hourly averaged levels for the period from 16 Oc-
tober 2015 to 15 February 2016, at the NOA urban background site
in Thissio, downtown Athens.

ature for Athens and other selected areas. The comparison
with published data for the GAA, indicates an apparent de-
crease by a factor of 2 to 6 for the majority of the species
Iying above C4 (taking the case of “Ancient Agora” urban
area in the close vicinity of the Thissio station as a refer-
ence). This decreasing trend is in agreement with the de-
crease in primary pollutants, such as CO, SO, already re-
ported by Kalabokas et al. (1999) and Gratsea et al. (2017),
due to the air quality measures taken by the Greek govern-
ment and the economic recession (since 2012). Apart from
changes in emission sources and source strength over the
last 200 vears, differences in sampling period (summer versus
winter) and analytical resolution (samples collected in the
morning compared to continuously averaged levels) should
be considered, which renders the direct comparison between
present and past measurements quite difficult regarding the
overall evaluation of the NMHC decrease. However, in or-
der to better investigate this observed decreasing trend and
compare these results with past measurements, enhancement
ratios (ppb/pphb) have been calculated for i-pentane, benzene,
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toluene, ethylbenzene and o-xylene to NO, (sum of NO and
NO»-), following the approach of Kourtidis et al. (1999); this
was undertaken using the measurements performed in the
street canyon (Patission) and presented in Table 2. In short,
the enhancement ratios are the slopes of the x—y plots of the
selected NMHC (in ppb) to NO, (or CO, both in ppb), for
which morning concentrations (07:00 to 10:00LT) at wind
speeds lower than 2m s~ from the SSW—8W (206 to 237°)
were used. The NO, and CO data for the Patission site are
provided by the Hellenic Ministry of Environment & Energy,
Department of Air Quality. Additionally, the same enhance-
ment ratios were calculated for Thissio station for concen-
trations associated with wind speeds lower than 2ms—! (no
distinction regarding wind direction), which maximized the
local influence. Since the enhancement ratios are calculated
during the traffic rush hours, it is assumed that they are only
representative of traffic emissions. Both Thissio station and
Patission street canyon demonstrate similar enhancement ra-
tios with differences in the order of 15%-30% and 20 %—
35 % relative to NO, and CO, respectively, and large differ-
ences compared to previously reported values. Enhancement
ratios for i-pentane, toluene, ethylbenzene and o-xylene to
MNO, for the same station (Patission) show values which are
lower by a factor of 61 compared to those reported in Kour-
tidis et al. (1999), whereas a factor of 12 decrease is observed
for benzene. The same stands for the present enhancement ra-
tios of the selected NMHCs to CO with a decrease of 2to 3
times compared to previously reported values. The lower en-
hancement ratios reveal the strong impact of the air quality
measures regarding VOC emissions, while the high differ-
ence in the benzene enhancement ratio is a direct outcome
of Directive 2000/69/CE (now Directive 2008/50/EC) of the
European Union for the reduction of this compound, espe-
cially in fuels.

Beirut, located in the eastern Mediterranean Basin (ap-
proximately 200km SE of Greece, 230 ma.s.L), has a pop-
ulation of 2 million inhabitants and a typical Mediterranean
climate with mild winters and hot summers (Salameh et al.,
2015). Bilbao, in comparison, 1s an urban and industrial city
with 400000 inhabitants in northern Spain, located along a
river delta in a SE-NW direction, with two mountain ranges
in parallel to the river (Ibarra-Berastegi et al., 2008). Due to
their location, both cities experience intense sea breeze cy-
cles. The NMHC levels observed in Athens are higher by a
factor of approximately 2 for ethylene, propene, acetylene
and pentanes compared to these two cities and up to 3.5 for
isopentane in comparison to Bilbao. Exceptions to this trend
are propane, butanes and toluene for Beirut and n-butane,
benzene and toluene for Bilbao, which are comparable to
Athens. NMHC levels are also compared with those obtained
in Paris, a European megacity with more than 10 million in-
habitants that experiences relatively mild winters and warm
summers. Again, the observed levels in Athens are signif-
icantly higher (almost 2 to 8 times) compared to those re-
ported for Paris (Baudic et al., 2016), with the most impor-
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Table 1. Comparison of mean NMHC levels between this study and previously published works in Athens, Greece, and other Mediterranean
or Huropean sites. Information regarding the analysis or sampling techniques and data resolution are included when available. The number

of measurements® made for each compound determined in the current

samples 1s included below the table.
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tant differences concerning acetylene and i-pentane (which
are factors of 8.4 and 6.7 higher in Athens, respectively, Ta-
ble 1).

According to Fig. 2, a common pattern for all NMHC con-
centrations is their gradual increase from October to Decem-
ber, which reflects the transition from a warmer period to
a colder one. This is better illustrated in Fig. 3, which de-
picts the monthly median concentration for every NMHC
presented in Fig. 2. The increase in NMHC levels during
the cold period could be explained by the respective increase
in their lifetime due to less photochemistry and the contri-
butions from additional sources, such as heating. However,
the role of atmospheric dynamics should not be neglected,
as the decrease in the height of the planetary boundary layer
(PBL) could also trigger the observed wintertime enhance-
ment of NMHC levels. Nevertheless, according to Alexiou
et al. (2018) the mean wintertime decrease of the PBL com-
pared to autumn is in the range of 20 % for both day and night
periods; thus, the PBL height is likely not the only factor
determining the enhancement of the NMHC levels observed
during wintertime. Furthermore, according to Kassomenos
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et al. (1995) the day—night difference of the PBL 15 more
pronounced during summer. Thus, the nighttime accumula-
tion of pollutants during winter relative to summer essen-
tially highlights the impact of additional emission sources.
Meteorological conditions such as wind speed and direction
also have to be considered, and their respective role will be
discussed in the following.

3.2

Diurnal variability of NMHCs

During the whole monitoring period, all hydrocarbons
demonstrated a pronounced bimodal diurnal pattern (Figs. 4
and 52). A morning peak was observed that lasted from 07:00
to 10:00 LT, followed by a second peak before midnight. The
amplitude of both peaks gradually increases from October
to wintertime by a factor of 3 to 6 and closely follows that
of carbon monoxide (CO), BC and its fractions associated
with wood burning (BCyp) and fossil fuel combustion (BCyyr)
(Fig. 4). As was noted in Gratsea et al. (2017), the moming
maximum of CO is attributed to moming traffic, while the
winter nighttime increase is attributed to additional sources
such as domestic heating (fossil fuel or wood burning). Al-
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Table 2. Enhancement ratios of NMHC to NO,. {ppb/ppb} and to CO (ppb/ppb), calculated from the present dataset for Thissio station and
the street canyon measurements (Patission station) for the traffic rush hour periods. The enhancement ratios presented in the third and sixth
column are reported in Kourtidis et al. (1999) and were calculated for the same station in the street canyon.

NOy (ppb / ppb}

CO (ppb / ppb)

Thissio station Patission station  Patission station Thissio station Patission station  Patission station
Ratios of NMHCs to:  (urban background)  (traffic) (traffic), 1994% (urban background) (traffic) (traffich, 1994

21 January— 23-24 20 August— 21 January- 2324 20 August—

15 February 2016 February 2017 20 September 1994 | 15 February 2016 February 2017 20 September 1994
i-Pentane 0.0639 0.0490 0.2468 0.0072 0.0058 0.0098
Benzene 0.0095 00083 0.1042 0.0012 0.0009 0.00414
Toluene 0.0417 00320 0.1799 0.0056 0.0034 0.00715
Ethylbenzens 0.0073 0.0053 0.0338
o-Xylene 0.0082 0.0059 0.0471

* The NMHC-to-NO,;, enhancement ratics of Kourtidis et al. {1909) given in w/w {weight'weight) were comverted into ppb/ppb by dividing them by the ratio of the molecular weight of the NMHC to

ithe molecular weight of N0, (equal to 31.6 according to Kourtidis et al., 199090,
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Figure 3. Monthly box plots for ethane, ethylene, propene, n-
butane, acetylene, isoprene and benzene. The black dots represent
the median values and the boxes shows the interquartile range. The
bottom and the top of the boxes depict the first and third quartiles
(ie., Q1 and Q3). The whiskers correspond to the first and the ninth
deciles (i.e., D1 and D9).

though the amplitude of both CO peaks (morning and night)
1s similar (with the exception of December), the duration of
the night peak is at least a factor of 2 larger, which could
imply that heating impacts the air quality during wintertime.
Moreover, nighttime emissions occur in a shallower bound-
ary layer relative to midday emissions, resulting in the accu-
mulation of pollutants (Alexiou et al., 2018). These observa-
tions are indicative of the contribution of traffic and heating
to NMHC levels. By comparing the NMHC diurnal variabil-
ity with that of BC, as well as its fractions associated with
wood burning (BCyp) and fossil fuel combustion (BCg), it
1s deduced that the morning peak can mainly be attributed to
traffic, and the late evening peak to traffic and heating from
the combined use of heavy oil and wood burning.
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Figure 4. Monthly diurnal variability of (a) ethane, (b) n-butane,
{c) propene, (d) acetylene, (e) benzene, (f) toluene, (g) CO, (h) BC,
(i) BCyp, and (j) BCyy based on hourly averaged values.
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Figure 5. Box plots for (a) n-butane, (b) acetylene and (c) ben-
zene relative to wind speed for the period from 16 October 2015 to
15 February 2016. The black lines represent the median value and
the boxes show the interquartile range. The bottoms and the tops of
the boxes depict the respective first and third quartiles (ie., Q1 and
23). The whiskers correspond to the first and the ninth deciles (1.e.,
D1 and D9). The range of each wind speed bin is depicted on the

x axis.

3.3 The role of meteorology on NMHC levels

Once emitted in the atmosphere, NMHCs mainly react with
OH and NO, radicals during daytime and nighttime, respec-
tively, and with ozone throughout the day (Crutzen, 1995;
Atkinson, 2000); the role of Cl can also not be omitted, es-
pecially for coastal areas (Arsene et al., 2007). Suall, in ad-
dition to chemistry, many other factors, such as the strength
of the emission sources and the atmospheric dynamics (me-
teorology and boundary layer evolution), determine NMHC
abundance and diurnal variability. To investigate the role of
wind speed and wind direction, the dependence of n-butane,
acetylene and benzene, selected as representative of alkanes,
alkynes and aromatics, against wind speed and direction, is
depicted in Figs. 5 and 6 respectively (Fig. 53 and 54 include
the rest of the compounds). For all of the NMHCs studied, the
highest concentration occurred at low wind speed conditions
(< 3ms~") which reflects the critical role of local sources
versus long-range transport. On a monthly basis, the NMHC
dependence on wind speed remained the same for the total
period examined (Fig. S5).

To investigate the impact of wind direction on NMHC lev-
els, Fig. 6 presents the distribution of the wind sector fre-
quency of occurrence during the sampling period and that of
wind speed per sector. In addition, the variability of n-butane,
acetylene and benzene levels as a function of wind direction
15 also depicted. Enhanced levels of NMHCs are found under
the influence of air masses from all directions, especially at
low wind speeds. During the sampling period, the NE sector,
associated with relative strong winds (¢ = 3ms—!), was the
most frequent sector, resulting in moderate levels of NMHCs.
Overall, a similar distribution was found for all NMHCs, in-
dicating moderate to higher values in the N-NE-E-SE sec-
tor, and lower levels in the NW-W-SW sector, the latter as-
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Figure 6. Wind rose {a) and concentration roses of (b) n-butane,
{¢) acetylene and (d) benzene for the period from 16 October 2015
to 15 February 2016.

sociated with high wind speeds. The influence of the N-SE
sector on the enhanced NMHCs levels is probably related to
the northern suburbs of the GAA. which are characterized
by an increased number of fireplaces and higher living stan-
dards that allow for the combined use of heating oil in central
heating systems and wood in fireplaces and/or woodstoves.
The impact of the N-ESE sector on NMHC levels can be
also seen when comparing the concentrations of the morn-
ing (07:00-09:00) and night (21:00-23:00) peaks in October
and December (Fig. S6). The probability of wind from the
N-ESE is similar for both months, but significantly higher
concentrations are observed at nighttime in December due to
low wind speeds (< 2ms~") from the N-NE sector.

The ambient temperature is another parameter which can
influence NMHC levels. as high temperatures favor the evap-
oration of low volatility hydrocarbons and also trigger the
production of biogenic compounds, whereas lower tempera-
tures can potentially trigger the emission of NMHCs from in-
creased heating demand, in addition to other tracers (Athana-
sopoulou et al., 2017). The average monthly temperatures
varied from 18 °C in October and November to 10-13°C in
December and late winter. By examining NMHCs against
temperature (Fig. 57), a clear tendency i1s not evident, al-
though the highest levels are observed at lower temperatures.
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Figure 7. Temporal variability of (a) CO, (b) BCywp and BCr frac-
tions, (¢) wind speed and (d) precipitation for the experimental pe-
riod. Grey frames correspond to smog periods (SPs), while the re-
maining frames represent non-smog periods (nSPs).

3.4 Identification of NMHC emission sources with
emphasis on traffic and heating

34.1 Interspecies correlation

Table 3 shows the interspecies correlation of NMHCs for the
total measurement period. All NMHCs were well correlated
(R? = 0.81), with the exception of isoprene which as previ-
ously noted, only had few data above the limit of detection
and was therefore excluded from Table 3. The excellent cor-
relation of toluene with ethylbenzene, m-/p-xvlenes and o-
xylene (R? from 0.92 to 0.93) during the common measure-
ment period (from mid-January until mid-February 2016)
should also be noted, as it highlights their common origin.
The strong correlation of NMHCs with combustion tracers,
such as CO, NO and BC, could also indicate common emis-
sion sources and variability. The deconvolution of BC into
its fossil fuel and biomass buming fractions enables fur-
ther classification of NMHCs into groups that could possi-
bly be emitted by these two distinct sources. The stronger
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Figure 8. Diurnal patterns of (a) ethylene, (b) n-butane, (c) i-
pentane, (d) benzene, (e) CO and (f) BC,,p, during the SPs (left col-
umn) and nSPs (right column) identified during October 2015 (red)
and December 2015 (black), respectively. Note: SP are defined by
wind speeds lower than 3ms—! and the absence of rainfall, while
nSP are defined by winds speeds higher than 3ms—".

carrelation (R? = 0.84) of the hydrocarbons with BCg com-
pared to BCwh (R? = 0.64) could imply stronger emission
of NMHCs from fossil fuel combustion processes relative to
wood burning. Finally, no change in the correlation coeffi-
cients is observed when datasets are separated into daytime
(06:00-18:00) and nighttime (18:00-06:00) intervals. How-
ever, the above analysis could only give a rough idea regard-
ing the sources impacting NMHCs levels. A more precise
picture could emerge via a comparison with source profiles,
and a discussion on this topic follows in the paragraph below.

34.2 Impact of various sources on NMHC levels

To identify periods with differentiated impacts from differ-
ent pollution sources (with an emphasis on traffic and heat-

Atmos. Chem. Phys., 18, 16139-16154, 2018
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Table 3. Correlation coefficients (R2) of NMHCs and major gaseous pollutants for the total period of measurements (all significant at

p = 0.01).
Ethane Ethylene Propane Propene i-Butane n-Butane Acetylene  i-Pentane  n-Pentane Benzene BC BC,, BCy CO
Ethane
Ethylene 0.94
Propanz 092 0.94
Propene 0.94 097 0.96
i- Butanz 0.82 0.90 0.95 0.92
n-Butane 0.84 0.91 0.497 0.92 0.9%
Acetylen: (.89 0.91 0.90 0.91 0.58 0.88
i-Pentana 0.73 0.85 0.8% 0.85 0.96 0.95 081
n-Pentane 074 0.85 0.90 0.88 097 0.96 0.84 0.96
Benzens 0.87 0.95 0.93 0.96 091 0.92 0.89 0.87 0.89
BC 093 0.95 0.92 0.96 0.88 0.89 090 0.84 0.85 0.93
BCywh 091 087 0.8l 0.89 070 072 077 0.65 064 0.8} 091
BCg 0.84 0.90 0.89 0.90 091 0.91 089 0.89 0.90 0.89 095 075
o 0.91 0.95 0.94 0.96 092 0.93 092 0.87 0.89 095 097 087 093
NO 0.86 0.90 0.90 0.90 0.90 0.91 0.59 0.90 0.88 089 091 076 092 094
» Morning peak Athens » Morning peak Patission represelntanve Penods of non-heating and heating activities,
w respectively (Figs. 8 and 58). Note that SPs represent 35 % of
£ 2 the time considered in October and 73 % in December. Ac-
£ - cording to previous findings (Paraskevopoulou et al., 2015;
,E' Kaltsonoudis et al., 2016; Fourtziou et al., 2017; Gratsea
E et al., 2017) wood burning for domestic heating has gained
E - - - - .
g a marked role as a wintertime emission source in Greece
= over the last few years. Since wood burning is reported
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Figure 9. % Mass contribution of the measured NMHCs during
the morning peak (07:00-10:00LT), median values in Thissio and
mean values at Patission monitoring station.

ing), the methodology described by Fourtziou et al. (2017)
was applied. The criteria for this separation were that the
wind speed did / did not exceed a threshold value of 3ms—!
(light breeze conditions) and precipitation was present / ab-
sent (on / off criterion). The role of wind speed was clearly
visible in Sect. 3.3 (Fig. 5). Based on these criteria, the first
group (non-shaded in Fig. 7) which corresponded to higher
wind speeds and thus the more efficient dispersion of emit-
ted pollutants (ventilation) as well as incidents of rain was
denominated non-smog periods (nSPs). The second group
(shaded area in Fig. 7) referred to lower wind speeds, fa-
voring the accumulation of high pollution loads within the
mixing layer, and is henceforth referred to as smog periods
(SPs). The frequency of SPs and nSPs was 65 % and 35 %,
respectively. Note that the word “smog™ is used as a synonym
to highlight cases of relatively high air pollution, as also in-
dicated by the high levels of CO and BC encountered during
the SPs (Fig. 7).

The diurnal variability of all compounds was investigated
separately for two distinct months, October and December,
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as emission source of specific organic compounds such as
ethane, ethylene, acetylene, benzene, methanol, acetaldehyde
and acetonitrile (Baudic et al., 2016; Gaeggeler et al., 2008;
Gustafson et al., 2007; Hellén et al., 2008; Kaltsonoudis et
al., 2016), it can be safely considered as a possible factor
contributing to the wintertime increase of NMHC levels in
the GAA. Thus, the two selected months are expected to
have different source profiles. October, without or very lim-
ited heating demand, was used as a reference period, while
December in south-central Greece is traditionally the begin-
ning of the heating period. The low values of BCy,, recorded
in October, even during the SPs, support the methodology
chosen for the separation (Fig. 8).

The levels of all measured NMHCs were significantly
higher in December than in October for the SPs (Figs. 8 and
S58). The most striking difference is related to the nighttime
peak, while during the midday period the difference is mini-
mal. For all compounds examined in this work, the nighttime
peak in December (SP) was 2 to 6 times higher compared
with that in October (SP) with the highest differences found
for ethane, ethylene, propene and acetylene. Conversely, the
December to October ratio during the midday period ranged
between 2.6 (for propene and acetylene) and 0.9 (for ben-
zene). It is worth noting the levels of NMHCs during the traf-
fic related morning peak. Although higher mean levels were
observed in December, the amplitude of the morning peak is
similar in both of the months examined, representing no im-
portant change in the traffic source between the heating and
non-heating periods. In contrast, during the nSPs in October

www.atmos-chem-phys. net/18/16139/2018/
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Figure 10. Regressions between ethylene, i-pentane and benzene versus BCyr (a)-(c) for the morning periods (07:00-10:00 LT) in October

and December 2015,

and December NMHC levels were equal (Figs. 8 and S8).
Furthermore, the concentrations of all compounds during
nSPs were very low — even lower than the minimum values
observed at midday during the SPs of the same months. Ac-
cordingly, the diurnal variability of all investigated NMHCs
was less pronounced compared to the SPs with a slight in-
crease during the night in December, which could be at-
tributed to a background contribution from heating sources.
In Sect. 3.4.3 the origin of the moming and nighttime peaks
related to NMHCs will be further investigated.

3.4.3 Impact of sources on morning and night peaks of
NMHCs
Morning peak

As discussed in Sect. 3.2, the moming NMHC peak (07:00-
10:00 LT) was mainly attributed to traffic. Fig. 9 presents the
profile of this peak (percent mass contribution of the mea-
sured NMHCs), during January and February SP days when
toluene, ethylbenzene, m-/p-xylenes and o-xylene data were
also available. Additionally, in the same figure the mom-
ing profile obtained during the 2-day measurement campaign
conducted in the street canyon in central Athens (Patission
monitoring station) is also reported. Details regarding the
calculations of the moming profile for the two sites are pro-
vided in Sect. S2. The Patission profile reflects all types of
traffic-related emissions due to the combination of the high
number of vehicles and buses driving on this street, the fre-
quent traffic jam conditions, the variety of fuel types (gas.
oil, diesel, natural gas), vehicles ages, maintenance etc.

The two morning profiles, although performed at sites with
different traffic impacts, agree quite well (R? = 0.98). Iso-
pentane. toluene and m-/p-xylenes are the three main com-
pounds that contribute to the morning profiles, accounting for
about 50 % of the total measured NMHCs at both locations,
followed by n- and i-butane and ethylene, which account for
almost 21 %. Differences between the two morning profiles
regarding these five main species are weak (less than a factor
of 1.2). However, the morning profile at Thissio is the mean
of a whole month compared to the 2-day campaign at Patis-
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Figure 11. The percent mass contribution of the measured NMHCs
during the nighttime enhancement period (18:00-05:00LT) for the
SP in October (orange) and the SP in December (black).

sion which could explain the small differences between the
two profiles. In addition, a comparison with a tunnpel study in
Athens is made in the Supplement (Sect. 52a.), in which sim-
ilarities are seen for most of the main compounds (i-pentane,
m-/p-xylenes, ethylbenzene, o-xylene, benzene, n-pentane, i-
butane, propene and ethane), with the exception of acetylene
and toluene that are a factor of 4 and 1.5 lower, respectively.
The similarity between the Thissio and Patission moming
profiles and their difference from the Athens tunnel profile
probably indicates the importance of the fuel type used. The
latter is also observed in recent works (Ait-Helal et al., 2015;
Q. Zhang et al., 2018; Y. Zhang et al., 2018), where impor-
tant differences have been reported between tunnel measure-
ments, and have been attributed to various car-fleet typolo-
gies (type of vehicles and fuels). In our case there is a possi-
bility that the car fleet in the tunnel is not represe ntative of the
GAA, as the existing tolls reduce the use of the tunnel due to
financial constrictions. Furthermore, measurements are per-
formed during the noon period when the traffic density is
relatively low compared to the moming peak. In any case,
the prevalence of i-pentane and toluene in all profiles indi-
cates the continuing dominance of gasoline powered cars and
evaporative losses. The importance of evaporative losses can

Atmos, Chem. Phys., 18, 16139-16154, 2018
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Figure 12, Regressions between ethylene, acetylene and benzene (a) against BC (i—iii) for the nighttime (18:00-05:00LT) SPs in October
and December 2015 and (b} against BC,,, (red) and BCy (black) for the nighttime (22:00-04:00 LT) SP in December 2015.

be seen in Figs. S11 and 512 where the ratios of butanes and
pentanes-to-(C2-C35) alkanes (percent) versus the tempera-
ture are examined, respectively. Taking the positive depen-
dence of the two ratios into account, especially that of pen-
tanes, to temperature, we can assume that fuel evaporative
losses are also an important source of NMHCs. These ob-
servations are in agreement with the general behavior of the
temperature dependency reported in Kourtidis et al. (1999)
(Fig. 513 and Sect. §3), who performed an investigation on
the dependence of the fractionation of NMHCs in evapora-
tive emissions on temperature in Athens. Although the pe-
riods examined differ regarding ambient temperature (win-
ter is colder than autumn), the exponential curve fitting of
both datasets was similar. In addition, the abovementioned
results could indicate why the Athens tunnel results from
May differ from Patission and Thissio winter morning pro-
files. Moreover, the higher values of propane and butanes that
are depicted in the morning peaks at the urban sites relative
to the tunnel measurement, reflect the increased number of
LPG powered vehicles in Athens in addition to natural gas-
powered buses (Fameli and Assimakopoulos, 2016). This is
further highlighted when the monthly variation of i-butane
relative to n-butane is examined (Fig. S14). The two com-
pounds have a linear relationship with no significant tem-
poral differences in the slopes between the various months.
Furthermore, the regression is similar to that derived from
the Patission measurements, which enhances our assumption
that butanes emissions are traffic related. Moreover, the rela-
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tion between the high levels of C2—-C4 alkanes and the num-
ber of LPG-powered cars has also been highlighted in other
tunnel studies (Ait-Helal et al., 2015; Q. Zhang et al., 2018).

To obtain a better idea of the variability of the traffic source
during the study period, the variability of selected NMHCs
{ethylene, i-pentane and benzene) relative to BCg (the lat-
ter used as traffic source tracer) was also plotted for Octo-
ber and December (Fig. 10). Significant correlations were
revealed with slopes remaining almost stable (within 30 %)
during both months. This indicates similar emission ratios
throughout the study peried. and most likely an equal contri-
bution from traffic.

Nighttime enhancement period

During nighttime both BCr and BCyp were maximized (e.g.,
Figs. 4 and 8), denoting a significant contribution from both
fossil fuel and wood burning (the contribution of the lat-
ter was more evident during winter). Figure 11 presents the
NMHC profile of the nighttime enhancement period for Oc-
tober and December SP nights (details for the calculations
are given in Sect. 54 in the Supplement). As previously dis-
cussed, traffic is expected to be the main source of NMHCs
during nighttime in October, whereas heating competes with
traffic during December. When these two profiles are com-
pared (Fig. 11), a statistically significant difference at p <
0.01 confidence 1s obvious, with a smaller contribution from
i-pentane (traffic source contributor) during December. In
addition, enhanced contributions from C2 NMHCs (ethane,
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ethylene and acetylene) are apparent in December compared
with October. These C2 hydrocarbons were reported as im-
portant contributors to the wood burning source profile by
Baudic et al. (2016) in Paris. Preliminary data from a fire-
place experiment (not part of this work) also confirm these
findings; these data are also in line with our results reported
mn Fig. 8 that indicate an impact from wood burning during
nighttime in the winter months.

Figure 12a (i-iii) presents the relation of ethylene, acety-
lene and benzene, the main contributors of the wood burn-
g profile (Baudic et al., 2016), to BC during the night-
time (18:00-05:00LT) SPs in October and December. Dur-
ing both months, significant correlations were revealed for all
examined NMHCs and the slopes remained relatively stable,
indicating almost equivalent emission ratios from both traffic
and heating sources. To better tackle a possible difference in
NMHC emissions from traffic and residential heating, these
NMHCs were also plotted against BC,,, and BCyg during the
SPs in December, from 22:00 to 04:00 LT, 1.e., the time frame
when traffic is quite limited (Fig. 12b, iv—vi). The NMHC
slopes versus BCy,p, are similar when compared to those ver-
sus BCyy (slight difference for ethylene), with a contribution
of BCyp and BCr to BC of 43 % (£ 10 %) and 55 % (£ 11 %),
respectively, indicating that the NMHCs studied are probably
equally produced by wood and fossil fuel burning.

4 Conclusions

For the first time to our knowledge, time-resolved measure-
ments of 11 non-methane hydrocarbons with two to six car-
bon atoms (C2-C6 NMHCs) were conducted for several
months (mid-October 2015 to mid-February 2016) in the
greater Athens area (GAA) by means of an automatic chro-
matograph, in parallel with the monitoring of major pollu-
tants and meteorological parameters. The temporal varabil-
ity of the NMHCs presented an increasing trend from Oc-
tober to December, due to changes in the type and strength
of sources, and atmospheric dynamics. In comparison with
other works, higher concentrations are reported for the ma-
jority of the NMHCs, which indicates an air quality is-
sue in Athens. With the exception of isoprene, all NMHCs
presented a bimodal diumal pattern with a moming and a
broader nighttime maxima, whereas lower concentrations
were observed early in the afternoon. Typical indicators of
combustion processes such as CO and BC, with the latter
further deconvoluted into BCx and BCyp. presented simi-
lar seasonal and diurnal variability relative to the NMHCs,
providing the opportunity to investigate their possible emis-
sion sources. Thus, the morning maximum, which follows
the BCy tendency, was attributed to traffic, while the second
peak during nighttime which reached a maximum in Decem-
ber and coincided with those of BCy and BCy was mainly
attributed to heating by both fossil fuel and wood burning.
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For a better understanding of the impact of sources on
NMHC levels, the study period was further separated into
smog periods (SPs) and non-smog periods (nSPs), based on
the absence of rainfall and low wind speeds. October and
December were chosen for further comparison due to the
different temperature conditions and possible sources, tak-
ing the previously reported increased wintertime heating de-
mand into account (Athanasopoulou et al., 2017). The com-
parison of the moming maximum of the NMHC profile dur-
ing SP days with those obtained in a street canyon in Athens
(Patission) further confirms the role of traffic regarding the
observed moming NMHC peak. The October and December
NMHC SP nighttime profiles depicted differences that are
mainly attributed to heating. However, NMHC slopes ver-
sus BCyp are similar when compared with those versus BCyr
(slight difference for ethylene), indicating that NMHCs are
probably equally produced by wood and oil fossil fuel burn-
ing. An extended dataset of NMHCs and other organic trac-
ers (future long-term measurements) is needed to apportion
different sources types on a seasonal basis and quantify their
impact on the NMHC levels.
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3.Conclusions

As stated in the conclusion of the article, a careful examination of the temporal, seasonal and
diurnal variation of 11 NMHCs in Athens during the winter season has been performed. C2
NMHCs (ethane and ethylene) exhibited the highest concentrations (> 22 ppb and with mean
values of 4.5 and 4.1 ppb respectively) and these are the first ever reported values of these
compounds for the urban Athens area. The comparison of NMHCs between this work and past
published studies for Athens showed a decrease of the NMHCs levels for a factor of 2 (i-butane)
to 6 (benzene), which was also further affirmed by the comparison of published enhancement
ratios to NOx and CO that have decreased. The temporal variability of the NMHCs presented
an increasing trend from October (autumn, warm season) to December (winter, cold season).
The factors affecting the observed levels have been examined, showing that low wind speed
and a swallow boundary layer were the main parameters among atmospheric dynamics favoring
the accumulation of NMHC in the air. In addition, the separation of the dataset to specific
periods of pollution or not (namely “SP” smog and “nSP” non-smog periods) highlighted the
effect of sources. This is supported also by the similar bimodal diurnal pattern that is consistent
with the variability of other pollutants/tracers (CO, BCt and BCup).

Furthermore, the influence of sources emissions was evaluated from the development of the
chemical profile of the morning peak and night-time enhancement period for Thissio. The
morning chemical profile presented i-pentane, toluene and xylenes as the dominant compounds
and it was in agreement with the profile that was derived from the data of the near-source
campaign in Patission station, indicating an influence mainly from traffic. Isopentane was also
the dominant NMHC in the night chemical profile; however, its contribution was significantly
decreased from October to December, indicating a change in the composition of the night
sources emissions. Nevertheless, the observations highlighted the strong impact of traffic and
residential heating to NMHCs levels, which are now considered as the most important sources
of VOC in winter.

This study introduced insights on the temporal variability and sources of the VOCs during the
winter season. The next step is to examine the VOC variability over a full year in order to
document and understand the seasonal variations on both VOCs levels and sources. The scope
of the study will be extended to a longer dataset including also heavier VOCs (C6 - C12). The
results of the entire campaign will provide the seasonal variability of these compounds, which
was never reported in the literature. Moreover, the examination of the influence of atmospheric
dynamics on a seasonal basis could further support the findings of the first article and provide
new information for a better understanding of the driving processes of the VOC variability.
This is the objective of the next chapter (Chapter 4).

Finally, since the scope of the article was not the source allocation of the emissions and taking
into account the rather low variability in the dataset, it was neither possible to completely
separate and quantify the contribution of the two main VOC sources nor to determine new ones.
For that reason, the number and type of sources, as well as their contribution to the observed
concentrations are evaluated in Chapter 6, by using a source-receptor statistical tool namely
Positive Matrix Factorization (PMF) that was applied to the whole dataset.
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CHAPTER 4 — Volatile Organic
Compounds (VOC) in Athens during
the 13-month monitoring period:
Temporal variability and driving
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Introduction

According to the published article presented in the previous chapter (Chapter 3) the
concentrations of the studied NMHCs in Athens have decreased relative to the past (based on
the observations of i-pentane, benzene and toluene), but at the same time, they are also higher
than the reported values in other studies elsewhere (for the majority of the compounds).
Nevertheless, these observations depict only the cold season and were limited to a few
NMHCs/tracers compared to the variety of the target compounds of the MOP (Main
Observation Period). What are the levels and variability of NMHCs in the other seasons and
what are the effects of atmospheric processes and sources on these observations? These are the
new questions that arose, by further considering the seasonal variability of meteorological
parameters such as the temperature and the solar radiation, which can also have an impact on
the NMHCs emission sources. Thus, the descriptive analysis of the MOP extended dataset is
important for the understanding of the NMHC variability over a longer period in respect to the
driving parameters, which in turn will contribute to their source allocation in the following
chapter. In addition, the assessment of NMHC concentrations on the air quality will be
evaluated on a yearly and seasonal basis through the comparison to other studies in urban areas.

Following the previous need, the objectives of the first part of this chapter are: (1) to report the
levels of all the VOC that were monitored during the MOP (Chapter 2), and the next 13 months
of measurements (February 2016 to February 2017) that were not documented in the published
article; (2) to examine the seasonal and spatial variability, which, to our knowledge, was never
reported for Athens in annual basis; (3) to investigate the effect of atmospheric dynamics on
the observed concentrations; and (4) to compare our levels with the results of other studies.
Therefore, the above examination feeds the discussion with robust results, while the
understanding of the variability and its driving factors will help the source allocation that will
follow in a next chapter.

In the same context and to facilitate the source apportionment, two seasonal intensive sampling
campaigns in Thissio (Intensive Observation Period or IOP) were organised and conducted in
winter and summer 2016 (Chapter 2). Briefly, these campaigns introduced information for
additional VOC including heavier alkanes and intermediate VOC (IVOC), which can be used
as tracers of targeted emission sources. Thus, the second part of this chapter deals with the
presentation and analysis of the obtained 10Ps datasets, with the same data treatment and
analysis that was done for the NMHCs of the MOP: the levels of the new species are reported
for both seasons, followed by the examination of their temporal and spatial variability, along
with the possible factors that affects it.

1. C2 - C12 VOCs from the MOP

1.1 NMHC:s levels

During the MOP that lasted in total 17-months (Chapter 2), 12 alkanes, 4 alkenes, 9 aromatics
and 3 biogenic compounds were identified and quantified. Acetylene was also measured, but
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the identification problems that were discussed in Sect. 2.2.1 of Chapter 2, allowed the
retrieval of only 61% of its data, mainly from winter 2016, spring 2016 and winter 2017.
Furthermore, from March 2016 to February 2017 (common period of operation of the two
GCs), alkanes averagely accounted for almost 50% of the total NMHC concentration, followed
by aromatics, alkenes and biogenic VOC (BVOC) with ~35%, ~7.5% and ~2% respectively
(Figure 1V - 1), however, the contribution varies depending on the season. For example, BVOC
(sum of isoprene, a-pinene and limonene) contribute two times more in the total NMHC
concentrations in summer than the other seasons, whereas alkenes contribution is two folded in
winter relative to summer.

mAlkanes Alkenes Aromatics BVOC

60% 55.9% 55.4% 54.8%

21.5%
50%
38.9%
40% :
34.5% 34.2% 31.1%
30%
20%
s 1.1%
10% ' A% 4
179 3,90 2.4% 1,904
0%

Spring 2016 Summer 2016 Autumn 2016 Winter 2017

Figure IV - 1: Seasonal contribution of alkanes, alkenes, aromatics and BVOC to the total
NMHC from 1 March 2016 to 28 February 2017. Note that for Autumn 2016 the periods
when the GC C2 — C6 was not measuring, are not taken into account for the contribution.

The concentrations (and relevant statistical information) of the NMHCs from the MOP are
listed in Table IV — 1. Among alkanes and alkenes, i-pentane and ethylene exhibit the highest
mean concentration (9.5 pg m2and 3.7 pug m™ respectively), with values during the campaign
ranging from the limit of detection to 74 pg m=and 38 ug m™ respectively. For aromatics,
toluene and m-/p- xylenes prevail, with mean values of 6.6 ug m™ and 4.2 pg m™ respectively.
Benzene, which is the only NMHC included in the European air quality standards due to its
carcinogenicity to humans (IARC, 2012), presented a mean value of 1.9 pg m™ for the whole
campaign and an annual mean of 1.7 pg m3(January to December 2016 2017; 92% data
coverage over the maximum potential) which is below the EU threshold of 5 pg m™.
Nevertheless, it is worthwhile noting that in winter, benzene concentrations are often higher
than 10 pg m, with the highest recorded value being 31.1 ug m. Among monoterpenes, o-
pinene presented the highest mean concentration (0.7 ug m®), with levels ranging from 0.08 pg
m=to 8.7 ng m, whereas isoprene’s mean value was 0.2 pg m. Finally, concerning acetylene
(not presented in Table 1V - 1), a mean value for the whole campaign is not representative (due
to the absence of data for an entire season), however, the mean concentrations in winter 2016
and 2017 are 6.3 £5.1 ug m (max value: 30.9 ug m=) and 4.8 4.5 ng m= (max value: 36.3 pg
m-3) respectively, denoting similar levels in winter for these two years.
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Table IV - 1: Concentrations of NMHCs measured in the MOP, from 16 October 2015 to 28
February 2017. The compounds in italics were monitored from February 2016 to February 2017
from the GC C6 — C12.

Summer Winter

NMHCS 1 \1can Median STD Min Max 2016 2017 (%) Data

(“g m™) (meanxSTD)  (mean+STD) coverage
Ethane 4.80 3.52 416 0.08 34.32 2.68 (1.43) 5.18 (4.85) 74%
Ethylene 3.64 1.96 452  0.07 38.39 1.83(1.88) 4.04 (4.97) 71%
Propane 4,17 2.40 474 0.04 36.79 1.98 (2.37) 4.71 (4.75) 74%
Propene 1.77 0.66 297 0.03 27.59 0.52 (0.70) 2.00 (3.15) 71%
i-Butane 3.80 1.76 5.01 0.04 4223 1.55 (2.06) 3.81 (5.05) 75%
n-Butane 4,70 2.34 579 0.04 49.77 2.39 (3.1) 4.94 (6.28) 5%
Trans-2-butene | 0.84 0.29 1.35 0.03 13.00 0.22 (0.36) 0.71 (1.13) 65%
1-Butene 085 035 132 003 1298  0.24(0.36) 0.80 (1.24) 66%
i-Pentane* 9.47 487 11.05 0.04 74.39 6.23 (5.89) 7.81(10.43) 7%
n-Pentane 2.23 1.16 279 0.04 27.96 1.44 (1.69) 1.74 (2.2) 7%
Isoprene 016 006 031 004 406  0.48(0.56) 0.12 (0.18) 80%
2-me-pentane 3.78 2.07 452 0.08 46.50 2.90 (2.60) 3.83(5.37) 93%
n-Hexane 1.16 0.51 1.52  0.07 13.95 0.81 (1.09) 1.17 (1.66) 93%
Benzene 1.91 1.14 234 005 3114 0.85 (0.76) 2.63 (3.36) 92%
i-Octane 0.41 0.08 0.78 0.07 10.52 0.22 (0.34) 0.47 (1.04) 93%
n-Heptane 0.44 0.18 0.63 0.07 7.04 0.26 (0.34) 0.51 (0.79) 93%
Toluene 6.98 341 9.09 0.06 97.78 4.54 (5.08) 7.57 (10.78) 93%
n-Octane 0.47 0.16 0.70  0.07 9.20 0.30 (0.42) 0.52 (0.85) 93%
Ethylbenzene 1.33 0.67 1.75 0.07 19.11 0.81 (0.89) 1.46 (2.15) 93%
m-fp- Xylenes | 420 2.05 560 013 6125  2.56(2.80) 4.62 (6.87) 93%
0 - Xylene 1.38 0.65 1.97 0.06 21.64 0.81 (0.95) 1.52 (2.41) 93%
Nonane 0.31 0.15 0.36 0.06 3.59 0.25 (0.28) 0.31(0.41) 93%
1.3.5TMB 0.31 0.05 0.61 0.05 6.70 0.15 (0.29) 0.36 (0.77) 93%
1.24TMB 1.40 0.63 2.13  0.07 24.78 0.86 (1.11) 1.65 (2.80) 93%
1.23TMB 0.26 0.08 0.48 0.07 5.43 0.21 (0.37) 0.27 (0.55) 94%
a-Pinene 0.70 0.44 0.83 0.08 8.86 0.70 (0.66) 0.67 (0.91) 88%
Limonene 0.33 0.07 0.78 0.07 9.86 0.15(0.31) 0.48 (1.06) 93%

*Co-elutes with cis-2-butene

Figure IV — 2 presents the mean monthly variation of selected C2 — C12 NMHCs, covering the
total period of measurements, while in Figure A1l of Annex IV the temporal variability of the
rest of the compounds is presented. The selected species are considered representative of the
homologues VOC classes (alkanes, alkenes, aromatics, biogenic VOC), with correlation
coefficients higher than 0.69 (Table V -Al of Annex IV), except ethane’s relationship to
heavier alkanes (R? < 0.69). More specifically, alkanes are represented by ethane and n-
butane, alkenes by propene, aromatics by benzene and toluene (as tracers of different
sources; i.e. in Panopoulou et al., 2018 and Borbon et al., 2018), and BVOC by isoprene. The
seasonal variability for all the compounds apart from isoprene, a-pinene and limonene, exhibits
a distinct cycle with high concentrations in winter and lower in summer, whereas in spring
and autumn the levels vary in between. More specifically, the C2 — C6 NMHCs concentrations
increase from autumn 2015 to winter 2016, then they slowly decrease from spring to summer
2016 followed by a gradual increase to autumn 2016 and winter 2017. The same seasonal cycle
is also observed for the C6 — C12 NMHCs. Furthermore, the duration of the campaign allowed
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the examination of the inter-annual variability; the transition from autumn to winter follows the
same pattern for both years (2016 and 2017), although in autumn 2016 the concentrations are
similar (i. e. n-butane) or higher (i. e. toluene) to winter 2017, whereas NMHCs levels in winter
2016 are usually higher than winter 2017. Nevertheless, it is worth noting the important day-
to-day variability that is observed in Figure IV - Al. In the following paragraphs, the selected
NMHCs will be used for the analysis and discussion, to facilitate the understanding of the
findings. However, isoprene, a-pinene and limonene will be presented separately due to the
differences in their variability compared to the other NMHCs (Table IV - 1 and Figure 1V -
Al of the Annex 1V), and their origin would be further investigated.
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Figure 1V - 2: Monthly variability of the mean levels for selected NMHCs over the period
from October 2015 to February 2017.
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1.2 Seasonal diurnal variability

In Figure IV — 3 the seasonal diurnal variability of ethane, n-butane, propene, benzene and
toluene (reference compounds; Sect. 1.1 of this chapter) is presented and the rest of the
compounds are depicted in Figure IV — A2 of the Annex I'V. NMHCs exhibit a bimodal diel
cycle regardless the season, with a morning maximum at 6:00 — 10:00 LT, followed by a noon
to early afternoon plateau shaped minimum and a night-time enhancement period after
20:00 LT. According to Figures IV - 3 and 1V - A2 the following observations are derived:

(1) The duration of the night-time enhancement period is longer for heavier compounds like C7
— C9 alkanes and TMBs, compared to lighter ones like butanes;

(2) For C6 — C9 alkanes and aromatics, the mean hourly concentrations are on the same levels
for every season except of summer that are lower;

(3) For C2 — C5 alkanes and alkenes, the morning peak is higher by 1.3 and 1.7 times (i. e. for
propane and n-pentane respectively) and the night enhancement period levels increase by 2
times (i. e. for trans-2-butene and i-pentane) in winter.

(4) Ethane’s levels increase dramatically from autumn 2016 to winter 2017 (factors of 2 to 3.5
depending on the hour) compared to the other NMHCs, suggesting additional emissions of this
compound in winter (cold season), probably related to wood burning for residential heating
(Chapter 3).

(5) The levels in autumn 2016 are comparable to winter 2017 for the majority of the species.

(6) The amplitude of the morning and night levels vary depending on the season. In particular,
the night-time concentrations increase during the transition from summer to winter, tending to
exceed over the morning levels (Figures IV —3 and IV - A2 of the AnnexIV). It is worth noting
that in winter 2017, the morning maximum was 2 (i. e toluene and n-butane) to 3.5 (i.e benzene)
times higher than summer, whereas the night maximum increases considerably for the majority
of NMHCs (2 to 9 times) and especially for propene and benzene (factors of 7 and 5
respectively).

In Chapter 3 it was shown that the observed seasonal variability in autumn 2015 and winter
2016 was influenced by the combination of two parameters: (1) atmospheric dynamics and
(2) emission from sources. More specifically, in winter, the lower height of the Planetary
Boundary Layer (PBL), the frequent occurrence of stagnant conditions (low wind speeds and
absence of rainfall), as well as the stronger emissions of NMHCs from sources, result in high
ambient levels of pollutants. On the contrary, in summer the opposite conditions are expected:
(1) NMHCs emissions reduce as a result of the lower anthropogenic activity in the city due to
the vacation period, (2) the height of PBL is higher than winter both during day and night
allowing a better vertical mixing of pollutants (Alexiou et al., 2018), (3) the occurrence of
“Etesians” cause the ventilation of the Athenian basin (Cvitas et al., 1985; Katsoulis, 1996;
Lalas et al., 1983), and (4) photochemistry is more intense in this season, favoring the oxidation
of the NMHCs and therefore the decrease of their levels. Thus, due to the different atmospheric
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conditions that are observed depending on the season, in the following paragraphs we examine
the influence of atmospheric dynamics (photochemical removal, PBL height, meteorological
parameters) , as well as the impact of emissions from sources based on the relationship of VOC
to other pollutants.
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Figure IV - 3: Seasonal diurnal variability of selected NMHCs for the period 1 December
2015 to 28 February 2017, and for toluene from 1 March 2016 to 28 February 2017, in order
to cover complete seasons.

1.3 Factors affecting the temporal variability

Once emitted in the atmosphere, NMHCs undergo various processes resulting in their chemical
transformation or vertical/horizontal dispersion (Chapter 1, Sect. 1.3). In this context, the
possible photochemical depletion of the VOC levels will be firstly examined, then the effect of
the height of the planetary boundary layer will be considered, followed by the examination of
their relationship to wind velocity, wind direction and temperature. In the last paragraph of this
section, the influence of the emission from sources will be investigated through the linear
regression with other pollutants.
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1.3.1 The effect of photochemistry

The reactivity of the compounds can be expressed in terms of their atmospheric lifetime, in
function of their principal oxidation pathway (Chapter 1, Sect. 1.3). With regard to the reaction
with the OH radicals (and a specific atmospheric mean level for them; Atkinson, 2000), alkanes
have a lifetime of some days (e .g. propane and n-octane with a lifetime of 10 to 1.3 days
respectively), which characterize them as less reactive compared to alkenes that present a
lifetime of some hours (e. g. ethylene and propene with a lifetime of 36 to 5.3 hours). Aromatics
on the other hand present diverse reactivities; benzene has a lifetime of 10 days and m-xylene
only 6 hours (Atkinson, 2000). However, unsaturated compounds like trans-2-butene and
terpenes, react rapidly also with Oz (throughout the day) and NOgz radical during night, resulting
in comparable or lower lifetimes with the reaction to the OH radical (e.g. for isoprene,1.5 hours
and 50 minutes for the reaction to OH and NOs radicals respectively). Thus, for the correct
assessment of the photochemical depletion and the atmospheric oxidation in general, especially
for the very reactive compounds, the lifetimes of NMHCs in respect to the main atmospheric
oxidants should be evaluated by using their current levels in Athens. However, this is not
possible in our case since there are no reported concentrations for the OH and the NOs radicals.

Nevertheless, the approach of Salameh et al. (2015) is applied to estimate roughly the possible
influence of the reaction to the OH radical (main reaction pathway for the majority of the
compounds); this uses linear regressions between NMHCs that are having contrasted lifetimes,
allowing an estimation of its impact that is expected to be higher in summer. In this approach,
atmospheric dilution and mixing are not considered as they are similar for both compounds.
The possible effect will be reflected on the slope of their linear regression as a result of the
different reactivity of the selected compounds (Gelencsér et al., 1997). In our case, three
reactive compounds, ethylene, 1.2.4 TMB and m-/p- xylenes are examined against two less
reactive species, benzene (Fig. IV — 4a,b) and n-butane (Fig. IV — 4c), for day (09:00 — 17:00
LT) and night (21:00 — 05:00 LT). In particular, ethylene, 1.2.4 TMB and m-/p- xylenes have a
lifetime of ~1.5 day, 6 hours and 4 hours respectively (Atkinson, 2000), whereas benzene and
n-butane have a lifetime of ~9.5 days and 4.7 days respectively (Atkinson, 2000). Additionally,
summer and winter day- and night-time data are plotted in Figure IV - 4, assuming that during
night the reaction to the OH radical is insignificant (low levels due to the absence of insolation)
and the composition of emissions remains the same. The daytime and nighttime scatterplots of
ethylene (Fig. IV —4a) agree very well for both summer and winter, whereas for m- / p- xylenes
and 1.2.4 TMB (Figs. IV — 4b,c) a decrease of 1.1 and 1.5 times of the slope for the day-time
points is observed in summer. This indicates a comparable effect for the daytime and nighttime
oxidation for the less reactive compounds, and an increase of the daytime impact for the most
reactive compounds (like 1.2.4 TMB).
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Figure 1V - 4: Scatterplots of selected NMHCs to benzene (a,b) and n-butane (c) for the
night-time (21:00 — 05:00 LT) and day-time (09:00 — 17:00 LT) concentrations in summer
2016 (1% column) and winter 2017 (2" column). Note that for the same set of compounds, the
x and y axis are different for summer and winter.

1.3.2 The influence of the PBL height

Among atmospheric dynamics, the boundary layer evolution determines the pollutants
abundance and diurnal variability. Briefly, the PBL height is influenced by temperature, solar
radiation and wind speed, exhibiting its highest height in summer (2090 m for July) and its
lowest one in winter (982 m in December) (Alexiou et al., 2018). During our campaign there
were no parallel measurements for the PBL determination, however Alexiou et al., (2018)
measured it for 5 years using a lidar system, reporting a mean annual height of ~1617+324 m
and ~892+130 m for the day and night respectively. The swallower PBL during night favors
the accumulation of pollutants, whereas the daily growth allows their dispersion, as a result of
the better ventilation of the basin. The diurnal variability of NMHCs is opposite to the evolution
of the PBL in general terms, as it can be seen in Figures IV — 3 and Figure IV - A2 (Annex
1V), however the important increase of the night winter levels compared to summer (Sect. 1.2
of this chapter) cannot be attributed only to the decrease of the PBL, which was also observed
in Panopoulou et al. (2018). For the better understanding of the latter, the winter concentrations
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were normalized relative to the mixing layer height (MLH), by using model-estimated hourly
MLH values at 10 x 1o resolution. These were obtained over the station’s area for the study
period by using the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory)
model (Draxler and Rolph, 2016) turbulent kinetic energy (TKE) profile method (Dumka et al.,
2018, 2019). Specifically, the winter mean hourly values of the reference compounds are
multiplied by the ratio of the seasonal-mean MLH at each hour with the minimum hourly
seasonal-mean MLH, occurring during the early morning hours based on the proposed method
of Bansal et al. (2019) (Fig. IV - 5). Unfortunately, this method is applied only in winter because
atmospheric oxidation of NMHCs is not considered in the previous calculation, whereas it is
considered less important in winter. In Figure IV — 5 is apparent that both measured and
normalized concentrations of NMHCs have rather similar diurnal cycles, whereas the MLH
effect becomes evident only during the daytime. This indicates that during night the increased
VOC and BC levels are exclusively attributed to sources than to MLH variability.
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Figure IV - 5: Mean diurnal variation of the selected NMHCs, as well as their MLH-
normalized values in winter 2017. The last figure includes the seasonal-mean diurnal cycle of
the MLH (m) obtained from HYSPLIT

1.3.3 The influence of meteorology on the levels

Figure IV — 6 presents the monthly variability of solar radiation, ambient temperature, relative
humidity and wind speed for the total period of measurements. However, only the period from
winter 2016 to winter 2017 will be examined in detail in the discussion, since the temporal
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trend in autumn 2015 and winter 2016 was already presented in Chapter 3 (Panopoulou et al.,
2018). Briefly, ambient temperature and relative humidity decrease from autumn 2015 to winter
2016, with the latter remaining stable throughout winter 2016. On the contrary, wind speed and
solar radiation do not present significant changes.

Starting from solar radiation (Fig. IV — 6a), the lowest levels are encountered in cold months
and especially in winter (mean value: 86.3 +144.2 W m), followed by a gradual increase
towards summer that the highest values are recorded (mean value: 336.1 +377.6 W m™3).
Furthermore, ambient temperature (Fig. IV — 6b) follows the variability of solar radiation, with
increasing values from winter 2016 (mean value: 12.1+4.2°C) towards summer (mean value:
28.5 +4.0°C) when it reaches its highest values in accordance to the higher solar intensity;
finally the levels decrease again from autumn (mean value: 19.7 +5.2°C) to winter (mean value:
9.2 £3.9°C). Moreover, the trend of solar radiation and temperature drives also the seasonal
variability of relative humidity that is the exact opposite, with the lowest values in summer (~
42.8 £12.1%) and the highest in winter (~ 62.0 £12.7 %). On the other hand, although the mean
levels of wind speed are similar for almost all seasons, an increase is observed in summer.
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Figure 1V - 6: (a) Mean monthly variability of solar radiation; The bars indicate the standard
deviation; (b) Mean monthly variability of temperature, relative humidity and wind speed for
the period of 16 October 2015 to 28 February 2017.

The role of temperature (Fig. IV - 7), wind speed (Fig. 1V - 7) and wind direction (Figs. 1V —
8, 9) to the NMHCs concentration trend is investigated for every season for the selected
compounds and in Figure IV - A3 and A4 for the rest of the VOC. The highest concentrations
are associated with wind speed less than 3 m s, indicating the influence of emissions from
sources close to the station (Fig IV — 7, 15t row). During the campaign, winds from the NE
direction and in general the N to E sector occurred more frequently, followed by the winds from
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SSW direction and the S to W sector (Fig. IV — 8a), which is the typical wind circulation as
reported in other studies (Sect. 2.4, Chapter 1). Moreover, air masses from N to E directions,
often associated with high velocity, prevail in every season except of spring 2016, in which
winds from the S — W sector exhibit the highest occurrence (Figs IV — 8b - f). Therefore, the
comparison of the wind roses of winter 2016 and winter 2017 (Figs 1V — 8b, f) showed that NE
winds of high speed occurred more often in winter 2017 than in winter 2016; these air masses
favor the ventilation of the basin (Sect 2.4.1 of Chapter 1), justifying partly the lower
concentrations of some compounds in winter 2017 compared to winter 2016.

The geographical location of the air masses can influence the observed concentrations of
NMHCs, due to their enrichment from emissions of sources along their trajectory to the
monitoring station, in addition to their depletion due to photochemical reactions (aging of the
mass) and the atmospheric dilution (Ashbaugh et al.,, 1985; Debevec et al., 2017).
Consequently, after the examination of the wind roses, the possible influence of wind direction
on NMHC:s levels is investigated from the pollution roses of the representative compounds for
the whole period of measurements (Figure 1V — 9). An enhancement of the levels is observed
for wind speed under 3m s (also observed previously in Figure IV —7), which is unrelated to
wind direction. In addition, the lowest values that are recorded for wind speed higher than 3m
st they are related to NE, S and W directions, which are among the most frequent air origins.

Concerning the rest of the meteorological parameters, relative humidity is not having an
influence on VOC levels (graphs not shown here). Furthermore, NMHCs exhibit non-uniform
relation to ambient temperature (Fig IV — 7, 2" row). For C2 — C5 alkanes, high concentrations
are associated with temperatures between 5°C and 15°C (£ 5°C) with the exception of summer
that increased levels are found close to 30°C (+ 5°C). The latter is more evident for butanes and
pentanes. For aromatics and C6 — C9 alkanes, the scatterplots show that for every season except
of summer, increased levels are observed around the mean ambient temperature of the season
(£ 5°C of the mean value); in summer, high levels are found close to 22°C (= 5°C).
Nevertheless, it is worth noting that in winter, high concentrations are found for low ambient
temperatures (< 10°C). The above observations indicate two different relationships to ambient
temperature. In summer, the high temperatures probably increase the evaporation of some
compounds, as it is seen for example in light alkanes. On the contrary, in winter, based on the
volatility of the studied NMHCs (Chapter 1, Sect. 1.1), lower concentrations were expected
especially for cold temperatures (< 10°C). Thus, the high winter levels for low temperatures are
probably associated to additional winter emissions from sources. This is corroborated also by
the observations of Panopoulou et al. (2018).
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Figure 1V - 7: Relationship of selected NMHCs to wind speed (1% row) and ambient temperature (2" row) for every season, from 1 December
2015 to 28 February 2017 for the C2 — C6 compounds and from 1 March 2016 to 28 February 2017 for the C6 — C12 compounds.
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Figure 1V - 8: Wind roses of (a) the total period of measurements (16 October 2015 — 28
February 2017); (b) winter 2016; (c) spring 2016; (d) summer 2016; (e) autumn 2016 and (f)
winter 2017
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Figure 1V - 9: Pollution roses of (a) ethane; (b) n-butane; (c) propene and (d) benzene from
16 October 2015 to 28 February 2017; and (e) toluene from 1 February 2016 to 28 February
2017.

1.3.4 Effect of emissions from major pollution sources

In parallel to the Athens VOC campaign, additional pollutants were monitored in Thissio
station, as it is mentioned in Sect. 2.6 of Chapter 2. From these, NOy, CO, BC, BC¢ and BCwp
are chosen for the further analysis, as tracers of the main anthropogenic sources of pollutants
in Athens, which are traffic and residential heating (Gratsea et al., 2016; Kaltsonoudis et al.,
2016; Panopoulou et al., 2018). In Table IV - A2 of Annex IV the concentration and statistics
of these compounds are given and in Figure IV — 10 their seasonal diurnal variability is
presented. In general, the mean levels of the selected pollutants are higher in winter and lower
in summer, whereas in spring and autumn the concentrations are in between. Remarkably, the
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levels in winter 2016 are higher than winter 2017, as it is also observed for the examined
NMHCs in Sect. 1.2 (this chapter).

The diurnal variability of NOyx, CO, BC, and BCs presents a bimodal pattern regardless of the
season, with a morning maximum at 06:00 — 10:00 LT and a night-time enhancement period
starting at 18:00 LT (Fig. I'V — 10). On the other hand, a diurnal variability of BCwy is notable
only in autumn and winter, exhibiting a night maximum at 23:00 — 00:00 LT, followed by the
gradual decrease of the levels until the appearance of a low secondary morning peak.
Furthermore, the amplitude of the maxima changes depending on the season. For NOx and CO
both the morning maximum and the night-time enhancement period are 3 and 2 times higher in
winter than summer respectively. In addition, compared to summer, BC exhibits a remarkable
elevation during winter nights (taking as reference winter 2017), due to the increase of BCwp
by a factor of 12, in contrast to BCsr that increases only by a factor of 3. The latter is the result
of the impact of wood burning for residential heating on BCw, ambient concentrations as it is
shown elsewhere (Gratsea et al., 2017). Moreover, the morning levels of BCwp also increase
towards winter 2017 by a factor 2, compared to both summer and autumn 2016.
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Figure IV - 10: Seasonal diurnal variability of NOx, CO, BC, BCws and BCss from 1
December 2015 to 28 February 2017 in order to cover complete seasons. Note that for NOx
autumn is not included due to the low data coverage (<30%).

It is apparent that the anthropogenic NMHCs and NOy, CO and BC exhibit a similar seasonal
diurnal profile considering both the trend and the intensity of the levels. This indicates common
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sources for these compounds and generally a similar influence from atmospheric dynamics.
This is also observed in Panopoulou et al. (2018; Chapter 3) for autumn 2015 and winter 2016.

Finally, the latter is further affirmed from the interspecies correlation, presented in Table 1V -
A3 of the Annex IV. The majority of VOC are correlated (R? > 0.57) to BC, BC¢ and CO. NOx
(R2: 0.36 — 0.8) are correlated with R? > 75 with C4— C5 alkanes and aromatics, but only with
1.2.4 from the TMBs. BCwp presents a very good relationship with propene (R?: 0.78), and good
relationships (R?: 0.61 — 0.69) with the rest of C2 — C3 alkanes and alkenes, 1-butene and
benzene. In addition, more and better correlations are observed for winter (2017) than summer
(2016) (Tables not shown). Nevertheless, the determination of typical source profiles and the
corresponding contribution to NMHC levels and seasonal variability is conducted in the
following chapter.

1.4 Comparison with other studies

After the examination of the temporal and spatial variability of the VOC in Athens and the
identification of its main drivers, this last section is dealing with the assessment of these levels
compared to other cities, particularly the few ones existing in the Mediterranean region but also
with some cities worldwide A first comparison of the NMHCs levels of our campaign was
conducted in the frame of the 1% article (Panopoulou et el., 2018; Chapter 3) only to Beirut
(Salameh et al., 2015) due to the variety of the reported compounds. Concentrations of benzene,
toluene and xylenes were also available for Cairo (Khoder, 2007) and Barcelona (Seco et al.,
2013), however the comparison to the current NMHC levels was not possible because TEX
levels were not included in the 1%t article, in addition to the great uncertainty it would have as a
result of the different sampling periods. Nevertheless, the comparison showed that the winter
levels in Athens were higher compared to the studied cities, thus further comparison is needed
in order to expand or not this observation to the other seasons as well.

In this section, the annual mean, summertime (2016) and wintertime (2017) mean of all the
compounds from the main campaign are compared with other international published works in
Table IV - 2 and Figure 1V - 11. The selected studies were conducted after 2010, in order to
take into account the reduction of VOC atmospheric levels as a result of the air pollution
control strategies implemented by each country (i. e. in Fanizza et al., 2011 and Dominultti et
al., 2016). Differences on climatological characteristics, population and industrialization are
met between these areas. Rome and Beirut, the capitals of Italy and Lebanon located in the
Western and Eastern Mediterranean basin respectively, with 4 and 2 million population each,
have a typical Mediterranean climate with mild winters and hot summers (Fanizza et al., 2014;
Salameh et al., 2015). In Northwestern Europe, Paris is one of its megacities, with a temperate
climate characterized by mild winters and warm summers, although often influenced by oceanic
air masses (Baudic et al., 2016). Sao Paulo, located in the southern Brazil under the Tropic of
Capricorn, is its most populous state with more than 90% of its 31.5 million inhabitants living
in an urban environment. Due to its location, it has a characteristic climate with dry winters and
hot summers (Alvares et al., 2013). Finally, in Asia, Tianjin is the third largest megacity of
China, with a 14 million population and a fast-growing industrial activity (Liu et al., 2016). Its

136



climate is continental, with cold and dry winters, whereas the summers are hot and rainy due to
the monsoon winds.
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Figure IV - 11: Comparison of the mean concentrations for the MOP, summer 2016 and
winter 2017 between Thissio and other cities worldwide (also in Table IV - 2).

Starting from the alkanes, the winter concentrations for the majority of the compounds (with
2017 as reference) measured in this study were within the range of the values reported in Beirut
and Tianjin, however there are some exceptions. During winter, n-butane and i-octane in Beirut
are 2 times higher, due to fuel storage facilities outside the city (Salameh et al., 2015), whereas
2-me-pentane, n-hexane and n-octane are a factor of 2 higher in Athens. Additionally, i-pentane,
2-me-pentane and n-pentane are 8, 7 and 2 times higher in Athens relatively to Tianjin. On the
other hand, the opposite is observed for summer, with alkanes’ concentrations to be higher than
a factor of 1.5 for the majority of the compounds in Beirut compared to Athens, whereas in
Tianjin they are 2 to 5 times higher than Athens, apart from pentanes. Furthermore, higher
winter and summer mean concentrations are observed in Athens compared to Rome, with n-
butane and i-pentane to be the only exceptions (factor of 1.5 higher in Rome for both seasons).
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Moreover, as it was already reported in Panopoulou et al., (2018), the mean levels of alkanes
in Athens are 1.5 (n-butane) to 7.7 (n-hexane) times higher compared to Paris, a trend also
observed in summer but with lower difference (1.5 to 3.5 times higher for n-butane and i-
pentane respectively). Lastly, the comparison to Sao Paulo shows that propane and C8 — C9
alkanes are a factor of 2 (propane) to 23 (i-octane) higher in Sao Paulo, whereas ethane, i-butane
and i-pentane are up to 2.5 higher in Athens.

Concerning alkenes, the winter concentrations are comparable only to Beirut, in contrast to
summer, when they are up to 2 times higher in Beirut. Furthermore, the winter levels of ethylene
and propene are 2 to 3.5 times higher in Rome, whereas in Tianjin only ethylene is 2 times
higher; for summer, alkenes’ mean levels are higher within a factor of 1.2 to 3.8, except of 1-
butene and trans-2-butene. Moreover, the mean concentrations of alkenes are similar to Sao
Paulo, but 2 times higher compared to Paris.

Moving on to aromatics, the winter levels are comparable to Beirut, except of benzene that is
1.5 times higher in Athens. In summer, the opposite is observed, thus benzene, toluene and m-
/p- xylenes are 2 to 3 times higher in Beirut. Furthermore, all aromatics except of TMBs are 1.5
(i.e benzene) to 7 (i.e toluene) times higher in Athens compared to Tianjin in contrast to summer
that the levels are higher for Tianjin. Compared to Rome, the winter and summer levels of
benzene and toluene are by a factor of 2 lower in Athens, whereas the rest are higher 1.5 to
almost 4 times, except of m-/p- xylenes. Additionally, benzene mean levels are similar to Paris,
whereas toluene is higher by a factor of 2. Finally, benzene and ethylbenzene are almost a factor
of 2 higher in Sao Paulo considering the mean for the total period.

The large variations in the concentrations reported in the different cities could be attributed first
of all to the different sampling periods, the instrumentation resolution, the spatial differences at
the sampling locations and the effect of atmospheric dynamics. However, the type and strength
of the pollution emissions sources could also drive the observed levels of VOCs. In general
terms, considering the whole period, the maximum mean levels are shared between the
examined cities, denoting the possible influence from different sources. Furthermore, the air
quality in Athens with respect to NMHCs is worse relatively to the other cities during winter,
with regulating factors the prevailing stagnant conditions, and the enhancement of emissions
from sources like traffic and residential heating according to Panopoulou et al (2018). However,
in summer, heavier alkanes (C8 — C9), alkenes and aromatics are significantly lower than
other cities and this could not be attributed only to the effect of dynamics (e. g. photochemical
reactions). For example, in Beirut and Tianjin, the increased mean concentrations of these
compounds can be attributed to fuel or solvent evaporation that is favored by the higher
temperatures. In addition, the great variability of the VOCs levels relatively to the rest of the
cities, with mean levels comparable or not, points out the importance of sources like traffic and
the type of fuel used (i. e. gasoline or LPG; Panopoulou et al., 2018) and/or residential heating,
which need to be determined in order to assess the current air quality in Athens, as well as to
be considered in the future comparisons to other cities.
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Table IV - 2: Comparison of mean VOC levels for the total period of measurements, summer 2016 and winter 2017 between this study and other
international cities. Information regarding the sampling frequency and duration and the type of sampling station are included when available. The
compounds in italics were measured from February 2016 to February 2017 by the GC-FID C6 — C12. The numbers in brackets indicate the standard

deviation.
Thissio, Greece Beirut, Lebanon! Paris, France? Rome, Italy® Sao Paolo, Brazil* Tianjin, China®
Continuous (18 mo) Continuous (2m) | Continuous (9 mo) Continuous (1Y) Continuous (1Y) Continuous (1Y)
Urban background Urban background | Urban background Urban center Urban background Urban center
Mean 5“2”3{2” Winter 2017 2Foelbz July 2011 | Mean 5“2%‘%” Mean V\Z"Onltfr 5“2%‘1”1” Mean (2013) V\é'onltser Summer 2015
Ethane 4.8 2.68 (1.43) 5.18 (4.85) 3.48 1.94 4.31 3.49 1.19 1.30 1.28 2.85 13.31 6.05
Propane 417 1.98(237) 471(4.75) | 455 5.32 2.63 1.92 0.81 1.06 0.70 9.20 4.69 6.23
i-Butane 3.8 1.55 (2.06) 3.81 (5.05) 4.53 2.1 1.94 1.84 1.33 211 0.57 2.37 2.90 2.32
n-Butane 4.7 2.39(3.1) 4.94 (6.28) 8.59 8.37 3.31 3.28 6.46 7.48 6.49 4.76 4.08 3.50
i-Pentane* 9.47 6.23(5.89) 7.81(10.43) 6.95 12.09 2.24 212 13.48 18.40 8.29 3.90 0.90 3.78
n-Pentane 2.23 1.44 (1.69) 1.74 (2.2) 1.46 2.39 1.01 0.86 121 1.62 0.97 2.94 0.75 2.46
2-me-pentane | 3.78  2.90 (2.60)  3.83(5.37) 1.53 2.91 1.23 1.16 2.11 0.54 0.54
n-Hexane 1.16 0.81 (1.09) 1.17 (1.66) 0.6 1.03 0.49 0.40 0.56 0.53 2.62 0.86 2.80
i-Octane 041 0.22(0.34) 0.47(1.04) | 0.98 1.83 9.74 0.33 0.81
n-Heptane 0.44 0.26 (0.34) 0.51 (0.79) 0.4 0.73 0.2 0.2 0.2 3.54 0.38 1.00
n-Octane 0.47 0.30 (0.42) 0.52 (0.85) 0.22 0.4 1.95 0.48 1.66
nonane 0.31 0.25 (0.28) 0.31 (0.41) 0.26 0.54 1.23 0.53 0.59
Ethylene 3.64 1.83 (1.88) 4.04 (4.97) 3.86 2.4 1.35 1.03 6.29 9.42 2.77 4.63 6.93 2.29
Propene 1.77 0.52 (0.70) 2.00 (3.15) 1.73 0.99 0.62 0.53 3.97 6.97 1.63 2.21 1.35 1.02
Trans-2-butene | 0.84 0.22 (0.36) 0.71 (1.13) 0.51 0.64 0.18 0.05 1.03 0.14 0.84
1-Butene 0.85 0.24(0.36)  0.80 (1.24) 0.67 1.03 0.41 0.64 0.25 1.00 0.82 0.77
Benzene** 191 0.85 (0.76) 2.63 (3.36) 1.72 2 0.99 0.82 2.46 3.29 1.53 2.86 1.76 26.85
Toluene 6.98 454 (5.08) 7.57 (10.78) 8.09 14.6 3.33 3.18 8.40 10.58 4.71 6.21 1.04 5.90
Ethylbenzene 1.33 0.81 (0.89) 1.46 (2.15) 1.14 2.29 0.3 0.43 0.17 1.94 0.66 2.47
m-/lp-Xylenes | 4.20 256 (2.80)  4.62(6.87) | 3.87 7.89 4.38 6.03 2.08 5.39 1.59 4.68
0- Xylene 1.38 0.81 (0.95) 1.52 (2.41) 1.35 2.78 0.43 0.56 0.26 1.55 0.88 1.59
1.3.5TMB 0.31 0.15 (0.29) 0.36 (0.77) 0.31 0.69 0.29 0.44 0.15 3.75 0.25 0.50
1.2.4 TMB 14  086(1.11)  1.65(2.80) 1.38 2.93 0.15 0.25 0.05 1.95 0.20 0.80
1.2.3TMB 0.26 0.21 (0.37) 0.27 (0.55) 0.32 0.27 2.95 0.35 0.35

1Salameh et al. (2015) 2Batudic et al. (2016) 3Famizza et al. (2014) 4Dominutti et al. (2016) 5Liu etal. (2016) *Co-elutes with cis-2-butene **Monitored from February 2016 until February 2017 by the GC C6 — C12
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2.C6—-C16 VOCs from the 1OP

2.1 VOC variability

The target species of the I0P included C5 — C16 VOC from various classes. The new
compounds in the dataset were 9 alkanes (including cyclohexane), 1 alkene (hexene), 4
aromatic [styrene, (3-, 4-, 2-) ethyltoluenes], 6 IVOC (up to n-hexadecane) and 2 BVOC
(camphene and g-terpinene), which are listed in Table V - A4 of the Annex I'V. Because the
measurements were conducted in February and September as representatives of the winter and
summer seasons respectively, to facilitate the discussion from hereafter the results of the
measurements for each month will be referred to as “winter” and “summer” respectively. From
Table IV - A4 it is apparent that C6 — C10 alkanes, hexene, styrene and aromatics present
their highest levels in winter than summer. However, for g-terpinene and IVOC we observe
similar mean seasonal concentrations, whereas n-hexadecane is two times higher in summer
than winter.

Furthermore, the existence of two seasonal datasets from the 10P (February for winter and
September for summer) allows the examination of the “seasonal” diurnal cycle of the additional
compounds. Benzene and toluene, which were also measured in the 10Ps, will be used as a
reference for the discussion, as two compounds with different sources (e. g. wood burning for
residential heating versus traffic; Borbon et al., 2018). The comparison of the diel cycles to the
ones of benzene and toluene will highlight the similarities and discrepancies to the seasonal
diurnal variability of the VOC from the MOP, since the inter-comparison of the levels of the
different measurement methods already showed that the datasets agree well (Chapter 2, Sect.
2.4).

In Figure IV — 12 the seasonal diurnal cycles of benzene, toluene, 3-me-pentane, hexene,
decane, n-tetradecane (nC14), n-pentadecane (nC15) and n-hexadecane (nC16) are presented,
whereas the rest of the compounds from the IOP are presented in Figure IV - A5 of the Annex
I'V. Starting from benzene and toluene in winter, a bimodal pattern with morning and night
maxima are observed: for benzene, the night maximum is higher than the morning one, in
contrast to toluene that the two maxima have the same intensity. In summer, both compounds
present a night-time enhancement period (starting after 18:00 LT) that persist until morning,
followed by a decrease after 09:00 LT. However, for benzene, the mean 3-hour levels can be
lower than winter up to a factor of 2, while for toluene the mean 3-hour levels are almost similar
to winter apart from the maxima. These observations are in agreement with the diurnal cycles
presented in Sect. 1.2 and Fig. IV — 3 for these compounds, considering also that the cycles of
Figure 1V — 11 derive from measurements that lasted only a few days in each season with 3h
intervals.

The compounds of the 10P exhibit a seasonal diurnal profile similar to the one of benzene (i.e.
hexene and styrene) and toluene (i.e. branched alkanes and aromatics), with the amplitude of
the night enhancement period over the morning maximum to be dependent from the season or
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the compound. Nevertheless, the results showed a common seasonal diurnal profile for the
majority of the VOCs from the MOP and 10Ps.

Furthermore, light IVOCs (C10 — C12) follow the variability of toluene, with similar levels
regardless of the season. On the contrary, although C13 - C16 IVOC exhibit a summer diurnal
cycle with a night-time enhancement period after midnight, the winter diurnal cycles are
contrasted. Specifically, the levels of n-tridecane and n-tetradecane start to increase after 06:00
LT and reach a maximum at 12:00 LT, which is then followed by a slow decrease of the levels
until midnight. N-pentadecane on the other hand, presents a day-time enhancement of the levels
from 9:00 LT that persists until midnight with a night peak at 21:00 LT. Finally, n-hexadecane
exhibits an obvious diurnal cycle only in summer with a night-time enhancement period starting
at 18:00 LT and persisting until 9:00LT in the morning.
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Figure IV - 12: Seasonal diurnal variability of selected NMHCs from the 10Ps of winter and
summer 2016.
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2.2 The influence of meteorology

In Sect. 1.3.3 (this chapter) it was shown that wind speed and temperature are the main
meteorological parameters affecting the atmospheric levels of the NMHCs from the MOP. The
VOCs of the IOPs are affected similarly by the aforementioned meteorological parameters
(graphs not shown) with the exception of IVOC, for which their relationship to wind speed and
temperature will be examined separately Moreover, the role of the height of the planetary
boundary layer will not be discussed here, because a similar effect is expected for all the
compounds (Sect. 1.3.2).

Figure IV — 13 presents the relationship to wind speed of decane and tetradecane as
representatives of light IVOC (C10 — C12) and heavy IVOC (C13 — C16) respectively, color-
coded to wind direction. For the rest of the IVOC these relationships are presented in Figure
IV - A6 of the Annex IV. It is apparent that the relationship to wind speed become less
dependent with increasing number of carbon atoms. In this context, tetradecane, pentadecane
and hexadecane are independent from wind speed (and wind direction), with this behavior to
be associated probably to their physico-chemical properties than to the impact of
anthropogenic sources. Specifically, because the saturation concentration of IVOC is between
103 ug m and 10° ug m3, while the rest of the studied compounds that are considered volatile
have saturation concentration >10% ug m= (Robinson et al., 2007), they are important
precursors of secondary aerosols. Thus, partitioning between the gaseous and the particulate
phase can be an additional “source” or “sink” of IVOC in the atmosphere, with this being more
dependent to temperature than wind speed and direction.
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Figure 1V - 13: Relationship of selected IVOC (in pg m™®) from the I0Ps of winter and
summer 2016 to wind speed. The color-code denotes wind direction (degrees). Note that the
compounds’ names are not shown for the summer relationships.
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Following the previous observation, the relationship of the selected 1IVOC to temperature is
examined for every season in Figure IV — 14, whereas the rest of the IVOC are presented in
Figure IV - A7 of Annex I'V. Remarkably, the levels of tetradecane seem to increase with the
increase of the ambient temperature in winter, whereas in summer high levels are recorded
independently from the temperature. This trend is not observed for decane.
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Figure IV - 14: Relationship of IVOC from the 10Ps (winter and summer 2016) to
temperature.

The unique behavior of heavy IVOC (C13 — C16) related to wind speed and to temperature
indicate the possible influence of other processes like the gas-to-particle partitioning that it
was mentioned before. To test this, the relationship of IVOC (C11 — C16) to decane is examined
in Figure 1V — 15 for winter and summer, applying a color-code for ambient temperature.
Decane, the lightest of the IVOC, presented a temporal variability close to the majority of the
studied compounds (Sects. 2.2 and 2.3), thus any differences to the relationship can be attributed
mainly to different “sources”. In Figure IV — 15 it is apparent that in winter, the aforementioned
relationship is influenced by temperature with increasing number of carbon atoms. Precisely,
although undecane and dodecane exhibit a linear relationship to decane, for the rest of the
compounds (C13 - C15) the datapoints corresponding to higher temperatures for the season (>
15°C) present a differentiated trend, which is more apparent in tridecane than tetradecane and
pentadecane. The levels of hexadecane are close to the limit of detection, thus conclusions for
its temperature dependence are not robust enough. In summer, light IVOC (nC11 — nC14)
present a linear relationship to decane, whereas only in pentadecane some datapoints that
correspond to high ambient temperature fall higher in the scatterplot.
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Figure 1V - 15: Relationship of IVOC (C11 — C16) to decane for winter (left column) and
summer (right column) 2016. The color-coding denotes ambient temperature.
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Consequently, the above analysis indicated that the increase of temperature in winter might
trigger more emissions of heavy IVOC (C13 — C15) than decane, because if sources’
emissions were the only factor affecting the levels, then similar relationship to decane would
be expected in both seasons. These additional sources of heavy IVOC could be associated to
the gas-to-particle partitioning, which is favored under low temperatures, resulting to the
reverse of the condition when ambient temperature increases. Furthermore, in Figure 1V — 16,
the temporal variability of decane and tetradecane (as reference for the behavior of light and
heavy IVOC respectively) is presented along with ambient temperature in winter and summer.
It is apparent that tetradecane’s concentrations increase with the increase of temperature in both
seasons, whereas this is not observed for decane (especially in winter). Thus, the previous
observation gives insight into the behavior and temporal variability of IVOC in ambient air,
since these compounds are rarely studied (Ait-Helal et al., 2014; Aumont et al., 2012; Li et
al., 2019). Recent works have shown their important contribution to the formation of secondary
organic aerosols (Aumont et al., 2012; Lu et al., 2018), however they are often neglected in
model studies and emission inventories, which might be one of the reasons for the reported high
uncertainties in the sources, formation and fate of organic aerosols in the atmosphere (Tsigaridis
and Kanakidou, 2007).
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Figure IV - 16: Temporal variability of decane, tetradecane and temperature in the winter (left)
and summer (right) 10P.

2.3 Relationship to other pollutants/Effect of sources

In this last section of the chapter, the relationship of the VOCs from the I0OPs to NO, CO, BC,
BCwb and BCsxs is investigated by examining their correlation. The relationship coefficients are
presented in Tables IV - 3 and IV - 4 for winter and summer 10Ps.

Compared to summer, the correlation coefficients in winter between the VOC are slightly better
for the majority of the compounds and more relationships are observed for the saturated and
unsaturated compounds (like hexene and styrene). Exceptions are 1VOC, camphene and g-
terpinene that exhibit more and better relationships in summer (for IVOC, R? ranges from 0.5
to 0.91), although pentadecane and hexadecane don’t correlate with any VOC regardless of the
season.

145



Concerning the relationship to other pollutants, VOC are mainly correlated to NO and CO in
winter (For NO: R? from 0.52 for dodecane to 0.79 for 2.4-dime-pentane; for CO: R? from 0.53
for g-Terpinene to 0.78 for cyclohexane), whereas in summer almost the same number of
correlations are observed with slightly different correlation coefficients. BCwy presents more
relationships to ethyltoluenes, branched alkanes and IVOC (R% 0.55 to 0.72) in summer,
whereas in winter it correlates only with styrene, hexene and 3.3-dime-pentane. Finally, decane
and undecane are the only IVOC that correlate to other pollutants in winter, and more
specifically with NO, CO, BC and BC# (R?: 0.54 to 0.68), whereas dodecane correlates only
with NO (R? from 0.52). In summer however, the IVOC with 10 to 13 carbon atoms correlate
to all the pollutants (NO CO, BC, BCup and BCs with R? from 0.55 to 0.81), while tetradecane
correlates with BC and BC# (R? 0.68 to 0.72 respectively).

In a summary, the good interspecies correlation observed in both seasons for the majority of
the compounds, indicate that most of the additional VOC have common origin and similar
atmospheric fate, whereas the observed discrepancies highlight the influence of the different
emissions from sources and/or the effect of atmospheric dynamics. Nevertheless, the
observations follow closely the ones of the VOC from the MOP, apart from I\VOC that exhibit
different behavior, which is a completely new element.
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Table 1V - 3: Interspecies correlation between the additional VOC of the intensive campaign and selected pollutant/tracers for winter 2016. All
compounds have the same resolution of 3 hours. The concentrations are in pg m= except of NO, NO; and CO that they are in ppb. The blue bold
and italics indicate R2: 0.5 — 0.79 and red bold and italics indicate R? >0.79.

2.2- 2.4- 2.2.3- 3.3- 2.3- 3- 4- 2- -
Winter 2016 pj::j::e Hexene dime-  dine- :ri"um dimie- CE:ZT:M h‘:::::e dime-  Styrene ethyltol ethyltol ethyltol Cm:;x_:ke Terpine Decane nClIll1 nCi12 nCi3 nCi14 nCIi1s nCI16
Pent penti 1 pent pentane nene uene ene ne
3-me-pentane 1.00
Hexene 0.58 1.00
2.2-dime-pentane 0.49 033 1.00
2.4-dime-pentane  0.96 0.64 0.54 1.00
2.2.3-trime-butane 0.82  0.67 042 0.85 1.00
3.3-dime-pentane .73 0.78 0.76 0.79 0.86 1.00
Cyclohexane 0.83 0.48 0.44 0.83 0.65 0.64 1.00
2-me-hexane 0.99 0.61 0.50 0.98 0.86 0.77 0.86 1.00
2.3-dime-pentane  0.99 0.59 0.51 0.98 0.84 0.78 0.87 1.00 1.00
Styrene 0.81 0.70 0.44 0.86 0.84 0.85 0.75 0.85 0.85 1.00
3-ethyltoluene 0.98 0.63 0.49 0.98 0.85 0.78 0.85 0.99 0.99 0.86 1.00
4-ethyltoluene 0.98 0.62 049 0.97 0.86 0.78 0.85 1.00 1.00 0.86 1.00 1.00
2-ethyltoluene 0.98 0.62 0.49 0.97 0.87 0.79 0.86 0.99 0.99 0.89 0.99 1.00 1.00
Camphene 0.54 0.51 0.27 0.59 0.63 0.67 0.40 0.59 0.58 0.72 0.61 0.61 0.63 1.00
g-Terpinene 0.55 0.30 0.53 0.54 043 034 0.58 0.54 0.54 047 0.53 0.53 0.53 0.14 1.00
Decane 0.88 0.51 0.44 0.88 0.83 0.73 0.78 0.91 0.91 0.85 0.90 0.91 0.93 0.68 0.46 1.00
nCl1 0.88 0.50 0.44 0.87 0.82 0.71 0.78 0.90 0.91 0.82 0.90 0.91 0.93 0.66 0.49 0.99 1.00
nC12 0.80 0.38 041 0.75 0.72 0.60 0.67 0.81 0.81 0.70 0.80 0.82 0.83 0.59 0.46 0.89 0.94 1.00
nC13 0.43 0.13 0.24 037 037 0.30 0.32 0.43 0.43 0.34 0.41 0.43 0.43 033 0.27 0.50 0.57 0.78 1.00
nCl4 0.06 0.00 0.07 0.03 0.02 0.01 0.02 0.05 0.05 0.02 0.04 0.05 0.04 0.02 0.07 0.05 0.07 0.17 0.48 1.00
nC15 0.02 0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.04 0.00 0.00 0.01 0.03 0.34 1.00
nClé 0.01 0.02 0.00 0.02 0.01 0.03 0.04 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.00 0.02 0.02 0.01 0.01 0.01 0.08 1.00
NO 0.74 0.58 0.38 0.79 0.63 0.60 0.81 0.77 0.78 0.73 0.78 0.77 0.78 0.40 0.59 0.68 0.66 0.52 0.19 0.00 0.00 0.07
co 0.72 0.71 0.35 0.77 0.65 0.68 0.78 0.75 0.76 0.77 0.77 0.76 0.77 0.40 0.53 0.66 0.63 0.48 0.17 0.00 0.00 0.10
BC 0.63 0.67 032 0.69 0.57 0.65 0.70 0.67 0.67 0.72 0.68 0.67 0.68 038 0.48 0.57 0.54 0.40 0.13 0.00 0.00 0.10
BC,, 0.36 0.70 0.20 043 0.40 0.57 0.41 0.40 0.40 0.57 042 0.41 0.42 0.29 0.22 0.34 031 0.19 0.04 0.00 0.00 0.10
BCyq 0.73 0.52 0.35 0.76 0.58 0.58 0.80 0.75 0.76 0.68 0.76 0.75 0.75 0.34 0.59 0.64 0.63 0.49 0.19 0.01 0.00 0.08
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Table 1V - 4: Interspecies correlation between the additional VOC of the intensive campaign and selected pollutant/tracers for summer 2016. All
compounds have the same resolution of 3 hours. The concentrations are in ug m= except of NO, NO, and CO that they are in ppb. The blue bold
and italics indicate R2: 0.5 — 0.79 and red bold and italics indicate R? >0.79.

3 2.2- 2.4- 2.2.3- 3.3- Coclol 5 2.3- 3- 4- 2- Camm] g-
Sunimer 2016 M Hexene dime-  dime-  trime-  dime- yetohe M dime- Styrene ethyltel ethyltel ethyltol aniphe Terpine Decane nCll nCI12 nCi13 nC14 nCI15 nC16
pentane xane  hexane ne
pentane pentane butane pentane pentane ene uene ene ne
3-me-pentane 1.00
Hexene 0.40 1.00

2.2-dime-pentane .72 049 1.00
2.4-dime-pentane .89 0.50 0.74 1.00
2.2.3-trime-butane  0.59 041 055 0.76  1.00
3.3-dime-pentane .81 0.47 0.73 0.86 0.76 1.00
Cyclohexane 0.64 0.49 0.60 0.65 0.48 0.59 1.00
2-me-hexane 0.91 0.48 070 095 0.74 0.88 0.65 1.00
2.3-dime-pentane .91 0.50 0.71 0.97 0.73 087 0.67 0.99 1.00
Styrene 0.39 0.25 0.32 0.52 0.54 0.48 0.18 047 047 1.00
3 ethyltoluene 0.86 0.60 0.69 0.94 0.73 0.82 0.68 0.92 0.93 0.53 1.00
4-ethyltoluene 0.85 0.59 0.69 0.93 0.72 082 0.67 0.90 092 0.54 0.98 1.00
2-ethyltoluene 0.87 0.57 0.69 0.94 0.75 0.83 0.68 0.92 0.93 0.55 0.99 0.96 1.00
Camphene 0.56 0.26 0.42 0.57 0.49 0.50 0.39 0.55 0.56 0.44 0.59 0.59 0.63 1.00
g-Terpinene 0.76 0.36 0.5 085 079 0.78 052 081 082 058 085 0.8 089 0.62 1.00

Decane 0.82 043 065 086 074 0.79 0.62 084 085 057 0.89 089 093 072 0.88 1.00

nCl1 0.81 0.43 064 087 0.76 0.78 0.63 084 085 0.56 0.89 0.89 094 071 0.90 0.99 1.00

nC12 0.74 0.29 0.50 0.67 0.49 0.59 0.50 0.63 0.65 042 0.72 0.72 0.78 064 075 084 0.84 1.00

nCl13 0.75 0.29 054 078 0.68 0.71 047 o076 076 0.51 078 0.78 083 0.63 086 091 0.91 0.84 1.00

nCl4 0.52 0.11 033 0.53 0.54 0.52 0.20 0.51 0.51 042 048 0.48 0.54 0.46 0.67 0.62 0.63 0.65 0.78 1.00

nC15 0.17 0.01 0.09 0.15 0.19 0.19 0.02 0.15 0.14 0.12 0.11 0.12 0.14 0.15 0.24 0.18 0.18 022 031 0.69 1.00

nCl6 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.08 0.26 1.00
NO 0.76 0.35 0.51 083 0.55 0.69 045 079 0.79 0.68 0.82 0.81 0.83 0.68 0.78 0.83 081 0.74 070 047 0.13 0.01
co 0.73  0.69 0.68 0.81 0.61 070 0.66 0.74 077 0.40 0.87 0.86 0.85 0.48 0.69 074 0.73 0.62 0.60 0.34 0.06 0.00
BC 0.80 0.36 0.56 0.80 0.66 0.71 0.49 077  0.78 0.50 0.80 0.79 0.82 056 083 0.80 0.81 0.79 0.80 0.68 0.28 0.01

BC., 0.64 0.48 0.48 0.65 045 0.52 0.47 0.60 0.61 0.33 0.72  0.70 0.71 0.39 0.58 0.62 0.62 0.62 0.55 035 0.07 0.00
BCg 0.79 031 0.54 0.77 0.66 0.70 0.46 0.76 0.76 0.50 0.75 0.7% 0.79 056 0.83 0.79 0.79 0.78 0.81 0.72 0.32 0.02
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2.4 Comparison to other studies

Finally, the last part of this section focuses on the comparison of the results of the 10Ps with
other studies. Specifically, in Figure IV — 17 and Table IV - 5, the mean seasonal
concentrations are compared to studies from Beirut and Tianjin (same to Table 1V - 2, Sect.
1.4 of this chapter) and to Paris (Ait-Helal et al., 2014). Since special attention is given for
IVOC, the comparison of their levels will be conducted separately in the next paragraph. For
the rest of the compounds, starting from winter, the mean concentrations of C6 — C9 alkanes
are in accordance with the Beirut measurements but lower compared to Tianjin, except of 3-
me-pentane that is 2.5 and 4.5 times higher in Thissio than the other two cities respectively.
Concerning the unsaturated compounds, they can be either within range (i.e. hexene compared
to Beirut), lower (i.e. styrene compared to Tianjin) or higher (e.g. ethyltoluenes compared to
both cities). In addition, styrene is a factor of 2 and 11 lower in winter and summer compared
to Tianjin, whereas is 3 times higher in winter and 2 times lower in summer compared to Beirut;
in summer the observed levels in Thissio are generally a factor of 2 lower from Beirut for 3 —,
4 — ethyltoluenes and for 4 — and 2 — ethyltoluenes from Tianjin. On the contrary, in summer,
the mean levels are either within range (i.e. C7 poly-substituted alkanes) or lower (i.e.
cyclohexane compared to Tianjin and 2-me-hexane compared to Beirut).
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Figure IV - 17: Mean winter (upper) and summer (lower) values for Thissio, Paris, Beirut
and Tianjin (reported also in Table 1V - 5).

Finally, decane and IVOC (C11 — C16 n-alkanes) present different behavior. Firstly, decane in
winter is two to five times higher compared to Beirut, Tianjin and Paris; in summer, it is higher
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only compared to Paris (factor of 2), whereas it is more than 50% lower compared to Beirut and
Tianjin. In addition, in winter, undecane and dodecane are a factor of 4 higher compared to
Paris, within range compared to Beirut and lower than Tianjin (more than 80% for n-dodecane);
in summer, both compounds are 3 and 4 times higher than Beirut respectively, whereas
undecane is 2 times higher than Paris and 5 times lower than Tianjin, and n-dodecane a factor
of 11 higher in Tianjin. Moreover, n-tridecane and n-tetradecane can be compared only to Beirut
and Paris. In winter, both compounds are a factor of 2 lower than the mean reported values for
Beirut, but in summer it is observed the exact opposite. Compared to Paris, the compounds are
8 and 6 times higher in winter respectively, however the mean concentration of n-tridecane in
summer is similar to Paris, whereas n-tetradecane is more than a factor of 2 lower. Lastly, n-
pentadecane and n-hexadecane are 3 and 5 times higher in Paris than Thissio for summer
respectively, whereas in winter only n-pentadecane was detected in Paris with a mean value 2
times lower compared to Thissio. Nevertheless, compared to Beirut in summer, n-pentadecane
is similar between the two cities, while n-hexadecane is a factor of 2 lower in Thissio.
Unfortunately, a comparison to winter is not possible since these compounds were not
quantified in Beirut.

The previous comparison showed that the majority of the compounds in Thissio, except of
IVOC, exhibit higher mean winter levels than the other studies, but usually lower in summer.
This is in line with the observations of the MOP, indicating that winter emissions from sources
(apart from atmospheric dynamics) are having an important impact on the concentrations.
Concerning IVOC, their winter mean concentrations are higher compared to Paris and Beirut
(for the latter n-pentadecane and n-hexadecane were below detection limit), but lower to
Tianjin. In summer however, we observed differences depending on the compound.
Furthermore, in Paris the variability of IVOC (with higher mean values in summer than winter)
was attributed to different emission from sources than the partitioning between gas and particle
phase, whereas in Beirut the variability (with higher levels in winter and lower in summer)
seems to be controlled by both the strength of sources and atmospheric dynamics (e. g. mild
temperatures in winter and high photochemistry in summer). Although the characteristics of the
seasonal variability in Thissio seems to be in-between the reported ones for Paris and Beirut,
the mean levels observed in Thissio are in general higher for both seasons.
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Table IV - 5: Comparison of mean VOC levels between the measurements from the IOP of winter
and summer 2016 and other international cities. Information regarding the type of sampling station
is included. The numbers in brackets indicate the standard deviation.

Thissio Paris, France! Beirut, Lebanon? Tianjin, China®
3 Urban back/nd Suburban Urban back/nd Urban Center
Hem Winter 2016 Summer2016 ~ VUNter o SUMMer - yyieerpgp  Summer  Winter - Summer
2010 2009 2011 2015 2015
3-me-pentane 243 (2.28) 1.22(1.05) 0.95 1.76 1.01 0.54
Hexene 0.16 (0.18)  0.07 (0.05) 0.12 0.14 0.56 0.28
2,2-dimet-pentane | 0.10 (0.11) 0.07 (0.06) 0.09 0.09
2,4-dimet-pentane | 0.19 (0.20) 0.10 (0.11) 0.84 0.21
2,2,3-trimet-butane | 0.05 (0.03) 0.02 (0.02) 0.08 0.08
3,3-dimet-pentane | 0.38 (0.15)  0.07 (0.05) 0.08 0.09
Cyclohexane 0.49 (0.39) 0.14 (0.09) 0.13 0.28 0.60 1.33
2-me-hexane 0.76 (0.72)  0.48 (0.45) 0.54 1.01 0.33 0.54
2,3-dimet-pentane | 0.27 (0.26) 0.19 (0.18) 0.2 0.36 0.33 0.92
Styrene 0.49 (0.52) 0.15 (0.18) 0.17 0.34 1.78 1.04
3-ethyl-toluene 1.16 (1.12) 0.61 (0.56) 0.63 1.39 0.30 0.55
4-ethyl-toluene 0.53 (0.50) 0.29 (0.26) 0.25 0.60 0.20 0.45
2-ethyl-toluene 0.64 (0.60) 0.35(0.31) 0.23 0.32 0.35 0.65
Camphene 0.30 (0.43) 0.10 (0.10) 0.13
g-terpinene 0.06 (0.05) 0.06 (0.06)
Decane 0.65 (0.53) 0.29 (0.28) 0.13 0.14 0.33 0.47 0.89 0.24
nC11 0.39 (0.33) 0.30 (0.28) 0.10 0.12 0.3 0.07 1.43 0.59
nC12 0.20 (0.15) 0.15(0.13) 0.05 0.16 0.23 0.06 1.77 2.20
nC13 0.13 (0.09) 0.11 (0.08) 0.02 0.10 0.26 0.06
nC14 0.10 (0.06) 0.09 (0.05) 0.02 0.22 0.19 0.06
nC15 0.08 (0.05)  0.07 (0.04) 0.04 0.20 0.06
nC16 0.02 (0.02) 0.04 (0.02) 0.21 0.09

lAit-HeIaI etal. (2014) 2Salameh et al. (2015) 3 Liu et al. (2016)

3. Conclusions

Following the conclusions of Chapter 3, the need for the examination of the MOP and IOPs datasets
was highlighted, in order to observe the variability of the NMHCs over a long period and determine
the driving factors for the different seasons. Ultimately, these results will assist the source
apportionment of the NMHC:s in the following chapter.

In this context, the analysis of the first part of this chapter focused on the last 13 months of the MOP
that were not presented in chapter 3 (1% article) and it showed, first of all that, that alkanes are the
dominant group in every season (~50%), with levels reaching up to 74 png m for i-pentane (mean
value: 9.2 ug m3), followed by aromatics and alkenes. The levels exhibit a distinct seasonality
(higher in winter, lower in summer) and a pronounced diurnal variability (morning maximum and
nighttime enhancement period) which is explained by the different influence of atmospheric
dynamics and sources emissions. In particular, the height of the PBL, wind speed and temperature




are the main atmospheric parameters that affect the aforementioned variability, whereas the intensity
of the sources is dependent from the season.

Since the impact of VOC sources is always of interest in the current thesis, in this chapter this was
investigated for the whole MOP through the relationship of the NMHCs with the other
pollutants/tracers. The correlation of the majority of the compounds to NOx, CO and BC is in
agreement with the observations from Chapter 3, denoting their common origin. Nevertheless,
sources emissions seem to be one of the main reasons for the differences between our results and
observations from other cities worldwide, which in addition highlighted the important air pollution
in winter, in contrast to the summer levels that are significantly lower.

In general, the results of the MOP are in line with the observations and conclusions of the 1% article
(Chapter 3), although new insights are gained for the temporal variability and its driving factors.
To examine the seasonal variability of additional VOC and to assist the source allocation in the next
chapter, the concentrations of the VOCs from the 10Ps were determined and the factors affecting
them were examined in the second part of the chapter. The additional compounds exhibited a
seasonal and diurnal profile close to the observed one of the NMHCs from the MOP, which was
explained by a similar influence of atmospheric dynamics and sources emissions.

IVOC are the only group that presents significant exceptions; similar mean levels are encountered
in winter and summer but with contrasted seasonal diurnal cycles. Moreover, it should be noted the
temperature dependence of their concentrations which increase with increasing number of carbon
atoms. Since these compounds are rarely investigated in the available studies, while they are
important precursors of secondary organic aerosols, this dataset could be used in the future for the
examination of their contribution to the organic aerosol matter in the atmosphere of Athens.

To sum up, the analysis of the datasets of the MOP and IOPs provided robust information for the
temporal variability of NMHCs in Athens and its driving factors. During the discussion, the impact
of sources was denoted, especially from the higher levels (and corresponding air pollution) in winter
compared to summer. Since all the elements are now gathered, in chapter 6 are determined the
sources of NMHCs in Athens and their seasonal contribution is quantified. Can we finally separate
and quantify the emissions from traffic and wood burning for residential heating?
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CHAPTER 5 - Yearlong
measurements of Monoterpenes and
Isoprene in a Mediterranean city
(Athens): Natural vs anthropogenic

origin.
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1.Introduction

Monoterpenes and isoprene were excluded from the analysis of chapter 4, since the first results
indicated that separate analysis is required. These compounds are known for their biogenic origin,
thus higher levels were expected in summer, when high temperatures and increased solar intensity
prevail; these conditions trigger biogenic activity and thus the increase of natural emissions (Fuentes
et al., 2000). However, when the summer and winter mean levels were presented in Table IV — 1 of
Chapter 4, it was apparent that only isoprene exhibited the highest mean levels in summer (0.48
+0.56 pg m= over 0.12 +0.18 ug m in winter), whereas a-pinene has similar mean summer and
winter levels (0.70 +0.66 pg m= and 0.67 £0.91 ug m respectively) and limonene has higher levels
in winter (0.48 +£1.06 pg m= over 0.15 +0.31 pug m= in summer). Since in winter, biogenic activity
decreases following the decrease of temperature and solar insolation, the important levels of a-
pinene and limonene suggest additional emissions in the cold season. These are probably of
anthropogenic origin, which is corroborated by the fact that isoprene is emitted also from vehicle
exhausts (Borbon et al., 2001; Wagner and Kuttler, 2014). In this context, the literature research
regarding monoterpene levels in urban environments and their respective sources is limited (i.e.
Hellén et al., 2012). However, the aforementioned studies clearly indicate an important influence
from anthropogenic sources like emissions from wood burning for domestic heating.

During MOP, monoterpenes and isoprene were monitored for more than 12 months. This allowed
the detailed examination of their variability and the driving factors. In addition, the ancillary data
for CO and BC, tracers of different combustion processes, which are available from Thissio station,
assisted the investigation of the anthropogenic sources of these compounds. Consequently, and to
provide robust information for these rarely reported compounds in cities, the above examination
resulted in a manuscript that it will be submitted to Atmospheric Environment for publication. The
manuscript is presented below.
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1. Introduction

Monoterpenes and isoprene are the most important biogenic volatile organic compounds (BVOCSs)
which, due to their high reactivity, are contributing significantly, to the formation of secondary
organic aerosol (SOA) and tropospheric ozone (Atkinson, 2000; Camredon et al., 2007; Carlton et
al., 2009; Guenther et al., 1995). These compounds are known for their impact on climate, vegetation
and human health (Fehsenfeld et al., 1992; Laothawornkitkul et al., 2009; Tsigaridis and Kanakidou,
2007; Turner et al., 2015). The emission of isoprene and monoterpenes from vegetation is closely
linked to their synthetic processes and the storage capability in plants (Kesselmeier and Staudt, 1999;
Laothawornkitkul et al., 2009). In particular, the isoprene photosynthetic formation depends on the
ambient temperature and the solar radiation and appears to have a stress protecting role on the leaves.
On the other hand, monoterpenes are usually stored in large pools in the plants, and their emission
is not always linked to meteorological conditions (Geron et al.,, 2000; Hakola et al., 2009;
Kesselmeier and Staudt, 1999).

Although the biogenic origin of isoprene and monoterpenes is well established, recent studies
conducted in various areas around the world reported an additional anthropogenic origin for these
compounds. Indeed Borbon et al. (2001) and Wagner and Kuttler (2014) reported isoprene to be
partially linked to traffic emissions, while Dai et al. (2010), by conducting laboratory experiments,
identified a-pinene and B-pinene in the exhaust of different types of cars in China, which were
correlated to combustion products like alkenes. Simpson et al. (2010) reported important
concentrations of a-pinene and B-pinene over oil and mining facilities in Alberta (Canada) which
were well correlated with tracers of industrial emissions but not with isoprene. Finally, Pallozzi et
al. (2018) during a chamber experiment provided emission data for isoprene and monoterpenes from
the combustion of two types of typical Mediterranean trees (pine and oak). They showed that

limonene is emitted during all burning phases from both types of trees, while a-pinene and p-pinene
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are emitted mainly from pine with varying concentrations depending on the type of burning tissue
(needles, branch etc).

Despite the reported emissions of BVOCs from human activities only few works investigated
BVOCs variability and levels in urban areas (e.g Bonn et al., 2018). In addition, recent published
studies demonstrate large discrepancies in the estimated levels, sources and fate of isoprene and
monoterpenes to SOA formation (Gilman et al., 2015; Wang et al., 2013; Zhang et al., 2018).
Moreover, the anthropogenic component of isoprene and monoterpenes is not considered in
emission inventories and air quality models.

In the Mediterranean area, although few works report levels of isoprene and monoterpenes in rural
or urban areas, most of them have been conducted during 1-2 months in summer or winter (e.g
Harrison et al., 2001; Kaltsonoudis et al., 2016; Moschonas and Glavas, 2000; Rappengliick et al.,
1999; Seco et al., 2013) and only Liakakou et al. (2007) reported year round measurements of
isoprene at a remote location in Finokalia, Crete. Therefore, there is a clear need for measurements
of BVOCs during different seasons, especially in urban locations, to understand their sources, as
well as their role in oxidation capacity of the atmosphere and SOA formation.

This work reports results from a 13-months (2/2016-2/2017) campaign in Athens, where
monoterpenes (a-pinene and limonene) and isoprene were monitored, among other species. The
scope of the current study is: (a) to provide for the first time to our knowledge information for the
ambient levels of monoterpenes and isoprene in an urban area of the Mediterranean basin over a
complete year; (b) to examine BVOCs temporal variability and investigate the factors controlling
their levels with focus on meteorology (c) to identify their sources, natural vs anthropogenic; and

(d) to estimate their contribution to ozone and SOA formation.

2. Methodology

2.1 Sampling site

The VOC measurements were conducted at the Thissio urban background monitoring station of the
National Observatory of Athens (NOA, 37.97° N, 23.72° E, 105 m a.s.]) located close to the
historical center of the city. The station is situated on top of one of the three hills in the area (Lofos
Nimfon), and it is surrounded by a pedestrian zone and a residential area. More details are provided
in Panopoulou et al.,, (2018). C2 — C12 NMHCs measurements (including isoprene and

monoterpenes) were conducted for 13 months, from 1 February 2016 to 28 February 2017.

2.2 On line NMHC measurements
Two gas chromatographs equipped with flame ionization detector (GC — FID), the “airmoVOC C»

— Cg” and the “airmoVOC Cg — C12” Chromatrap GC (Chromatotec, Saint Antoine, France) were
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used for the determination of C2 — Cs and Cs — C12 NMHC:s respectively (Panopoulou et al., 2018).
The two synchronized analyzers were collecting ambient air through collocated inlets at the rooftop
of the station, 4 m above ground. A total sampling and analysis cycle of 30 minutes was set for both
analyzers and the results were averaged to hourly values. A thorough description and technical
information of the “airmoVOC C; — C¢” and “airmoVOC Ce — C12” analyzers, can be found in Gros
et al. (2011) and Xiang et al. (2012) respectively.

During the campaign, two gas standards, certified by NPL (National Physical Laboratory,
Teddington, Middlesex, UK) were used on a 2 weeks basis for the verification of the compounds’
retention times and the calibration of the two analyzers. From the beginning of the campaign until
April 2016 the 1% NPL containing 4 ppb of 30 C, — C1o VOCs and for the rest of the campaign the
2" NPL of almost 2 ppb of 32 C, — C1o VOC were utilized. Although different calibration mixtures
were used, no change was observed to the calculated response coefficients. The detection limits
(LoD) have been determined at 0.125 pg m=, 0.114 pg m2and 0.135 pg m™ for isoprene, a-pinene
and limonene respectively. Regarding the Cs — C12 measurements, toluene is used, as representative
constituent of the anthropogenic VOCs (Panopoulou et al., 2018), with a limit of detection at 0.112

pg m,

2.3 Ancillary measurements

Real time monitoring of carbon monoxide (CO) and nitrogen oxides (NOx = NO and NO2) was
conducted during the reported period by using Horiba 360 Series Gas Analyzers, calibrated with
certified standards. For ozone’s real-time measurements was used a Thermo 49i ozone analyzer of
one minute resolution. A seven-wavelength dual spot aethalometer (Magee Scientific AE33) of one
minute resolution was operated for the monitoring of black carbon (BC) and its fractions associated
with fossil fuel and wood burning (BCs and BCws, respectively). Data for the meteorological
parameters were provided by NOA’s meteorological station at Thissio premises. Hourly mixing-
layer height (MLH) values at 1° x 1° resolution were obtained over the station’s area during the
whole study period by using the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) model (Draxler and Rolph, 2016) turbulent kinetic energy (TKE) profile method
(Dumka et al., 2018, 2019).

3. Results and discussion

3.1 Monoterpene and isoprene levels: Seasonal variability.

The results of the isoprene, a-pinene and limonene measurements are presented in Table 1. Table
S1 provides further information including also the ancillary parameters. A-pinene exhibited the

highest levels with a mean value of 0.70 ug m™ and concentrations ranging from 0.08 pg m™ to 8.86
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ug m=, whereas limonene and isoprene follow with mean levels of 0.33 ug m (0.07 — 9.86 ug m)
and 0.19 pg m™ (0.06 — 3.88 pg m™) respectively. The mean monthly and hourly variability of
isoprene and monoterpenes is presented in Figures 1 and S1 respectively. Isoprene’s concentration
is higher in summer, when biogenic emissions are stronger due to the higher ambient temperature
and solar radiation (Guenther et al., 1995) and lower for the rest of the year. As it was already
mentioned, a-pinene and limonene are usually related to emissions from vegetation, thus a similar
variability to isoprene was expected (Kesselmeier and Staudt, 1999; Laothawornkitkul et al., 2009).
Nevertheless, monoterpenes exhibit a more complex seasonal cycle with pronounced variability in
winter and maximum during the coldest months. Furthermore, the mean spring and summer levels
of limonene are insignificant relatively to the a-pinene.
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Figure 1. Monthly boxplots of biogenic VOCs for the period 01 February 2016 to 28 February 2017.
The x-axis color indication reflects the year: black for 2016 and red for 2017.

In Athens, limonene levels reported for a rural background site in summer by Rappengliick et al.
(1999) were found higher by a factor of 5 compared to the current one. Table 1 compares our

measurements with the studies conducted in Athens and residential areas worldwide. A-pinene and
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limonene winter mean values at an urban site in the French Alpine Valley (Chamonix) were found
higher by a factor of 2 and 17 respectively compared to Thissio (Rouviére et al., 2006). Furthermore,
the comparison with another French urban background site (Paris) revealed higher levels of a-pinene
and limonene in Thissio, by a factor of 6 and 5 for winter and ~3 and ~2 in summer respectively for
each compound, whereas isoprene was within the range for winter and by factor of 3 lower in
summer (Ait-Helal et al., 2014). Isoprene’s, a-pinene’s and limonene’s mean winter concentrations
were higher in Thissio than in an urban area of Helsinki (Finland) by factors of 6, 7 and 9
respectively, whereas in summer a-pinene and limonene are two-folded (Hellén et al., 2012).
Finally, a-pinene is 7 times higher compared to an urban site of Beijing, whereas isoprene is lower
by a factor of 9 (Cheng et al., 2018). The comparison highlights that in urban centers monoterpenes
and isoprene exhibit significant concentrations even in winter. In few locations, including Athens,
wintertime levels of a-pinene and limonene are comparable or even higher than in summer, which

suggests the impact of an anthropogenic source.

Table 1: Comparison of isoprene, a-pinene and limonene levels (in ug m) in Thissio with already
published data. The standard deviation is given in the brackets. Information regarding the sampling
frequency, duration and the type of sampling station is also included.

Thissio, Cheil)r(non Paris, Helsinki, Beijing,
Greece* 1 France? Finland® China*
France
. Every 2h Continuous Continuous Continuous
Continuous (18 m
(18 m) (7 d) (2m) (-1y) (Ly)
Urban Urban Urban
Urban back/nd back/nd Urban back/nd Back/nd back/nd
Annual Summer Winter V'\\;Iiﬁigr Sl',\l/ln’?%:r V't//liietlgr Mean | Mean Mean
mean 2016 2017 2003 2009 2010 1/2011 | 7/2011 | 2014-2015
Isoprene (8%2) (8'32) (8'13) 1.01 0.20 0.02 0.31 1.66
. 0.70 0.70 0.67
a-Pinene (0.83) (0.66) (0.91) 1.48 0.27 0.11 0.1 0.32 0.10
. 0.33 0.15 0.48
Limonene (0.78) (0.31) (1.06) 7.18 0.09 0.09 0.05 0.06
Rouviere et al. (2006); 2Ait-Helal et al. (2014); 3Héllen et al. (2013); “Cheng et al. (2018) “Current study

3.2 Monoterpene and isoprene levels: Diurnal variability.

The diurnal variability of monoterpenes and isoprene is illustrated in Figure 2 on a seasonal basis.
The winter of 2016 which covers only 1 month of measurements (February 2016) is not considered.
Monoterpenes’ diel cycle is generally characterized by low levels during the day with a clear night-
time to early morning increase. In spring and summer, the night-time enhancement period starts
before midnight and the levels gradually increase till a morning maximum at 08:00 LT. In autumn

and winter, the trend is similar, however the night-time enhancement period starts around 19:00 LT,
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which is more pronounced comparable to the morning peak and it is maintained for a longer period
(12h vs 8 in spring and summer). Regardless the season, the morning maximum of a-pinene and
limonene is followed by a rapid decrease and the levels remain close to LoD for the rest of the day.
Nevertheless, a-pinene noon levels during the warm periods are more than two times higher relative
to the winter one. The nighttime enhancement of these compounds is in agreement with other works
reported in the literature (Ghirardo et al., 2016; Seco et al., 2013). The comparison of the two winters
for a-pinene and limonene (Figure 2 for the full season and Figure S2 for February 2016) showed
the same variability for a-pinene and slightly higher mean hourly values and standard deviation for
limonene for February 2016. Concerning isoprene, the diurnal variability is differentiated in summer
relatively to autumn and winter and follows the cycle reported in the literature with a clear day
maximum. In spring of 2016 no isoprene is depicted due to the limited data above LoD. In summer,
isoprene increased from 07:00 LT to 12:00 LT, followed by a gradual decrease from 15:00 LT to
20:00 LT, maintained below LoD during night. In autumn and winter, a morning maximum from
07:00 to 10:00 LT is observed.
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Figure 2. Seasonal diurnal variability of isoprene, a-pinene, and limonene. The seasons are marked
with different colors.

To better understand the origin of the above reported diurnal variability of terpenes, the seasonal
diurnal variability of NO, CO, BCwb and BCs, known as tracers of combustion processes (Diapouli
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et al., 2017; Gratsea et al., 2017) is depicted in Figure S3. NO, CO and BCs exhibit a bimodal diel
pattern regardless the season, with a morning maximum and a night-time enhancement period. On
the contrary, BCwb diurnal variability is notable only in autumn and winter, exhibiting a night
maximum at 23:00 — 00:00 LT, followed by the gradual decrease till the appearance of a lower
secondary morning peak. For all primary pollutants and BVOCs, the morning peak occurs at 08:00
and the night-time enhancement starts permanently at 19:00. The ratio of the night to the morning
maximum is 2 and 3.5 times higher in winter than in summer for a-pinene and limonene respectively.
Simultaneously for BCs the same amplitude is also increased by a factor of 3 during winter-time,
whereas for BCws by almost a factor of 12. The latter is the result of the impact of wood burning for
residential heating as it is has been also shown elsewhere (Gratsea et al., 2017). Finally, CO is 2
times higher in winter than in summer for both the morning maximum and the night-time
enhancement period. Isoprene, a-pinene and limonene seem thus to follow a diurnal variation similar
to anthropogenic compounds, especially in autumn and winter. Similar observations have been
reported by other studies on monoterpenes conducted in urban areas (Hellen et al., 2012,
Katsonoudis et al., 2016).

3.3 Role of dynamics and meteorology

Once emitted in the atmosphere, VOCs undergo various processes resulting in their chemical
transformation or vertical/horizontal dispersion. The boundary layer evolution could drive the VOCs
abundance and diurnal variability. The swallower mixing layer height (MLH) during night favors
the accumulation of pollutants, whereas the daily growth allows the better ventilation of the basin
and the dispersion of pollutants. It is already shown in Panopoulou et al. (2018) that in winter, the
lower height of the MLH, the frequent occurrence of stagnant conditions (low wind speeds and
absence of rainfall), as well as the higher emissions of VOC from sources related to heating, result
in high ambient levels of pollutants. In summer however, the opposite conditions are expected. First
of all, anthropogenic VOC emissions are reduced as a result of the lower activity in the city (e.g.
holidays) and the absence of heating. The intense photochemistry also contributes to the VOC
depletion. Furthermore, the height of the MLH in summer is higher than winter for both day and
night, allowing the better vertical mixing of pollutants (Alexiou et al., 2018), in addition to the
occurrence of “Etesians” which favor the ventilation of the Attica basin (Cvitas et al., 1985;
Katsoulis, 1996; Lalas et al., 1983). For these reasons the measured VOC levels were re-evaluated
relative to the MLH effect, by normalizing VOC values to MLH (multiplication with the ratio of the
seasonal-mean MLH at each hour with the minimum hourly seasonal-mean MLH, occurring during
the early morning hours) (Bansal et al., 2019). In winter (Figure 3), both measured and normalized

VOC and BC, the latest used as a tracer of human activities, present rather similar diurnal cycles
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and the MLH effect becomes evident only during the daytime. This indicates that during night the
increased VOC and BC levels are exclusively attributed to sources than to MLH variability. During
summer, the extremely lower measured VOC during daytime compared to night-time (Figure S4) is
mostly attributed to dilution into a deeper boundary layer, without ignoring the role of

photochemistry and emissions.
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Figure 3. Mean diurnal variation of isoprene, a-pinene, limonene and BC, as well as their MLH-
normalized values in winter. Each figure includes the seasonal-mean diurnal cycle of the MLH (m)
obtained from HYSPLIT.
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Since monoterpenes and isoprene are considered as species of biogenic origin, their emissions from
vegetation are controlled by meteorological parameters such as the ambient temperature, relative
humidity and solar radiation (Debevec et al., 2018; Guenther et al., 1995). It is known that the low
wind speed prohibits the dispersion of compounds thus leading to elevated levels as already reported
by e.g Fourtziou et al. (2017) and Panopoulou et al. (2018). The monthly variability of the
aforementioned meteorological parameters is presented in Figure S5. As expected, the ambient
temperature increases from winter (mean value: 12.1 +£4.2°C) towards summer (mean value: 28.5
+4.0°C), followed by a gradual decrease from autumn (mean value: 19.7 +£5.2°C) to the next winter
(mean value: 9.2 £3.9°C). This trend affects greatly the seasonal variability of relative humidity that
IS the exact opposite, with the lowest values in summer (~ 42.8 £12.1%) and the highest in winter
(~ 62.0 £12.7 %). On the other hand, there is not a distinguishable seasonal variability for wind
speed, however, the highest median values and variability are observed in summer. The role of wind
speed and temperature on monoterpenes and isoprene levels is then investigated on a seasonal basis
and the results are depicted in Figures 4 and 5. The highest concentrations of all the studied
compounds are associated to wind speed lower than 3 m s* (Fig. 4), indicating influence from local
emissions. Exceptions are observed mainly for isoprene in summer where the summer
concentrations are independent on wind speed. This indicates two different mechanisms of isoprene

emissions in summer and winter-
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Figure 4. Seasonal variability of monoterpenes and isoprene relative to wind speed. The red line
indicates the WS threshold of 3 m s™.

Furthermore, the group of some autumn a-pinene samples that appears to be excluded by the general
wind speed related pattern is attributed to emissions after a rain event which facilitates the release
of biogenic compounds from trees. Indeed, monoterpenes can be released from vegetation during or
after rainfall events, due to the stress caused to the plants (Lamb et al., 1985; Debevec et al., 2018;
Bouvier-Brown et al., 2009). In this work, the behavior of monoterpenes during and after the rainfall
throughout the period of measurements was examined for rain events occurring under wind speed <
3 m s (stagnant conditions). For comparison purposes, toluene was also used as reference of
anthropogenic sources. The detailed analysis of the rain events is mainly based on observations
during- and post-rain, with temperature and relative humidity conditions linked to the levels of

monoterpenes before, during and after the precipitation as expressed by the enhancement ratios

voc i i . .
(ER = ——&uringorafter theralnevent y My ring rain events, the decrease of temperature for more than
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3°C, accompanied by an increase of relative humidity from lower than 55% to higher than 65% seem
to influence the biogenic emissions, which is independent of the precipitation height. For these cases,
the ER could be even fourfold, whereas toluene levels remained almost the same (ER of ~1). For
rain events occurring during the morning or night maximum, the naturally induced emissions could
be masked by the enhanced anthropogenic local emissions and ER for terpenes not different to 1
were observed. Thus, in the following discussion and to avoid a sporadic influence of strong
biogenic emissions, days with rain events (7% of the monitoring period) are excluded from further
analysis.

Finally, a-pinene, limonene and isoprene present a non-uniform relation to ambient temperature
(Fig. 5a and b). For isoprene, with the exception of winter, an almost exponential increase is
observed with temperature. During winter a unimodal distribution is observed with higher levels
being associated to low (<10°C) temperatures and with no difference between night and day.
Although the increase of isoprene with temperature has already been reported in the literature, the
high isoprene values associated to low temperatures in winter indicate a non-biogenic origin. For
terpenes, again with the exception of winter, a decrease with temperature is observed, which could
be attributed to photochemistry, whereas the enhanced levels during cold conditions indicate a hon-
biogenic source. The increased night-time levels of terpenes under low temperatures and wind speed
(T< 10°C and WS < 3 m s}), point also towards emissions of these compounds from sources other
than biogenic.
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Figure 5. Scatterplots of isoprene, a-pinene and limonene with temperature (a) in seasonal basis and
(b) during winter day-time (06:00 - 17:00 LT) and night-time (18:00 — 05:00 LT) concentrations for
WS less than 3 m s,

3.4 Biogenic versus anthropogenic emissions of terpenes and isoprene in Athens

Table S2 presents the interspecies correlations of a-pinene, limonene, isoprene and major primary
pollutants including toluene used as a tracer for VOCs emitted by anthropogenic activities. Overall,
the correlation of monoterpenes to the combustion tracers are found to be dependent on season; in
summer, when biogenic activity is expected to be more intense, the relationships are very low but
statistical significant at 95%, whereas in winter both species significantly correlate with each other
and with the tracers. Specifically, during summer quite low correlation coefficients (R2<0.50) were
observed for limonene versus a-pinene, while limonene is correlated to BC, NO and CO (R 0.51 —
0.61). On the contrary during winter, a-pinene and limonene correlate well with each other (R? =
0.81) as well as with the combustion related compounds (R*>0.55). Isoprene is not correlated with
any of these tracers in any season. Note than limonene is also highly correlated to toluene, BC, BCu,
BCs and CO (R?:0.74,0.71, 0.62, 0.51 and 0.51 respectively) when the whole dataset is considered,
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whereas a-pinene and isoprene not. By further correlating the diurnal patterns of VOCs presented in
Figure 2, indications for common emission sources exist for the terpenes throughout the year. On
the other hand, isoprene follows a different diurnal pattern (Figure S6).

To further examine the possible anthropogenic origin of monoterpenes the relationship against
toluene was examined on a seasonal basis for the time-frame 06:00 — 09:00 LT, i.e period with
important traffic impact (Panopoulou et al., 2018) and by excluding the rainy days (Fig. 6). Both
monoterpenes present a relationship to toluene, with statistically significant correlation coefficients
for all seasons indicating emissions from traffic. Furthermore, the slope of a-pinene to toluene is
almost a factor of 2 higher in summer than in winter, probably due to additional biogenic emissions
of a-pinene in summer. On the other hand, the slope of limonene to toluene is slightly higher in
winter compared to summer indicating more emissions for that season, in addition to traffic, most

probably heating based on the significant correlation with BCwy (Table S2).
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Figure 6: Seasonal scatterplots of a-pinene and limonene to toluene for the daytime (06:00 — 09:00
LT) time frame. The scatterplot of limonene in spring 2016 is excluded due to the great number of
values equal to 2 LoD.

Since in winter we expect an insignificant biogenic activity, we focus at that season to better
understand the origin of high levels of terpenes and isoprene during that period (Figures 2 and 5).
Consequently, their morning (06:00 — 09:00 LT) and night (21:00 — 02:00 LT) maxima were related
to toluene, CO, BCs and BCwy (Figure 7). Monoterpenes and toluene are significantly correlated
during both day and night, corroborating the assumption of their common anthropogenic origin. In
addition, the slopes were slightly higher during night compared to daytime, indicative of a source in
addition to traffic. The slopes of a-pinene and limonene to CO were almost identical for both day
and night, supporting the assumption of fuel combustion as a source of monoterpenes. The latter is

further supported by the increased monoterpenes emission under low temperatures during night (Fig.
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4), as well as by their correlation to BCw» and BC# especially at night (R? between 0.65 and 0.79).
Furthermore, the higher morning slope for the relationship to BCwb could be attributed to the lower
morning levels of BCw, compared to night-time (Figure S3 of the supplement). Concerning isoprene,
significant correlation was observed only with CO during morning (Figure 7b). The higher morning
slope compared to night, could indicate stronger impact of the not complete heating processes
leading to higher CO emissions relative to traffic. Moreover, the stronger correlation to BCwy
fraction in the night depicts the role of wood burning for residential heating on the levels. All the
above relations clearly suggest that vehicle and heating have an effect on monoterpenes and isoprene

depending on the fuel type (oil or wood).
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Figure 7: Scatterplots of a-pinene, limonene and isoprene to (a) toluene, (b) CO, (c) BCs and (d)
BCwb during day and night (6:00-9:00 and 21:00-02:00 respectively) in winter 2017.
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An estimation of the anthropogenic and biogenic fraction of monoterpenes is attempted, based on
an adapted method from Brito et al. (2015). This approach uses the VOC-to-CO night ratios (20:00
— 06:00 LT) to calculate the anthropogenic fraction (AF), since at this time-frame any biogenic
contribution related to photosynthesis is absent. In our case we used toluene as a tracer of
anthropogenic activities as a significant background contribution for CO could impact the results.
Consequently, the VOC-to-Toluene ratios were calculated for summer and winter, in order to
evaluate the different anthropogenic sources (traffic vs traffic plus residential heating respectively).
This method was applied only to a-pinene which presents significant amount of levels above LoD
throughout the year.

The primary anthropogenic component of monoterpenes was thus calculated for every sample in
winter and summer using the following equation:

AFi = ERjj x [Toluene] Eqg. 1
Where AF is the primary anthropogenic factor of a given VOC i and ER;j is the emission ratio to
toluene of the compound i. The period 18:00 — 05:00 LT was used for the calculation of the ER and
the results are presented in Table S3.

The biogenic contribution was then calculated as the difference between the AF and the measured
levels of a-pinene using Eq. 2:

BFi = [VOCi] — AFi Eq. 2

Where BFi is the biogenic fraction of the concentration of a compound i, [VOC;i] is the concentration
of the compound i and AF the anthropogenic fraction from Eqg. 1. Finally when the actual
concentrations of the a-pinene were equal to %2 LoD the contribution of both AF and BF was set as
0.

The mean VOC concentration and the seasonal contributions of AF and BF for a-pinene are depicted
in Figure 8. AF dominates in both seasons, although in summer the BF contribution is also important

and accounts for almost 40% of the measured levels.
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Figure 8: Mean seasonal concentrations of a—pinene and its anthropogenic (AF: orange) and
biogenic fractions (BF: grey). The bars indicate the standard deviation. Days with rain events are
excluded.

3.5 Ozone and secondary organic aerosol formation potential

The ozone formation potential (OFP) from the oxidation of the measured terpenes and isoprene
could be estimated by taking into account the concentration of monoterpenes and their reactivity as
expressed by the maximum incremental reactivity (MIR). OFP is calculated as the amount of ozone
formed (in gram) per gram of VOC added to initiate the VOC-NOX reaction (Carter, 1994, 2009)
according to Equation 3:

OFP; =Y, C; x MIR; Eq. 3

Where Ci (ug m™) is the mass concentration of the compound i and MIR; the maximum incremental
reactivity (MIR) of the compound I, taken from Carter (2009) and provided in Table S3.

The seasonal relative contribution (%) of monoterpenes and isoprene to the OFP is depicted in Fig.
9a, presenting high contribution in summer (35%) and almost a factor of 2 lower values in spring
(15%). According to Figure 9b, the dominant contributor to ozone formation regardless the season
is a-pinene (by producing on average 2.9 ug m™ of Os), whereas limonene participates significantly
on the OFP mainly during winter and isoprene is important mainly during summer yielding into
averagely 5 ug m of ozone. To better evaluate the role of monoterpenes and isoprene on observed
ozone levels, OFP deduced form the above calculations was compared to the sum of measured Oz +
NOy, hereafter called oxidants. Almost 7% and 6% of the observed oxidants levels during summer
and winter, or in other words 9 and 6 ug m™ respectively, is attributed to the total reactivity of

isoprene and monoterpenes.
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Figure 9: (a) Seasonal contribution of isoprene and monoterpenes to the OFP and (b) deconvolution
of contributions relative to the observed levels of Oz and oxidants (as sum of Oz and NOx).

For the secondary organic aerosol formation potential (SOAFP) the emission ratios of the
monoterpenes to a reference compound are considered. In our case toluene was used as a reference
with SOAPToiene=100. Isoprene is excluded due to the absence of correlation with toluene. The
model-derived SOAFP reflects the simulated mass of aerosol formed per mass of VOC reacted and
was estimated based on the following equation:

SOAFP; = ER; x SOAP; Eq. 4

where ER is the emission ratio to toluene for the compound i and SOAP is the model-derived SOA
potential (no units) taken from Derwent et al. (2010) and provided in Table S3.

SOAFP is estimated for every season for the day-time (06:00 — 17:00 LT) and night-time levels
(18:00 — 05:00 LT), by calculating the corresponding emission ratios to toluene (Table S3).
According to Figure 10, a-pinene contributes with about 2 pg m™ during summer and 1.2 pg m™ for
the rest of the year. The contribution of limonene increases from summer to winter, with maximum
SOAFP of approximately 1.5 ug m™ in winter nights. Limonene’s SOAFP in spring was excluded
due to the great number of concentrations close to the LoD. The importance of the terpenes’
contribution on SOA is exploited in Figure 10 by the comparison with the non-refractory PM;
fractions of organic aerosols derived from Stavroulas et al., 2019 and especially the sum of semi-
volatile oxygenated organic aerosol (SV-OOA) and hydrocarbon-like organic aerosol (HOA).

During summer both SVOOA and HOA levels could be fully explained by the monoterpenes’
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reactivity (sum of a-pinene and limonene). The same stands for the winter day time, whereas the
40% contribution of monoterpenes to SOAFP during night (i.e 2.8 ug m™ from 7.0 ug m) reflects
the existence of other wood burning emitted compounds. The hypothesis of the winter-time
production of organic aerosol by the monoterpenes can also be supported from the common

variability of their diurnal patterns (R?=0.68; Figure S7).
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Figure 10: Seasonal SOAFP of a-pinene and limonene during the day-time (06:00 — 17:00 LT) and
night-time 18:00 — 05:00 LT) periods. The levels of semi-volatile and hydrocarbon-like organic
aerosols (SV-OOA and HOA respectively) are also depicted for the respective time frames.

3. Conclusions

As it was mentioned in the introduction of the chapter, a-pinene and limonene exhibit significant
mean levels in winter (0.67 £0.91 ug m™ and 0.48 +£1.06 pug m™ respectively), whereas isoprene’s is
also present but with a lower mean value of 0.12 +0.18 ug m™, denoting an influence probably from
anthropogenic emissions. The examination of their variability for 13 months presented in this
manuscript -to be submitted for publication-, gave important insights for the verification of the
previous basic assumption. Whereas isoprene’s seasonal variability follows biogenic activity, with
the highest values in summer and a decreased (but not absent) variability in the cold period, the
seasonal variability of monoterpenes is more unusual. Indeed, a-pinene and limonene showed an
unexpected maximum during the coldest months, and only the former presents significant levels in
spring and summer. Furthermore, the diel cycle of monoterpenes is characterized by low levels
during the day with a night-time to early morning increase, which is more pronounced in autumn
and winter and lasting also longer. Nevertheless, it is worthwhile mentioning the levels of a-pinene
at noon during summer, which are two times higher relative to the winter ones. On the other hand,
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the seasonal diurnal variability of isoprene is different for the warm and cold period, with a daytime
maximum in summer (following the increase of temperature and insolation that triggers biogenic
emissions) and a morning maximum from 07:00 to 10:00 LT in autumn and winter.

Concerning the influence of atmospheric dynamics on the observed variability of monoterpenes
(wind speed, wind direction, temperature, relative humidity, precipitation, solar intensity), there are
no observations that could justify an influence from biogenic activity, with the exception of some
sporadic data related to precipitation for a-pinene. Specifically, an enhancement of the levels is
observed for low wind speed (except of isoprene in summer) under stagnant conditions (low mixing
layer), highlighting an effect from local emissions. Moreover, high concentrations are related also
to low temperatures in (<10°C) in winter, denoting an influence from residential heating emissions.

Following the above observations, the influence of anthropogenic sources was investigated by the
relationship of monoterpenes and isoprene to other pollutants (toluene, CO, BCwy, BC#) in selected
time-frames. These showed correlations for all seasons with statistically significant correlation
coefficients, verifying the contribution of emissions that originate from traffic (in all seasons) and
wood burning related to residential heating in winter. Furthermore, since for monoterpenes the
biogenic influence is hidden by the anthropogenic emissions, the estimation of the biogenic and
anthropogenic contribution in a-pinene’s levels was estimated using the approach of Brito et al.,
(2016). This approach showed that indeed even in summer, the anthropogenic contribution surpasses
the biogenic one. Interestingly, the biogenic fraction of a-pinene follows the variability of isoprene
in summer, corroborating its origin from vegetation.

Finally, since monoterpenes and isoprene are very reactive species, their ozone and SOA formation
potential were estimated. Specifically, in summer and winter, 9 and 6 pg m™ respectively or 7% and
6% of the reported concentrations of oxidants (sum of Oz + NOx) is attributed to the reactivity of
both isoprene and monoterpenes. Furthermore, the reactivity of a-pinene and limonene in summer
and winter day-time fully explain the SVOAA and HOA levels, whereas they contribute 40% to
SOA in winter nights. Therefore, these results highlight the key role of these compounds in the
formation of important secondary pollutants that are responsible for the most severe air pollution
episodes (e.g. photochemical smog).

Having seen in chapters 3, 4 and 5 the important influence of the emission sources on VOC
variability in Athens, a source allocation is conducted in the next and final chapter of the current
thesis, using a statistical tool (Positive Matrix Factorization or PMF).
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Introduction

In the previous chapters it was shown that emissions from sources have a strong impact on the
variability of all types of VOC. This is more apparent in winter, when high concentrations of
compounds are observed in comparison to the other seasons, as well as to other studies worldwide
(Chapters 3 and 4). Furthermore, in Chapter 3, traffic and residential heating are identified as the
main VOC sources in Athens for the cold period, however it was not possible to quantify their
contribution, nor identify other sources. Nevertheless, the same anthropogenic sources were found
to contribute significantly also to monoterpene levels, a trend that is rarely investigated in the
existing VOC studies (Chapter 5). Going back to Athens, the only existing study on VOC sources
was performed using mainly aromatics and OVOCs (Kaltsonoudis et al., 2016), thus the results were
not representative of all VOCs classes, denoting the need of a new approach that takes into account
lighter compounds from other VOC classes (alkanes, alkenes etc). In the same context, in Chapter
1 it was shown that more studies dedicated to the source allocation of VOC emissions are needed in
the urban areas of the Mediterranean region, firstly due to their limited number and secondly due to
the high uncertainties that are observed between their results and observations from emission
inventories (i.e. Salameh et al., 2017). Consequently, since one of the main objectives of the current
thesis is the source allocation of the VOC emissions in Athens, in this chapter we expect: (1) to
understand better the type of sources of these compounds in this capital city of the Mediterranean
region, and (2) to give robust results and conclusions for the sources of monoterpenes (Chapter 5).

In general, “‘source apportionment™ is the procedure followed for the allocation of pollutants to their
respective sources, using various tools and approaches that include statistical analysis, model
simulation and other (Belis et al., 2014; Hopke, 2016). These were already described in Sect. | — Al
of the Annex I. Thus, this chapter focuses on the source allocation of VOCs, which is applied
separately to the two obtained datasets (MOP and 1OPs, or Main and Intensive Observation Period).
This will allow firstly the comparison of both PMF results in terms of sources’ nhumber and type,
and secondly a discussion of the identified sources in comparison with other studies in the literature.
What are the VOC sources in Athens?

1. PMEF source apportionment on the MOP dataset

Since for the current thesis, the selected sampling station was urban background (Chapter 2), the
receptor-oriented models can be applied to the VOC dataset (Sect | — AL of Annex I). In addition,
there was only little prior information for the number of pollutant sources in Athens due to the
absence of this type of studies (Chapters 1 and 3), whereas only the chemical profile of the traffic
sources was established (Chapter 2 and 3). Thus, the most appropriate tool for the source
apportionment of the compounds of the MOP is PMF. In the next paragraphs are explained in detail
the preparation for the PMF analysis, the choice of the optimal solution and the results.

1.1 PMF model description
Positive Matrix Factorization (or PMF) is a multivariate factor analysis tool for the quantification

and the identification of the sources of atmospheric pollutants (Sect | — A1 of Annex I). It has being
used for the VOC source allocation in several studies already, in urban and other locations (e.g.
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Baudic et al., 2016 — Paris, France; Salameh et al., 2016 — Beirut, Lebanon; Kaltsonoudis et al., 2016
— Athens and Patras, Greece; Brown et al., 2007 — Los Angeles, California; Bari and Kindzierski,
2018 — Alberta, Canada; Guo et al., 2011 — suburban area in the PRD region, China; Sauvage et al.,
2009 — rural area in France; Yang et al., 2018 — rural area in Beijing, China; Abeleira et al., 2017 —
semirural area in Colorado, America). For the current thesis, the PMF v.5 software developed by
EPA (Environmental Protection Agency) was used. The mathematical theory of PMF is described
in detail in Paatero and Tapper, (1994) and Paatero, (1997).

In general, the PMF statistical method uses a weighted least square fit that decomposes a matrix of
a speciated dataset into two matrices, namely factor contributions and factor profiles. The main
principles are summarized in Eq. VI - 1:

X=FGxE Eq. VI-1

where X is the input dataset matrix (for example, the observed concentrations at a receptor site) of
certain dimension (m compounds x n samples), G is the source contribution matrix (i.e the mass
contribution of one source to one sample), F is the source’s profile matrix (meaning the species mass
fraction from the source) and E is the residual matrix that is associated to the concentration of the
species in every sample. Along with the dataset matrix, an uncertainty (of the concentrations) matrix,
with the same dimensions as the input data matrix (m compounds x n samples), is also needed, since
the PMF tool weights is based on the Signal to Noise (S/N) ratios of each variable. Lastly, the results
have a non-negative constrain, meaning that no sample can have significantly negative sources’
contribution.

1.1 - 1 Dataset and uncertainty matrix

The input dataset matrix used for the PMF statistical analysis contains the 30-min concentrations (in
ng m3) of the NMHC monitored in the MOP (Chapter 2). Acetylene, isoprene and terpenes were
excluded. In particular, as it was mentioned in Sect. 1.1 of Chapter 4, the data coverage of acetylene
is not satisfactory, whereas the concentrations of isoprene are most of the time below the LoD. In
addition, a-pinene and limonene were excluded by this PMF because they present a complex share
of emissions between anthropogenic and biogenic sources (Chapter 5), which could make the
interpretation of the resulted factors difficult, thus these compounds are included only in the IOPs
PMF (later in the chapter). Moreover, prior to the analysis, the data points were treated as follows:

LoD;
Xij » Xij > ]/2

x:: { LoD; LoD;
Y 1/2 » Xij S 1/2
N/A x;jmissing

Unfortunately, due to technical issues in the GC C2 — C6 that hindered the identification and
quantification of some compounds, the proportion of missing values is high. More specifically, the
missing values for the C2 — C6 compounds vary between 30% (i-pentane) — 50% (butenes), with the
highest number of missing points in autumn (>30% over the maximum potential of the season and
for continuous periods). On the other hand, for the C6 — C12 compounds the missing points are less
than 10% and they mainly consist in calibrations samples. Consequently, concerning the C2 — C6
NMHCs dataset, since the missing values correspond to different compounds in every sample and
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additionally, to consecutive samples for a long period, as well as the moderate representativity of
autumn, indicate that the substitution of these points by their geometrical means (conducted in other
studies like in Baudic et al., 2016) is not possible. However, the remaining matrix has large
dimensions (24 compounds x 8278 samples), thus a robust PMF statistical analysis is expected
(Norris et al., 2014).

For the uncertainty matrix, the uncertainty of the concentration of the NMHCs was calculated taking
into account all possible errors, as it is already described in Sect. 2.2.6 of Chapter 2. In a summary,
the individual uncertainty applied in our approach is described as follows:

Uij ) xij > LoD;
Uij /g LoD; /5 < x;j < LoD

N/A , x;ymissing

LOD]

Lastly, the compounds are categorized based on their signal-to-noise ratio (S/N) before the
application of the method. Paatero and Hopke (2003) firstly introduced this term, which considers
the variability of the concentration and the uncertainty. The ratio indicates whether the variability in
the measurements is real or within the noise of the data, since only concentrations above their species
uncertainty contribute to the signal portion. Similarly, compounds with the majority of their
concentrations below the uncertainty or with a large number of observations with high uncertainty
are characterized by a low S/N ratio. Usually, for S/N ratio less than 0.2, the species are categorized
as “bad” and they are excluded; for an S/N ratio between 0.2 and 2, the species are considered as
“weak”, thus their uncertainty is tripled; finally, the compounds with S/N greater than 2 are
considered “strong” and their uncertainty remains unchanged. In our case, most of the species have
a S/N ratio higher than 2. 1.3.5 TMB and 1.2.3 TMB were characterized as “bad”. Isooctane and
1.2.4 TMB were species with S/N > 1.6, but since they are good tracers of sources related to fuels,
they were kept as strong. Finally, because trans-2-butene and 1-butene were the compounds with
the highest number of missing points (48% and 47% respectively) they were also characterized as
bad in order to increase the number of modelled data from 38% to 44%. The NMHCs of the input
matrix, their S/N ratio and their characterization is presented in Table VI — A1l of the Annex VI.

1.1 - 2 Determination of the optimal solution

For the determination of the optimal solution, PMF simulations were performed with 4 to 8 factors.
For all the simulations were performed 50 runs, in order to obtain the most robust solution. The
diagnostic parameters include the value of R?, which is the correlation coefficient of the measured
sum of VOC per sample to the modelled sum of VOC per sample, IM (maximum individual column
mean) and IS (maximum individual column standard deviation), which were defined by Lee et al.
(1999), as well the Qrue/Qexpected Value. For the latter, a value close to 1 indicates that the data of the
uncertainty input matrix are well estimated, thus the reproduced datapoints are within the estimated
error value. These parameters are then plotted against the number of factors (from 4 to 8). The
number of factors (p) that is chosen, normally corresponds to a significant change of Q, IM, and IS
(Fig. VI - 1).
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Figure VI - 1: IM, IS and R? in function of the number of factors.

In Figure VI - 1, we observe firstly a slight decrease of the IM parameter from the 4-factor solution
to a 6-factors solution, which is not accompanied by a decrease of the IS. On the contrary IS
increases with increasing number of factors. The R? is already very good ( > 0.995). The optimal
solution seems to be between a 4- and 6-factor solution. Furthermore, the Qtrue/Qexp Values decrease
with increasing number of factors reaching ~1 for the 8-factor solution, with the most important
decrease to be from the 4-factor solution to the 5-factor solution. This happens because when new
factors are added, the variability in the factor profiles increases. However, the decrease is not
significant after the 5-factor solution indicating that the variability of the dataset is predicted well
even from this run despite the addition of factors (Paatero and Tapper, 1993). Finally, by examining
the profiles and temporal variation of each factor for every PMF simulation for 4 to 8 factors it is
apparent that opting for p > 6 did not provide any additional physical meaningfulness to existing
profiles, whereas by choosing p=5 instead of p=4, two factors of different profiles are gained
(Factors 1 and 4 for the 5-factor solution)(Figure V1 - Al of the Annex VI). This phenomenon is
known as splitting (Ulbrich et al., 2009) and it serves as an additional criterion while narrowing
down on a PMF solution. Thus, the final solution is the 5-factor one.

1.1 - 3 Robhustness of PMF results

In this paragraph are reported the technical and mathematical indicators of the 5-factor solution for
the assessment of its robustness and quality. Firstly, the ratio between Qrobust and Qtrue iS 0.93 which
is close to 1.0, indicating that the modeled results were not biased by peak events. Furthermore,
98.5% of the scaled residuals were within £3c. In addition, the very good R? (0.997) shows that all
variance in the total concentration of the 20 VOCs can be explained by the PMF model. The same
is observed for all the chemical species that displayed good correlation coefficients (R? > 0.75)
between predicted and observed concentrations. The slopes between the modeled and measured
NMHC concentrations were higher than 0.85 for all the compounds, except of ethane and i-octane
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that were 0.70 and 0.72 respectively. The smaller slope of ethane reflect the insufficient modelling
of its concentrations the period prior to the trap change (Chapter 2, Sect. 2.2.1), whereas for i-
octane it is associated to its greater number of concentrations close to the LoD, which could affect
the simulation of these compounds by the PMF. Overall, the statistical parameters indicate that the
5-factor PMF solution is robust and can explain greatly the variation of the NMHC measured
concentrations. Finally, the mathematical diagnostics for the final solution are presented in Table
VI -1.

Table VI - 1: Mathematical diagnostics for the final solution of the MOP PMF.

(m) species 25
(n) samples (without excluded) 8278
(p) Factors 5
Number of species characterized as bad 4
Number of species indicated as “weak” 1 (Total Variable)
Runs 100
Number of random seed 23
Q(robust) 177224
Qutrue) 189934
Q(T)/Qexp 1.53
NMHCrmodeled VS. NMHCmeasured (R?) 0.997
Number of species with R?> 0.75 (modeled vs. measured) 19
Fpeak -0.5
dQrobust) of Fpeak 4 (0.0%)

1.1 - 4 Estimation of model prediction uncertainties

PMF output uncertainties can be estimated using the error estimation options starting with DISP
(dQ-controlled DISPlacement of factor elements) and processing to BS (classical BootStrap). These
two uncertainty methods are designed to provide key information on the stability and the precision
of the chosen PMF solution (Paatero et al., 2014).

The DISP (base model displacement error estimation) assesses the rotational ambiguity of the PMF
solution by exploring intervals (minimum and maximum) of source profile values. During the DISP,
a minimum Q value is calculated, based on the adjustment up and down in factor profile values, and
compared with the unadjusted solution Q value. The difference between the initial Q value and the
modified Q value (the so-called dQ) should be lower than dQ max value, for which four levels
(values of 4, 8, 15 and 25) were taken into account. For each dQ max value, 120 intervals were
estimated. The DISP analysis results are considered validated: no error could be detected, and no
drop of Q was observed.
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The BS is also used to evaluate the reproducibility of the PMF solution. A further description on the
bootstrapping technique is presented in Norris et al. (2014) and in Paatero et al. (2014). A base
model bootstrap method was carried out, executing 100 iterations, using a random seed (number
65), a block size of 6406 samples (calculated according to the methodology of Politis and White,
2004) and a minimum Pearson correlation coefficient (R value) of 0.6. All factors were well
reproduced through this technique over at least 97% of runs, thus indicating that BS uncertainties
can be interpreted, and the number of factors may be appropriate.

Finally, the rotational ambiguity of this 5-factor PMF configuration was also investigated using the
Fpeak parameter. Different Fpeak values from -2.5 to 2.5 were used to generate a more realistic
PMF solution. The results from the non-zero Fpeak values were generally consistent with the runs
associated with the zero Fpeak value (base model run), thus illustrating a low rotational ambiguity
of the final PMF solution.

1.2. PMF results of the MOP

1.2 - 1 Fugitive emissions from ONG/LPG exploitation and distribution

As shown in Figure VI - 2, C2 — C9 alkanes and propene are the dominant compounds in the
speciation profile of Factor 3. 40% of propane and butanes are explained by this factor, along with
>20% of propene, n-pentane and nonane. In published works, propane and butanes are associated to
LPG usage (Abeleira et al., 2015; Yao et al., 2019; Lai et al., 2009; Yang et al., 2005), whereas
ethane and propane are present to chemical profiles related to natural gas emissions (Baudic et al.,
2016; Salameh et al., 2016). Furthermore, LPG emissions can have two origins: (a) LPG vehicle
exhausts, and (b) fugitive emissions from oil/natural gas and LPG (ONG/LPG) distribution and
exploitation. Thus, the temporal variability of the contribution of the factor and the relationship to
other pollutants will clarify the source.
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Figure VI - 2: Modelled contribution (ng m) of each species to the Factor 3 (light blue bars) and
relative contribution of the factor to each species (red squares).

According to Lai et al. (2009), who used VOC ratios for the characterization of their sources, one of
the main characteristics of VOC emissions from LPG vehicle exhaust is that the emitted compounds
(propane, i-/ n-butane) have similar temporal variation to NO (typical traffic exhaust marker). In
addition, they correlate well with other tracers of incomplete combustion (like propene or CO),
indicating a common origin namely car exhaust (Lai et al., 2009). This is further confirmed by the
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PMF profile of LPG exhaust presented by Yao et al. (2019), in which small quantities of ethylene,
benzene, toluene and CO are also present.

On the other hand, fugitive emissions from oil and natural gas/ LPG (ONG/LPG) exploitation and
distribution are more constant and with no apparent diurnal variation, based on the observations
reported by Yang et al. (2005). Because they don’t originate from processes that involve incomplete
combustion, there is no correlation of these emissions to combustion or traffic tracers (for example
NO and CO). In addition, in the speciation profile of this source presented in Abeleira et al., (2015),
important contribution of C6 — C8 alkanes is also reported, with a possible origin the flashing of oil
and condensate tanks (Abeleira et al., 2015).

In Figure VI — 3a is presented the temporal variability of Factor 3. The highest contribution is
observed in winter (12.0 = 12.5 pg m™) and the lowest in summer (4.4 + 8.0 pg m™®). The seasonal
diurnal variability of the factor is the same for all seasons, with a night-time enhancement period
from midnight until 08:00 LT, followed by a decrease of the levels that remain low and stable for
the rest of the day (Fig. VI —4a). In addition, the mean hourly contribution is similar for all seasons,
apart from summer when they are lower. Interestingly, the diurnal cycle is different than the one of
NO (as tracer of traffic emissions), indicating that the factor is not related to traffic emissions but to
fugitive emissions as it was described before (Fig. VI — 4). Moreover, the diel cycle of factor 3
shows its possible influence from the PBL height; during day, the increased vertical mixing and
dilution processes favor the dispersion of pollutants whereas at night, the lower mixing layer favors
their accumulation (Chapters 3 and 4). In addition, the higher levels in all seasons except of summer
could be attributed to the lower effect from photochemistry, in addition to the lower mixing layer
compared to summer (Alexiou et al., 2018). All the above point towards a rather stable source such
as the fugitive emissions from stationary points (like the storage and distribution facilities).
Consequently, this factor is identified as fugitive emissions from ONG/LPG distribution and
exploitation. Nevertheless, it is worth noting that Abeleira et al, (2015) observed a similar diel
pattern for this source both in spring and summer (Fig. VI — A2 of Annex VI).
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Figure VI - 3: a) Temporal variation of Factor 3. The seasons are marked with different colors:
spring — green, summer — yellow, autumn- blue and winter — grey, b) Diurnal variability of Factor
3 contribution (ONG/LPG exploitation and distribution) and NO for every season.

The relationship of factor 3 to wind speed and temperature is examined for every season in Fig. VI
— 4. High contribution of the factor is observed for low wind speed (<3 m st), while it seems

independent of the temperature.

» Spring 2016

100
80
60
40

F3: ONG/LPG
expoitation &
distribution (pg m?)

0 2 4 6 8
WS (m s

100
80 1
60
40
20 1

Summer 2016 o Autumn 2016 o Winter 2017

-T 1

0 15 20 25 30 35 40 45
T (°C)

Figure VI - 4: Factor 3 contribution versus wind speed (left) and versus temperature (right) color-
codded by the seasons.

Finally, for the better investigation of the origin of the emissions related to this factor, NWR and
CPF graphs are presented in Figures VI — 5a, b. More specifically, NWR are called the graphs
produced by the non-parametric wind regression (NWR) model developed by Henry et al., (2009),
which couples pollution data with data for wind speed and direction. The graphs were created by the
ZeFir software (Petit et al., 2017). Furthermore, the CPF graphs examine the geographical origin of
high level of pollutants (per wind sector) using a conditional probability function. The method for
the estimation of the values for the CPF graphs is explained in Sect. VI-A3 of the Annex V1.
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In Figure VI - 5 are presented the NWR and the CPF graph for the factor (WS > 3m s). The factor
is influenced by local air masses (< 2 m s that is equal to ~7 Km s%) from all directions, with the
highest contribution being from N — E — S direction and in particular from the E. Nevertheless, an
estimated contribution of less than ~10 ug m2is observed from the SW to N direction regardless the
wind speed, denoting the possible contribution of fugitive emissions from the ONG facilities in West
Attica (Figure VI — Ada of the Annex V1). On the other hand, extreme events of high contribution
and associated to wind velocity higher than 3m s are observed from the NNE sector (~50%) (Fig.
V1 — 5b), pointing towards the LNG 1% priority consumption center located > 25Km at N — NE of
the GAA (Fig. VI — Adb of the Annex VI).
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Figure VI - 5: (a) NWR graph for Factor 3 — Fugitive emissions from ONG/LPG exploitation and
distribution for the studied period. The contribution is in png m™ and the wind speed (radius) in Km
h; (b) CPF graph (above the 75" centile) for Factor 3, for wind speed >3 ms™,

1.2 - 2 Wood - burning / Background factor

The chemical profile of Factor 1, shown in Figure VI - 6, is characterized by C2 — C3 alkanes,
alkenes and benzene. More than 70% of ethane and 40% of ethylene are explained by this factor, as
well as >33% of benzene and propane and 25% of toluene. The strong dominance of C2 NMHCs
and benzene allows the identification of the factor primarily as “wood burning”. More specifically,
studies for the characterization of VOC emissions from domestic wood burning based on emissions
close to sources, in ambient air or in chambers report important contribution from these compounds
(Barrefors and Petersson, 1995; Baudic et al., 2016; Liu et al., 2008; Schauer et al., 2001, Hellén et
al., 2008, Sauvage et al., 2009, Wang et al., 2014) with the differences in the emission rates or the
emission profiles to be attributed to the type of wood, stove, lightening material and the burning
stages (Barrefors and Petersson, 1995; Evtyugina et al., 2014 and references therein). Since 2012,
the decline of the greek economy and the subsequent increase of the price of oil lead the citizens to
turn their consumption towards wood burning for residential heating (Dimitriou and Kassomenos,
2018; Fameli and Assimakopoulos, 2016; Gerasopoulos et al., 2017; Gratsea et al., 2017; Saffari et
al., 2013). Furthermore, studies in Athens after this period have shown an increase of various
combustion related compounds like PM, BC and CO, as well as some VOC (Diapouli et al., 2017;
Fourtziou et al., 2017; Gratsea et al., 2017; Kaltsonoudis et al., 2016; Paraskevopoulou et al., 2015).
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Figure VI - 6: Modelled contribution (ng m™) of each species to the Factor 1(light blue bars) and
relative contribution of the factor to each species (red squares)

This factor contribution to NMHCs levels displays a distinct annual cycle (Fig. \VVI1-7), with higher
contribution in winter (mean: 14.0 = 10.3 ug m™) and almost three times lower contribution in
autumn (mean: 6.9 + 3.2 pg m). In Figure V1 - 8 is presented the seasonal diurnal variation of the
factor along with BCwp and CO for comparison. The cycle is characterized by a night maximum at
midnight and a morning peak of lower amplitude in spring and winter 2017, whereas in summer and
autumn, the hourly mean contribution remains stable throughout the day. In addition, the persistent
night-time enhancement of the contribution during winter nights follows the trend of CO and BCw»
(the latter in winter). This is in line with recent studies in Athens that have shown increasing
emissions of these pollutants during cold winter nights and stagnant conditions (low wind speed and
absence of rainfall) (Gratsea et al., 2017; Fourtziou et al., 2017).

Factorl

(ng m?)

Contribution

29/2/16 30/4/16 30/6/16 30/8/16 30/10/16 30/12/16 1/3/17

Figure VI - 7: Temporal variation of contribution of Factor 1 — Wood-burning/background. The
seasons are marked with different colors: spring — green, summer — yellow, autumn- blue and
winter — grey
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Figure VI - 8: Seasonal diurnal variability of Factor 1 (Wood-burning / Background), BCwb and
CO.

However, it is interesting to note that although the levels of BCwy, decrease from winter towards
summer reaching values close to zero, the contribution of Factor 1 to VOCs decreases only two
times (by comparing the night-time levels of the seasons of Fig. VI - 8). This is explained by the
chemical profile of the factor, which includes species with long lifetimes. More specifically, ethane
and propane (and even benzene) have lifetime of 48 to 10 days respectively (Atkinson, 2000), thus
they are often associated with aged air masses, probably due to regional background transport
(Salameh et al., 2016; Sauvage et al., 2009, and refences therein). On the other hand, ethane and
propane are also included in the emission profile of natural gas leakages (Sect. 1.2 — 1 of this
chapter; Baudic et al., 2016; Salameh et al.,2016). Studies have shown that natural gas emissions
are dependent from the amount of the gas consumption, thus higher contribution is expected in
winter due to the increased demand (Na et Kim, 2001) notably for domestic heating (IEA report for
Greece, 2017) leading to a co-variation of natural gas demand for heating and wood burning.

Wood-burning for residential heating occurs in the cold seasons like winter, later autumn and early
spring (Athanasopoulou et al., 2017; Diapouli et al., 2017; Gratsea et al., 2017) and it is more
apparent during night when people are staying at home. The relationship of the factor contribution
to wind velocity and temperature shows that the highest values are observed for low temperatures
(<12°C) and low wind velocity, highlighting the influence of wood burning from domestic heating.
(Fig. V = 9). This is also corroborated by the variability of the factor (Fig. VI — 7 and VI - 8).
Furthermore, although the highest contribution is observed for low wind speed (< 3 m s?), the
decrease of the values with increasing wind velocity is not very steep, denoting the possible
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influence of emissions further from the station. This is in line with the background emissions that
contribute to the factor and it is also apparent in the NWR graph of the factor (Figure VI — 10a). Of
course, the role of the height of the PBL in the night-time enhancement should not be omitted,
however its effect on VOC and pollutants’ levels was already discussed in Chapters 3 and 4.
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Figure VI - 9: Factor 1 versus wind speed (left) and versus temperature (right) color-coded by the
season.

Finally, the CPF graph (Fig. VI — 10b) shows that 50% of the factor contribution above the threshold
is associated to wind speed > 3m s and originates from the North sector (50% from NNE), where
the wealthy suburbs of the greater Athens area are located. In Panopoulou et al. (2018; Chapter 3)
it was indicated that the higher living standards in these suburbs allow the combined use of oil and
wood burning for heating, thus increased emissions related to wood burning are expected from this
direction, corroborating the observations of the CPF graph of the factor.
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Figure VI - 10: (a) NWR graph for Factor 1- Wood burning/ Background for the studied period;
(b) CPF graph (above the 75" centile) for Factor 3, for wind speed > 3 m s™.

1.2 - 3 Fuel combustion (related to traffic and heating)

Propene (74%), ethylene (44%), benzene (29%) and m-/ p- xylenes (14%) are the main compounds
in the chemical profile of Factor 4 (Fig. VI - 11). The strong contribution of alkenes, which are
known as combustion tracers often found in the chemical profile of motor vehicle exhaust emissions
(Lai et al., 2009; Na et Kim, 2001; Salameh et al., 2016), allow the characterization of the factor
firstly as “Combustion”. Furthermore butanes, i-pentane and m- / p- xylenes are found in the
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emissions of vehicle exhausts from gasoline, diesel or LPG burning as fuels (Salameh et al., 2016;
Liu etal., 2008; Yao et al., 2019).
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Figure VI - 11:Modelled contribution (ug m™) of each species to the Factor 4 (light blue bars) and
relative contribution of the factor to each species (red squares).

The temporal variability of factor’s contribution presents a distinct seasonal variation with higher
contribution in winter (14.5 £25.4 pg m™) and almost a factor of eight lower concentrations in
summer (1.8 + 2.7 pg m®; Fig. VI — 12a). The seasonal diurnal cycle of the factor is characterized
by a morning maximum which is observed in all seasons. In addition, a night-time enhancement
period is observed in winter, with higher amplitude than the morning maximum and levels up to a
factor of three higher than autumn and spring (Fig. VI - 12b). The trend appears to follow closely
the variability of BC and CO (Fig. VV — 12c), which are combustion tracers as we have already seen.
This factor can be attributed to fuel combustion. The increase of the contribution in winter and the
important decrease during summer means that it can be related to both traffic and residential heating
in winter whereas only traffic-related emissions occur in summer. If we consider the impact of
dynamics, photochemical depletion appears to have the strongest effect, which is more important in
summer than winter. This is corroborated by the significantly lower contribution of the factor in
summer, as well as the dominance of propene in the factor’s chemical profile, which is among the
reactive NMHCs.
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Figure VI - 12: a) Temporal variation of Factor 4. The seasons are marked with different colors:
spring — green, summer — yellow, autumn- blue and winter — grey; b) Seasonal diurnal variability
of Factor 4, BC and CO.

The role of wind velocity and temperature to the contribution of factor 4 is examined for every
season in Figure VI — 13. This factor seems to be influenced mainly by local sources, due to the
increase of its contribution for low wind velocity (<3m s). In addition, the highest contribution
occurs for temperatures < 12°C, which is in line with the seasonality of the factor (Fig. VI — 13b).
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Figure VI - 13: Factor 4 contribution versus wind speed (left) and versus temperature (right)
color-codded by the season.

In Figure VI — 14a the NWR graph of Factor 4 is presented. It is apparent that the contribution is
influenced mainly by local winds (< 2 m s that is equal to ~7 Km s) from N to SE direction, with
the highest values to be associated with NE to SE air masses. These reflect fresh air masses from
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traffic emissions in the vicinity of the measurement site as it is denoted by the NWR graph of NO
(Fig. VI — 14b) (Alvarez et al., 2008).
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Figure VI - 14: (a) NWR graph for Factor 4. The contribution is in pg m™ and the wind speed
(radius) in Km h%; (b) NWR graph for NO (ppb) for the studied period. The wind speed (radius) is
in Kmh?

1.2 - 4 Vehicle exhaust

The profile of factor 5 has significant loadings of aromatics, explaining more than 60% of their
variance, with the exception of benzene (Fig. VI - 15). Profiles with high load of aromatics are often
associated with solvent usage (Baudic et al., 2016 and references therein); however, the dominance
of toluene and m-/p- xylenes, in combination to the presence of 2-me-pentane corresponds rather to
traffic (Salameh et al., 2016) and motor vehicle exhaust (Baudic et al., 2016; Sauvage et al., 2009;
Brown et al., 2007; Liu et al., 2008). The smaller contribution of benzene compared to the other
aromatics is in line with the Directive 98/70/EC of the European Union for the reduction of benzene
to fuels and solvents (Panopoulou et al., 2018). In order to apportion correctly the factor to a source,
it is important to examine its temporal variation and its relationship with other pollutant tracers.
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Figure VI - 15: Modelled contribution (ng m™) of each species to the Factor 5 (light blue bars)
and relative contribution of the factor to each species (red squares).

Figure VI - 16a presents the seasonal variability of factor 5 and in Figure VI — 16b the diurnal cycle
for the period, including also NOx. The contribution is higher in autumn (23.5 = 28.4 pg m™) and
the lowest in summer (11.4 + 14.0 ng m®). The diurnal pattern of the source follows closely the one
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of NOx, with a morning maximum, followed by an important decrease of the levels (factor of 8
decrease considering the morning peak and the afternoon minimum) and then the levels increase
again after 19:00 LT until midnight. This similarity with NOx levels indicates their common origin
which is traffic related. In particular, the morning peak is completely influenced by traffic (Chapters
3 and 4), whereas the night peak is also affected by traffic emissions, as well as the decrease of the
PBL height that favors the accumulation of pollutants. Since night traffic ends before midnight, the
levels persist during night but without enhancement, due to the stagnant conditions. Furthermore,
this factor could not be related to fuel evaporation due to the important decrease of the contribution
during day, when the highest temperatures are recorded. Moreover, it should be mentioned that the
above pattern is followed in every season but with different levels (Fig VI — A5 of the Annex V1).
All the above observations indicate that the factor is related to emissions from vehicle exhaust.
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Figure VI - 16: (a) Temporal variation of Factor 5 — Vehicle exhaust. The seasons are marked
with different colours: spring — green, summer — yellow, autumn- blue and winter — grey; (b)
Diurnal variation of Factor 5 and NOx for the studied period.

The relationship of factor 5 to wind speed and temperature is illustrated in Figure VI — 17. The
enhancement of the contribution is related to low wind speed (< 3 m s%) but is independent from
temperature, although in winter higher contribution is observed even for temperatures <12°C. This
denotes that the source behind the factor is local and in general, not driven by temperature.
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Figure VI - 17: Factor 5 contribution versus wind speed (left) and versus temperature (right)
color-codded by the seasons.

The possible influence of wind direction to the factor is examined by the NWR graph (Fig.VI —
18a). Factor 5 is influenced by air masses similarly to Factor 4 (Fig. VI — 18a), with the highest
contribution associated to local winds (< 2 m s that is equal to 8 Km s*) from N to SE direction.
Furthermore, the CPF graph (WS > 3 m s indicates that 25% of the highest values are found under
the N - NNE direction, whereas another 20% from the SSW direction.
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Figure VI - 18: a) NWR graph for Factor 5 — Vehicle exhaust distribution for the studied period.
The contribution is in pg m™ and the wind speed (radius) in Km h'*; (b) CPF graph (above the 75"
centile) for Factor 5, for wind speed >3 ms™.

Finally, it is important to understand the reason behind the high contribution of aromatics for this
factor. The T/B ratio (calculated by the mean contribution to the factor in pg m= converted to
ppb/ppb) is 9.9, which is way higher than the reported values for urban background stations (for
instance in Yurdakul et al., 2017). This suggests that there might be additional “sources” that
contribute significantly to the aromatic fraction of factor 5. One assumption is that these are
emissions from motorcycle exhausts. Emission fingerprints and emission factors of various types of
vehicles indicate that motorcycles are important contributors of aromatics through their exhaust
emissions due to the incomplete combustion of fuel from their engines, the absence of a catalyst at
the tailpipe end, and/or their poor maintenance and age (Platt et al., 2014; Tsai et al., 2017; Montero
et al., 2010). A recent study (Salameh et al., 2019) revealed that two-wheelers are the cause for the
higher aromatic concentrations observed in a traffic station in Paris, whereas 30% of the two-
wheelers are circulating regardless the meteorological conditions. In the Greater Athens Area for
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2017, motorcycles accounted for the 18.7% of the total number of motor vehicles, from which 99.6%
is for private use (Fig. VI - 19) (data from the Hellenic Statistical Authority). Therefore, we can
assume that motorcycle vehicle emissions stand for a significant part of the emissions related to this
factor.
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Figure VI - 19: Percentage of the different types of motor vehicles in circulation in the GAA (data
from the Hellenic Statistical Authority, https://www.statistics.gr/en/statistics/-
[publication/SME18/- ).

1.2 -5 Fuel evaporation (related to traffic)

In the speciation profile of Factor 2 (Fig. VI - 20) the major species are pentanes (i- / n-) (58.8%
and 51.5% respectively), butanes (i- / n-) and 2-me pentane (>20% each). The presence of pentanes
and butanes in the profile strongly indicates that the factor is related to fuel evaporation (Liu et al.,
2008; Salameh et al., 2015; Baudic et al., 2016). Furthermore, in Chapter 3 (Panopoulou et al., 2018)
was shown the temperature dependence of the isomeric ratio of butanes and pentanes with increasing
temperature, relating them to fuel evaporation. Thus, this factor has been identified primarily as fuel
evaporation.
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Figure VI - 20:. Modelled contribution (pg m™) of each species to the Factor 2 (light blue bars)
and relative contribution of the factor to each species (red squares).
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Figure VI - 21a presents the seasonal variability of the factor contribution, which is quite similar
whatever the season: autumn (13.6 + 15.4 ug m™) > summer (11.0 = 9.2 ug m=) > spring (10.7 =
12.0 ng m) > winter (9.8 + 15.6 pg m™). For the better understanding of the variability, the seasonal
diurnal cycles are presented in Figure VI - 21b. The diurnal pattern is characterized by a morning
maximum (when the traffic density is high), with the amplitude being dependent on the season.
Furthermore, a small enhancement of the levels is observed in the night, which could be linked to
the swallower mixing layer. This pattern resembles the one of NO (Fig. VI — 21b), whereas the
diurnal cycle of the studied period is identical to the one of BCs (Fig. VI — A6 of the Annex VI).
The above clearly affirming the relationship of this source to traffic and especially evaporation form
the vehicle.

(@)
Factor2
150
= °
2 o g ®°
£ o 100 L% @ ° .
2 8 . : - p ¢ 83
3 e o fead
) 0 - O b N 1‘)::%.‘_’ i o o8 B §©
29/2/16 30/4/16 30/6/16 30/8/16 30/10/16 30/12/16 1/3/17
(b) 4~Spring —=—Summer ——Autumn ——Winter
z 40 | | |
2 | i |
o
28 %
ERE i i |
8 Sz
10 .- ?'
0 il N
80 -
60 -
S & 40
20 Foouy . | | a s ; s
0 :I T I : : 0-0-4 | & |:Q::’:“r:ﬁ—|

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00

Figure VI - 21: (a) Temporal variation of Factor 2. The seasons are marked with different colours:
spring — green, summer — yellow, autumn- blue and winter — grey. (b) Seasonal diurnal variability
of Factor 2 and NO.

Concerning the relationship to temperature (Fig. VI — 22), although the factor is related to fuel
evaporation during traffic, the contribution seems independent from temperature for all seasons,
whereas in winter the highest values are associated to temperatures even <12°C. In addition, the
highest contribution is related to low wind speed, indicating that the emissions are local, like it was
observed for all the discussed factors (Fig. VI —22).
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Figure VI - 22: Factor 5 contribution versus wind speed (left) and versus temperature (right)
color-codded by the seasons.

Lastly, the NWR graph of Factor 2 shows a contribution for wind speed less than 10 Km h?
regardless of the origin (Fig. VI —23a), with an enhancement for winds of NE to SE direction, which
is consistent with the NWR graphs of the traffic related factors (Figs VI - 14a and 18a). Moreover,
an estimated contribution of 10 pg m=is associated with the SW and E to SE direction, which is
consistent with the observations from the NWR graph of the “Gasoline Vehicle Exhaust” factor (Fig.
VI — 18a). Finally, the 40% and 30% of the values above the 75" centile for wind speed > 3m s
are associated with the N - NE and S - SW sectors respectively (Fig. VI — 23b), which are along the
main wind circulation pathway in Athens (Sect. 2.4.1, chapter 1).
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Figure VI - 23: a) NWR graph for Factor 2 for the studied period. The contribution is in pg m™
and the wind speed (radius) in Km h**(b) CPF graph (above the 75" centile) for Factor 2, for wind
speed >3 ms™t.

1.2.1 Factors’ contribution to the NMHCs total ambient levels.

To summarize, the PMF simulation for the MOP gave 5-factors related to sources, from which four
factors were traffic and combustion related. In Figure VI — 24 are presented the relative
contributions (%) of the 5 factors to the NMHCs (total). Vehicle exhaust accounts for 28% of the
NMHCs emissions during the studied period, whereas the rest of the sources contribute 16% to 20%.
This indicates that traffic-related sources are responsible for the 64% of the reported NMHCs
concentrations (sum of Factors “Fuel Evaporation”, “Fuel Combustion” and “Vehicle Exhaust”),
although this percentage is a little overestimated since it includes also a portion of fuel combustion
related to residential heating. Nevertheless, traffic is the main source of NMHCs in Athens.
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Figure VI - 24: Pie chart of the Total NMHCs contribution (%) of the factors modelled by the
PMF for the MOP.

2. Discussion on the MOP PMF results

2.1 Comparison to other factors

In the previous section we saw that the PMF solution separates 3 different factors related to traffic
emissions (Fuel combustion related to traffic and heating, vehicle exhaust and fuel evaporation) and
2 factors related to combustion (Fuel combustion related to traffic and heating and wood burning /
background). As a result, in the next paragraphs their relevance is examined by the comparison of
their mass contribution (%) profiles to other available profiles.

The first profiles to be examined are the traffic related. Thus, the contributions of factors 2, 4 and 5
(fuel evaporation, fuel combustion and vehicle exhaust respectively) to the NMHCs are combined
and normalized by the sum of NMHC:s in the factors (methodology described in Panopoulou et al.,
2018; Chapter 3). This created a ‘“new” chemical profile representative of traffic for Thissio
(hereafter “Traffic emissions” profile; Fig. VI — 25). In the same graph is plotted the mass
contribution (%) of the NMHCs to the morning peak observed in Patission station, which was
established by the near-source campaign in Patission Monitoring station (Chapter 2, Sect. 1.2 and
Chapter 3). The two profiles agree very well (R2: 0.91). The dominant species in both sites are i-
pentane (> 15%), toluene (>10%) and m- /p- xylenes (~10%), which are the typical tracers of motor
vehicle exhaust, as reported by other studies (Baudic et al., 2016; Brown et al., 2007; Sauvage et al.,
2009 and references therein). Consequently, this comparison verified the robustness of the
identification of the factors 2,4 and 5 and their representativity of the traffic emissions in the GAA.
The only significant difference is observed for ethane, which is higher in Patission morning profile
than in the “Traffic emissions” profile (although low in contribution). The main reason is the
underestimation of ethane from the PMF simulation to these factors and its apportion mainly to the
wood-burning / background factor (74%) (Sect 1.2 — 2 of this chapter).
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Figure VI - 25: Mass contribution (%) of NMHC in the profiles of Factor 2+4+5: «Traffic
emissions» and the traffic profile from Patission station. The right upper graph is the x-y
relationship of the species mass contribution (%) of the two profiles.

Furthermore, the “Traffic emissions” profile is compared to two other profiles from data reported in
the literature (Fig VI - 26). More specifically, the profile is compared to a “Traffic” profile derived
from the PMF results of the VOC measurements in Beirut (courtesy of Thérése Salameh; Salameh
et al., 2015), and to the Motor Vehicle Exhaust profile (MVE) from the PMF results of the VOC
measurements in Paris (values taken from Fig. 8 in Baudic et al., 2016). The mass contribution (%)
was re-calculated for every profile, considering only common species. Salameh et al. (2015)
identified 3 factors related to traffic in both summer and winter PMF simulations, thus a combination
of all was proven more suitable for the current comparison (more details in Annex VI, Sect VI —
A2). In the same context, the “Evaporative emissions” factor from Baudic et al. (2016) was not taken
into account, although it is partly influenced by traffic.
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Figure VI - 26: Mass contribution (%) of NMHC in the profiles of Factors 2+4+5 « Traffic
emissions », in the combined « Traffic » profile derived from Salameh et al. (2015) and in the
Motor Vehicle Exhaust profile from Baudic et al. (2016).

The “Traffic emissions” profile of Thissio agrees quite well with the “Traffic” profile of Beirut (R*:
0.71) and the Motor Vehicle Exhaust profile of Paris (R?: 0.73). Differences between the traffic
profile of Thissio (Athens) and Beirut are found mainly for isopentane and toluene. These
compounds are typical markers of gasoline evaporation and motor vehicle exhaust, thus the
differences could be attributed to the different gasoline composition in the two countries
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(unfortunately, there is no information about the gasoline composition in Greece), as well as
discrepancies in the traffic fleet composition (e.g. different proportion of the two-wheelers) and the
temporal variability of the sources (average of winter and summer contribution versus yearly
contribution). Concerning the comparison to the MVE profile, differences are observed for ethane,
propane, i-butane and pentanes (i- / n-). As we have already discussed, ethane is probably
underestimated to all the traffic factors, due to its higher apportion to the wood-burning/background
factor. At the same time, ethane is considered as overestimated in the MVE profile in Paris, as it was
reported by Baudic et al. (2016). Furthermore, it is apparent in Figure VI - 26 that propane is not
present in the MVE profile of Paris, whereas the contribution of butanes is lower compared to the
other profiles. This is attributed to their apportion from the PMF of Baudic et al. (2016) to the
evaporative sources factor, which is not considered in the MVE profile of Figure VI - 26 (Baudic
et al., 2016; Salameh et al., 2015).

The next comparison is between Factor 1-Wood burning/background and the Wood-burning profile
of Baudic et al., (2016). The mass contribution (%) of the NMHCs in the profiles is recalculated
taking into account only the common compounds, following the same procedure as described
previously (Fig. VI — 27). The two profiles agree very well (R2: 0.89), with differences mainly for
propene and butanes, since it is known that ethane is overestimated in this factor. More specifically,
our PMF analysis apportioned the majority of butanes (~25%) to Factor 2 which is related to fuel
evaporation (Sect. 1.2 - 4), whereas propene (74%) is apportioned to Factor 4 (Fuel combustion
related to traffic and heating). On the other hand, butanes could be overestimated in the PMF analysis
of Paris, since in the reported source profile of the fireplace experiment in Paris, butanes present
very low mass contribution (Baudic et al., 2016), which is corroborated by other studies (Barrefors
and Petersson, 1995; Schauer et al., 2001). Nevertheless, the similarities of the two profiles verify
the identification of our factor and its relationship to wood burning emissions.
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Figure VI - 27: Mass contribution (%) of NMHC in the profile of F1 — Wood
burning/Background and the Wood-burning profile of Baudic et al. (2016)

2.2 PMF overview

The PMF simulation for the MOP gave 5-factors related to sources, from which four factors were
traffic and combustion related (Fig. VI - 24). In Figure VI — 28 the relative contributions of the
factors are examined separately for summer 2016 and winter 2017. More specifically, “Vehicle
Exhaust” and “Fuel Evaporation (traffic)” contributes more to the total NMHCs in summer (32%
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and 31% respectively) than winter (23% and 15% respectively),. The rest of the factors contribute
more in winter than summer. The seasonality of the factors and the driving parameters were already
discussed in Sects 1.2 - 1t0 1.2 - 5.
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Figure VI - 28: Pie chart of the Total VOC contribution (%) of the factors; on the left for summer
2016 and on the right for winter 2017

In addition, the contribution to the total NMHCs of some factors is compared to the reported values
of the PMF results for Paris (Baudic et al., 2016) and Beirut (Salameh et al., 2016). Starting from
Paris and the traffic-related factors, it is apparent that in Athens (64%; Fig. VI - 24) contribute two
times more than Paris (29%: sum of motor vehicle exhaust and evaporative sources contribution,
accounting for 19% and 10% respectively). On the other hand, the contribution of wood-burning
emissions is similar between Athens (18%) and Paris (19%). The rest of the factors from the Athens
and Paris PMF analysis cannot be compared since the different variety of NMHCs that were used in
the Paris PMF (e.g. oxygenated VOCs, isoprene) helped the identification of other types of sources
like solvents usage and biogenic emissions. These observations highlight the importance of traffic
as the main VOC source in Athens. This is further justified by the fact that Athens is an urban
agglomeration of approximately 3 million citizens that own for private use ~3.5 million cars and
motorcycles, meaning almost 1 vehicle per person. This ratio is two times higher than the reported
one for the entire Greece and for France (Eurostat, 2018).

Furthermore, the comparison of the factor contribution to TVOC between other cities of Eastern
Mediterranean basin is only possible with Beirut (Salameh et al., 2016) due to the absence of relevant
studies in the area (Sect. 2.3 of Chapter 1). For Beirut, six VOC sources were identified in winter
and five VOC sources in summer. Traffic contributes 51% in winter and 74% in summer of the total
NMHCs concentration in Beirut, if we aggregate the combustion and evaporation sources related to
traffic for every season, which are similar to the contribution of traffic emissions in Athens for the
same seasons (60% in winter and 68% in summer, Fig. VI - 28). The strong influence of the
emissions from the transport sector to the NMHCs in Beirut were pointed out in other studies as well
(Waked and Afif, 2012) and it was attributed to the high ratio of car per person (0.4), the age of the
vehicles and the absence of catalytic systems for emission control, the high traffic density in some
road segments. Concerning the rest of the sources, the “Gas Leakage” contribution in winter (10%)
in Beirut is a little lower than the contribution of “Fugitive Emissions of ONG/LPG exploitation &
distribution” (18% for winter, Fig.VI - 28) in Athens, although the diurnal pattern of the two sources
is different (higher contribution during day for Beirut, the opposite for Athens, see also Fig. VI - 3).
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To summarize, the observations from the Sects. 2.1 and 2.2 (this chapter) indicate that VOC
emissions from the transportation sector are important in the Eastern Mediterranean Basin than in
Northern Europe. Possible reasons are related to the different climate, as well as the socio-economic
situation of the two regions, that may affect the successful implementation of air quality measures.
Nevertheless, more studies on VOCs and their sources are needed in the Mediterranean region in
order to feed the discussion with robust data and probably create or update emission inventories,
which are missing for Athens and Greece. These will help the delivery of better estimations for the
evolution of the air pollution, which in turn could assist policy makers to implement more targeted
measures for the improvement of the air quality.

3. PMF simulation of the 10Ps

The existence of two VOC datasets from the winter and summer IOPs, which include 22 additional
alkanes, aromatics, IVOC etc (Sect. 1.2, Chapter 4) triggered the idea to their PMF simulation, to
examine the consistency of the results with the MOP PMF simulation. However, this PMF modelling
IS not easy due to various limitations that are imposed by the number of samples and the different
measurement methods. Because the data preparation and the choice of the optimal solution follow
the same basic principles as the presented ones for the MOP (Sect. 1.1 of this chapter), they are
explained in detail in Sect. VI — A3 of the Annex VI. In addition, the VOCs of the input matrix,
their S/N ratio and their characterization is presented in Table VI — A2 of the Annex VI. In summary,
the examination of the statistical parameters showed that a 7-factor solution is the optimal one, which
is further affirmed by the error estimation (DISP and BS). In Table VI — 2 the mathematical
parameters of the final solution are presented.

Table VI - 2: Mathematical diagnostics for the final solution of IOPs PMF

(m) species 47
(n) samples 153
(p) Factors 7
Runs 100
Number of species characterized as weak 2
Number of species characterized as bad 4
Number of random seed 3
Q(robust) 8734
Qutrue) 9284
Q(T)/Qexp 1.89
NMHCmodeted VS. NMHCeasured (R?) 0.993
Number of species with R* > (.75 (modeled vs. 42
measured)
Fpeak -0.5
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BS mapping 73%

3.1 IOPs PMF results

In this section, the factors and their identification from the IOP PMF simulation are presented. In
order to facilitate the reading, the identification starts with the factors presenting common species
and variability to the MOP factors, by keeping the same names. These are presented in detail in Sect.
VI — A4 of the Annex VI, thus in this section only a brief summary is reported. Furthermore, the 2
additional factors will be more investigated. Therefore, since the IOP was conducted in different
seasons (winter and summer) but only for 15 days of a selected month (February and September),
for the further analysis we consider February as representative of winter and September of summer.
After the identification of the factors, the discussion focuses on the differences between the MOP
and IOP results.

3.1-1: Wood burning

The chemical profile of Factor 16 (Sect. VI — A4.1, Annex V1) is characterized by C2 — C3 alkanes
and alkenes (48% to 21%), benzene (26%), hexene (35%) and cyclohexane (25%). This profile has
many dominant compounds similar to Factor 1 “Wood-burning/Background” of the MOP, thus it is
characterized as “Wood-Burning”. It presents the highest concentrations in winter (February),
whereas the diurnal cycle follows closely the one of BCws in both seasons. The identification is
further corroborated by the relationship of the factor contribution to temperature, with higher values
towards lower temperatures.

3.1 - 2: Fuel combustion (related to traffic and heating)

This factor’s profile is characterized by alkenes like trans-2-butene (76%), 1-butene (63%) and
styrene (63%), however, the highest concentrations are observed for i-pentane, C2 — C4 alkanes and
alkenes (Sect. VI — A4.2, Annex V1). The profile resembles the one of Factor 4 from the MOP, so
it is identified as “Fuel combustion related to traffic and heating”. The contribution of the factor is
high in winter (mean: 36.6 pg m™) but very low in summer (mean: 1.4 ug m), with photochemical
depletion in summer and the increase of sources’ emissions in winter to be the main drivers of these
observations (considering also the effect of atmospheric dilution). Furthermore, a diurnal variability
is apparent only in winter, presenting a bimodal pattern with a morning and night maxima that follow
closely the trend of BC¢ and NO.

3.1 — 3 Vehicle exhaust

The chemical profile of the related factor explains more than 20% aromatics and substituted alkanes,
while the highest concentrations are observed for toluene, m-/p- xylenes, 2-me-pentane and i-
pentane (Sect. VI — A4.3, Annex V1). These compounds are found in the profiles of vehicle exhausts
however, the important contribution of BTEX and aromatics is often associated to solvent usage
also (Baudic et al., 2016; Liu et al., 2008; Song et al., 2019; Yao et al., 2019). Furthermore, the
presence of decane, undecane, alkenes and BTEX, indicates emissions from diesel and gasoline
vehicle exhausts, as well as motorcycles (Guha et al., 2015; Hong-li et al., 2017; Liu et al., 2008;
Salameh et al., 2019). Consequently, the factor is identified as “Vehicle exhausts”. Furthermore, the
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contribution is higher in winter (mean: 20.7 pg m=) and two times lower in summer, whereas the
diurnal variability follows the one of CO. In addition, the factor correlates very well with CO, NO,
NOy, BCy and the previously described factor “Fuel combustion (related to traffic and heating)” (R?
0.66 to 0.76).

3.1 — 4 Fuel evaporation (related to traffic)

Pentanes (~40%), butanes (~30%), propane (~23%) and toluene (~18%) are the main species of the
speciation profile of Factor 12 (Sect. VI — A4.4). These compounds are highly volatile, so they are
found often in the profiles of fuel evaporation emissions (Liu et al., 2008; Salameh et al., 2015;
Baudic et al., 2016). Moreover, pentanes and butanes were also the principal compounds of the
homonymous Factor 2 of the MOP PMF (Sect. 1.2 — 5 of this Chapter), which corroborates the
identification of the factor as “Fuel evaporation (related to traffic)”. The factor contributes more in
summer than winter (mean values: 20.5 ug m™ and 11.4 ug m respectively). In addition, the diurnal
variability follows the one of BCs in winter.

3.1 — 5 Fugitive emissions of ONG exploitation

More than 20% of branched alkanes, aromatics and C10 — C13 IVOC (58% of dodecane) are
explained in the chemical profile of Factor I3 (Sect. VI — A4.5). In addition, ethane, propane, n-
butane and 3-me-pentane have the highest concentrations in the profile. This combination of
compounds has been attributed to fugitive emissions from petroleum and ONG exploitation in
facilities (Abeleira et al., 2017; Guha et al., 2015). Thus, the factor is identified as “Fugitive
emissions of ONG exploitation”. The contribution of the factor is similar in both seasons denoting
a stable source, while the seasonal diurnal variability is characterized by a night-time enhancement
period.

3.1 —6: New Factor - Fuel Evaporation (stationary)

The speciation profile of Factor 11 explains toluene and m-/p- xylenes, as well as more than 20% of
aromatics, C5 — C9 alkanes and substituted alkanes and IVOC (Fig. VI - 29). From the previous
discussion it is known that toluene and m-/p- xylenes are related to fuel combustion and evaporation,
thus they are found in the chemical profiles of these emissions. Furthermore, in the speciation profile
of Factor 11 there are no alkenes, indicating that the emissions are not related or occur simultaneously
to combustion. Thus, the factor is identified as fuel evaporation (stationary).
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Figure VI - 29: Modelled contribution (g m™) of each species to the Factor 11 (light blue bars)
and relative contribution of the factor to each species (red squares).
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Two differences are observed between this factor and Factor 2 “Fuel evaporation related to traffic”
of MOP: the diurnal variability and the relationship to temperature. Starting from the former, the
contribution of the factor is higher during night in both February and September, with a more
persistent night-time enhancement in summer (Fig. VI — 30c). This cycle seems to follow the
evolution of the mixing layer height, since during night the PBL decreases favoring the accumulation
of pollutants. Furthermore, the contribution in September is higher than February (12.8 + 15.8 pg
m=and 8.5 = 9.1 pg m™ respectively; Fig. VI — 30a,b), although the highest values appear to be
sporadic in both seasons. In addition, ambient temperature is higher in September than February and
this enhances evaporation, as it is depicted in Figure VI — 30d; during the day fuels from stationary
points evaporate, leading to their accumulation in the night. Moreover, in the literature is reported
an enhancement of aromatics in the composition of gasoline in summer (i.e. Borbon et al., 2003),
which corroborates the higher contribution in September.

a) Winter b) Summer
100 100
80 S 80 o
S 40 ’“ * g% 40 @
== 20 ' iy = == 20 =
0 0 e I R — |
1/2/16 4/2/16 7216 10/2/16 7/9/16 13/9/16 19/9/16 25/9/16
e Winter Summer
c) 30 - d) 100 -
25 80
= 20 =& 60 -
g2 154 £ . °
22 10 /\'\ g 2997 o
= 5 4 \".-A'\/ = 20 - : ,. al °
0 T T T 1 0 =1 cl_ .
0:00 6:00 12:00 18:00 0:00 0 10 20 30

Temperature (°C)
Figure VI - 30: Temporal variability of Factor 11 and wind speed in a) February (winter) and b)
September (summer) 2016; c) Diurnal variability of Factor 1 and d) Relationship of Factor 11 to
temperature, for February (winter) and September (summer).

3.1 -7 New Factor: Temperature-related factors

The speciation profile of Factor 7 explains C14 — C15 IVOC (>55%), but i-pentane presents the
highest concentration (Fig. VI — 31). In Chapter 4 it was shown that these compounds are
influenced greatly from temperature, whereas they seem to have other sources than decane. This is
also reflected in the profile of the factor that explains only 3% of decane. Consequently, it is
primarily identified as “Temperature-related factors”. Other PMF studies deal with only light IVOC
(< C12), thus comparison of this speciation profile to other in the literature is not possible.
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Figure VI - 31: Modelled contribution (ug m™) of each species to the Factor 17 (light blue bars)
and relative contribution of the factor to each species (red squares).

Figures VI — 32a,b present the temporal variability of Factor 17 and ambient temperature, while the
diurnal variability is presented in Figure VI — 32c. The contribution of this factor is similar for both
months (3.8 + 3.5 pg m2 and 4.1 + 2.5 ug m™ for February and September respectively; Fig. VI —
32a,b) and it is clearly driven by ambient temperature. The latter is also illustrated in Figure VI —
32d, where it is apparent that the contribution of the factor increases with the increase of
temperature. Furthermore, the diurnal variability is characterized by elevated contribution during
the day starting from 12:00 LT in February and 06:00 LT in September, followed by a slow decrease
at 15:00 LT until night (Fig. VI — 32c), which is opposite to the evolution of the PBL height. In
addition, the contribution is independent from wind speed (graph not shown). The above
observations clearly indicate that this factor reflects “sources” or atmospheric processes that are
triggered solely from temperature, like the gas-to-particle partitioning and the evaporation of
compounds. The former is further corroborated by the fact that in winter the contribution increases
at midday when the highest temperatures occur, whereas in summer that the ambient temperature is
already high (>20°C), the increase is apparent even from the first hours of the morning. Nevertheless,
this trend follows the one of the heavy 1IVOC (dominant compounds in the chemical profile of the
factor), as it was discussed in Sects. 2.1 and 2.2 of Chapter 4.
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Figure VI - 32: Temporal variability of Factor 17 and wind speed in a) February (winter) and b)
September (summer) 2016; c) Diurnal variability of Factor 3 and d) relationship of Factor 17 to
temperature for February (winter) and September (summer). The yellow frames indicate
weekends. Please note the different y-axis for temperature in Figure (b).

3.2 Inter-comparison of common factor profiles

Before the PMF overview, an inter-comparison of common factor profiles is conducted to verify the
consistency and liability of the IOP PMF results. More specifically, the chemical profiles of Factors
2,4 and 5 (“Fuel evaporation related to traffic”, “Vehicle exhaust” and “Fuel Combustion related to
traffic and heating”) are combined following the same method described in Sect. 2.1 (this chapter),
creating the “Traffic emissions IOP” profile. Furthermore, for this profile are used the common
species of the MOP and IOP. The “Traffic emissions” profiles of the MOP and IOP are presented in
Figure VI — 33. In the same graph is also illustrated the traffic profile that derived from the near-
source measurements in Patission (Section 2.1, this chapter). It is apparent that the traffic profile
of Patission and the “Traffic emissions” profile of the IOP have an excellent correlation (R?: 0.99)
and a slope equal to 1, denoting the correct and representative simulation of the traffic-related
emissions in the IOP from the PMF. This is also depicted in the very good correlation (R?: 0.92) of
the “Traffic emissions” profiles of the MOP and IOP, with the few discrepancies being the slight
underestimation of ethane and propane, and the overestimation of toluene and m-/p- xylenes from
the MOP PMF. The underestimation of ethane was already pointed out in Sect 2.1 (this chapter),
whereas it could also be deducted that the increase of the number of factors helped the better
separation of the traffic-related factors.
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Figure VI - 33: Relative mass contribution (%) for combined Factors 12+14+15: «Traffic
emissions 1OPy, the traffic profile from the MOP (“Traffic emissions MOP”) and the traffic profile
from Patission station. The right upper graph is the x-y relationship of the mass contribution (%) of

the MOP and IOP traffic profiles and the right lower graph of IOP and Patission traffic profiles.

Finally, the profile of Factor 16 “Wood-Burning” is compared to the one from the MOP and the
reported profile of Baudic et al., (2016), following the same method as in Sect. 2.2 (this chapter).
The three profiles are depicted in Figure VI — 34. The “Wood burning” profile of the IOP is better
correlated (R?: 0.89) to the wood burning profile of Paris (Baudic et al., 2016) than the “Wood
burning” of the MOP (R?: 0.72), compared to which the mass contribution is higher, resulting in a
slope lower than 1 (0.62). This indicates significant discrepancies in the MOP and IOPs “Wood
burning” profiles, which are found for propene, butanes and i-pentane. These compounds in the IOPs
are attributed mainly to the traffic factors (>60%), however, they contribute also in this factor. This
was not the case in the “Wood burning/Background” profile of the MOP, although it is known from
the literature that wood burning emits light alkanes (Barrefors and Petersson, 1995; Evtyugina et al.,
2014). In addition, the IOPs PMF attributed 50% of i-pentane to Factor 12 (Fuel evaporation related
to traffic) and smaller amounts to other traffic and combustion factors, probably underestimating the
contribution in wood-burning emissions. Thus, it can be assumed that the smaller number of samples
with the additional monitored compounds and the sampling period with clear presence (February)
and absence (September) of wood burning helped the better resolution of the chemical profile of this
source, if we consider that the wood-burning factor of the MOP includes also background emissions.
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Figure VI - 34: Mass contribution (%) of NMHC in the profile of Factor 16 — “Wood burning
IOP”, “Wood burning MOP” and the Wood-burning profile of Baudic et al. (2016). The right
upper graph is the x-y relationship of the mass contribution (%) of the IOP and MOP “Wood
burning” profiles and the right lower graph of “Wood burning” of the IOP and the Wood burning
profile of Baudic et al. (2016).
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3.3 Discussion

3.3.1 PMF overview: Comparison to the MOP results

As it was presented in the previous paragraphs, the IOPs PMF simulation identified and quantified
7 factors related to sources, namely “Wood burning”, “Fuel combustion related to traffic and
heating”, “Vehicle exhaust”, “Fuel evaporation related to traffic”, “Stationary Fuel evaporation”,
“Fugitive emissions from ONG exploitation” and “Temperature-related factors”. In Figure VI — 35
is presented the relative contribution of each factor to the total VOC concentration (TVOC) for the
IOPs.

21%

25%

m Fugitive emissions from ONG exploitation ='Wood-burning
Fuel evaporation (Stationary) m Fuel Evaporation (Traffic)
Fuel Combustion (Traffic and heating) Vehicle Exhaust

H Temperature-related factors

Figure VI - 35: Pie chart of the Total VOC contribution (%) of the factors modelled by the PMF
for the MOP.

From the 7 separated factors, 3 of them (“Fuel evaporation related to traffic”, “Vehicle exhaust” and
“Fuel Combustion related to traffic and heating”) explain ~20% of the TVOC each, Factors I1 (“Fuel
Evaporation (Stationary)”) and 16 (“Wood-burning”) explain >10% of TVOC, while the last 2
Factors (“Fugitive emissions from ONG exploitation” and “Temperature-related factors™) contribute
< 5% each. Among them, 5 factors presented similarities to the MOP factors and they were identified
accordingly, while Factor 1 “Fuel Evaporation (stationary)” (14%) and Factor 7 “Temperature-
related factors” (5%) were 2 newly separated factors. Although the “Temperature-related factors”
have little contribute to the VOC atmospheric budget, they are of interest due to the presence of
IVOC. From Chapter 4 it is known that these compounds are strong SOA precursors and their
variability was clearly driven by temperature. This was also apparent to the variability of Factor 17
(“Temperature-related factors”) (Fig. VI - 32).

Furthermore, the 1I0Ps PMF identified the traffic-related factors (“Fuel evaporation related to
traffic”, “Vehicle exhaust” and “Fuel Combustion related to traffic and heating”) as the main
NMHCs emitters, attributing 65% of the TVOC denoting the importance of this source. In addition,
the contribution (to TVOC) of the common factors of the IOP and the MOP PMF is illustrated in
Figure VI — 36, for which the IOPs factors’ contribution was re-calculated considering only the
common factors to the MOP.
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Figure VI - 36: Relative contribution to the TVOC (%) of the common factors between the 10Ps
(February and September 2016) and MOP PMF simulations (February 2016 to February 2017)

9% ¢

Among the common factors of the IOPs and MOP, “Wood-Burning”, “Fuel evaporation related to
traffic” and “Vehicle Exhaust” present similar contribution to the total VOC concentrations in both
PMF simulations (+6%). Major differences are found for “Fugitive Emissions from ONG
exploitation” and “Fuel combustion (traffic and residential heating)” that are estimated 3 times lower
and 2 times higher respectively by the IOP PMF. For the latter, the higher estimation is related to
the shorter period of sampling, since in the IOP only some days of two months are considered over
a year of measurements for the MOP in which the factor contribution was very low for the entire
summer and autumn (Fig. VI — 12a). Furthermore, for the former difference, it appears that the IOP
PMF attributes higher relative contribution to the new factor namely “Fuel Evaporation (Stationary)”
(Factor 11) to the detriment of “Fugitive emissions from ONG exploitation”. Both factors are related
to evaporative sources, however, the shorter sampling period and the introduction of more
compounds, like aromatics and branched alkanes that could originate from similar sources (i.e. in
Liu et al., 2008) might have influenced the PMF simulation. Nevertheless, the results of the IOPs
PMF could be considered satisfactory, given that the major VOC souses in Athens (traffic and
residential heating) were apportioned similarly (+6%), as well as presenting close chemical profiles.

3.3.2 Anthropogenic sources of monoterpenes: The case of a-pinene

In Chapter 5 it was shown that monoterpenes have an anthropogenic origin in Athens, the emissions
of which are more important than the biogenic sources even in summer and autumn. The latter was
also reported in Hellén et al. (2012) especially for the cold months. Furthermore, few studies report
monoterpene levels in the atmosphere of urban centers, whereas even less include monoterpenes in
their source apportionment simulations (i.e. Bari and Kindzierski, 2018; Guha et al., 2015; Hellén
et al., 2012; Kaltsonoudis et al., 2016). Monoterpenes were excluded from the MOP PMF but they
were included in the IOPs PMF dataset. In the end, only a-pinene was kept, since limonene had a
low S/N ratio (Sect. VI - A3 of the Annex V1). In Figure VI — 37 is presented the apportion of a-
pinene (%) to each factor.
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Figure VI - 37: Apportion of a-pinene (%) to factors of the IOP PMF.

Although all factors contribute to a-pinene, “Fugitive emissions from ONG exploitation™”
contributes the most (29%), followed by “Fuel Evaporation (traffic)” (20%). The rest of the factors
contribute 10 to 14% of a-pinene, whereas “Fuel combustion related to traffic and heating”
contributes the lowest (3%). From the above results are derived the following conclusions:

a) A-pinene is not emitted from combustion of fossil fuels (or emits in very low levels), in
contrast to the combustion of wood. It is known from the literature that monoterpenes are
emitted from wood processing industries (McGraw et al., 1999), whereas their emission from
wood burning for residential heating was reported in Hellén et al. (2012) and Kaltsonoudis
et al. (2016). Especially the latter study apportioned 36% of monoterpenes in the wood
burning factor for their winter PMF simulation.

b) The majority of a-pinene (29%) was attributed to an evaporative source (“Fugitive emissions
from ONG exploitation”). As it was seen in Sect. 3.1 — 6 (this chapter), the chemical profile
of this source explains mainly branched alkanes, aromatics and C10 — C13 IVOC, with the
highest contribution to the concentrations of light alkanes. Thus, the exact origin could be
fugitive emissions from liquid fuels from tanks, tailpipes, gasoline stations, industrial
emissions etc. However, a-pinene emissions seem to be linked to oil facilities. In the
literature, one study conducted close to oil sand mining facilities reported increased levels
of a-pinene and B-pinene close to the facility, which could not be explained by local
vegetation (Simpson et al., 2010). In another study conducted in an urban area close to these
oil mining facilities, the PMF simulation apportioned a-pinene to oil-sand fugitive emissions
and petroleum processing among other factors (Bari and Kindzierski, 2018). However, the
information regarding the possible connection of a-pinene emissions to oil mining and
processing facilities is poor and further investigation is needed.

c) The traffic related-factors explain 33% of a-pinene. In Hellén et al. (2012), traffic was
identified as the main source of monoterpenes and isoprene in Helsinki in winter and spring,
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whereas Kaltsonoudis et al. (2016) apportioned 33% of monoterpenes to the traffic factor in
winter. A-pinene was also identified at the exhaust’s emissions of various cars in chamber
experiments conducted by Dai et al. (2010).

d) The “Temperature-related factors” explain 14% of a-pinene. In Sect. 3.1 — 7 (this chapter)
it was shown that the variability of this factor is driven by ambient temperature, thus the
contribution increases during day. The apportion of a-pinene to this factor might reflect the
biogenic emissions of a-pinene which are usually masked by the anthropogenic emissions,
as it was seen in Chapter 5. Nevertheless, both Hellén et al. (2012) and Kaltsonoudis et al.
(2016) report that although in winter the sources of monoterpenes are human-related, in
summer, the major source is biogenic emissions.

To sum up, the above examination showed that the main anthropogenic sources of a-pinene in
Athens are fugitive emissions from ONG exploitation, wood burning for residential heating and
traffic. However, it also showed the limited information regarding the sources and ambient levels of
this compound in urban environments. Since monoterpenes are both important ozone and SOA
precursors that are underestimated in the input datasets of model simulations for future projections
(Wang et al., 2013; Zhang et al., 2018), the importance of VOC measurements including
monoterpenes is highlighted.

4. Conclusions

In this chapter the source allocation of the VOCs from the MOP and IOPs was presented and
discussed, which was one of the main objectives of the current thesis. The overview of the source
apportionment approaches in Annex | showed that the Positive Matrix Factorization method was
the most appropriate one for the MOP and IOPs datasets considering the type of sampling station
and the available information on sources. In this context, the chapter was separated in two major
sections: the MOP and IOPs PMF simulations.

Starting from the MOP dataset, the PMF simulation included 24 major NMHCs that were selected
based on the S/N ratio and the data availability. Five factors related to sources were resolved from
the MOP PMF, namely “Fuel evaporation related to traffic”, “Fugitive emissions from ONG/LPG
exploitation and distribution”, “Vehicle exhaust”, “Fuel combustion related to traffic and heating”
and “Wood burning/Background”. From these, the traffic-related sources are the main NMHC
emitters in Athens contributing 64% to the TVOC. All the factors present distinct seasonal
variability: the combustion related sources contribute more in winter whereas the evaporative ones
more in summer. Only “Fugitive emissions from ONG exploitation and distribution” present similar
contribution for every season apart from summer. Moreover, the comparison of the factor speciation
profiles (% mass contribution of NMHCs) to profiles from the other studies and the near-source
campaign in Patission station showed many similarities, denoting the good attribution of the factors
to sources. However, the comparison of the factor contribution showed more similarities to Beirut
than Paris, indicating that some sources (e.g. traffic-related) are more intense in cities of
Mediterranean basin than cities at a Northern latitude (taking as reference Paris).
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The I0Ps PMF simulation identified and quantified seven factors related to sources from which
“Fuel evaporation (Stationary)” and “Temperature-related factors” were completely new,
contributing 19% to the total VOC. Furthermore, the traffic related factors were also identified as
the main VOC sources in Athens, attributing 65% of the total VOCs. In addition, the introduction
of a-pinene to the IOPs PMF dataset permitted the identification of its anthropogenic sources, with
“Fugitive emissions from ONG exploitation”, “Wood-burning” and traffic related sources (“Fuel
evaporation related to traffic”, “Vehicle exhaust” and “Fuel Combustion (traffic and heating)”)
being the main ones, explaining 75% of a-pinene. Furthermore, 14% of a-pinene was attributed to
the “Temperature-related factors”, which might reflect the biogenic contribution.

Furthermore, the similarities and differences that are observed in the IOPs and MOP PMF results
highlight the important role of the resolution of the PMF dataset and the variety of species. Firstly
it was shown that by using data from the same dataset, even if they are of different time resolution,
for a short period, or they are accompanied by additional compounds, PMF is able to simulate the
same major sources and generate close chemical profiles regarding the contribution of the dominant
species. Furthermore, by adding more compounds like IVOC, branched alkanes and aromatics,
which have different life-time and chemistry, two more VOC factors related to sources in Athens
were identified, from which one chemical profile was never reported (“Temperature-related
factors”), whereas profiles like for the traffic-related sources were better resolved. The above
observations denote the possibility to include at least the majority of the monitored compounds in a
study, however, such detailed sources profiles, in terms of variety of compounds, are not reported
in the literature making the comparison to other works difficult. Nevertheless, it is important to note
that important classes of VOCs were missing from the PMF, like OVOC and BVOC, making
impossible the estimation of sources rich in OVOCs or biogenic sources.

In addition, the combination of the two datasets from the 10P (winter and summer; different
atmospheric dynamics and intensity of sources emissions) is of importance for the representativity
of the study which is confirmed by the closeness of the MOP and IOPs PMF results. Moreover, the
shorter observation period of the 10Ps dataset was one of the main reasons for the over/under-
estimation of the contribution of some factors, such as the “Fuel combustion related to traffic”. This
is the major drawback for using this type of datasets; the contribution of some factors might not be
well reflected, like for active sources in specific seasons (e.g. biogenic emissions), or for sources
impacted by atmospheric chemistry (like “Fuel combustion related to traffic”) or for sources that are
enhanced/reduced in specific periods due to change of needs (like traffic emissions in summer
vacations). Thus, high-resolved VOC datasets of several months are encouraged, especially for
regions with diverse VOC sources. Robust conclusions can be derived from short-term intensive
VOC studies, because they allow the monitoring of more species by deploying instruments of higher
performance and demanding handling, which in turn assist the identification of additional sources
or the better deconvolution of co-linear sources (e.g. traffic and domestic heating).
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General Conclusions

The high concentrations of O3 and aerosols in the Eastern Mediterranean, in combination to the
foreseen climate change, highlight the need for the assessment of pollutant precursors’ variability
and their sources, such as the VOC. In this context, Athens is an area of interest for VOC
measurements for the following reasons: a) Despite the reported decrease of the levels of
atmospheric pollutants, Oz and PM (particular matter) often exceed the European legislation limits;
b) Information for VOCs is limited and dates back 15 years, the levels of C2 NMHCs were never
reported and the seasonal variability was never examined in an annual basis, with the majority of
the published data obtained from summer-time measurements; ¢) The VOC source apportionment
was never addressed in detail; and d) current studies have shown that during winter night-time smog
events, the concentrations of particulate and major gaseous pollutants increase significantly,
reaching levels similar to 2000, whereas the impact on VOC is not known. Thus, the objectives of
the current work were (1) to investigate the temporal variation of VOC concentrations in Athens
(Greece), with high resolution measurements, (2) to determine the driving factors of the observed
variability, (3) to assess the relative contribution of VOC to the air quality in Athens by the
comparison to other cities at Mediterranean, European and international level; (4) to establish
sources’ fingerprints with field measurements, (5) to identify and quantify VOC sources in Athens,
and (6) to compare our results to estimations of emission inventories.

In this context, one main observation campaign (MOP) was carried out at Thissio station (urban
background) from October 2015 to February 2017 for the monitoring of C2 — C12 NMHCs, under
the frame of ChArMEX project. Furthermore, two intensive observation campaigns (IOP) were also
performed in parallel to the MOP in winter and summer 2016 for the monitoring of additional
compounds, as well as two near-source campaigns for the determination of the traffic emission
profile. Moreover, data for ancillary pollutants like CO, BC and NOx and meteorological parameters
are also available from Thissio station.

For the MOP campaign, 27 C2 — C12 NMHC:s (e.g. alkanes, alkenes, aromatics etc) were monitored
by two automatic on-line GC — FID systems resulting to data with coverage from 65% to 94%. For
the monitoring of the additional 22 C6 — C16 VOC (e.g. branched alkanes, IVOC etc) in the 10Ps,
off-line sampling methods on sorbent tubes and posteriori laboratory analysis were deployed,
resulting in more than 100 samples per tube type and per campaign. Furthermore, for the near-source
campaigns only off-line sampling was conducted close to traffic sites (tunnel and traffic monitoring
station). Finally, the existence of the previous datasets allowed the inter-comparison of the on-line
and off-line sampling methods for the compounds in common, giving satisfactory results. The
analysis of the MOP and 0P datasets resulted in the following main observations:

1. Temporal variability of C2 — C12 NMHCs

NMHC:s levels, except of monoterpenes and isoprene (presented below), present a distinct seasonal
variability with increasing concentrations from autumn to winter when the highest concentrations
occur, followed by a gradual decrease until summer, meeting their lowest levels. Among the
monitored compounds, alkanes contribute > 50% to the total VOC concentrations, however, i-
pentane and toluene exhibit the highest mean values (9.5 and 7 respectively). Benzene’s annual
mean concentration for 2016 was 1.7 pg m™ (92% data coverage over the maximum potential),
which is below the EU threshold of 5 pg m™. Furthermore, the seasonal diurnal variability of the
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NMHCs exhibits a bimodal pattern with a morning and a night maximum separated by a late
afternoon minimum regardless of the season. In addition, the amplitude of the maxima changes
depending on the season, with the night-time enhancement period to increase significantly relative
to the morning maximum in winter (factors of 2 to 7, for i-pentane and propene respectively).
Moreover, the diurnal trend follows closely the reported one for pollutants like CO, BC and NO,
which are known tracers of combustion and traffic emissions, indicating their possible common
origin.

2. Factors affecting the NMHCs variability

Atmospheric dynamics and emission from sources are the main drivers of the observed NMHCs
variability. Starting from the atmospheric dynamics, low wind speed (< 3 m s?) favors the
enhancement of the concentrations, denoting the influence from local emissions than long-distant
ones. Furthermore, the enhancement is more apparent for emissions occurring under a swallow
mixing layer, like for example during night under stagnant conditions. Concerning the relationship
of VOC to temperature, two trends are observed: increased concentrations are associated to high
temperatures, which is in line with their volatility. However, the concentrations increase also under
low temperatures in winter, indicating an effect from emissions from sources related to the cold
weather in winter (e.g. residential heating). Finally, photochemical depletion has a slight influence
only for the most reactive compounds (like 1.2.4 TMB with a lifetime of 4 hours).

The previous observations showed that the enhancement of the levels is a synergy between
atmospheric parameters (like wind speed) and emissions from sources, with the latter playing the
most important role. This is corroborated by the similar seasonal diurnal trend of the NMHCs and
pollutants/indicators of combustion processes (like domestic heating) and traffic-related emissions
such as CO, BC and NO, as well as by their good correlation coefficients. Nevertheless, in
Panopoulou et al. (2018), the separation of the C2 — C6 NMHCs dataset (autumn 2015 and winter
2016) to smog and non-smog periods (wind speed did / did not exceed 3 m s and precipitation as
on/off criterion) showed that the night-time enhancement period (taking midnight as reference)
increases 2 (i-pentane) to 6 (propene) times in December than October, highlighting emissions from
additional sources in winter that occur under stagnant conditions (low wind speed and low mixing
layer).

3. Comparison to other studies

In Panopoulou et al. (2018), the comparison of the C2 — C6 NMHCs levels (autumn 2015 and winter
2016) to other works showed that most of the compounds had higher mean levels compared to other
cities in Europe and Mediterranean. Furthermore, the comparison of the mean concentrations of the
C2 — C12 NMHCs of the MOP, summer 2016 and winter 2017 to worldwide distributed cities
indicated that (a) the mean levels for the MOP in winter can be indeed higher compared to other
cities but this depends on the compound and (b) the mean levels in summer are in general lower than
the other cities. This difference for the winter and summer comparison, as well as the distribution of
the maximum mean values between the studied cities denotes that sources’ emissions probably drive
the observed levels.

4. Variability of the VOC from the 10OPs

The examination of the variability of the 22 additional C6 — C16 VOC (3 hours resolution) showed
similar seasonal and diurnal profiles to the NMHCs from the MOP in February and September (as
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reference to winter and summer respectively), with higher concentrations in winter than summer
(e.g. 3-me-pentane with 2.43 £2.28 pg m™ and 1.22 +1.05 ug m™ in February and September
respectively). In addition, the diurnal cycle exhibits a bimodal pattern with a morning maximum and
a night-time enhancement period, although for some compounds the night-time elevated levels
persist till morning (e.g. hexene). Furthermore, the observed variability is also explained by a similar
influence of atmospheric dynamics and sources emissions.

The only exceptions to the above trend are the C11 — C16 VOC (or intermediate VOC — IVOC).
These compounds are precursors of secondary organic aerosols due to their gas-to particle
partitioning properties. Particularly, their mean concentrations in winter and summer are almost
similar, like for tridecane (0.13 £0.09 ug m™ in February and 0.11 +£0.08 pg m™ in September).
Although C10 — C12 IVOC exhibit similar diel cycles to the rest of VOC, the heavier IVOC (C13 —
C16) present contrasted cycles in winter and summer. More specifically, the concentrations increase
during day in winter, whereas they increase after midnight in summer. In addition, the
increase/decrease of their levels is independent from wind speed, whereas they increase with
temperature. This relationship to atmospheric dynamics indicates that their levels in the atmosphere
are driven mainly by their physico-chemical properties which are also responsible for their gas to
particle partitioning.

5. Monoterpenes and isoprene’s variability

The unusual variability of isoprene and monoterpenes justifies their examination separately from
the other NMHCs. These compounds are typically considered of biogenic origin, thus higher levels
are expected in summer than winter, since the increased temperatures and solar intensity triggers the
biogenic activity. Remarkably, although isoprene has the highest mean concentration in summer
(0.48 £0.56 ug m), for a-pinene we observe similar mean winter (0.67 £0.91 pug m) and summer
(0.70 £0.66 ug m) values, whereas limonene is higher in winter (0.48 £1.06 ug m) than summer
(0.15 £0.31 pg m®). This suggest additional emissions than biogenic, probably of anthropogenic
origin. This is corroborated by the seasonal diurnal cycles which exhibit a night-time enhancement
period persisting until morning, when a maximum is also observed. Isoprene on the contrary was
increased during day for the summer period. Overall, the examination of the influence of
atmospheric dynamics (wind speed, wind direction, temperature, relative humidity, precipitation,
solar intensity) did not show a dependence that could justify emissions from biogenic activity for
monoterpenes, with the exception of some sporadic data of a-pinene related to precipitation.
Specifically, the enhancement of the levels is favored by low wind speed, denoting local emissions,
whereas high levels are encountered also in temperatures <10°C in winter, highlighting the
assumption of the anthropogenic contribution. The latter was investigated firstly by the relationship
of monoterpenes and isoprene to other pollutants (toluene, CO, BCus, BCs#) in selected time-frames
representatives of the anthropogenic activities. The compounds presented a linear relationship with
statistically significant correlation coefficients for all seasons indicating the contribution of
emissions from traffic, and in winter from both traffic and residential heating. Finally, the
anthropogenic and biogenic contribution to a-pinene is estimated following the approach of Brito et
al., (2016), showing higher contribution of anthropogenic emissions over biogenic even in summer,
corroborating the above observations.

6. Monoterpenes’ and isoprene’s ozone and secondary organic aerosol formation potential
(OFP and SOAFP)
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Monoterpenes and isoprene are among the reactive VOC with lifetimes less than 4 hours in respect
to the OH radical. Thus, an estimation of their OFP showed that a-pinene produces annually an
average of 2.5 ug m Os, whereas limonene participates significantly on the OFP mainly during
winter. In addition, isoprene contributes 5 ug m™ of ozone during summer. Based on the above
calculations, the sum of monoterpenes and isoprene contribute up to 6% of the oxidants (sum of O3
and NOxy) observed in winter and summer.

The SOAFP was estimated for monoterpenes only; isoprene was excluded due to the applied
methodology limitations. A-pinene contributes about 2 pg m™ during summer and 1.2 pg m™for the
rest of the year, whereas limonene contributes 1.5 pg m™ in winter nights (maximum observed
SOA). The importance of the terpenes’ contribution on SOA was further verified by the comparison
to the sum of semi-volatile oxygenated organic aerosol (SV-OOA) and hydrocarbon-like organic
aerosol (HOA) (Stavroulas et al., 2019). Specifically, SVOOA and HOA levels could be fully
explained by the monoterpenes’ reactivity (sum of a-pinene and limonene) in summer and in winter
daytime, whereas for winter nights they contribute 40% to SOAFP.

7. Sources of NMHCs in the atmosphere of Athens

The two VOC datasets from the MOP and 10Ps campaigns were subjected in two separate PMF
simulations. The MOP PMF simulation resulted in five factors related to sources: “Fuel evaporation
related to traffic”, “Fugitive emissions from ONG/LPG exploitation and distribution”, “Vehicle
Exhaust”, “Fuel combustion related to traffic and heating” and “Wood burning/Background”.
Furthermore, the traffic-related sources (sum of “Fuel evaporation related to traffic”, “Vehicle
Exhaust” and «Fuel combustion related to traffic and heating”) are the main NMHC sources in
Athens contributing 64% to the TVOC. All the factors, except of the “Fugitive emissions from ONG
exploitation and distribution”, present distinct seasonal variability: the combustion related sources
contribute more in winter whereas the evaporative ones more in summer. Moreover, the comparison
of the PMF results to Paris and Beirut showed that the emissions from the traffic sector are two times
higher in Athens than Paris (29%), but similar to Beirut (51% in winter and 74% in summer in Beirut
over 60% in winter and 68% in summer in Athens), denoting their importance in the cities of the
EMB, in contrast to the Central/North/Western Europe. On the other hand, the Athens “Wood
burning/Background” contribution to the total VOC is similar to Paris (18% and 19% respectively).
Concerning the 10Ps PMF, seven factors were identified and quantified related to: “Stationary Fuel
evaporation”, “Fuel evaporation related to traffic”, “Fugitive emissions from ONG exploitation”,
“Vehicle exhaust”, “Fuel combustion related to traffic and heating”, “Wood burning” and
“Temperature-related factors”. Five of them were identified similarly to the MOP factors, thus only
two were completely new contributing ~19% to the total VOC. The traffic-related factors dominated
also in this simulation, contributing 65% to the total VOCs. “Wood-burning” contributed lower
(11%) in the TVOC of the IOPs than in the MOP (18%). Moreover, by including a-pinene to the
I0Ps PMF simulation, it was possible to determine its anthropogenic sources. Specifically, “Fugitive
emissions from ONG exploitation”, “Wood-burning” and traffic related sources explain 75% of a-
pinene, whereas 14% was also attributed to the “Temperature-related factors”, which might reflect
the biogenic contribution.

To summarize, during my work for this PhD, | managed to handle 2 GC instruments (and additional
sampling during intensive campaigns) and to obtain a unique dataset allowing the successful
characterization of the C2 — C12 NMHC variability in the atmosphere of Athens for 17-months and
to allocate these observations to sources given the variety of compounds and despite the technical
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issues that occurred. The examination allowed the documentation for the first time of C2 NMHCs
levels in four seasons, as well as the observation of the seasonal variability of the monitored VOCs
in an annual basis. Furthermore, the driving factors of the observed variability were demonstrated,
showing that low wind speed favor the accumulation of NMHC:s in the atmosphere, especially under
stagnant conditions (low height of the mixing layer), denoting the influence of local emission from
sources. In this context, traffic emissions are the main source of NMHCs in Athens, followed by
wood-burning for residential heating. The existence of two seasonal datasets (IOPs) with 22
additional VOC (poly-substituted alkanes, IVOC and aromatics), allowed the performance of a
second PMF simulation that on one hand gave 5 factors similar to the MOP factors (with different
contribution to the TVOC compared to the MOP PMF factors), validating the PMF results of the
MOP. On the other hand, the estimation of the contribution to the VOC levels was different for some
factors in comparison to the MOP PMF results, indicating an impact from the smaller resolution of
the 10Ps dataset. Moreover, it is important to mention the two observations of this campaign, which
are rarely or not at all mentioned in the literature: a) the anthropogenic sources of monoterpenes and
isoprene in urban environments and b) the examination of the IVOC and their use in PMF
simulations.

Scientific Perspectives

Following the above observations and conclusions, the new scientific perspectives and questions are
presented below:

1. Robustness of short-term seasonal VOC field campaigns for source apportionment

The results from the MOP and 10Ps PMF simulations showed the positive and negative aspects of
using shorter observation periods. In our case, it is assumed that the sampling in two contrasted
seasons for the IOP (winter and summer; different atmospheric dynamics and intensity of sources
emissions) and with additional instrumentation of higher performance, helped the PMF tool to
generate chemical profiles of factors similar to the ones from the annual MOP, to deconvolute co-
linear sources and to determine additional factors related to sources. On the other hand, the
drawbacks for using short-term datasets in the PMF is that sources active in specific seasons (like
residential heating) might be over/underestimated or not determined at all. Consequently, these type
of short-period VOC campaigns could add value to a long-term monitoring period or they could be
employed for a low-cost strategy to address sources and processes (however with a limited time-
representability).

2. Urgent need for the characterization of monoterpenes in the urban atmosphere

Monoterpenes and isoprene, due to their high reactivity, contribute more to ozone and SOA
formation than other VOC. Nevertheless, the information regarding their levels and sources in urban
environments is limited. This might be attributed partly to their instability (thermo-degradation)
during analysis that made their determination difficult. However, in this study it was shown that
some representative monoterpenes can be successfully separated, identified and quantified by the
on-line GC — FID system, which makes possible their monitoring in future VOC field measurements.
Furthermore, it was shown that monoterpenes (and isoprene) can have anthropogenic sources in the
urban environments, but the information regarding these emissions are sparse. Given the
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aforementioned contribution to Oz and SOA (which are key constituents of the air pollution episodes
in cities with known adverse effects on climate change, human health, environment etc), there is still
a need to fully understand their formation processes for better mitigation.

3. Need for the characterization of IVOC in the urban atmosphere

Like monoterpenes, IVOC are also important precursors of SOA, because their lower volatility
(between volatile and semi-volatile organic compounds) favors their gas-to-particle partitioning
depending on the temperature. In this work it was possible to identify and quantify C10 - C16 IVOC
using off-line sampling on sorbent tubes. Although their SOAFP potential was not estimated in this
framework, they were used in the IOPs PMF simulation and attributed separately ( > 20% of the
C12 - C16 IVOC) to a temperature related factor. This factor might include evaporative sources,
but it might as well reflect partitioning of IVOC from particle to gas which could be an additional
secondary “source” or “sink” of VOCs in the atmosphere. To our knowledge, heavy IVOC were
never used in the PMF simulations of published works, thus our approach creates the following
questions: a) is it useful to use IVOC in the PMF simulation to obtain factors related to processes
(than sources) like the particle-to-gas partitioning?; b) Could the observations of this work validate
the modelling and predictions of Chemical & Transport Models (CTM) concerning the gas-to-
particle partitioning? Nevertheless, it should be kept in mind that the above observations on one
hand give important insights, but on the other hand they are based on a limited IVOC dataset. Thus,
for the better estimation of the gas-to-particle partitioning, information for other compounds is
needed in parallel, like for example for semi-volatile VOCs, OVOC and highly oxidized VOC.

4. Need for the characterization of OVOC in the atmosphere of Athens

One limitation of the current project was the non-exploitation of the OVOC data. This class of
compounds constitutes a large fraction of the VOC in the atmosphere. For example, in Kaltsonoudis
et al. (2016), the monitored OVOC presented the highest mean values in summer, and among the
highest mean values in winter. Since these compounds have primary but also secondary sources,
while there are indicators of sources like solvent usage, their absence from the analysis lead to less
information on atmospheric processes (i.e. secondary formation, SOA formation), whereas
additional sources or sources that co-variate were not separated (e.g. solvents usage). Thus,
measurements of these compounds should be included in the future VOC monitoring projects as
well.

5. Need for the characterization of the oxidants’ levels in Athens

Although for the majority of the studied VOC the reaction to the OH radical is the main oxidation
pathway, this is not the case for the reactive compounds (like terpenes) that react rapidly with the
other oxidants like Oz and the NOs radical during the night. A better knowledge of the oxidant
capacity would allow a better estimation of the photochemical decay of VOCs and a more accurate
source apportionment for the more reactive compounds. This information needs advanced
instruments which could complete the set-up of intensive campaigns.

6. Are VOC measurements in a background station in Athens enough?
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In the current work, C2 — C12 NMHCs were determined for more than 12 months. The reported
levels and subsequent source apportionment filled the scientific gap of these compounds in Athens,
but the continuous evolution of pollutants sources indicate that VOC studies should be reinforced
for the better assessment of the air quality. Furthermore, the recent Annual Report on Air Quality
for the year 2018 from the Ministry of Environment and Energy (edition in Greek;
http://www.ypeka.gr/LinkClick.aspx?fileticket=FJbhHPSTih4%3d&tabid=490&language=el-GR) indicated that in
Patission traffic station, benzene levels exceed the European threshold (5 pg m), with an annual
mean of 5.9 pg m= but a data coverage of only 50%. Thus, although this seems alarming, the data
coverage is not satisfactory for the delivery of safe conclusions based on the European standards.
Consequently, this highlights the need for the implementation of monthly-term VOC campaigns in
other sites inside the city, close to major sources (like on-road traffic emissions) and in areas like
the city center that most of the population gathers. In addition, the following question arises:
although the urban background NMHCs measurements showed an annual benzene level lower than
the threshold, could this be representative of other sites close to major sources like roads? Since the
majority of the population in cities lives close to the city center that is characterized by increased
traffic, is the current information on VOC enough for their protection? This urges the design of VOC
field campaigns simultaneously in specific sites (like traffic stations) and urban background stations.

7. Constrain of emission inventories

One of the main motivations of this work was to use the results for the constrain of existing emission
inventories. This was motivated by the work of Salameh et al. (2016, 2017) in which it was shown
that NMVOC emissions for the transportation sector were underestimated by a factor of 10 from
global emission inventories, whereas the chemical composition of anthropogenic emissions
estimated from emission inventories presented important discrepancies (i.e. for the aromatics)
between cities of the Middle East. Although it became impossible to actually constrain an emission
inventory during the time-frame of this PhD, the observations from the MOP and 10P datasets gave
important information that should be taken into account by developersto update and constrain
existing national and international inventories. In particular, monoterpenes and IVOC are not
characterized often in the urban environment, whereas the anthropogenic sources of monoterpenes
are not considered in emission inventories. Thus, it is of great importance to introduce these
compounds in emission inventories for the better and more accurate evaluation of the air quality and
the prediction of the future evolution of air pollution and its impacts.
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Sect. I — Al: Source Apportionment (SA): how-to

For the performance of SA, the main requirement is the acquisition of a dataset of one or more
pollutants/compounds. However, for the selection of the appropriate method are considered firstly
the sampling location and secondly other parameters like the size and variability of the dataset, the
climatology and topography of the sampling site, and information for the major pollutant sources in
the immediate vicinity (detailed or not). Thus, in the following paragraphs are presented the main
models and methods for SA.

Al.1 Source- and Receptor- oriented models

Starting from the location of the sampling station, there are two categories of SA models; source-
and receptor- oriented models. Source-oriented models (SM) are useful for datasets obtained in a
proximity to one specific source, with no influence from other sources at least for long or certain
periods. On the contrary, receptor-oriented models (RM) use data from sites that are receptors of
air pollution plumes corresponding to background conditions or data from emission inventories. The
SM have been used for the direct allocation of aerosols and ozone since they consider various
atmospheric processes like transport, chemical reactions, gas-to particle conversion (Kleeman and
Cass, 2001; Qiao et al., 2018) (Held et al., 2005; Kleeman and Cass, 2001; Qiao et al., 2018; Ying
et al., 2008; Ying and Kleeman, 2006); however they were never used for VOC. Only RM models
have been used in the literature for the source allocation of VOC.

Al.2 Receptor-oriented models (RM)

The aim of the RMs is the identification of sources and the quantification of their emissions. This
is achieved by solving a mass balance equation, based on the fundamental assumption that the
mass is conserved during transport. This means that the sum of the emissions of each source is
linearly linked to the observed concentrations. The general mass balance equation is described in
Eqg. | — Al (Belis et al., 2014):

_ VP
Xij = Dk=1 Jirfrj + €ij Eq.1-Al

where Xij is the concentration of the j™ species in the i sample, gik the contribution of k™ source to
the i sample, fi;j the concentration of the j™ species in the k™ source, and ejj is the residual (i.e. the
difference between the measured and modeled values).

It is apparent that to solve the above equation, information on the sources can be useful prior to the
modelling, from simple knowledge of the number and type, to the chemical profile of their emissions
(Zhang et al., 2018). Based on this information, the RM approaches are classified, as presented in
Fig. I — A1, depending on the knowledge about sources. According to the figure, multivariate
models, Principal Component Analysis (PCA), Positive Matrix Factorization (PMF) or UNMIX are
suggested for little information on sources, whereas regression models and Chemical Mass Balance
(CMB) for complete information on sources.
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Fig. I - Al: Approaches to estimate pollution sources with RMs (Viana et al., 2008)
Principal component analysis (PCA)

PCA provides a first indication about the nature of the sources and their contribution on the pollutant
concentrations, by correlating the variables with a smaller number of independent variables (or
factors). The results are calculated using an eigenvector analysis of the correlation matrix (input
data) (Hopke, 1991). This method identifies up to 8 sources (factors), but it requires a dataset larger
than 50 samples including VOC markers. Important drawbacks of this approach are that the factors
need further transformations (rotations) for their explanation, whereas there is no appropriate
handling of missing and below-detection-limit data (Guo et al., 2004; Jorquera and Rappengliick,
2004). In addition, Paatero and Tapper (1993) showed that in PCA the scaling of the data can be by
column or by row, resulting to distortions in the analysis, due to the bad reproducibility of the scaled
data matrix.

The Thurston and Spengler, (1985) introduced the first ever PCA approach, the PCA/APCS method
(principal component analysis/absolute principal component scores) to determine sources of
particulate matter in Boston. The same method was later adapted by Guo et al., (2004, 2007) for
source allocation of VOC in Hong Kong (China), revealing vehicle exhaust as the principal pollution
source. Until 2003, PCA was the most frequently used method for source apportionment, however
the aforementioned issues lead to its replacement from UNMIX and afterwards from PMF.

UNMIX

The UNMIX was developed as an answer to the limitations of PCA. The basic difference of the
method compared to others is the assumption that the composition and contribution of the sources
are all positive, which derives from the used geometrical approach and its edge-finding algorithm.
In particular, the basic assumption is that there are some datapoints for which a source does not
contribute at all or contributes insignificantly compared to the other sources. As a result, the model
searches for these “edge points” and fits them in a hyperplane (Henry, 2003; Song et al., 2008).
Moreover, the method is strictly non-negative, which may impose limitations for data-series that
include negative values with a physical meaning.

Some examples of the application of UNMIX for ambient VOC analysis are given at Helsinki
(Finland) by Hellén et al., (2003), Santiago (Chile) by Jorquera and Rappengliick, (2004) and at
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Beijing (China) by Song et al., (2008). These previous works provide in addition an inter-
comparison of UNMIX to other RM like PMF and CMB for the same data set. The observations
indicated that UNMIX can successfully select a representative number of factors/sources in some
cases, presenting similar results to PMF and CMB (Hellén et al., 2003; Song et al., 2008), however
it couldn’t provide a detailed source profile like PMF in the work of Jorquera and Rappengliick,
(2004).

Positive Matrix Factorization (PMF)

PMF is another approach that was created to countermeasure the problem of the non-optimal scaling
of PCA. In general, PMF estimates the mass contribution of each factor related to a source to VOC
measurements (like every PCA and UNMIX method) and it provides the chemical profiles of these
factors (Paatero and Tapper, 1994). For that, a large dataset is necessary, but prior knowledge of the
sources profile is not needed. The proper scaling of the data is achieved by applying a least-squares
formulation of the basic mass balance equation (Eg. | - Al) to the matrices (Paatero, 1997; Paatero
and Tapper, 1994). Moreover, over the years the main model was optimized by adding extra features,
resulted in the “expanded” and “constrained” PMF. Thus, it is possible to distinguish between
sources with very good collinearity by inserting, for example, chemical information on sources,
(Hopke, 2016).

In the literature exist many studies in which PMF was used for SA of VOCs. Gaimoz et al., (2011)
used PMF on a VOC dataset from Paris (France), resulting in the identification and quantification
of 7 factors for the studied period of spring 2007. In this case, traffic-related sources accounted for
the majority of the observations. Similarly, the latest PMF source apportionment for VOC in Paris
is done by Baudic et al., (2016), which report differences compared to the previous work of Gaimoz
et al. Furthermore, Yurdakul et al., (2013) applied PMF for VOC in Ankara (Turkey), with an
extending dataset of 6 months and almost 200 samples for every VOC. They revealed 4 factors, with
gasoline exhaust having the major contribution. The same source was dominant also in Santiago
(Chile) and Beijing (China), as it was reported from Jorquera and Rappengliick (2004) and Song et
al., (2008) respectively, who both used PMF and UNMIX for source apportionment. PMF was also
used for VOC datasets obtained in heavily industrialized regions like in Dumanoglu et al., (2014)
for Aliaga industrial region (Turkey) and for remote sites like in Debevec et al. (2017) in Cyprus
(Eastern Mediterranean), where it was shown the effect of geographic location (local and distant).
In Eastern Mediterranean, Salameh et al. (2016) reports the first VOC source apportionment in a
capital of this region, with traffic-related sources to dominate. Finally, Kaltsonoudis et al. (2016)
applied PMF on a VOC dataset obtained in Athens from one-month campaigns in summer 2012 and
winter 2013 (PTR-MS measurements) that included aromatics, OVOCs and BVOCs; it gave 5
factors/sources for the two studied seasons, but with different identification in every season.

Chemical Mass Balance (CMB)

For this type of model is required complete prior knowledge of the sources like their chemical profile
(Fig. I = Al). The number of samples is not important for this method, since it is possible to perform
CMB with only one sample. For the application of CMB, a number of assumptions is made (Seinfeld
and Pandis 2016):
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1. The composition of the source’s profile remains constant during the transportation of the plume
from the source to the receptor site.

2. The very reactive species are excluded (this assumption is often not followed).
3. The number of sources is less than or equal to the number of species.

Existing CMB models include SPECIATE (EPA, 2016) for VOCs and EPA-CMB v8.2 (EPA, 2005)
for particulate matter. Hellén et al., (2006) applied the model to groups of VOC (e.g alkanes, alkenes,
aromatics etc) in Helsinki (Finland) using emission profiles deriving from local sources. This work
proved that CMB can be used for a large number of different compounds with different properties,
although caution is needed for the reactive compounds (e.g. carbonyls and terpenes). In Seoul
(Korea), Na and Pyo Kim, (2007) used CMB for the estimation of the diurnal contribution of the
sources to VOC concentrations. In addition, they applied a chemical reaction loss effect for the CMB
calculation into the standard CMB model to investigate the importance of reaction losses in the CMB
calculations. In France, CMB was applied for source apportionment in Dunkerque (France), an urban
location influenced by industrial emissions (Badol et al., 2008), since the emission profiles of the
sources were already available. Likewise, CMB was used for Pearl River Delta (China), taking into
account 12 VOC sources and their emission profile (Liu et al., 2008). The model was able to
apportion VOC observations to sources, but it failed to separate sources with similar chemical
compositions and to distinct between fresh and aged local air masses.

Al.3 Source allocation from concentration ratios

VOC levels in the atmosphere are affected by the emissions from sources, air mass dilution
(horizontal and vertical) and chemical transformation. Moreover, the oldest means of SA was the
examination of concentration ratios due to the following reasons:

a) They minimize the effect of atmospheric dilution.

b) Depending on the lifetime of the chosen compounds, the ratio can reflect either the emission
from sources or the age of the air mass (due to photochemical depletion).

c) They can be used as tracers of sources when they are determined from measurements close
to specific sources. In this context, they can be used for the comparison to observations from
other type of sites (e.g. urban background stations). For this case, the reactivity of the
compounds should be considered, which is achieved by selecting a study period with reduced
or absent photochemistry (night, winter).

For the use of VOC-to-VOC ratios for SA, one compound of the ratio should be used as tracer. In
the literature are found many examples of such ratios. Starting with Na and Kim, (2001), they studied
the seasonal variation of the four major VOC sources in Seoul, Korea (vehicle exhaust, gasoline
evaporation, solvent use and natural gas emissions) through specific VOC-to-sum-of-VOCs ratios
(acetylene, i-pentane, TEX — toluene, ethylbenzene, m-p xylenes, and ethane as markers). Likewise,
Jobson et al., (2004) compared the source ratio obtained from a tunnel in Houston (U.S.A), to the
C1-C10 hydrocarbon data of an urban site outside Houston impacted by a combination of air plumes
from major sources of the area. Their objective was to understand the impact of the industrial
emissions to the observations, and their findings suggest that light alkanes and alkenes are mainly
affected by the natural gas and petrochemical facilities of the area. Similarly, Gilman et al., (2013)
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used the i-pentane-to-n-pentane ratio from three representative sources of a Northeastern site in
Colorado to examine the influence of oil and natural gas emissions from industrial facilities of the
area. The same ratio and the ratio of NMHCs to propane was also used recently by Bourtsoukidis et
al. (2019) for the source identification of NMHCs in the Arabian Peninsula.

Benzene has been often used as a marker of sources. Until 1998, it was considered among the main
tracers of vehicular exhaust (i. e. Rappengliick et al., 1998; Yurdakul et al., 2013). However, since
1998, regulations were imposed by the European Union (Directive 98/70/EC) for its concentration
in fuels, leading to a dramatic decrease of its mixing ratios in ambient air. Thus, nowadays the major
emission source of benzene is biomass burning for which it can be considered a good tracer (Baudic
et al., 2016; Borbon et al., 2018; Hellén et al., 2008). Besides, toluene has many sources including
traffic emissions, evaporation and solvent usage (Borbon et al., 2018; Yurdakul et al., 2013). As a
result, a frequently used ratio is the toluene-to-benzene ratio (or the reverse), because it provides
information to differentiate traffic and non-traffic sources, although for the interpretation of the
results their photochemistry should be considered (toluene is more reactive compared to benzene).

For the estimation of the contribution of one source, an equation is given by Borbon et al. (2018)
(derived from an approach developed by Borbon et al., 2003) and is expressed in Eq. | — A2:

[X]o = ([tracer], — [tracer]pckga) x ER, Eq.1-A2

Where [tracer], is the concentration of a tracer of the source “a” subtracted by its regional
background concentration [tracer],ckgq and ER, is the urban enhancement emission ratio between

[1Pb]

the compound X and the tracer of the source “a”.

The contribution of more than one sources can be examined by multivariate analysis. For instance,
Millet et al., (2005) developed a source-tracer-ratio method for the estimation of the contribution of
the different sources on OVVOC concentrations in Pittsburg (U.S.A). This method was later adapted
in a simpler form, by Legreid et al., (2007) and was applied for OVOC and NMHCs in Zurich
(Switzerland). The basic equation is the following (Eg. | - A3):

[X]i = [X]i,O + [X]i,comb + [X]i,other Eq. 1 -A 3

Where [X]; o is the background mixing ratio, [X]; .oms the contribution of the combustion sources
and [X]; o¢ner the other sources (for example industrial emissions). The contribution of each source
is calculated for every compound based on the characteristic emission ratio X-to-CO (as a marker
of vehicle exhaust) that is derived from a second method described in Millet et al., (2005).

A similar equation was used by Gilman et al., (2013), for the estimation of the contribution of
combustion and oil - natural gas processes on the observed concentrations (Eq. | - A4). For the
analysis, propane was used as a marker of oil and natural gas production, and ethylene as a marker
of combustion processes.

[VOC] = Bckgdyoc + {ER’ x [propane,|} + {ER’ x [ethylene,]} Eq.1-A4

propane ethylene

Where [VOC] is the observed mixing ratio of the VOC to be fitted, Bckgdy o is equal to the
minimum observed values, [propane,| and [ethylene,] are the observed propane and ethylene
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mixing ratios by subtracting their minimum observed, and ER’ropane and ER'¢pyiene are the
derived values for VOC emissions ratio relative to propane and ethylene respectively.

Sect. | — A2: Emission inventories: Another tool for VOC sources

For the better understanding of emission inventories, a small summary of their built up and the
estimation of their uncertainty is presented in this section. The first steps for the compilation of an
emission inventory are to decide the area of investigation, the time of interest and the spatial
resolution, which stands for the number of grid cells. Next follows the classification of sources based
on the activities of the area and the standard nomenclatures of existing emission inventories. Finally,
the studied chemical compounds that occur from the data availability, are grouped into large
aggregations.

For the calculation of the emissions, two approaches can be followed, the bottom-up and top-down
approach. For the top-down approach, general data obtained from local, regional or global datasets
are used and they need further distribution in more details to estimate the emissions of the source
category to the relevant grid cells and the desired resolution. The bottom-up approach uses the most
detailed data series to estimate the emissions for individual sources, then sums them all and
calculates the estimations for every grid cell. The latter approach is useful for point sources
(stationary). In most studies, both approaches are used for the compilation of an emission inventory
(Borbon et al., 2003; Francois et al., 2005; Waked et al., 2012; Zheng et al., 2009). The emissions
of air pollutants from individual sources can be directly computed by equations, like the following
(Eq. | — A5):

Eist = Ast X EFis Eq.1-AS

where Ei;st is the quantity of the air pollutant i emitted in the air by a particular source s at a certain
time t, As; is the activity of the source s in the time t, and EFisis the emission factor of the source s
for the air pollutant i. However, for more complex emissions, different equations are proposed based
on the complexity (EMEP/EEA report, 2016).

The compilation of an inventory is accompanied by the uncertainty of the results. There are various
approaches to estimate them which could be qualitative or quantitative (EMEP/EEA report, 2016;
Frey et al., 2007). An example of a quantitative approach is Monte Carlo simulation (Frey et al.,
2007). Qualitative approaches (i. e. Monte Carlo simulation) are useful for source categories or
pollutants with an adequate number of available data (for example when the bottom-up method is
used), while quantitative approaches correspond to cases when quantitative uncertainty analysis
cannot be conducted (for example when the top-down method is used) by assessing, for instance,
the uncertainty in emission factors (Waked 2012 and references therein).

After the quality control/assurance (QC/QA), the final step is the verification of the inventory. This
can be achieved by their comparison to other national estimates or independent inventory data.
However, ideally, their observations would be directly compared to results from field atmospheric
measurements that represent real atmospheric conditions.
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Table Il — Al. Target compounds of sampling campaigns

MOP (C2-C6 Target compounds: ethane, ethylene, propane, propene, isobutane, n-butane, acetylene, trans-2-butene, 1-butene,

NMHCs) isopentane, n-pentane, 1.3-butadiene, 1-pentene, isoprene

Target compounds: 2-me-pentane, n-hexane, benzene, isooctane, n-heptane, toluene, n-octane, ethylbenzene, m/p-

MOP ( C6 - C12

NMHCs) xylenes, o-xylene, styrene, nonane, a-pinene, B-pinene, propyl-benzene, 1.3.5/1.2.4/1.2.3 Tri-me-benzene, limonene

Target compounds: pentane, isoprene, 2methylpentane, 3methylpentane, hexene, hexane, 22dimethylpentane,
24dimethylpentane, 223trimethylbutane, benzene, 33dimethylpentane, cyclohexane, 2methylhexane, 23dimethylpentane,

Winter IOP isooctane, heptane, toluene, hexanal, octane, ethylbenzene, m-xylene, p-xylene, styrene, o-xylene, heptanal, nonane, o-
pinene, benzaldehyde, camphene, 3ethyltoluene, 4ethyltoluene, 1.3.5/1.2.4/1.2.3 Tri-ME-benzene, 2ethyltoluene, B-
pinene, octanal, decane, limonene, g-terpinene, nonanal, nC11, decanal, nC12, undecanal, nC13, nC14, nC15, nC16

Target compounds:

Charcoal cartridges — pentane, isoprene, 2methylpentane, 3methylpentane, hexene, hexane, 22dimethylpentane,
24dimethylpentane, 223trimethylbutane, benzene, 33dimethylpentane, cyclohexane, 2methylhexane, 23dimethylpentane,
isooctane, heptane, toluene, hexanal, octane, ethylbenzene, m-xylene, p-xylene, styrene, o-xylene, heptanal, nonane, o-
Summer 10P pinene, benzaldehyde, camphene, 3ethyltoluene, 4ethyltoluene, 1.3.5/1.2.4/1.2.3 Tri-me-benzene, 2ethyltoluene, B-
pinene, octanal, decane, limonene, g-terpinene, nonanal, nC11, decanal, nC12, undecanal, nC13, nC14, nC15, nC16
DNPH cartridges - formaldehyde, acetaldehyde, acetone, acroleine, propanal, methylvinylcetone, butenal, 2-butanone,
methacroleine, butanal, benzaldehyde, glyoxal, isopentanal, pentanal, m+p-tolualdehyde, methylglyoxal, hexaldehyde

Target compounds:

Canisters - ethane, ethylene, propane, propene, isobutane, n-butane, acetylene, trans-2-butene, 1-butene, isopentane, n-
pentane, 1.3-butadiene, 1-pentene, isoprene, 2-me-pentane, n-hexane, benzene, isooctane, n-heptane, toluene, n-octane,
ethylbenzene, m/p-xylenes, o-xylene, styrene, nonane, a-pinene, B-pinene, propyl-benzene, 1.3.5/1.2.4/1.2.3 Tri-me-
benzene, limonene
Charcoal cartridges — pentane, isoprene, 2methylpentane, 3methylpentane, hexene, hexane, 22dimethylpentane,
24dimethylpentane, 223trimethylbutane, benzene, 33dimethylpentane, cyclohexane, 2methylhexane, 23dimethylpentane,
isooctane, heptane, toluene, hexanal, octane, ethylbenzene, m-xylene, p-xylene, styrene, o-xylene, heptanal, nonane, o-
pinene, benzaldehyde, camphene, 3ethyltoluene, 4ethyltoluene, 1.3.5/1.2.4/1.2.3 Tri-me-benzene, 2ethyltoluene, B-

Near-source
campaign 1: Attiki
Odos Tunnel, Athens

pinene, octanal, decane, limonene, g-terpinene, nonanal, nC11, decanal, nC12, undecanal, nC13, nC14, nC15, nC16
DNPH cartridges - formaldehyde, acetaldehyde, acetone, acroleine, propanal, methylvinylcetone, butenal, 2-butanone,
methacroleine, butanal, benzaldehyde, glyoxal, isopentanal, pentanal, m+p-tolualdehyde, methylglyoxal, hexaldehyde
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Near-source
campaign 2:
Patission traffic
station, Athens

Target compounds:

Canisters - ethane, ethylene, propane, propene, isobutane, n-butane, acetylene, trans-2-butene, 1-butene, isopentane, n-
pentane, 1.3-butadiene, 1-pentene, isoprene, 2-me-pentane, n-hexane, benzene, isooctane, n-heptane, toluene, n-octane,
ethylbenzene, m/p-xylenes, o-xylene, styrene, nonane, a-pinene, p-pinene, propyl-benzene, 1.3.5/1.2.4/1.2.3 Tri-me-
benzene, limonene
Charcoal cartridges — pentane, isoprene, 2methylpentane, 3methylpentane, hexene, hexane, 22dimethylpentane,
24dimethylpentane, 223trimethylbutane, benzene, 33dimethylpentane, cyclohexane, 2methylhexane, 23dimethylpentane,
isooctane, heptane, toluene, hexanal, octane, ethylbenzene, m-xylene, p-xylene, styrene, o-xylene, heptanal, nonane, o-
pinene, benzaldehyde, camphene, 3ethyltoluene, 4ethyltoluene, 1.3.5/1.2.4/1.2.3 Tri-me-benzene, 2ethyltoluene, B-
pinene, octanal, decane, limonene, g-terpinene, nonanal, nC11, decanal, nC12, undecanal, nC13, nC14, nC15, nC16
DNPH cartridges - formaldehyde, acetaldehyde, acetone, acroleine, propanal, methylvinylcetone, butenal, 2-butanone,

methacroleine, butanal, benzaldehyde, glyoxal, isopentanal, pentanal, m+p-tolualdehyde, methylglyoxal, hexaldehyde

Table 11 — A2. Composition of the NPL N° D64 1636 (left) and the N° D09 0597 (right).

NPL #D64 1636| PPB +/- NPL #D09 0597| PPB +-
ethane 411 0.08 ethane 208 | 004
ethylene 408 | 0.08 ethylene 200 | 004
propane 407 | 0.08 propane 210 | 0.04
propene 402 | 0.08 propene 206 | 004
i-butane 408 0.08 i-hutane 116 0.06
n-butane 3.96 0.08 n-butane 204 | 004
acetylene 408 0.08 acetylene 214 0.11
trans-2-butene | 3.96 0.08 trans-2-butene | 2.03 | 0.04
1-butene 3.90 0.08 1-butene 204 | 004
cis-2-butene | 391 0.08 cis-2-butene | 2.06 | 0.04
i-pentane 396 | 0.08 i-pentane 207 | 004
n-pentane 402 | 0.08 n-pentane 207 | 004
1.3 butadiene | 4.01 0.08 13 butadiene | 203 | 0.04
trans-2-pentane| 382 | 0.08 trans-2-pentane| 204 | 0.04
1l-pentene 38 | 008 1-pentene 204 | 004
2-me-pentane | 396 | 0.08 2-me-pentane | 208 | 0.04
n-hexane 3.97 0.08 n-hexane 205 | 004
isoprene 397 | 0.08 isoprene 206 | 0.05
n-heptane 392 | 0.08 n-heptane 206 | 0.04
benzene 3.99 0.08 benzene 197 | 0.04
i-octane 399 0.08 i-octane 204 | 004
n-octane 3.95 0.08 n-octane 207 | 0.04
toluéne 394 0.08 toluéne 197 | 0.03
ethylbenzéne | 389 | 0.08 ethylbenzéne | 197 | 0.0}
m-xylene 389 0.08 w/p-xylene 3.95 0.10
p-xvlene 3.84 0.08 o-xylene 1.97 0.05
o-xylene 400 | 0.08 1,3,5-TMB 201 0.06
1,3.5TMB 400 | 0.08 1,2,4-TMB 199 | 0.05
1,2,4-TMB 415 | 0.08 12.3-TMB 205 | 0.06
123-TMB 380 | 008 (+/-) a-pinene | 198 | 0.I0
(/) b-pinene | 201 0.10

limonene 203 0.10
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Sect. 11- Al: Analysis of blanks

For the quality control of the sampling and analysis methods of the GCs, blank samples were
analyzed from May 2016 and afterwards, although not systematically due to the experimental set
up. Furthermore, one or two sampling cycles of zero-air were conducted in parallel for the two
instruments, by connecting to the sample port of the instruments either a zero-air bottle (May 2016)
or a canister filled with zero-air (after May 2016). This resulted in 18 blank samples for the C6 —
C12 GC - FID analyzer and 7 interpretable blanks for the C2 — C6 GC — FID analyzer, the latter due
to the identification problems of the C2 — C6 analyzer (Sect. 2.2.1 of chapter 2). Ethylene, acetylene
and i — pentane were detected in almost every blank of the GC C2 — C6, whereas toluene, m/p —
xylenes and o-xylene were mostly present in the blanks of the GC C6 — C12. In Table Il — A3 the
mean concentrations of the compounds in the blanks, as well as their mean values for the whole
MORP are given. It is apparent that only for 1.3.5 TMB, 1.2.3 TMB and limonene the detected levels
are similar to the mean concentration for the MOP. Unfortunately, considering the unsystematic
acquisition of these blanks and the fact that some compounds are not detected in all blank samples,
the blank is not subtracted from the standard or the air samples. Nevertheless, the blank is integrated
in the calculations for the uncertainty of the concentrations (later in the chapter, Sect. 2.2.6)

Table Il — A3: Mean concentrations £STD of the identified C2 — C12 NMHCs in the blanks and in
the MOP (February 2016 to February 2017). In the brackets the numbers indicate the representativity
of each compound to the blank samples.

NMHCs (ppb) Mean £STD in the blanks Mean £STD in the MOP
Ethylene 0.07 £0.02 (2 of 7 BL) 3.12 £3.88
Acetylene 0.71+0.11 (6 of 7 BL) 5.41 +4.82
i - Pentane 0.09 £0.05 (6 of 7 BL) 3.08 +£3.59
n - Pentane 0.02 (1 of 7 BL) 0.74 +0.93
2-me-pentane 0.05+0.004 (2 of 18 BL) 1.06 £1.26
Benzene 0.02 +£0.001 (2 of 18 BL) 0.59 +0.72
n-Heptane 0.02 (1 of 18 BL) 0.11 +0.16
Toluene 0.11 +0.09 (14 of 18 BL) 1.82 +2.37
n - Octane 0.02 £0.01 (4 of 18 BL) 0.10 +0.15
Ethylbenzene 0.04 £0.04 (8 of 18 BL) 0.30 £0.40
m- /p-Xylenes 0.08 +£0.06 (15 of 18 BL) 0.95 £1.27
0-Xylene 0.04 +0.03 (11 of 18 BL) 0.31 +£0.45
Nonane 0.01 (1 of 18 BL) 0.06 +0.07
a-Pinene 0.02 £0.01 (9 of 18 BL) 0.12 +£0.15
1.3.5TMB 0.07 £0.03 (5 of 18 BL) 0.06 +0.12
1.2.4TMB 0.07 £0.05 (9 of 18 BL) 0.28 £0.43
1.2.3TMB 0.07 +£0.05 (5 of 18 BL) 0.05 +£0.10
Limonene 0.05+0.04 (5 of 18 BL) 0.06 £0.14
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Sect. Il — A2 Uncertainty of the concentration
Uncertainty due to the integration of the peak in the chromatogram

For the integration of one peak, the user of Vistachrom (Sect. 2.3 of this chapter) has to set some
parameters for the establishment of the baseline, thus the peaks could sometimes be integrated lower
or higher than normal. Therefore, the uncertainty associated to the integration of the peak has to be
considered for every type of sample (ambient air, standard and blank). Following the ACTRIS
guidelines (ACTRIS, 2014), this uncertainty is calculated with respect to the Eq. Il — Al:

Oijin
Uine(Aij) = =5+ Eq. Il -Al

where ;. (4;;) is the absolute uncertainty of integration of a compound i in the sample j, and g; ; ;.
the standard deviation of the 3 different areas obtained for the same peak (A4; ,,in for higher than
normal baseline, A; ,,,,-m fOr the area of the sample j and A; ,,4, for lower baseline than normal (the
area units are UA). In our case we used as reference the chromatograms of the standards.

Uncertainty in the reproducibility of the calibrations

The calibration control charts (Sect. 2.2.1 of this chapter), showed a variation of the relative
difference (%) depending mainly on the stability of the instrument. Consequently, an uncertainty of
reproducibility should be considered for different periods of stability. For example, for the GC —
FID C6 — C12, two periods can be distinguished (Fig. Il — 9, Sect. 2.2.1) associated to two
uncertainties of reproducibility. The absolute uncertainty of reproducibility of the area of a
compound i in the series of NPL samples corresponding to the stability period k is calculated
following the Eq. Il — A2:

Ui krepro (AiknpL) = OiknpL Eqg. Il - A2

where ;. yp1. IS the standard deviation of the area of the detected peaks of the compound i in the
series of NPL samples corresponding to the stability period k (in UA).

Moreover, for the compounds of the GC C2 — C6, since 2 or 3 stability periods have been identified
depending on the compound (Sect. 2.2.1 of this chapter), 2 or 3 uncertainties of reproducibility have
been calculated.

Uncertainty of the VOC concentrations in the NPL standards

The NPL standards are provided with certified mixing ratios and uncertainties for each VOC (Table
Il — A2 in Annex I1). The uncertainty that will be used is calculated by Eq. Il — A3:

Ui
u (Ci)NPL = % Eq “ —A3

Where u (C;)ypy 1S the absolute uncertainty of the compound i in the NPL and U; yp;, IS the extended
(K=2) uncertainty of the compound i as given by the manufacturer (both in ppb).
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Figure Il — Al. Regression analysis of the NMHCs determined by the GC — FID C6 - C12 and the
off-line method using charcoal cartridges, for the period of the winter 1I0P 2016 (28/01 —

10/02/2016).
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Figure 11 — A2. Regression analysis of the NMHCs determined by the GC — FID C6 - C12 and the
off-line method using charcoal cartridges, for the period of the summer IOP 2016 (02/09 —

23/09/2016).
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Figure 11 — A3. Regression analysis of the NMHCs determined by canisters and charcoal cartridges,
for the near-source campaign in Patission station in 2017 (22/02 — 24/02/2017).
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Section S.1. Complementary figures.

Figure S1. Temporal variability of (a) propane and i-butane; and (b) i- and n - pentane based on hourly averaged
levels for the period 16 October 2015 - 15 February 2016, at NOA’s urban background site in Thissio, downtown

Athens.
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Figure S2. Monthly diurnal variability of (a) ethylene, (b) propane, (c) i-butane, (d) i-pentane and (e) n-pentane based

on hourly averaged levels.
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Figure S3. Correlation of (a) ethane, (b) ethylene, (c) propane, (d) propene, (e) i-butane, (f) i-pentane, (g) n-pentane,
(h) isoprene, (i) CO, (j) BC, (k) BCyx and (i) BCg relatively to wind speed for the period 16 October 2015 - 15

February 2016 at the Thissio urban background site.
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Figure 54. Wind rose (a) and concentration roses of (b) ethane, (c) ethylene, (d) propane. (¢) propene, (f) i-butane, (g)
i-pentane, (h) n-pentane, (i) isoprene, (j) toluene, (k) BC, (I) BCq (m) BCyy. (n) CO for the period 16 October 2015 -

15 February 2016 at the Thissio urban background site.
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Figure S5. Monthly variability of n-butane, acetylene and benzene relatively to wind speed.
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Figure 56. Wind roses for Thissio station for the morning hours (07:00 — 09:00) and night hours (21:00 — 23:00) of
October (a-b) and December (c-d):; concentration roses of n-butane and acetylene for October morning (07:00 —
09:00) (e-f ), October night (21:00 — 23:00) (i-j). December morning (07:00 — 09:00) (g-h) and December night (21:00
—23:00) (k-1I) respectively.
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Figure S7. Monthly variability of (a) n-butane, (b) acetylene.(c) BCy and (d) BCx against temperature for the period
16 October 2015 - 15 February 2016 at Thissio urban background site.
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Figure S8. Diurnal patterns of (a) ethane, (b) propane, (c) propene, (d) i-butane, (e) acetylene, (f) n-pentane, (g) BC
and (h) BCg during the SP (left column) and the nSP (right column) periods identified during October 2015 (red) and
December 2015 (black) respectively. Note: SP periods are defined by wind-speed lower than 3 ms” and absence of

rainfall, while nSP periods are defined by winds-speeds higher than 3 m s
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Section 5.2.% DNlass contribution of the measured NMHCs in the morning peak (Sect. 3.4.3, Fig. 9).

The moming profile of NMHCs at Thissio station was obtained from the measurements of specific SP days of January and
February 2016, due to TEX availabality. The first step of the procedure is the conversion of the NMHC concentrations
from ppb to pg m™. based on Eq. (S1):

C(pgm™) = Ci(ppb) x 22 (s1)

where C; (g m™2) is the calculated concentration of the compound 7 in pg m™. C;(ppb)is the concentration of the compound
i in ppb. M; is the molar mass of the compound in g mol™ and the number 24 is the molecular volume of the ideal gas in

1atm and ambient temperature 25°C.

The next step 1s the calculation of the baseline level that will be subtracted by the morning maximum value in order to
minimize the contribution of other sources besides traffic. This 1s important because the shape of the moming peak is not
very clear, as it 1s depicted in Fig. 59 for 1-pentane (motor vehicle exhaust marker, Baudic et al . 2016) for a representative
day from the studied period.

—28/01/16

40 A g
LA

I\?@ﬂﬂ;; Gy :ﬂf

o

i-pentane (pg m?)
o«
-

0:00 6:0M) 12:00  18:00  0:00

Figure 59. Dailv variability of i-pentane for the 28/01/2016.

As a result, the baseline level 1s given from Eq. (S2). as the average of the measured concentrations at the beginning and the

end of the moming peak:
CoitCaai
Cbaselfne.:’ = 2 * (52)

where Cpgseline,; 15 the calculated baseline level for the compound 7 in pg m>.C, &, 15 the concentration of the compound 7 at

06:00LT and Cy ; ; is the concentration of the compound 7 at 11:00LT.
Subsequently. the mass contribution of each NMHC for the mommg peak 1s calculated from Eq. (S3):

11
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cmorm’ng i~ Chbaseline,i
n * 2
iz G

MassContribution; = (53)

where MassContribution; is the calculated contribution of the compound 7 to the total mass of compounds.Comrning ;i 15

the maximum morning concentration of the compound 7 between 07:00 - 10:00LT. Cpasetines15 the baseline level of the

compound 7 caleulated by the Eq. (52) and C/'1s the result of the subtraction of the C . from the C

baseline, ; for a

morning i

compound 7.

For the morning profile of NMHCs at Patission station the same approach was adapted for the subtraction of the baseline.
however, due to the small number of samples, the concentrations of the 06:55 sample were taken as the baseline level.

Consequenily, the mass contribution of each NMHC for the morming peak of Patission 15 calculated from Eq. (54):

. . Cmorning i — Chaseline,i
MassContribution; = 2 p . (54
1=1~1

where MassContribution; 1s the calculated contribution of the compound 7 to the total mass of compounds, Cpnorming,i 15
the maximum morning concentration of the compound 7 (in pg m™~) between 08:00 - 10:00LT, Cponiine, 1S concentration of

the compound 7 of the 06:55 sample (in ug m™) and €}'is the result of the subtraction of the C,__;;...; from the C for

morning i

a compound 7.

Section S.2.a. Tunnel measurements (Sect. 3.4.3, Fig. 9).

Apart from the street canvon measurements described in Sect. 2.4 and Sect. 3.4.3, NMHCs measurements were also
conducted 1 a tunnel at the penipheral highway of Athens, (Attiki Odos), on 12 May 2016 from 12:00 LT to 1245 LT (LT =
UTC+2), to identify the NMHCs fingerprint of traffic emissions. The tunnel’s length 1s 200 m with 3 lanes at each direction
and no specific restrictions for heavy duty vehicles. Each driving direction consists of a separated compartment and a
ventilation system was installed but not operated. The measurements are performed at the middle of the tunnel length to
avoid as much as possible the influence of ambient air from outside. For the sampling 6L stainless steel — silonite canisters
were used and the sampling time ranged between 2 and 10 munutes. The samphng method for ambient air 15 described in
details elsewhere (Sauvage et al, 2009). Before the analysis. the cylinders were pressurized by adding a known amount of
zero-air resulting in a sample dilution by a factor of two. Afterwards each canister was connected to the GC-FID system
using a Teflon (PTFE) sampling line and analyzed by the method described in Sect. 2.2 Before sampling, the canisters were
cleaned by filling them up with zero air and re-evacuated, at least three times. The content of the cylinders was then analyzed
by the GC-FID system to venfy the efficiency of the cleaning procedure. The canisters were evacuated a few days prior to
the use and they were analyzed maximum 1 day afier the sampling.

12
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To complement the analysis and explanation of the moming peak observed in Thissio and Patission measurements, in Sect.
343 we compare the mass contribution (%) of NMHCs in the mentioned morming profiles (Sect. 3.4.3, Fig. 9), with the
profile derived from the tunnel measurements in Athens (Highway Tunnel - Athens), as well as the profile derived from
tunnel measurements conducted 20 Km southern of the center of Paris (France) in autumn 2012 (Highway Tunnel — Paris)
(Fig. S10).

The profile of the tunnel measurements of Athens denves as follows: First of all, the NMHC concentrations are converted

from ppb to pg m>, based on Eq. (51). Secondly, the mass contribution of each NMHC for the Athens Tunnel Profile of is
calculated from Eq. (S5):

. . Ci

Mass Contribution; = o ——. (S5)
Ei:l Cj

where Mass Contribution; is the calculated contribution of the compound 7 to the total mass of compounds, and ¢ 1s the

mean concentration of the compound 7 (in pg m>) in the samples of 12:05 & 12:40 LT. Due to the small number of samples
a baseline subtraction from the tunnel data was not possible.

= Morning peak Athens = Morning Peak Patission
Highway Tunnel - Athens ® Highway Tunnel - Paris

Mass Contribution (%)

& L & ]
§ \tf'\ ‘b¢ ﬁ?
F s &

Figure S10. % Mlass contribution of the measured NMHCs during the morning peak (07:00 — 10:00 LT), median
values in Thissio, mean values in Patfission Monitoring Station. in a highway tunnel in GAA and a highway funnel

close to Paris.

The tunnel profiles present a lot of common features as well as a few large discrepancies (R? = 0.53), despite the different
conditions associated with their profiles (Paris versus Athens, tunnel length, season etc). Again i-pentane and toluene are the

two main compounds of the profiles at least in Athens accounting for about 54% of the total measured NMHCs, followed by

13
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n -butane, ethylene and benzene accounting for almost 20% at both sites. The most striking difference between the two
tunnels concerns ethylene (factor of 2 higher in Athens compared to Paris). acetylene (factor of 3 lower in Athens compared
to Paris), i-butane (factor of 3 lower in Paris than Athens). n-pentane (almost a factor of two higher in Paris compared to
Athens) and m-/p- xvlenes (almost a factor of 3 lower in Panis compared to Athens). The biggest difference between the two
Athens morming peaks and Athens tunnels concerns acetylene and toluene (factor of 4 and 1.5 respectively). The above
similarities and differences can be attributed to the car-fleet and the type of fuel used. as it 15 described 1n Sect. 3.4.3 of the

manuscript.

Section 5.3. Investigation of the evaporation losses (Sect. 3.4.3, Fig. 9).

In Sect. 3.4.3, the increased mass contribution of butanes and propane to the morning profiles of Thissio and Patission was
attributed to LPG fuels. thus to fuel evaporation. To better investigate this possibility, we followed a similar approach as Na
and Kim (2001) for Seoul (South Korea). i order to examune the relationship of the ratio Butanes-to-(C2 — C5)Alkanes (%)
and temperature for every month (Fig. $11). More specifically. the ratio of the sum of 1-butane and n-butane versus the sum
of ethane, propane, i-butane, n-butane, i-pentane and n-pentane for every sample was calculated. Ethylene, propene and
acetylene are excluded from this ratio due to their reactivity. The mean and standard deviation values of the ratio were
derived for the temperatures between 1°C to 25°C (minimum and maximum of the period respectively). These values were
plotted against the temperature for each month. The highest values of the ratio are observed for high temperatures and the
lowest for low ambient temperature, although the standard deviation is considerable. It 15 interesting to note that the same
pattern occurs when the ratio Pentanes-to-(C2 — C5)Alkanes (%) versus the temperature 1s exanuned (Fig. 512). Taking into
account the positive dependence of the two ratios to temperature, we can assume that fuel evaporation losses are also an
important source of NMHCs. In addition, the above results could mdicate why the Athens tunnel results performed in May

differ from Patission and Thissio winter morning profiles.
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Figure S11. Scatter plots of the ratio Butanes-to-(C2 — C5)Alkanes (%) to temperature for October 2015, November
2015, December 2015, January 2016 and February 2016.
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Figure S12. Scatter plots of the ratio Pentanes-to-(C2 — C5)Alkanes (%) to temperature for October 2015, November
2015, December 2015, January 2016 and February 2016.
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Furthermore, it 1s important to mention that Kouriidis et al., (1999) also performed an mvestigation of the evaporative
emussions for Athens with data obtamned at a street canyon location (Patfission station) in September 1994. To compare our
observations from Thissio station with those reported by Kouriidis et al., (1999). the ratio of NMHC/benzene at 15:00 and
07:00 (normalized to the OH reactions) versus the boiling point of selected NMHC was examined. using our data from
Thissio station (Fig. S.14). To include more common NMHC with Kourtidis et al , (1999), we used data from 21 January to
15 February 2016, when toluene, ethylbenzene and o-xylene are additionally available. The selected data had wind speed
less than 2.8 m s’ to maximize impact from local sources, while at 07:00 and 15:00 LT the mean temperature was
approximately 8°C and 12.5°C respectively. Although the examined periods have discrepancies m ambient temperature
(winter is colder than autumn), the exponential curve fitting of our data (y = 0.3533e-0.0129x, where x 1s the boiling point in
2C) 1s very close to the one reported in Kourtidis et al., (1999) (v = 0.44e- 0.0118212T, where T is the boiling point in °C).

08

0.7 {° y = 0.3533-0.012%
2 -

06 4 R2=10.8276

05 1
044 -~
03{ &

02 - '
0.1 - -

00 . . — .
50 0 50 100 150 200

NMHC-to-Benzene at 7h
(normalize d for the OH reaction)

NMHC-to-Benzene at 15h/

Boiling point (°C)

Figure 513. Ratios of the NAMHC/benzene ratio for 15:00 and 07:00 to the boiling points of the selected NMHC,
divided by the reaction rate constant of each species with OH. The plotted NMHC are propane, i-/'n- butane,i-'n-

pentane, toluene, ethylbenzene and o-xylene. The red cycles indicate compounds (not values) in common with the

work of Kourtidis et al., (1999).
Finally, we exanune the monthly vanation of 1-butane relatively to n-butane (Fig. $13). The two compounds have linear
relationship with no significant temporal differences on the slopes (only October and December equations are presented). In

addition, the regression 1s simular to the one denived from the Patission measurements (depicted on Fig. $13), thus supporting

our assumption that the observations are traffic related.
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Figure 514. Scatter plots between i-butane relatively to n-butane for October 2015, November 2015, December 2015,

January 2016 and February 2016 for the Thissio site. The black line corresponds to the Patission data regression.

Section 5.4. %eMass contribution of the measured NAMHCs in the night-time enhancement period (Sect. 3.4.3, Fig. 11).

The night profile of NMHCs at Thissio station was obtained from the measurements of specific SP nights of October and
December 2015, due to their different temperature condition (October 1s warmer than December) that influence the need for
residential heating. The first step of the procedure is the conversion of the NMHC concentrations from ppb to pg m™.
based on Eq. (51).

The next step 1s the determination of the baseline level that will be subtracted by the night maximum value (between 22:00
and 23:00 LT) as 1t 15 also seen in Fig. 4 and Fig. 8. For that purpose, the nunimum concentration of each compound

between 12:00 LT — 17:00 LT 1s used.

Subsequently, the mass contribution of each NMHC for the night peak 1s calculated from Eq. (S6):

. . Cnight.i — Chaseline,i
MassContribution,; = —gt2_—baselner (S6)

n * ]
i=1 G

where MassContribution; is the calculated contribution of the compound i to the total mass of compounds. Cp,;gp. ;15 the
maximum night concentration of the compound 7 between 22:00 - 23:00LT. Cpagetine,i1s the mmimum concentration of the
compound 7 for the same date between 12:00 — 17:00 LT and C1s the result of the subtraction of the Cppeping,; from the

C for a compound 7.

might i

17

279



References

Baudic, A., Gros, V., Sauvage, 5., Locoge. N., Sanchez. O., Sarda-Estéve, R., Kalogndis, C., Peitt, J-E.. Bonnaire, N.,
Baisnée, D, Favez, O., Albinet, A Sciare. J. and Bonsang, B.: Seasonal variability and source apportionment of volatile

5 organic compounds (VOCs) m the Pans megacity (France), AtmosChem Phys, 16(18), 11961-11989, do1:10.5194/acp-16-
11961-2016, 2016.

Kourtidis, K. A | Ziomas, I C., Rappenglueck, B., Proyou. A and Balis, D.: Evaporative traffic hydrocarbon emissions,
traffic CO and speciated HC traffic emissions from the city of Athens, Atmos. Environ. 33(23), 38313842,
do1:10.1016/51352-2310(98)00395-1, 1999.

10 Na, K. and Kim. Y. P.: Seasonal characteristics of ambient volatile organic compounds m Seoul, Korea, Atmos. Environ.,
35(15), 2603-2614, 2001.

280



Table IV - Al: Correlation coefficients (R?) for the NMHC of the main campaign for the period 16 October 2015 to 28 February 2017. The
bold and italics indicate very good relationships (R? > 0.69). All the relationships are statistically significant at the 95% confidence level.

- n- Trans-2- 1- i- 2-me- n- . n- m-/p- 0-
Butane Butane Acetylene butene  Butene Pentane n-Pentane Isoprene  Benzene i-Octane Toluene Ethylbenzene

v .
Pentane  Hexane Heptane Octane Xylenes  Xylene Nonane 1.3.5-TMB 1.2.4-TMB 1.2.3-TMB a-Pinene

Ethane Ethylene Propane Propene

Ethane 1.00

Ethylene | 0.81 1.00

Propane 0.76 085 1.00

propere | 0.75 0.88 0.89 1.00

i-Butane 0.64 081 091 0.83 1.00

nButane | 0.64 081 093 082 097 1.00
Acetylere | 0.66 0.71 0.70 0.74 0.69 0.66 1.00

T2l 062 079 084 084 091 086 068  1.00

butene
1-Bueere | 0.69 084 087 091 0.93 0.88 0.75 0.94 1.00

i-Pentane | 0.49 0.71 0.78 0.71 0.91 0.89 0.60 0.83 082 1.00

nPentane | 0.50 0.71 0.79 0.72 092 0.89 0.63 0.86 086 093 1.00

Isoprere | 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01 1.00
Benzene 053 0.75 0.78 0.71 0.89 0.88 0.65 0.80 082 092 0.92 0.01 1.00

2-me-Pentare| 0.44 0.64 0.71 0.61 0.81 0.82 0.55 066 070 0.84 0.87 0.00 0.90 1.00

n-Hexane | 069 0.85 082 0.88 0.81 0.82 0.64 075 083 0.70 0.69 0.00 0.81 0.70  1.00

i-Octare [ 0.51 0.71 075 0.75 0.84 0.84 0.65 078 081 081 081 0.00 0.91 0.80 0.84 1.00

n-Heptane | 0.58 0.75 0.83 0.75 0.90 0.90 0.66 081 084 087 0.89 0.00 0.95 089 083 092 1.00

Toleere | 051 0.73 0.79 0.71 087 0.87 0.61 0.77 080 087 0.86 0.00 0.94 088 081 089 093 1.00

n-Octare | 046 065 072 063 081 081 0.56 069 073 081 0.82 0.00 0.87 087 072 082 089 089 1.00
Ethylbenzene [ 0.55 0.77 0.81 0.75 0.90 0.90 0.66 082 084 090 0.90 0.00 0.98 088 084 093 095 096 0.89 1.00

m-/p-Xylenes| 0.55 0.77 081 0.75 090 0.89 0.66 082 084 089 0.88 0.00 0.97 087 085 093 095 096 0.88 0.99 1.00

o-Xylere [ 055 0.77 0.80 0.75 090 089 0.67 082 084 089 0.88 0.00 0.97 086 085 094 095 095 0.86 0.99 099 1.00

Nonane | 049 0.61 0.77 0.60 0.79 083 053 066 0.68 0.80 081 0.00 0.84 084 066 077 089 086 0.83 0.84 083 082 1.00
135TmB | 054 0.73 0.79 0.74 0.86 0.87 0.64 081 082 083 0.83 0.00 091 081 082 093 092 091 0.83 0.93 094 094 082 1.00
124-TMB | 055 0.76 082 0.79 0.89 0.90 0.67 081 085 087 0.85 0.00 0.95 084 088 093 094 095 0.85 0.97 097 097 084 094 1.00
123TmB | 043 062 0.70 0.64 0.76 0.78 0.59 071 071 0.73 0.76 0.00 0.82 073 069 084 082 081 0.74 0.83 083 083 077 087 0.83 1.00

a-Pirene | 0.29 041 047 043 049 051 042 045 045 046 045 0.02 0.46 042 041 043 047 047 044 0.46 047 045 049 044 0.48 045 1.00
Limonene [ 0.60 0.71 075 0.74 074 074 061 079 076 0.62 0.64 0.01 0.71 058 074 075 074 068 063 0.73 073 074 065 0.77 0.75 0.74 048
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Fig. IV - Al: Temporal variability of selected NMHCs from 16 October 2015 to 28
February 2017 for the C2 — C6 NMHCs and from 1 February 2016 to 28 February 2017
for the C6 — C12. The mean hourly values are utilized.
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Fig. IV - A2: Seasonal diurnal variability of C2 — C6 NMHCs for the period 16 October
2015 to 28 February 2017, and for C6 — C12 NMHCs from 1 March 2016 to 28 February
2017.
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Fig. IV - A3: Relationship of C2 — C12 NMHCs to wind speed from 1 December 2015 to
28 February 2017 for the C2 — C6 NMHCs and from 1 March 2016 to 28 February 2017
for the C6 — C12 NMHC:s in seasonal basis.
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Fig. IV - A4: Relationship of C2 — C12 NMHCs to ambient temperature from 1 December
2015 to 28 February 2017 for the C2 — C6 NMHCs and from 1 March 2016 to 28 February
2017 for the C6 — C12 NMHC:s in seasonal basis.
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Table IV - A2: Concentrations of NOx, CO, BC, BCwb and BCt measured in the Athens urban background site from 1 February 2016 to
28 February 2017. For standard deviation of the seasonal mean values is given in the brackets.

Mean Median STD Min Max Spring 2016 Summer 2016  Autumn 2016  Winter 2017 NB Repres(z/r;)Zativity
NOx (ppb) 21.4 14.1 21.1 0.6 238.2 16.7 (17.9) 13.4 (13.3) 25.8 (25.2) 24.1 (19.5) 6714 71%
CO (ppb) 366.2| 251.9 333.9 72.0 |4250.2 | 313.4(198.9) | 225.4(123.6) | 383.1(301.9) | 501.6 (488.5) | 9298 98%
BC (ug m3) 1.8 1.0 2.3 0.1 29.6 1.5(1.7) 1.1(0.9 1.7 (1.7) 2.5(3.4) 8485 90%
BCw(ug m?) | 0.5 0.2 11 0.0 18.0 0.2 (0.4) 0.2 (0.2) 0.4 (0.6) 1.0 (1.9 8485 90%
BCr(ugm?) | 1.3 0.8 15 0.0 16.9 1.2 (1.4) 0.9 (0.7) 1.3(1.3) 1.4 (1.7) 8485 90%
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Table IV - A3: Correlation coefficients (R?) for the NMHC of the main campaign for the period 16 October 2015 to 28 February 2017. The
bold and italics indicate good relationships (R? > 0.49). All the relationships are statistically significant at the 95% confidence level.

Ethane Ethylene Propane Propene _ . - Trans2- L - n-2me- N e - " Toluene Ethyl - m-/p- O Nonane 13> 124 123
y P P Butane Butane butene Butene Pentane Pentane Pentane Hexane Octane Heptane Octane benzene Xylenes  Xylene TMB TMB TMB
Ethane 1.00
Ethylene | 0.81 1.00
Propane | 0.76 0.85 1.00
Propene | 0.75 0.88 0.89 1.00
i-Butane | (.64 0.81 0.91 0.83 1.00
n-Butane | 0.64 0.81 0.93 0.82 0.97 1.00
Mt los 079 084 084 091 086 100
utene
1-Butene | 0.69 0.84 0.87 0.91 0.93 0.88 0.94 1.00
i-Pentane [ 0.50 0.72 0.78 0.71 0.91 0.90 0.83 0.82 1.00
n-Pentane [ 0.50 0.71 0.79 0.72 0.92 0.89 0.86 0.86 0.93 1.00
P2-me- 0.53 0.75 0.78 0.71 0.89 0.88 0.80 0.82 0.92 0.92 1.00
entane
n-Hexane [ 0.44 0.64 0.71 0.61 0.81 0.82 0.66 0.70 0.84 0.87 0.90 1.00
Benzene | (.69 0.85 0.82 0.88 0.81 0.82 0.75 0.83 0.70 0.69 0.81 0.70 1.00
i-Octane | (.51 0.71 0.75 0.75 0.84 0.84 0.78 0.81 0.81 0.81 0.91 0.80 0.84 1.00
n-Heptane | 0.58 0.75 0.83 0.75 0.90 0.90 0.81 0.84 0.87 0.89 0.95 0.89 0.83 0.92 1.00
Toluene | (.51 0.73 0.79 0.71 0.87 0.87 0.77 0.80 0.87 0.86 0.94 0.88 0.81 0.89 0.93 1.00
n-Octane | 0.46 0.65 0.72 0.63 0.81 0.81 0.69 0.73 0.81 0.82 0.87 0.87 0.72 0.82 0.89 0.89 1.00
Ethz/r::enz 0.55 0.77 0.81 0.75 0.90 0.90 0.82 0.84 0.90 0.90 0.98 0.88 0.84 0.93 0.95 0.96 0.89 1.00
xr;];éz(;s 0.55 0.77 0.81 0.75 0.90 0.89 0.82 0.84 0.89 0.88 0.97 0.87 0.85 0.93 0.95 0.96 0.88 0.99 1.00
0-Xylene [ 0.55 0.77 0.80 0.75 0.90 0.89 0.82 0.84 0.89 0.88 0.97 0.86 0.85 0.94 0.95 0.95 0.86 0.99 0.99 1.00
Nonane | 0.49 0.61 0.77 0.60 0.79 0.83 0.66 0.68 0.80 0.81 0.84 0.84 0.66 0.77 0.89 0.86 0.83 0.84 0.83 0.82 1.00
'Il'l\jlg 0.54 0.73 0.79 0.74 0.86 0.87 0.81 0.82 0.83 0.83 0.91 0.81 0.82 0.93 0.92 0.91 0.83 0.93 0.94 0.94 0.82 1.00
'Il'lsl; 0.55 0.76 0.82 0.79 0.89 0.90 0.81 0.85 0.87 0.85 0.95 0.84 0.88 0.93 0.94 0.95 0.85 0.97 0.97 0.97 0.84 0.94 1.00
'|1'|5||§, 0.43 0.62 0.70 0.64 0.76 0.78 0.71 0.71 0.73 0.76 0.82 0.73 0.69 0.84 0.82 0.81 0.74 0.83 0.83 0.83 0.77 0.87 0.83 1.00
BC 0.71 0.84 0.82 0.90 0.79 0.78 0.78 0.85 0.72 0.72 0.75 0.67 0.82 0.73 0.76 0.73 0.68 0.77 0.76 0.76 0.65 0.73 0.79 0.63
BCup 0.64 0.68 0.61 0.78 0.50 0.51 0.53 0.61 0.41 0.38 0.38 0.33 0.69 0.44 0.42 0.38 0.35 0.41 0.41 0.41 0.33 0.42 048 034
BC 0.57 0.73 0.75 0.72 0.81 0.78 0.75 0.79 0.78 0.81 0.80 0.74 0.68 0.70 0.77 0.77 0.72 0.80 0.78 0.79 0.69 0.74 0.77  0.65
NOx 0.36 0.66 0.73 0.73 0.79 0.80 0.63 0.71 0.76 0.73 0.75 0.68 0.78 0.67 0.74 0.75 0.67 0.78 0.77 0.76 0.65 0.67 0.79 050
Co 0.72 0.86 0.85 0.90 0.83 0.82 0.78 0.87 0.73 0.71 0.73 0.62 0.88 0.75 0.75 0.72 0.64 0.77 0.77 0.77 0.60 0.74 0.80 0.61
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Table 1V - A4: Concentrations of the additional C6 — C16 NMHCs measured in the winter and summer 2016 10Ps in the Athens urban
background site.

Mean Median STD Min Max NB
pg m*
Winter  Summer Winter Summer  Winter Summer Winter Summer  Winter Summer Winter Summer
2016 2016 2016 2016 2016 2016 2016 2016 2016 2016 2016 2016
3-me-pentane 2.43 1.22 1.36 0.91 2.28 1.05 0.22 0.08 8.40 5.11 106 112
Hexene 0.16 0.07 0.08 0.05 0.18 0.05 0.01 0.01 1.00 0.30 104 111

2,2-dimet-pentane 0.10 0.07 | 0.05 0.06 0.11 006 | 0.01 o0.01 0.80 0.31 97 112
2,4-dimet-pentane 0.19 0.10 0.09 0.07 0.20 0.11 0.01 0.01 0.73 0.55 104 111
2,2,3-trimet-butane |  0.05 0.02 | 0.03 0.01 0.03 002 | 001 o0.01 0.13 0.12 77 108
3,3-dimet-pentane 0.38 0.07 | 0.10 0.06 2.20 005 | 0.01 o0.01 22.49 0.23 103 112

Cyclohexane 0.49 0.14 | 0.36 0.12 0.39 0.09 | 005 0.01 1.79 0.52 105 112
2-me-hexane 0.76 0.48 | 0.43 0.34 0.72 0.45 | 0.07 0.06 2.66 2.23 106 112
2,3-dimet-pentane 0.27 0.19 | 0.15 0.14 0.26 0.18 | 002 0.01 0.98 0.82 105 110
Styrene 0.49 0.15 | 0.27 0.09 0.52 0.18 | 0.03 0.01 3.00 1.00 106 99

3-ethyl-toluene 1.16 0.61 | 0.64 0.46 1.12 056 | 0.09 0.03 4.17 2.87 106 112
4-ethyl-toluene 0.53 029 | 0.32 0.22 0.50 0.26 | 0.04 0.03 1.87 1.32 105 112
2-ethyl-toluene 0.64 0.35 0.37 0.26 0.60 0.31 0.07 0.02 2.20 157 106 112

Camphene 0.30 0.10 | 0.13 0.08 0.43 0.10 | 0.01 o0.01 2.59 0.52 99 112
g-terpinene 0.06 0.06 0.04 0.05 0.05 0.06 0.01 0.01 0.26 0.31 73 112
Decane 0.65 0.29 | 0.43 0.23 0.55 0.28 | 0.07 0.03 2.10 1.40 106 112
nC11 0.39 0.30 | 0.26 0.20 0.33 028 | 0.01 0.04 1.20 1.47 106 112
nC12 0.20 0.15 | 0.15 0.11 0.15 0.13 | 0.02 0.01 0.58 0.69 105 112
nC13 0.13 0.11 | 0.10 0.09 0.09 008 | 0.01 o0.01 0.41 0.45 106 112
nCl4 0.10 0.09 | 0.09 0.08 0.06 0.05 | 0.01 0.02 0.25 0.33 106 112
nC15 0.08 0.07 | 0.07 0.06 0.05 004 | 001 o0.01 0.22 0.25 102 112
nC16 0.02 0.04 | 0.02 0.04 0.02 002 | 001 o0.01 0.08 0.11 85 111
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Fig. IV - A5: Seasonal diurnal variability of C6 — C16 VOC from the I0OP of winter and
summer 2016.
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Fig. IV - A6: Relationship to wind speed of IVOC from the 10P of winter and summer
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Figure IV — A7: Relationship of IVOC from the 10Ps (winter and summer 2016) to
temperature.
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Tables

Table S1: Concentrations of VOCs and ancillary pollutants measured in the Athens urban background site from 01 February 2016 to 28 February
2017. The standard deviation of the seasonal mean values is given in the brackets.

Median Mean STD Min Max Spring 2016 ~ Summer 2016 ~ Autumn 2016  Winter 2017 ofN:ammt;fI::s Data E:(%erage

Isoprene (ng m) 0.06 | 0.19 | 0.35 0.06 3.88 0.07 (0.06) 0.48 (0.56) 0.12 (0.19) 0.12 (0.18) 7010 74
a-Pinene (ng m3) 0.44 | 0.70 | 0.83 0.08 8.86 0.53 (0.57) 0.70 (0.66) 0.89 (1.08) 0.67 (0.91) 8312 88
Limonene (ngm3®) | 0.07 | 0.33 | 0.78 0.07 9.86 0.18 (0.43) 0.15 (0.31) 0.35 (0.63) 0.48 (1.06) 8795 94
Toluene (ug m3) 341 | 6.98 | 9.06 0.06 97.78 | 6.23(7.88) 4.54 (5.08) 8.32 (9.65) 7.57 (10.78) 8791 93
NO (ppb) 2.7 156 | 35.3 0.2 209.6 9.0 (21.7) 2.2 (5.8) 14.2 (30.7) 24.1 (47.6) 8698 7
NO:2 (ppb) 111 13.7 9.5 0.01 65.2 10.4 (9.0) 11.2 (8.9) 16.8 (10.8) 15.5 (8.3) 7898 71
NOx (ppb) 141 | 214 | 211 0.6 238.2 | 16.7(17.9) 13.4 (13.3) 25.8 (25.2) 24.1 (19.5) 6714 71
CO (ppb) 251.9 | 366.2 | 333.9 72.0 |4250.2 |313.4(198.9) | 225.4(123.6) | 383.1(301.9) | 501.6 (488.5) 9298 98
BC (ug m?) 1.0 1.8 2.3 0.1 29.6.5 1.51.7) 1.1(0.9) 1.7 (1.7) 2.4 (3.4) 8485 90
BCub (ng m3) 0.2 0.5 1.1 0.0 18.0 0.2 (0.4) 0.2 (0.2) 0.4 (0.6) 1.0 (1.9 8485 90
BCrr (ng m?) 0.8 1.3 1.5 0.0 16.9 1.2 (1.4) 0.9 (0.7) 1.3(1.3) 1.4 (1.7) 8485 90
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Table S2: Correlation coefficients (R2) of the NMHCs (in ug m™) relative to the major anthropogenic pollutants (in ug m=for BC, BCw, and BCf,
and in ppb for NO and CO) for the period 01 February 2016 to 28 February 2017. All the correlations are statistically significant at the 95%
confidence level. The bold and italics represent good relationships (R > 0.49). Days with rain events are excluded.

Total Isoprene a-Pinene Limonene Toluene  Summer Isoprene a-Pinene Limonene Toluene  Winter  Isoprene a-Pinene Limonene Toluene

Isoprene 1.00 Isoprene 1.00 Isoprene | 1.00

a-Pinene | 1.93E-02  1.00 a-Pinene 1.00 a-Pinene 0.11 1.00

Limonene | 3.38E-04  0.51 1.00 Limonene 0.46 1.00 Limonene| 0.11 0.81 1.00

Toluene 0.48 0.74 1.00 Toluene 0.39 0.67 1.00  Toluene 0.13 0.75 0.80 1.00
BC 4.74E-03  0.48 0.71 0.73 BC 0.46 0.51 0.72 BC 0.12 0.73 0.80 0.83
BC,, |3.20E-03 0.32 0.62 0.38 BCup 0.26 0.35 0.46 BCup 0.09 0.66 0.72 0.61
BCy |4.33E-03 0.45 0.51 0.78 BCy 0.45 0.48 0.69 BCy 0.12 0.58 0.64 0.84
NO 5.89E-02  0.19 0.23 0.42 NO 0.45 0.61 0.47 NO 0.17 0.71 0.76 0.81
Cco 0.34 0.51 0.73 CO 1.7E-02  0.35 0.52 0.84 CO 0.13 0.75 0.83 0.85

Table S3: Molar mass, MIR, SOAP, and ER to toluene for isoprene, a-pinene and limonene. The ER are calculated for day (06:00 — 17:00 LT)
and night (18:00 — 05:00 LT) concentrations.

Molar

Mass! MIR! | SOAP? ER to toluene (zSTD) (ug m/ pg m?)

Spring Summer Autumn Winter 2017
Day | Night| Day | Night | Day | Night | Day | Night

Isoprene | 68.12 | 10.28| 1.9

0.066 | 0.073 | 0.117 | 0.103 | 0.072 | 0.070 | 0.061 | 0.073
a - Pinene | 136.23 | 4.38 17.4

(£0.001) | (£0.001) | (£0.0027) | (20.0030) | (0.0019) | (:0.0018) | (x:0.0010) | (0.0011)

0.049 | 0.036 | 0.043 | 0.053 | 0.062 | 0.089
Limonene |136.23| 4.40 18"

(£0.001) | (£0.0009) | (0.0007) | (:0.0008) | (x0.0012) | (£0.0012)

! Carter, 2009; 2Derwent et al., 2010; *Taken from Dominutti et al. (2018), which was estimated from analogous species
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Figures

Figure S1. Mean hourly temporal variability of isoprene, a-pinene, limonene, temperature and
solar radiation during the period of measurements.
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Figure S3. Seasonal diurnal variability of selected pollutants for the period 01 March 2016 to 28 February 2017.
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Figure S4. Mean diurnal variation of isoprene, a-pinene, limonene and BC, as well as their MLH-
normalized values in spring, summer and autumn. Each figure includes the seasonal-mean diurnal
cycle of the MLH (m) obtained from HYSPLIT.
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Figure S5. Monthly boxplots of meteorological parameters for March 2016 to February 2017.
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Figure S6. Scatterplots of the VOC diurnal cycles in seasonal basis.
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Table VI — Al: NMHCs of the Main Observation Campaign, their characterization and
their S/N ratio. The SUM of VOC (last row) is calculated for every sample and it is used
as the total variable (this parameter is used by the program in the post-processing of
results, thus it has a high uncertainty in order to have a minimum influence on the sample)

NMHCs | Category | S/N
Ethane Strong 2.0
Ethylene Strong 5.9
Propane Strong 9.3
Propene Strong 5.6
i-Butane Strong 9.6
n-Butane Strong 9.0
Trans-2-butene Bad 4.9
1-Butene Bad 5.2
i-Pentane Strong 9.7
n-Pentane Strong 8.9
2-me-pentane Strong 7.9
n-Hexane Strong 45
Benzene Strong 3.4
i-Octane Strong 1.6
n-Heptane Strong 2.0
Toluene Strong 4.0
n-Octane Strong 2.2
Ethylbenzene Strong 3.3
m,p - Xylenes Strong 3.5
0 - Xylene Strong 3.2
Nonane Strong 2.0
1.3.5TMB Bad 1.0
1.24TMB Strong 18
1.2.3TMB Bad 0.4
SUM_VOC Weak 4.5
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Fig. VI — A2: Diurnal variability in (a) spring and (b) summer of the ONG related short- and
long-lived factors from the PMF simulations presented in Abeleira et al. (2015) (Adjusted
figure).

40 —

40
(a) ()
) .
s 30 ‘\%
o - ™,
= . %
S
o
= .
L 10 ild_t% N £
., o kg
g\aﬁf
=y e flml?IEIGIEIEIE'EIEI
- T T
R OE D DN &
—8— OMG-Long Lived —8— OMG-Long Lived
—B OMG-Shart Lived —B OMG-5hort Lived
—i— Traffic —i— Traffic

Sect. VI - Al: CPF graphs

The influence of the geographical location of the air masses can be investigated using a conditional
probability function (CPF; Ashbaugh et al., 1985) and a threshold as criterion. The basic assumption
for the interpretation of the results of the method is that the air arriving at a receptor site has traveled
on a relatively straight path from the source. The latter does not apply to all sampling stations,
however, it can true for our station since it is characterized as urban background and the observations
in chapters 3 and 4 showed mainly the influence of local emissions to VOC levels. Nevertheless,
this has already performed in studies (Debevec et al., 2018; Gaimoz et al., 2011; Xiang et al., 2012).

The CPF equation is the following (Eqg. VI — Al):

CPF, = 148 Eq. VI- Al
Nag

where mae is the number of samples in the wind sector i that exceeded the threshold criterion and
nae the total number of samples in the wind sector i. In this study, wind directions were binned into
eight sectors and the threshold was set at the upper 75th percentile of the contribution of each source
for all the samples, in order to catch the frequency of extreme episodes. In addition, calm winds of
wind speed <1 m s were excluded from the calculations. For this work the data were separated
according to wind speed (2.99 m s the upper limit of low wind speed) and the corresponding CPF
graphs are presented in Figure V1 — A3:
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Fig. VI -A3 : 15t row: CPF graphs of the factors for wind speed < 3m s.; 2"d row: CPF
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Fig. VI — A4: a) Map of Greater Athens Area. The center of the rose indicates the location of
Thissio monitoring station and the yellow circle the ONG facilities in Attica, b) Natural gas
infrastructure close to Attica region. The pipelines are shown with purple, the 1st priority
consumption centers are with blue circles and the LNG import terminal is shown with the red
cycle (Adapted from IEA report of Greece, 2017)
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Fig. VI — A5: Seasonal diurnal variability of Factor 5: Vehicle exhaust
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Fig. VI — A6: Diurnal variability of Factor 2: Fuel evaporation (related to traffic) and BCss
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Sect. VI — A2: Traffic profiles in the literature

In Sect. 2.1 of Chapter 6, the “Traffic emissions” mass contribution profile of Thissio is compared
to the profiles of the PMF results for Paris and Beirut (Baudic et al., 2016; Salameh et al., 2016).
The common species between our work and these studies are ethane, ethylene, propane, propene,
isobutane, n-butane, isopentane, n-pentane, n-hexane, benzene and toluene, thus the mass
contribution (%) of the NMHC in every profile is re-calculated taking into account only these

common species.
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Salameh et al. (2016) performed two separate PMF simulations, for their summer and winter datasets
respectively. Both PMF approaches gave three factors related to traffic, however, their identification
differs depending on the season. In particular for winter, the traffic related sources are identified as
combustion mainly related to regional traffic, combustion related to local traffic and gasoline
evaporation related to traffic, whereas in summer the factors were characterized as combustion
related to diurnal traffic, combustion related to nocturnal traffic and gasoline evaporation related to
traffic. Although similarities are observed between individual factors in the PMF results of Athens
and Beirut (e.g. “Vehicle Exhaust” —Thissio and “Combustion related to diurnal traffic” — Beirut, in
Fig. VI — A7), it would be better to use a combination of all the factors’ contribution in the different
seasons, in order to decrease as much as possible the discrepancies due to the sampling period, since
the PMF results of Athens are based on a whole year of measurements. Consequently, the “traffic”
profile of the 3 traffic factors for every season is calculated for Beirut as follows, resulting in a total
“Traffic” profile that combines the seasonal traffic contribution:

1. The contribution of each species to each factor is summed for every season, resulting in the
seasonal contribution of the species (Eq. VI — A2):
[X]a = Cl + Cz + C3

Where [X]; is the total contribution (in pg m™) of the compound X, a is the season (winter
or summer), and C;, C,, C5 are the contributions of the compound X to each of the 3 traffic factors
for Beirut (in pg m).

2. The mass contribution (%) of each compound to the seasonal traffic profile is then calculated
from Eq. VI - A3:

Mass Contribution [X],(%) = Z“[Xg)i(] ’
i=1 i

Where Mass Contribution [X], (%) is the calculated contribution of the compound X to
the total mass of compounds (3j=,[X];) for the season a (winter or summer), and [X]; is the total
contribution of the compound X (in png m?) as it was calculated by Eq. VI — A2.

3. Finally, the mass contribution (%) to the “Traffic” profile for both seasons is calculated for
every compound as the mean value of the mass contribution (%) of the compound for winter
and summer traffic profile (Eq. VI — A4):

Mass contribution [X] + Mass contribution [X]

i,winter i,summer

Mass Contribution [X] total = 2

Where Mass Contribution [X]otqr (%) is the mean value of the Mass contribution [X]i (%)
of the compound X to the winter and summer profile, as calculated from Eq. VI — A3.
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Figure VI -A7: Mass contribution (%) of NMHC in the factors: Vehicle Exhaust (Thissio) and
Combustion related to diurnal traffic (Beirut). For Beirut, this factor was identified only in
summer

It is important to examine whether the total “Traffic” profile of Beirut is representative of the
seasonal traffic profiles (estimated by Eqg. VI - A3). Figure VI — A8 presents the three traffic profiles:
winter, summer and total “Traffic profile. It is apparent that the total “Traffic” profile agrees well
with the seasonal profiles, whereas the few discrepancies can be attributed to small differences in
the factor contributions as a result of the different seasonal PMF analysis. For example, propane is
completely absent from the winter traffic profile, since 60% of it was attributed to a 6th factor
identified as “Gas leakage”.
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Figure VI — A8: Mass contribution (%) of NMHCs in the winter and summer traffic profiles
of Beirut and the total “Traffic” profile.

Baudic et al. (2016) identified 6 VOC sources in Paris by using PMF analysis. From these, only two
are connected to traffic, which are “Motor Vehicle Exhaust” and “Evaporative Sources” (Fig. VI —
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A9). The latter is related to various fuel evaporation emissions (e.g. gasoline and/or LPG evaporation
from storage, extraction and distribution), which explains the high apportion of propane and butanes.
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Figure VI — A9: “Motor Vehicle Exhaust” and “Evaporative Sources” factor profiles (Adapted
from Baudic et al., 2016).

It is important to decide whether we will use the Paris traffic-related profiles separately or combine
them to one “Traffic” profile. For that reason, in Figure VI — A10 are presented the two traffic-
related profile of Paris, the total “Traffic” profile of Paris (calculated as the mean contribution of the
“Motor Vehicle Exhaust” and “Evaporative Sources” factors to the common species), and the
“Traffic emissions” profile of Athens. It is apparent that the total “Traffic” profile of Paris is
representative of “Motor Vehicle Exhaust” and “Evaporative Sources”, with the main compounds
of the profile being propane, butanes, isopentane and toluene. Furthermore, butanes and propane
present higher contribution than i-pentane and toluene, which indicates that the evaporative sources
have a stronger impact to the total “Traffic” profile. This is not observed in the “Traffic emissions”
profile of Athens. As we already mentioned before, the evaporative factor of Paris might include
other fugitive emissions related to fuels but not to vehicles’ movement (i. e. fuel storage). As a
consequence, I decided to exclude the “Evaporative Sources” profile from the comparison and keep
only the “Motor Vehicle Exhaust” profile, which agrees well with the Athens “Traffic Emissions”
profile.
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Figure VI — A10: Mass contribution (%) of NMHC in the “Motor Vehicle Exhaust” and
“Evaporative Sources” of Paris (adapted from Baudic et al., 2016), the Traffic profile of Paris
(estimation; “Traffic_Paris”) and the Traffic profile of Athens (“Traffic_Athens”).
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Table VI — A2: VOCs of the Intensive Observation Campaigns, their characterization and
their S/N ratio. The SUM of VOC (last row) is calculated for every sample and it is used as the
total variable (this parameter is used by the program in the post-processing of results, thus it
has a high uncertainty in order to have a minimum influence on the sample)

Species Category SIN
Ethane Strong 4.8
Ethylene Strong 54
Propane Strong 7.3
Propene Strong 44
i-Butane Strong 6.8
n-Butane Strong 7.2
Trans-2-butene Strong 2.8
1-Butene Strong 2.8
i-Pentane Strong 8.1
n-Pentane Strong 6.4
2-me-pentane Strong 8.6
n-Hexane Strong 5.4
Benzene Strong 5.3
i-Octane Strong 2.2
n-Heptane Strong 2.4
Toluene Strong 8.8
n-Octane Strong 2.6
Ethylbenzene Strong 5.3
m,p - xylenes Strong 7.8

0 - xylene Strong 4.8
nonane Weak 17
a-pinene Strong 3.1
1.3.5TMB Bad 14
1.2.4TMB Strong 3.9
1.2.3TMB Bad 11
Limonene Bad 11
3-me-Pentane Strong 5.6
Hexene Strong 4.9
Cyclohexane Strong 5.4
2-me-hexane Strong 5.5
2.3-dime-pentane Strong 51
Styrene Strong 5.2
Decane Strong 55
nC11 Strong 5.4

nC12 Strong 5.2

nC13 Strong 5.1

nCl14 Strong 5.2

nC15 Strong 4.7

nC16 Bad 33
22dimethylpentane Strong 4.3
24dimethylpentane Strong 4.8
223trimethylbutane Strong 3.0
33dimethylpentane Strong 4.9
3ethyltoluene Strong 55
4ethyltoluene Strong 5.4
2ethyltoluene Strong 55
SUM_VOC Weak 5.8
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Sect. VI — A3: IOPs PMF simulation

Data preparation

During the intensive campaigns were deployed in parallel on-line and off-line sampling and analysis
methods (Chapter 2). Because the sampling time of the cartridges is ~3h, the 30-min concentrations
of the NMHC of the MOP were averaged to 3h. As a result, the input dataset for the PMF simulation
contains VOC from 6 compound families: alkanes, alkenes, aromatics, I'VOC and monoterpenes (in
total 45 compounds). Furthermore, the data points were treated as follows:

e NMHCs from MOP: The 30-min concentrations of NMHCs from the MOP were averaged
in 3 hours based on Eq. VI — A5:

1
Cxx.40 = P (Ayy:10 + Byyao + Cwwiio + Dwwiao + Ezz:10 + Fzz:40) Eq. VI-AS

Were Cyy.40 iS the averaged concentration to 3h (in pg m™), Ayy.10,Byy.40 and Cyy.10 are the
concentrations of the three samples before the mean sampling time of XX:40, and
Dyw a0, Ezz.10 ,»and F;5.40 are the concentrations of the three samples after the mean sampling time
of XX:40. For example the mean sampling time for one cartridge starting at 07:00 LT and ending at
10:00 LT is 08:30 LT. Thus, the corresponding NMHC samples (30-min) are from 07:10 LT to
09:40 LT, and the obtained levels are averaged to 3h, in order to get a mean sampling time at 08:40
LT.

e NMHCs of the I0OPs: The data points were treated as follows :

xij , xl-j > LODij
Xij LODij » Xij < LODij
Median; , x;jmissing

Were x;; and LoD;; are the concentration and LoD of the compound i in the j sample respectively
(in ng m?), and Median; is the median value of the compound i (in pg. m™3).

Then, the two datasets were combined in the input matrix, which contained 47 compounds x 153
samples (6885 data), with equal number of samples for winter and summer. Two approaches were
followed for the replacement of the missing values. More specifically, the reason for this is that the
IOPs and the C6 — C12 MOP datasets have less than 5% missing values (only 1.3.5 TMB had 10%
missing values), but for the C2 — C5 MOP dataset (GC — FID C2 — C6) the percentage varied from
~10% to ~20%. To avoid any bias by replacing with the median of the compound (option provided
by the PMF tool), the two approaches were:

a) Forthe C6 — C12 NMHC of the MOP and the NMHCs of the 10Ps, the missing values were
replaced by the median concentration of the species over all measurements.

b) For the C2 — C5 NMHC of the MOP, the missing data were replaced by the median of the
concentrations measured the previous and next days at the same hour, considering the
variability of the other species. For instance, if the missing value occurred in a time-frame
for which the concentrations of the other compounds were low, the estimated median will
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not take into account samples with extremely high levels. However, there are exceptions to
this approach: (a) some concentrations of propene and n-pentane from 08-09-2018 to 22-
09-2018 had to be replaced by the median value over all measurements, since they presented
the highest number of missing values and further substitution by the first approach could
create a bias; (b) the missing values of 10-09 and 11-09 at 08:30LT of i-butane, n-butane
and trans-2-butene, as well as all the NMHC C2 — C5 of the sample 19/9/2016 at 17:30LT,
were also replaced by the median concentration of the compounds over all the measurements
for the same reason as (a).

Estimation of the concentration uncertainty

The uncertainty matrix of this PMF simulation requires the combination of different approaches
depending on the dataset. For the NMHCs of the IOP, the uncertainty of the concentrations was built
upon the procedure described by Norris et al., (2014) (adapted from Polissar et al., 1998). In a
summary, for the concentrations above LoD, the uncertainty can be roughly calculated using only
an error fraction percentage and the detection limit (Eq. VI — A6), at the expense of losing specific
errors associated to the samples. The error fraction in our case was 0.15 (or 15%):

Unc = \/(Error Fractions x concentration) 2 + (%)2 Eqg. VI - A6

Furthermore, the individual uncertainty applied in the IOP dataset is summarized as follows:

uij ) xij > LOD]
ul-j 5/6 LOD] , xl-j < LOD]
x;jmissing , 4 x Median;

The uncertainty of concentrations of the NMHCs of the MOP is described in detail in Sect. 2.2.6 of
Chapter 2. However, since the concentrations were averaged to 3h, a new uncertainty was estimated
using error propagation, which takes into account the uncertainty of the 30-min concentrations (Eq.
VI - A7):

_ V(W Ayy.10)? + (U Byy.a0)? + (U Cyw:10)% + (U Dyw.a0)? + (U Ez2:10)? + (U Fzz.40)?
Ui xx:40 = Nb
L

Were u; xx.40 IS the uncertainty of the averaged-to-3h concentration of the compound i for sampling
time XX:40, u Ayy.10,U Byy.ao and u Cyy.1o are the concentration uncertainties of the three
samples before the mean sampling time of XX:40, and u Dyyy.40 , U Ez7.10, and u F;;.4, are the
concentration uncertainties of the three samples after the mean sampling time of XX:40, and Nb; is
the number of concentrations (without missing values) that contribute to the calculation of the 3-
hour averaged concentration of the compound i .

Concerning the replaced and missing values, their uncertainty was set as four times the species-
specific median, which is suggested in Norris et al. (2014), an option also provided by the PMF tool.

For this simulation, compounds with S/N ratio less than 1.4are categorized as “bad” and they are
excluded; for an S/N ratio between 1.5 and 2, the species are considered “weak”, thus their
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uncertainty is tripled; finally, compounds with S/N greater than 2 are considered “strong” and their
uncertainty remains unchanged. In our case, 3 compounds had S/N less than 1.5 (1.3.5 TMB, 1.2.3
TMB and limonene) and were characterized as “bad”. nC16 was also excluded due its concentrations
being close to the LoD (Chapter 4, Section 2.1). Nonane (S/N = 1.7) was the only compound
characterized as “weak”.

Determination of the optimal solution

For the determination of the optimal solution, PMF simulations were performed with 4 to 8 factors.
For all the simulations were performed 100 runs. Similarly to the MOP PMF simulation (Sect. 1.1
of chapter 6), the diagnostic parameters R?, IM, IS and Qirue/Qexpected are plotted against the number
of factors and they are presented in Figure VI — All. IM and R? are stable regardless of the number
of factors, while R? is already good (R? > 0.993), indicating good modelling of the input
concentration matrix. IS decreases significantly from the 4- to the 6-factor solution and then
increases again. Furthermore, Qtrue/Qexpected decreases also with increasing number of factors,
however the most appropriate values are observed for the 7- and 8-factor solution. In particular, we
need a Qtrue/Qexpected Value close to 1 for a good estimation of the uncertainty, thus our values of 1.9
and 1.7 (7- and 8- factor respectively) indicate that there are modelled datapoints outside the
estimated error value.
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Figure VI - All: Graphs of IM, IS and R? to the number of factors.

Based on the previous observations, the optimal solution includes 7 or 8 factors. However, by
selecting 8 factors we risk to lose the physical meaningfulness of the profiles due to splitting (Ulbrich
et al., 2009). For this reason, as final solution was chosen the one with 7 factors. This was further
affirmed by the bootstrap error estimation that was performed for both the 7- and 8-factor solutions,
giving 73% of good mapping for the 7-factor but only 46% for the 8-factor solution. In addition,
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bootstrap error estimation was conducted also for the 5- and 6-factor solutions, giving less than 66%
good mapping. All the above verify that the 7-factor solution is the optimal one.

Robustness of PMF results

The technical and mathematical indicators of the 7-factor solution for the assessment of its
robustness and quality are presented in this section. Firstly, the ratio between Qrobust and Qtrue 1S 0.94
which is close to 1.0, indicating that the modeled results were not biased by peak events.
Furthermore, 97% of the scaled residuals were within £3c. In addition, the very good R? (0.993)
shows that all variance in the total concentration of the 43 modelled VOCs can be explained by the
PMF model. This is also reflected in the correlation coefficients (R?) between predicted and observed
concentrations which were > 0.75 for all the compounds except of a-pinene (0.72). The slopes
between the modeled and measured NMHC concentrations varied from 0.69 (hexene) to 1.07
(4ethyltoluene), with 8 compounds having slopes lower than 0.85. This indicates an insufficient
modelling of their maximum levels and/or their greater number of concentrations close to the LoD,
which could affect the simulation of these compounds by the PMF. Overall, the statistical parameters
indicate that the 7-factor PMF solution is robust enough for the explanation of the variation of the
measured VOC concentrations. Finally, the mathematical diagnostics of the final PMF run are
presented in Table VI — A3.

Table VI — A3: Mathematical diagnostics for the final PMF run

(m) species 47
(n) samples 153
(p) Factors 7
Runs 100
Number of species characterized as weak 1
Number of species characterized as bad 4
Number of random seed 3
Q(robust) 8734
Qutrue) 9284
Q(T)/Qexp 1.89
NMH Crodeted VS. NMHCrneasured (R?) 0.993
Number of species with R? > (.75 (modeled vs. 42
measured)
Fpeak -0.5
dQ(robust) OF Fpeak 113.7 (1.28%)

Estimation of model prediction uncertainties
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Starting from the DISP (base model displacement error estimation), the results showed no error and
no drop of Q. Furthermore, the base model bootstrap method was carried out, executing 100
iterations, using a random seed (number 3), a block size of 13 samples (calculated according to the
methodology of Politis and White, 2004) and a minimum Pearson correlation coefficient (R value)
of 0.6. All factors were correctly mapped for 73%. Although this value is less than the satisfactory
mapping of 80%, it can be attributed to the PMF model that might failed to fit the variability of one
source or the variability of some compounds, which can be corroborated with the smaller slopes
reported for some compounds (previous paragraph). Nevertheless, taking into account that the
dataset consists in only 153 samples combining two seasons and that the block of the BS has a size
of only 13 samples for the re-built of the BS boot factors, the mapping of the solution is considered
satisfactory enough for the interpretation of the uncertainties.

Finally, the rotational ambiguity of this 7-factor PMF configuration was also investigated using the
Fpeak parameter. Different Fpeak values from -05 to 1.5 were used to generate a more realistic PMF
solution. The results from the non-zero Fpeak values were generally consistent with the runs
associated with the zero Fpeak value (base model run), thus illustrating a low rotational ambiguity
of the final PMF solution.

Sect. VI — A4: Common Factors between the IOPs and MOP PMF

VI - A4.1 Wood burning

The chemical profile of Factor 16 (Fig. VI — A12) is characterized by C2 — C3 alkanes and alkenes
(48% to 21%), benzene (26%), hexene (36%) and cyclohexane (25%). This profile is similar to
Factor 1 “Wood-burning / Background” of the MOP, thus it is temporally characterized as “Wood-
Burning”. To verify the identification, in the following paragraph is examined the temporal
variability and the relationship to BCu.
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Figure VI -A12: Modelled contribution (ng m=) of each species to the Factor 16 (light blue
bars) and relative contribution of the factor to each species (red squares).

Figure VI — Al3a,b presents the temporal variability of Factor 16 and wind speed in February
(winter) and September (summer). The factor contribution to VOCs is higher in February (13.1 +
12.7 ug m) and decreases more than a factor of 4 in September (3.7 + 3.4 pg m). In addition, low
wind speeds (<3 m s?) favor the enhancement of the contribution in February, indicating the
influence of local emissions. Furthermore, in February, the diurnal cycle is characterized by a night
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maximum at midnight that decreases until morning, staying very low during day (Fig. VI — A13c).
In summer, there is no diurnal variability (Fig. VI — A13d). The observed trend follows closely the
one of BCwp, which is more apparent in winter. All the above indicate that Factor 16 is indeed related
to “Wood Burning”. This is further affirmed by the dependence of the contribution from cold
temperatures (Fig VI — Al4) that triggers these emissions. No difference is observed in the
contribution between weekends and workdays.
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Figure VI -Al13: Temporal variability of Factor 16 and wind speed in a) February (winter) and
b) September (summer) 2016; c) Diurnal variability of Factor 16 and BCwb for February
(winter) and d) Diurnal variability of Factor 6 and BCwb» for September (summer). Yellow
frames indicate weekends.
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Figure VI - Al4: Factor 16 contribution versus temperature for February (winter) and
September (summer) 2016.

VI - A4.2 Fuel combustion (related to traffic and heating)

This factor profile is characterized by alkenes like trans-2-butene (76%), 1-butene (63%) and styrene
(63%), however, the highest concentrations are observed for i-pentane, C2 — C4 alkanes and alkenes
(Fig. VI — A15). Because the chemical profile explains an important percentage of unsaturated
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compounds, it resembles the one of Factor 4 from the MOP, so it is identified as Fuel combustion
related to traffic and heating. This will be verified in the following paragraph.
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Figure VI -A15: Modelled contribution (ng m) of each species to the Factor 15 (light blue
bars) and relative contribution of the factor to each species (red squares).

The temporal variability of Factor 15 is presented in Figure VI — Al6a,b. The contribution is the
highest in February (36.6 + 41.8 ug m), whereas it drastically decreases in September (1.4 = 4.2
ng m=). Furthermore, in February, the diurnal cycle exhibits a bimodal pattern with a morning
(09:00 LT) and a night maximum (00:00 LT), with very low concentrations during the day (12:00 —
18:00 LT) (Fig. VI — Al6c), in contrast to September that there is no apparent variability (Fig. VI
— Al16d). Remarkably, the diurnal cycle follows closely the one of BC in February and NO in both
months; the latter highlights the important decrease of their levels in September compared to
February (factor of 6 and 15 for NO and Factor 15 respectively). Moreover, in addition to the
excellent correlation to NO and BCy in winter (R? < 0.90 for both), Factor 15 correlates very well
with CO and Factor 14, which is related to vehicle exhaust emissions as it is shown in the next
Section (R?0.89 and 0.84 respectively). On the contrary, moderate correlation is observed with BCuws
indicating that the origin is not related to wood-burning and the observation is associated more to
the co-existence of the emissions in the atmosphere. Moreover, low wind speed enhances the
contribution of the factor in February and September, while it was higher in workdays than weekends
in February (Fig. VI — Al6a,b). All the above verify the identification of the factor, which reflects
combustion of fuels, probably from vehicles, as well as fossil fuel burning for residential heating in
winter. In addition, the same variability was also observed for Factor 4 of the MOP.
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Figure VI -A16: Temporal variability of Factor 15 and wind speed in a) February (winter)
and b) September (summer) 2016; c) Diurnal variability of Factor 15, NO and BCj+ for
February (winter) and d) Diurnal variability of Factor 5, NOx and BC+ for September

(summer). Yellow frames indicate weekends. Please note the different y-axis for Factor 15 in
Figure (b)

It is important to understand the reason behind the decrease of the contribution of the factor in
September, because summer vacations are finished by the middle of the month, thus traffic
circulation is increased compared to summer. As it was shown in Table | — 1 of Sect. 1.3.1 — 6 of
Chapter 1, trans-2-butene, 1-butene and styrene (main compounds of the factor) have a lifetime of
less than 3 hours in respect to the OH radical. Consequently, the decrease of the contribution of
Factor 15 and NOx simultaneously to the increase of ozone that follows the increase of solar intensity
(Fig. VI — A17) indicate that the main driving parameter of the variability of this factor in summer
is photochemistry.
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Figure VI -Al17: Diurnal variability of Factor 15, O3 and NOx for September.
VI - A4.3 Vehicle exhaust

The chemical profile of this factor explains more than 20% aromatics and substituted alkanes, while
the highest concentrations are observed for toluene, m-/p- xylenes, 2-me-pentane and i-pentane (Fig.
VI — A18). As it was mentioned before, these compounds are found in the profiles of vehicle
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exhausts, however, the important contribution of BTEX and aromatics is often associated to solvent
usage also (Baudic et al., 2016; Liu et al., 2008; Song et al., 2019; Yao et al., 2019). Nevertheless,
the presence of decane, undecane, alkenes and BTEX, indicates emissions from diesel and gasoline
vehicle exhausts, as well as motorcycles (Guha et al., 2015; Hong-li et al., 2017; Liu et al., 2008;
Salameh et al., 2019). Furthermore, as it was mentioned to the previous section, this factor correlates
with Factor 5 “Fuel combustion related to traffic and heating” denoting their common origin, thus it
is identified as “Vehicle exhausts”.
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Figure VI -A18: Modelled contribution (ng m) of each species to the Factor 14 (light blue
bars) and relative contribution of the factor to each species (red squares).

In Figure VI — A19a,b is presented the diurnal variability of Factor 14. The highest contribution
occurs in the cold season (February 20.7 + 29.8 ug m?), while it is lower in the warm period
(September 11.8 + 12.8 pg m™). In both months, the contribution enhances under low wind speed,
whereas it is not possible to distinguish an effect from workdays and weekends. Moreover, the
diurnal variability exhibits a bimodal pattern in both months with a morning (09:00 LT) and a night
maximum (00:00 LT), with a minimum during the day (12:00 — 18:00 LT) (Fig. VI — Al19c,d).
Furthermore, the above trend follows closely the one of CO and NO in both months. This indicates
their common origin from traffic (Panopoulou et al., 2018). Moreover, Factor 14 presents a very
good correlation to NO and CO for the IOP (R? 0.74 and 0.76 respectively), as well as to BC and
Factor 15 (R? 0.69 and 0.66 respectively).

325



—eo—Factor 4 NO CcO

C
2 Winter ﬁ) 80 - 1000
s i
150 o 6. 800
+ - o0 B 2
=& 100 - ESS / 600 £
= G E TS 40 =
=% 50 4 =7 50 ~
s 3S . ‘ = g N / 200
[
0 = 0 : N F o
1/2/16 4/2/16 7/2/16 10/2/16 0:00 6:00 12:0018:00 0:00
—eo—Factor 4 NO CcO
b Summer )
) — 80 - 1000
150 o
~ =B 60 800 =
= & 100 I 600 =
58 E x5 40 <
S o 7 ) 400 &
FE S04 ‘ £ 25 20 o -
1P} 51 S *\J 200
o | TP oighfi fe | =, = o

7/9/16 13/9/16 19/9/16 25/9/16 0:00 6:00 12:00 18:00 0:00

Figure VI -A19: Temporal variability of Factor 14 and wind speed in a) February (winter)
and b) September (summer) 2016; c) Diurnal variability of Factor 14, NO and CO for
February (winter) and d) Diurnal variability of Factor 4, NO and CO for September
(summer). Yellow frames indicate weekends.

VI - A4.4 Fuel evaporation (related to traffic)

Pentanes (~40%), butanes (~30%), propane (~23%) and toluene (~18%) are the main species of the
speciation profile of Factor 12 (Fig. VI — A20). These compounds are highly volatile, so they are
found often in the profiles of fuel evaporation emissions (Liu et al., 2008; Salameh et al., 2015;
Baudic et al., 2016). As a result, this factor is identified as fuel evaporation (related to traffic).
Moreover, pentanes and butanes were also the principal compounds of the homonymous Factor 12
of the MOP PMF (Sect. 1.2 — 5 of this Chapter), which corroborates the identification.
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Figure VI -A20: Modelled contribution (ug m) of each species to the Factor 12 (light blue
bars) and relative contribution of the factor to each species (red squares).

The temporal and diurnal variability of Factor 12 is presented in Figure VI — A21a,b. For this Factor
the highest contribution is in September (20.5 + 22.9 pg m®) and the lowest in February (11.4 +
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14.8 ug m3). Furthermore, the diurnal cycle of both February and September (Fig. VI — A21c,d)
presents a morning maximum (09:00 LT), in addition to a night maximum of low amplitude in
February and a night-time enhancement period in September (Fig. VI — A21d). In Figure VI - A21c
it is apparent that in winter Factor 12 follows the trend of BC#, verifying the association to traffic.
The latter, however, is not observed in summer, since the contribution of Factor 12 increases
significantly during night, whereas it rapidly decreases after the morning maximum. Similar
temporal variability was also observed for the homonymous factor of the MOP (Sect. 2.1 -5 of this
chapter, Fig. VI —23a). Finally, the contribution is higher for low wind speed, whereas in February
is observed an enhancement in workdays.
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Figure VI -A21: Temporal variability of Factor 12 and wind speed in a) February (winter)
and b) September (summer) 2016; Diurnal variability of Factor 12 and BC+ for ¢) February
(winter) and d) September (summer). Yellow frames indicate weekends.

VI - A4.4 Fugitive emissions of ONG exploitation

More than 20% of poly-substituted alkanes, aromatics and C10 — C13 IVOC (57% of dodecane) are
explained in the chemical profile of Factor I3 (Fig. VI — A22). In addition, ethane, propane, n-butane
and 3-me-pentane have the highest concentrations in the profile. This combination of compounds
has been attributed to fugitive emissions from petroleum and ONG exploitation in facilities
(Abeleira et al., 2017; Guha et al., 2015). Thus, the factor is identified as “Fugitive emissions of
ONG exploitation”.
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Figure VI — A22: Modelled contribution (ng m) of each species to the Factor 13 (light blue
bars) and relative contribution of the factor to each species (red squares).

Starting from the temporal variability, Factor I3 contributes similarly to VOC in both February and
September (3.5 + 3.9 pg m™ and 3.0 + 3.1 pg m™ respectively; Figs. VI — A23a,b). The diurnal
cycle presents a night-time enhancement period starting from 20:00 LT, with decreasing levels after
12:00 LT. Moreover, the similar contribution and diurnal variability in both months indicate a rather
stable source. Finally, an enhancement of the contribution is observed for wind speed <3 ms™.
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Figure VI -A23: Temporal variability of Factor 13 and wind speed in a) February (winter)

and b) September (summer) 2016; c) Diurnal variability of Factor 13 for February (winter)
and September (summer). The yellow frames indicate weekends.
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