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Summary

Summary

Atmospheric particulate matter (PM) represents @inthe major environmental concerns
for human health and it also affects the climat thie ecosystem. PM composition and sources
are extremely variable around the globe rendetiegitvery challenging to quantify. Moreover,
one of the major and less understood fractionk@ttibmicron (aerodynamic diameter gni)
particle mass (PM is represented by organic aerosol (OA). Orgaiticaerosols comprise
thousands of different species. These can be Wirentitted primary organic aerosol (POA),
from anthropogenic (e.g. cooking, heating and itpfind biogenic sources (oceans, plants and
wild fires). Or they can form later in the atmosgh@s secondary organic aerosol (SOA),
resulting from condensation of oxidized gas-phassyrsors on pre-existing particles. Gas
phase precursors for SOA are known to be highhatitel organic compounds (VOCSs) like
terpenes, isoprene xylene and toluene as well tasniadiate volatility organic compounds
(IVOCs). The emission fluxes and reaction pathwiaythe atmosphere of the latter are still
poorly understood. Moreover, under atmospheric itmmd, a large fraction of POA will
undergo evaporation due to dilution and its senf&tde nature adding to the gas-phase material
(SVOCs), which, after further processing in the gasse, is also a potential contributor to
SOA.

Chemical transport models (CTMs) represent an itaportool, in combination with
ambient and smog-chamber measurements, to idemifyquantify OA sources. A detailed and
promising approach to represent the formation awmdludon of organic material in the
atmosphere is the Volatility Basis Set (VBS) framekv In the VBS scheme, a two dimensional
(2D) space is used in order to predict the comjposeénd evolution of OA in the atmosphere:
one dimension maps organic compounds accordingetio $aturation concentratio€’) in so
called volatility bins and a second one describeschanges in the elemental oxygen to carbon
(O:C) ratios as organic material undergoes funeliaation or fragmentation upon reaction
with various oxidants (e.g. OH, s;0NGs). The 2D-VBS model is computationally very
demanding for common CTM applications thereforavdas usually deployed with several
modifications and simplifications in order to fimsh optimum between its complexity and its
current applicability. CTMs were applied in the tpas different scales (regional and global)
with different schemes to represent the evolutib®A in the troposphere but, despite recent

vii



Summary

improvements, models still tend to underestimate dhserved OA fraction and findings are
sometimes ambiguous. Consequently, the purpotfésaihesis was:

1) to evaluate for the first time in Europe, the Ainaity Model with Extension (CAMX)
including the VBS scheme against aerosol massrgpeeter (AMS) measurements and
investigate the sources of OA for two specific pdsi representative of summer and
winter conditions: June 2006 and February-March9200

2) to improve the previously applied VBS scheme in CAby means of a box model
using data from the new wood burning smog chambgrerments performed at
different temperatures,

3) to implement the new constrained VBS parametedmain the CAMx model and
evaluate the results for POA, SOA and total OA nvaitls a focus on the winter period
February-March 2009.

The EMEP (European Monitoring and Evaluation Progree) intensive measurement
campaigns (June 2006, January-February 2007, Seetgdttober 2008 and February-March
2009) were used to evaluate CAMx-VBS model perforceawithin the EURODELTA-III
model intercomparison exercise. Detailed analysiésensitivity tests were performed in order
to investigate the effect of different POA emissiomentories and volatility distributions on
model performance. Nitrogen dioxide (BQand carbon monoxide (CO) were found to be
under-predicted for all the four periods (mean tioaal bias (MFB) between -54% and -28%
for NO, and -31% and -11% for CO) mainly due to the reddyi coarse resolution of the
domain, and over-estimation of daytime dilution. tBe other hand, sulfur dioxide (§Cand
ozone (Q) were over-predicted (MFB 14%-36% for Shd 2%-48% for ¢) with O; showing
the best performance for the 2009 episode. Themnesliction in the modelled S&as mainly
attributed to the uncertainties in the verticakritisition of emissions since most of the ;%@
released from high stack sources, in particular tiea harbours and coastal areas where ship
emissions were allocated in the second layer ofrthdel domain (extending from 20 to 50 m
above ground level), whereas they can reach highection height in deep draft vessels.
Insufficient conversion to sulfate or too low dejpios processes might have also positively
biased the model performance for SOhe under-prediction of Nandirectly influenced also
modelled Q concentration reducing its titration potential dgrinight-time. More-over, ©
model validation at the remote station of Mace Hewlealed a great influence of; O
concentrations at the domain boundaries on the hpaattormance for @ PM, s concentrations
were reproduced quite satisfactorily (mean fraceoror (MFE)< +50% and -30% < MFB <
+30% most of the time). Comparison of modelled ,@Moncentrations with AMS
measurements at 11 European sites in February-M#00B suggested that the model could
reproduce the observed partiohass with the inorganic fraction being over-presticand the
OA under-predicted (about 55% and -56%, respegtivat the rural-background site of
Payerne). The sensitivity tests indicated that -@vediction of the inorganic fraction was
probably due to too high ammonia (JHemissions, in March. On the other hand, additiona
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tests with the VBS scheme suggested that undemagfimof OAs was related to emissions
from biomass burning, the main source of OA dufiedpruary-March 2009. For this period the
MFB for OA varied from -108 and -12% depending ba volatility distribution and emission
inventory used. In summer, however, biogenic emmnssaffected OA formation significantly.

In addition, data from recent wood combustion agoh@ experiments performed at two
different temperatures (263.15 K and 288.15 K) ir7ant smog chamber were used to
constrain and update the VBS scheme used in CAMgréffore, more than 30000 simulations
with a box-model were performed to investigate paeameters with highest uncertainties i.e.
reaction rates of usually not accounted SOA precari;n CTMs, i.e. non-traditional volatile
organic compounds (NTVOCs, e.g. cresol, phenol,reaphthalene) and yields and enthalpy of
evaporation for POA and SOA. The new constrainedirpaterization could reproduce the
chamber experiments relatively well with approxiehat25% and 15% error in the OA mass
and on the O:C ratio, respectively.

In the last part of this work, the new VBS paramiegtgion was implemented in the CAMx
model with a focus on wood combustion emissionsABRIin the Selected Nomenclature for
Sources of Air Pollution Classification used in tlnission inventory). Model source
apportionment results were compared against pesitiatrix factorization (PMF) analysis on
AMS OA measurements performed during the winteriogerFebruary-March 2009. A
considerable improvement was found in the modellddmass (up to 60% more OA predicted
in the European domain) with respect to the prey/application using the original CAMx-VBS
model. In line with the AMS measurements, resultseldl on the updated organic scheme
confirmed that SOA constitutes the major fractidntlie total OA mass at almost all the
investigated sites, even though the absolute caratems remained mostly under-predicted.
Comparisons with the primary organic aerosol foaii.e. hydrocarbon-like aerosol (HOA)
and biomass burning-like (BBOA) resolved PMF fastarevealed that the model in general
under-estimates the HOA component and slightly pvedicts the BBOA component.






Riassunto

Il particolato atmosferico, costituisce uno dei giag rischi per 'ambiente e la salute
dell'uomo e puo inoltre alterare il clima e I'ecs&t®ma terrestre. La sua composizione chimica e
le sue sorgenti sono molto variabili in diverseeadella terra il che rende molto complessa la
sua caratterizzazione.

Una delle frazioni pit abbondanti e ancora menopese della massa totale submicrometra
(PM,) é rappresentata dall’ aerosol organico (OA). Tadeione comprende migliaia di diversi
composti organici i quali possono essere emedsrina particellare, aerosol organico primario
(POA), da sorgenti antropogeniche o biogeniche ggimi da cucina, processi di combustione,
oceani, piante e incendi) ma anche generata insigmaa seguito della condensazione di gas
ossidati su particelle gia esistenti, aerosol aggarsecondario (SOA). | precursori gassosi
possono includere composti organici ad alta vdati(VOC) coma ad esempio terpene,
isoprene, xilene e toluene, oppure composti organictermedia volatilita (IVOC). Tuttavia, le
relative emissioni e reazioni in atmosfera di takcursori sono ancora oggi poco comprese.
Inoltre, a tipiche condizioni atmosferiche, unargia quantitd del POA tende a evaporare
rendendo il risultante materiale gassoso (SVOQ)atanziale precursore per il SOA.

I modelli chimici di trasporto (CTMs), usati in ctamazione con misure ambientali e in
smog chamber, rappresentano strumenti importamtil’jpentificazione e la quantificazione
degli aerosol organici e relative sorgenti. Un appio promettente e dettagliato per descrivere
la formazione ed evoluzione del materiale orgaimcatmosfera € il Volatility Basis set (VBS).
Mediante tale approccio uno spazio 2-dimensiondle-\(BS) e impiegato per predire la
composizione ed evoluzione del particolato orgairicatmosfera. Una dimensione classifica la
pressione di vapore satur@ '} in diverse classi di volatilitd. Una seconda, sste di predire
I'evoluzione del rapporto ossigeno carbonio (O:Gamgo il materiale organico funzionalizza o
frammenta a seguito dell'interazione con svariadicali (OH, Q, NG,). Le risorse
computazionali per I'utilizzo di un modello 2D-VBsHno molto elevate per normali di CTMs.
Per tale motivo viene solitamente applicato coruradc modificazioni e semplificazioni in
maniera tale da trovare un giusto compromessoamplessita e applicabilita. | CTMs sono
stati applicati in passato su diverse scale spdragionali e globali) con differenti schemi per

rappresentare I'evoluzione del particolato orgamietta troposfera. Tuttavia, nonostante recenti
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miglioramenti, tali modelli tendono ancora a sditoare la frazione organica con risultati a
volte ambigui.
Di conseguenza, il proposito di questo lavoro e:

1) Applicare per la prima volta in Europa un modellBS/utilizzando I'Air Quality Model
with Extension (CAMXx) e confrontare i dati modeilledn misure di particolato organico
condotte con I'aerosol mass spectrometer (AMS). §peifici episodi in estate (Giugno
2006) e inverno (Febbraio-Marzo 2009) sono statezsenati per effettuare tali
confronti.

2) Parametrizzare il modello VBS con nuovi esperimaliticombustione della legna
eseguiti in smog chamber a diverse temperature.

3) Implementare la nuova parametrizzazione nel modékdMx e confrontare i nuovi
risultati con la precedenti applicazioni per laziome organica primaria (POA),
secondaria (SOA) e totale.

Campagne di misura del programma EMEP (European itbforg and Evaluation

Programme) sono state utilizzate per analizzargpddormance del modello fotochimico
CAMx-VBS durante Giugno 2006, Gennaio-Febbraio 20@&eéttembre-Ottobre 2008 e
Febbraio-Marzo 2009 all'interno del progetto Eur@8JRODELTA-III. Analisi di sensitivita
sono state eseguite per investigare le incertezgatd agli inventari emissivi di particolato
organico usati e alla loro volatilita. Le concentomi di NO, e CO sono risultate sottostimate
per tutte e quattro le campagne di misura con taiéon bias (MFB) attesa tra -54% e -28%
per NG e -31% e -11% per CO. Tali discrepanze sono stttiéduite principalmente alla
risoluzione del dominio utilizzato e alla sovrasitan diluizione giornaliera. Le concentrazioni
di SO, e O d’altra parte sono risultate sovrastimate con MR tra 14% e 36% per S@ tra
2% e 48% per ©con il periodo invernale di Febbraio e Marzo 200&glio rappresentato. La
sovrastima nelle concentrazioni di SOstata attribuita principalmente alle incerteegmte alla
distribuzione verticale delle emissioni dal momead® buona parte degli $@ene rilasciata
da sorgenti puntuali ad altezze piu elevate neficstfera. La sottostima delle concentrazioni di
NO, potrebbe influenzare direttamente anche le coreanhi di Q, riducendo la capacita di
distruzione di quest’ultimo durante le ore notturlmoltre, una validazione condotta presso la
stazione remota di Mace Head, ha indicato una ntdewfluenza delle concentrazioni di O
assegnate ai bordi del dominio sulle aree piu metetello stesso. Le concentrazioni di 2M
sono state riprodotte in maniera soddisfacentendalello (fraction error (MFEX +50% and -
30% < MFB < +30% per 3 dei 4 periodi investigatie concentrazioni di Pk sono state
ulteriormente validate per Febbraio-Marzo 2009 cosure AMS effettuate presso 11 stazioni
presenti nel dominio Europeo. Il modello e statgriado di riprodurre la massa totale di aerosol
misurata con AMS sebbene la frazione inorganicarisidtata sovrastimata e quella organica

sottostimata. La sovrastima della frazione orgardcastata attribuita principalmente alle
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incertezze relative alle emissioni di ammoniaca {il\k quale &€ ampiamente utilizzata come
fertilizzante durante il periodo di Febbraio e Mamentre differenti test di sensitivita condotti
con il modello VBS hanno indicato che la combustiata legna € la sorgente primaria di
particolato organico in tale periodo. Test di sevith per il periodo estivo (Giugno 2006)
hanno rivelato che le emissioni di precursori bidgiein fase gassosa, rappresentano la sorgente
principale di particolato organico durante i periestivi.

Recenti esperimenti di combustione della legrfettefiti in smog chamber sono stati
utilizzati per parametrizzare ulteriormente il mibald/BS. Piu di 30000 simulazioni sono state
eseguite in maniera da determinare i parametri ichienfisici affetti da maggiore incertezza:
velocita di reazione, yields, ed entalpie di vapmarzione della frazione organica primaria e
secondaria. La nuova parametrizzazione € stataradogdi riprodurre gli esperimenti di
combustione in maniera relativamente soddisfaceote circa 25% di errore sulla massa
organica totale e 15% sul rapporto O:C.

Nella parte finale di questo lavoro, la nuova patainzazione € stata implementata nel
modello CAMx e i risultati confrontati con la premnte applicazione durante il periodo
invernale Febbraio-Marzo 2009. Le sorgenti delbaet organico come predette dal modello
CAMXx sono state ulteriormente confrontate con taia positive matrix factorization (PMF)
eseguita sui dati AMS. Un considerevole miglioratoemelle performance del modello € stato
riscontrato per la frazione organica rispetto ptiecedente applicazione (OA maggiorati di circa
60% nel dominio Europeo). Entrambi gli approccinbeano suggerire che la frazione organica
secondaria rappresenti la sorgente predominanté @& per la maggior parte dei siti
investigati e con concentrazioni assolute sottagtnmel modello CAMX. Le sorgenti primarie
costituiscono una frazione minore della fraziongaoica. Per queste ultime, il modello tende a
sottostimare il contributo primario derivante daigliocarburi e a sovrastimare il contributo

primario derivante della combustione della legna.
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Introduction

1.1 The Atmosphere of the Earth

The presence of a layer of gases and particleegtands for several kilometers above the
surface of the Earth, i.e. the atmosphere, isdbalt of the gravity force acting on such matter.
The Earth’s atmosphere could be schematically divich different sublayers each of them with
different chemical and physical properties. The detvlayer of the atmosphere extends
approximately up to 10 — 15 km altitude from theface of the Earth, i.e. the troposphere, and
contains most of the atmosphere’s mass (see Figliyelts composition is variable in time and
space consisting of c.a. 78% of,121% of Q and 1% of Ar and trace gases together with large
amounts of water vapor. Of particular interesthis presence of particles of different size and
chemical composition that are commonly referredasoaerosols. Atmospheric aerosols are
liquid or solid particles suspended in the air wharise from multiple sources (Baron and
Willeke, 2001). They can be directly emitted astipls from both anthropogenic (heating,
traffic, cooking) and natural sources (volcanicptians, biological materials, deserts, sea-salt,
etc.) i.e. primary particles, or later formed i titmosphere via several physical and chemical
mechanisms such as condensation of low-volatilitgeg, nucleation and chemical reactions, i.e.
secondary particles (Hallquist et al., 2009). Thze fand chemical composition of an aerosol
mixture present in the atmosphere is determineitktsource and formation pathways. Particles
with an aerodynamic diametdé,> 2.5 um are usually produced by mechanical presess
(coarse mode) whereas for nucleation mode part{€lgss 10 nm) homogeneous nucleation is
the main source. In between these size ranges)-20dnm (Aitken mode) and 0.1-2.5 pm
(accumulation mode), particles are generated vagwation from the nucleation mode which
can further grow through condensation (see Figuze 1



Chapter 1. Introduction

Atmospheric aerosols have severe adverse hea#thtefbn humans and interact with the
Earth’s radiative balance making it one of the maimrent environmental concerns. These
aspects are discussed in section 1.3 and sectdaedpectively.
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Figure 1.1 Schematic representation of the different layerthefatmosphere and the vertical change in
average global temperature (http://www.physicalgeqdyy.net/).



1.1 The Atmosphere of the Earth
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Figure 1.2 Typical sources, formation, removal pathways and dis&ibutions of atmospheric aerosol
(Finlayson-Pitts and Pitts, 2009).



Chapter 1. Introduction

1.2 Aerosol chemical composition and sour ces

Atmospheric aerosols can be grouped into two maattibns: organic and inorganic
compounds. Inorganic aerosols are usually fourthénatmosphere in the form of ammonium
nitrate and ammonium sulfate in the fine mode. iifa@n gas-phase species that regulates the
availability of different inorganic aerosols is ammm (NH;), the most abundant base in the
atmosphere mainly emitted from agriculture ace@gtiNH reacts with sulfuric acid (}3$0Oy), an
oxidation product of SPwhich mainly arises from large combustion fa@tiand ships, to
form bisulfate and eventually ammonium sulfateNH; is in excess i.e. double the sulfate
concentrations in moles (“free ammonia”), it caraatewith nitric acid (HNG@ to form
ammonium nitrate (NENOs). HNG; is mainly produced from the oxidation of N@mitted in
large quantities by combustion processes. Orgaenizsal (OA), on the other hand, represents a
more ubiquitous and complex fraction of the atmesjehfine particulate matter (PM)
(Hallquist et al., 2009). As shown in Figure 1t3;omprises a large fraction of BMand it can
be either directly emitted as primary organic aerdBOA) (arising from traffic, coal burning,
biomass burning but also from cooking activities) formed in the atmosphere after the
condensation of oxidized gases on pre-existingghesti.e. secondary organic aerosol (referred
to as SOA or oxygenated organic aerosol, OOA).fitra¢lated POA is usually referred to as
HOA i.e. hydrocarbon-like organic aerosol wheregmmass burning POA is referred to as
BBOA.

Beijing: 158.5 pg m™

Composition (%)
N OM
I Nitrate
B Sulphate
Ammonium
N Chioride
B Measured trace elements
N EC
Il Unidentified

Xi'an: 345.1 ug m=

Sources/factors (%)

B Traffic

mm Coal buming

B Biomass burning
Cooking
Dust related

B Secondary organic-rich

El Secondary inorganic-rich

Figure 1.3 Chemical composition and source apportionment of Pébllected during the high pollution
events of 5-25 January 2013 at the urban sitesegifng, Shanghai, Guangzhou and Xi'an. The centep ma
presents aerosol optical depth (AOD) retrieved froteltige (Terra/Modis) (Huang et al., 2014).



1.2 Aerosol chemical composition and sources

Even though both fractions, POA and SOA, are chgllegy to quantify in terms of sources
and absolute concentrations, multiple state-ofdtiemeasurements and statistical analysis
techniques, e.g. aerosol mass spectrometer (AM&)psal chemical speciation monitor
(ACSM) in combination with the statistical positiwgatrix factorization (PMF) analysis (Jayne
et al., 2000; Ng et al., 2011; Paatero and Tapj@94), are able to elucidate two important
aspects of OA: First, a large fraction of OA issgftondary nature (Crippa et al., 2014) and,
more surprisingly, SOA is found in large amounsoaliuring winter periods when the overall
oxidation potential of the atmosphere is generedlguced (Huang et al., 2014). Second, OA
sources are extremely variable in time and spaa® @annot be entirely explained by
considering only a few precursors or chemical psses. As an example, latest source
apportionment studies performed in Europe revetilatwinter OA is influenced by residential
wood burning whereas summer OA is strongly linkedhe biological activities of the trees
which release larger amounts of volatile organiompounds (VOCs) with increasing
temperature and radiation (Canonaco et al., 201fp€& et al., 2013; Waked et al., 2014).
VOCs are defined as organic compounds with a gioraapor concentratiof > 6 pg/ni
(Donahue et al.,, 2012b) and apart from vegetatibiey are also emitted by various
anthropogenic activities. Another important cla$sS@A precursors are represented by the
intermediate volatility organic compounds (IVOCgE. compounds with a saturation vapor
concentration 300 pgfx (C) < 10 pg/ni, also released from anthropogenic and biogenic
activities. One more complication is added by thmisvolatile nature of POA (Robinson et al.,
2007), which tends to evaporate after dilution fritni@ sources (exhaust pipe, chimneys, etc.) to
ambient concentrations. This occurs mainly in tirege of 0.3 <¢') < 300 pg/m and organic
material in this range is referred to as semi-Wielarganic compounds (SVOC). Belo@'} <
0.3 pg/m, low-volatility and extremely low-volatility organ compounds (LVOC and ELVOC,
respectively) will likely prefer to be in the pailé phase. Along this line, also SOA has been
identified and classified into semi-volatile SOA®OA) and low-volatility SOA (LV-OOA)
and linked to their oxidation state and O:C rafiongnez et al., 2009).
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Figure 1.4 Saturation vapor concentrations (@ pg/nf), oxidation states and (O:C) ratios for important
atmospheric organics. OOA is the analogous of SOA im rigpresentation. Simplified and adapted from
(Donahue et al., 2012b).

Finally, another important component of atmospheecosol is represented by elemental
carbon (EC) which is an insoluble and chemicallgrinspecies primarily emitted during
incomplete combustion, e.g. due to traffic, indasincineration or biomass burning. It consists
mainly of pure carbon with a chemical structure ilsimto graphite. Being a strong light
absorber, it influences the climate of the Earthirdypits lifetime in the atmosphere and reduces
the ratio of reflected to incident solar radiatioa, albedo, once it is deposited on the snow.

1.3 Health effects of atmospheric aerosols

The World Health Organization (WHO) is the majoreagy in the world dealing with
public health problems. According to new estimaéeund 7 million people died in 2012 due
to air pollution. This finding doubles previousigsites (WHO, 2014). For outdoor air pollution
related deaths 40% were attributed to ischemicttiaease, 40% to stroke, 11% to chronic
obstructive pulmonary disease, 6% to lung cancdr38h to acute lower respiratory infections
in children. Especially low- and middle-income ctigs in South-East Asia and Western
Pacific Regions were estimated to have the larbgesith risk (2.6 million related deaths)
(WHO, 2014).
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Reached areas Particle size

Nose and Pharynx 5-10 pm

Trachea 3-5 pm

2.3 pm

Bronchia and
Bronchioles

1-2 pm

Alveole 0.1-1 pm

Figure 1.5 Reached areas of the respiratory system as a funcigarticle size. Adapted from UGZ
(2004).

Atmospheric aerosols are able to reach differemtspaf the human respiratory system
depending on their size as visible in Figure, 1abd induce negative health effects e.g.
respiratory diseases and cancer (Pope and Dock@0g). Particles with a diameter between 5
and 10um are usually deposited in the upper part of aisv@/g. nose and throat) whereas
particles with smaller size have higher probability reach deeper areas in the lungs
(bronchioles and alveoli). Moreover, ultrafine paes with a diameteD, < 100 nm, can
furthermore accumulate in the alveoli region aratheother vital organ if they diffuse into the
circulatory system (Highwood and Kinnersley, 2006).

1.4 Climate effects of atmospheric aerosols

Atmospheric aerosols alter the Earth’s radiativiut@e by interacting with the solar and
terrestrial radiation through absorption and sdaige The %' IPCC report (AR5) (IPCC, 2013)
introduced a new terminology to describe the différaerosol effects on climate. The new
definitions of aerosol interactions are depictedrigure 1.6. The effective radiative forcing
from aerosol-radiation interactions (ERFari) inasd) the radiative forcing effect due to the
aerosol-radiation interaction (RFari previously wmoas direct effects) which represents the
scattering and absorption of solar radiation byos@r and ii) the adjustments factor which
disentangles the effects of absorbing the radiatothe troposphere which e.g. heats the
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surrounding environment and consequently influencisud formations and properties
(previously known as semi-direct effects) (Figuré)1

Irradiance Changes from Irradiance Changes from
Aerosol-Radiation Interactions (ari) Aerosol-Cloud Interactions (aci)

| a

Elr&cr Egect Bem Ditect Erects CTou; : Qc Eﬁaci Lifetime (including glaciation AR4

& thermodynamic) Effects

arcing (RFari f ng (RFaci)

ative F Adjusiments Radiative For Adjustments
Effective Radiative Forcing (ERFari) Effective Radiative Forcing (ERFaci) AP

Figure 1.6 Summary of the aerosol-radiation and aerosol-cloudractions reported with the new (AR5)
and previous (AR4) IPCC terminologies. The blueoas depict solar radiation, the grey arrows terrest
radiation, and the brown arrow symbolizes the impocg of couplings between the surface and the cloud
layer for rapid adjustments (IPCC, 2013).

The effective radiative forcing from aerosol—cloideractions (ERFaci), on the other
hand, includes the radiative forcing from aerodolid interactions (RFaci), which represents i)
the instantaneous effects on cloud albedo due ¢octitanging in concentrations of cloud
condensation and ice nucleiTomey effet(Twomey, 1977), and ii) the rapid adjustment,
which express the effect on cloud lifetime due He tncreased number of CCNA(brecht
effect)(Albrecht, 1989). Figure 1.7 shows the radiatisecing (RF) agents over the 1750-2011
period estimated from both observations and modeh IPCC, 2013). Greenhouse gases
(GHG) like carbon dioxide (C£, water vapor (ED), nitrous oxide (BD), ozone (@) and
methane (Chk) have positive radiative forcing component in treposphere i.e. they increase
the temperature of the Earth by interfering wite thcoming short wave length solar radiation.
Figure 1.7 also depicts two important aspectst, fitee aerosol-radiation interaction and the
aerosol-cloud interaction act as a negative compookthe radiative forcing, with about -0.5
W/’ each, as already discussed above. Moreover, lids kf interactions exhibit error bars
that are bigger compared to other forcing agem¢ctihg the high level of uncertainties arising
from the current knowledge in the field of atmoggdhiaerosols and its climate effects.
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Radiative forcing of climate between 1750 and 2011
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Figure 1.7 Bar chart for RF (hatched) and ERF (solid) for feriod 1750-2011. Uncertainties (5 to 95%
confidence range) are given for RF (dotted linesj &RF (solid lines) (IPCC, 2013).
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Air quality modelling and thesis
motivation

Human and biogenic activities are both linked to Earth’s climate. In this contest, a
profound understanding of the main anthropogenic and biogenic sources leading to a specific
composition of the Earth’s atmosphere is crucial.

Chemical transport models (CTMs) represent valid tools, in combination with
measurements and other statistical techniques, to explain and quantify PM sources and their
variabilities (Aksoyoglu et al., 2014; Colette et al., 2011). CTMs can be deployed at different
scale (e.g. regional, global) with different chemical and physical parameterization with varying
degree of complexity (Aksoyoglu et al., 2011; Bergstrom et al., 2012). Their application
requires large data-sets of different kind (meteorological data, land-use types, emissions, etc.).
Evaluation of model output with measurement data is needed in order to identify model
weaknesses and strengths in reproducing specific pollutant concentrations. In particular several
modelling studies performed during targeted measurement campaigns with detailed observation
datasets have revealed the difficulties of CTMs in reproducing the observed OA mass, which in
most of the applications still remains under-predicted mainly because of the not well reproduced
SOA fraction (Bergstrom et al., 2012; Bessagnet et al., 2014; Hodzic et al., 2009; Woody et al.,
2016). Consequently, a great effort has been invested by the modelling community in order to
investigate the processes leading to the formation of SOA. As an example, in a very recent
global model intercomparison exercise, Aerocom, thirty-one global chemistry transport models
(CTMs) and general circulation models (GCMs) were applied to evaluate the status of global
modelled OA (Tsigaridis et al., 2014). Results indicated that simulated OA greatly varies
between models in terms of POA emissions, SOA formation and complexity of OA
parameterizations. The amount of OA remains under-predicted.
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Chapter 2. Air quality modelling and thesis motivation

In Chapter 4, four European Monitoring and Evaluation Programme (EMEP) intensive
measurement campaigns i.e. June 2006, January-February 2007, September-October 2008 and
February-March 2009 were modelled within the EURODELTA-III framework (Bessagnet et al.,
2014) using the Comprehensive Air Quality Model with Extensions (CAMx) (ENVIRON,
2011). Model validation was performed for common gas-phase species, ,eSQOCO, Q
as well as PMs. The 2009 winter period was further evaluated against aerosol mass
spectrometer measurements (AMS) at 11 different sites in Europe (Crippa et al., 2014). In
addition a new organic scheme i.e. the volatility basis sets (VBS) in CAMx model (Koo et al.,
2014) was tested for the first time in Europe and several sensitivity tests were performed in
order to retrieve the major sources of organic aerosol (OA).

On the other side, smog chamber experiments represent a fundamental aspect of
atmospheric science. A series of novel wood combustion experiments were performed at the
Paul Scherrer Institute smog-chamber facilities (Bruns et al., 2015). Emission of non-refractory
primary organic aerosol (POA) as well as formation of secondary organic aerosol (SOA) and
VOCs and IVOCs were characterized with the aerosol mass spectrometer (AMS) and a proton
transfer reaction mass spectrometry (PTR-ToF-MS) respectively. In this contest, a hybrid
volatility basis set model (VBS) model was developed and constrained with the new chamber
data using the brute force approach to retrieve most unknown parameters such as NTVOCs
reaction rates and yields as well as enthalpy of evaporation for POA and SOA. Results of the
box-modelling study are presented in Chapter 5.

While it is necessary that CTMs correctly reproduce the measured total OA mass, also their
capability to predict primary and secondary organic fractions, POA and SOA, should be
addressed. SOA have been shown to represent the major fraction of the total ambient OA mass
(Crippa et al., 2014; Huang et al., 2014; Jimenez et al., 2009). Even though there have been
different attempts in the past to improve the modelled SOA formation at different scales and
time periods, model results are still variable (Tsigaridis et al., 2014). In Chapter 6, results of the
updated hybrid VBS scheme implemented in CAMx were evaluated using ambient AMS data.
The model was applied for the February-March 2009 EMEP intensive measurements campaign
and its performance was evaluated for primary and secondary organic aerosol fractions.
Comparisons with our first VBS applications were reported as well.
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Methods

3.1 TheEURODELTA framework

The EURODELTA (ED) framework provides the European air quality modelling
community with a panel where different teams could provide their experience in terms of air
quality modelling related issues. It contributes to the scientific work of the United Nations
Economic Commission for Europe (UNECE) Task Force on Measurements and Modelling
(TFMM) within the Convention on Long-range Transboundary Air Pollution (CLRTAP). The
EURODELTA activities aim to analyze and understand the latest model results and
performance, the variabilities between models and sources of uncertainties. The previous
EURODELTA exercises, EURODELTA-I and EURODELTA-II, focused on the ability of
models to predict recent (2000) and future (2020) air quality in Europe and the effects of
emission reduction strategies for targeted pollutants i.e, BQ, VOC and NHin different
countries and areas of Europe (European Commission and Joint Research Centre, 2011).

In the latest EURODELTA exercise, i.e. EURODELTA-III (Bessagnet et al., 2014), seven
regional air quality models (EMEP, CHIMERE, LOTOS-EUROS, RCG, CMAQ, MINNI and
CAMXx) were applied in the European domain (see Figure 3.1) for selected periods during the
European Monitoring and Evaluation Programme (EMEP) intensive measurement campaigns: 1
— 30 June 2006, 8 January — 4 February 2007, 17 September — 15 October 2008, 25 February —
26 March 2009. Model input data such as anthropogenic emissions, boundary conditions,
temporal and vertical distribution profiles of emissions as well as meteorological data were
delivered to all the participants for all the selected periods (see section 3.2.2). Different model
configurations were deployed by the participant teams in terms of physical and chemical
processes as well as vertical resolution of the domain; moreover, some models used different
input data such as emissions of biogenic compounds (terpenes, isoprene), derived planetary
boundary layer height (PBLH) and aerosol concentrations at the domain boundaries.

13
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L I

20°

)
-40° -30° -200 -10° 0" 10" 200 307 40" 50° 60° 707 80°

Figure 3.1 The EURODELTA-IIl domain, in gray, deployed to perform air quality modelling simulations
(Bessagnet et al., 2014).

3.2 Air quality modelling

3.2.1 The Comprehensive Air Quality Model with Extensions (CAMX)

The Comprehensive Air Quality Model with Extensions (CAMx) (ENVIRON, 2011) was
used with different OA schemes, to perform air quality simulations over Europe within the
EURODELTA-III exercise. CAMx is a state-of-the-art Eulerian photochemical dispersion
model that simulates physical and chemical processes occurring in the atmosphere. Processes
like emissions, dispersions, chemical reactions and removal of pollutants are accounted for each
cell of the domain by solving the Eulerian continuity equation in a terrain-following Height
coordinates:

aem 9°h _ o
FP Clﬁ] +V ,DKV(;) +

dc
6_tl= —VH'VHC1+[

6cl
at

dc dc
“ile+ 5 R 3.1

|z +

Equation 3.1 predicts the average change in concentfaliaf a specific specigd) in
time. Each of the terms on the right side of equation 3.1 accounts for different processes that
influence the concentration of a specific species in the model: the first three terms describe the
horizontal transport, vertical transport and sub-grid turbulent diffusion Wherepresents the
horizontal wind vectorh the model layer interface heighty the net vertical transport raje,
the atmospheric density andte turbulent exchange. In order for the model to resolve these
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3.2 Air quality modelling

terms, specific meteorological parameters must be supplied (see section 3.2.2). All the
calculations are performed in a so callefirdwaka C configuration grid (Figure 3.2).
Parameters like pressure, temperature, cloud cover and water vapor are placed at cell center
together with the pollutant concentrations and they represent the average values of the grid cell.
Wind components and diffusion coefficients are calculated at the boundaries of each grid cell
and they represent the mass transfer inside and outside of each cell boundary.

v, Ky
4
|
(M)

T,p, q, Kv
L ]
@i, j)

u, Kx = (i-1, j) (i, j) == u, Kx

@, j-1)
ry
|

v, Ky

Figure 3.2 The Arawaka C cell grid configuration used in CAMx. Kx and Ky indicate the diffusion
coefficients in the two horizontal directions, u and v the wind speed components and T,p,q,Kv the temperature,
pressure, water vapor and vertical diffusivity coefficient, respectively (ENVIRON, 2011).

The next three terms represent the change in concentration due to emBsioherical
transformations@) and removal processeR)( For the emission ternEj, anthropogenic and
biogenic emissions must be supplied which both usually represent one of the main source of
uncertainties. Emissions are usually made available in a gridded format, at different time and
spatial resolutions by different agencies in Europe. For this study gridded anthropogenic
emissions on a latitude-longitude grid were prepared bingigut National de I'Environnement
Industriel et des RisqugiNERIS) within the EURODELTA-III exercise and merged together
with biogenic emissions calculated by each modeling team using the state-of-the-art biogenic
models (see section 3.2.2).

Different chemical mechanisms are available in CAMx in order to simulate the gas-phase
chemistry. The chemical carbon bound mechanism 5 (CBO05) (Yarwood, 2005) which included
156 chemical reactions and up to 89 species (54 gases species, up to 22 particulates species, and
12 radicals) were used for this work with a new parameterization to treat organic aerosol: the
volatility basis set (VBS) scheme (Koo et al., 2014) where a more detailed representation of the
evolution of OA in the atmosphere is achieved (see section 3.3). The VBS scheme allows for
additional chemical and physical processes to be simulated i.e. evaporation of primary organic
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material upon dilution to atmospherically relevancentrations, oxidation of semi-volatile
organic compounds (SVOCSs), inclusion of intermexdiatlatility organic compounds (IVOCs)
and multigeneration chemistry of gas-phase matégihg) which must be taken into account
especially during winter periods when the anthregmig activities are enhanced (e.g. wood-
burning use for residential heating).

Wet and dry deposition processes are the two machamisms affecting the life-time and
removal of pollutants from the atmosphere dependimgheir chemical and physical properties
but also on the land-use type and local meteorcébgionditions. The Zhang resistance model
was used to calculate dry deposition of both gasetand aerosol species (Zhang et al., 2003).
The resistance model includes more detailed laedzategories compared to the Wesely (1989)
approach (26 land-use categories instead of 11¢hwid longer represents the current state of
the science. The Zhang model accounts for aerodgnasistance, boundary resistance and the
overall canopy resistance. A set of embedded arsurdce roughness ranges and monthly leaf
area indexes (LAI) are specified for each of thda&l-use categories, supplied in the CAMXx
land-use input file. Wet deposition, on the othielesis the principal removal process for
aerosol species. In CAMx a scavenging approachiaptad in which the removal of aerosol
and gases within and below clouds are scaled withcavenging coefficient calculated
differently for gas and particles (Seinfeld and d#an1998). CAMx accounts for the uptake of
gases into the falling precipitation and the growtttloud droplets in which gases dissolves.
For particles, on the same line, both the impaatioparticles with the falling precipitation and
the growth of the cloud droplets on particles alesh into account. All gases can dissolve into
liquid cloud water according to the Henry's Law aaefosols are assumed to be irreversibly
scavenged by all precipitation forms and to be bggopic and internally mixed.

Finally, photolysis rates must also be supplied floe specific gas-phase chemical
mechanism which implies that also their spatial sexdporal variation must be provided. For
this study the so called “albedo/haze/ozone” taljgdso known as AHOMAP files) were
prepared using the CAMX preprocessors in ordeotect the clear sky photolysis rates. Global
distribution of ozone columns, Figure 3.3, wergieged for each days of the simulation from
the TOMS and Ozone Monitoring Instrument (OMI) fdains and post-processed to match
resolution of the domain of interest (NASA/GSFCP2) Then, the Tropospheric Ultraviolet
and Visible (TUV) radiative transfer model (Madroimj 2002) was used to calculate photolysis
rates for each specific episode based on the AHOMKPinformation. Adjustment for the
clouds was then internally performed in CAMX.

16
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OMI total ozone 25—-02-2009 KNMI/NASA

Jzone densiti Doksan Units

130 175 Zoo 225 2O Y5 300 325 330 373 400 425 430 473 500

Figure 3.3 Example ofOzone columns as available from the Ozone Monitoring Instrument (OMI) on the 25
February 2009 (http://www.temis.nl/).

3.2.2 Emission and meteorological data

A comprehensive simulation of the atmosphere requires large heterogeneous data-sets. For
this work the majority of the input data required by CAMx were provided within the
EURODELTA-III intercomparison exercise by INERIS. A common domain, covering whole
Europe (from 25.125°W to 45.125°E and 29.875°N to 70.125°N) was used for the exercise on a
latitude-longitude coordinate system (see section 3.1 and Figure 3.1). The horizontal resolution
was set to 0.25° x 0.25° for all the participants whereas no constrain was applied to the vertical
resolution. CAMx was set-up with 33 terrain-followiagevels in order to simulate the vertical
structure of the atmosphere ranging up to approximately 350hPa with a lowest layer thickness
of about 20 m. The different layer heights in the model matched the original structure of the
delivered meteorological data which were calculated from ECMWF IFS (Integrated Forecast
System) data at 0.2° resolution. Four-dimensional meteorological parameters i.e. wind speed,
wind direction, relative humidity, cloud cover and vertical diffusivity were retrieved and
interpolated to CAMx resolution from ECMWF IFS data and post-processed to be used in
CAMKX. In particular, the vertical diffusivity coefficielfK,) was estimated from the PBL depth
available in IFS following the approach proposed by O’'Brien (1970). Initial and boundary
conditions were prepared from the MACC (Monitoring Atmospheric Composition and Climate)
reanalysis data following the recommendations of the EURODELTA-III exercise (Benedetti et
al., 2009; Inness et al., 2013). One half of organic aerosol (OA) was assigned to the primary
organic fraction (POA) and the other half considered to be oxidized (SOA). Other aerosol
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species that were mapped at the domain boundaries include elemental carbon (EC), dust and
sulfate (S@).

Gridded anthropogenic emissions were calculated and provided by INERIS for all the 4
investigated episodes. Emissions were aggregated from different sources, i.e. TNO-MACC,
GAINS and EMEP as well as INERIS expertise on re-gridding residential heating emissions
based on population density and French bottom-up data (Kuenen et al., 2011; Vestreng et al.,
2007). The final compiled emission inventories consisted of 6 gas phase species i.e. methane,
carbon monoxide, ammonia, sulfur oxides, non-methane volatile organic compounds and
nitrogen oxides. Particulate matter emissions were also delivered in 6 categories: fine elemental
carbon (EC2.5), coarse elemental carbon (EC10), fine primary organic material (fine POA),
coarse primary organic material (coarse POA), fine other primary particulate material (non-
carbonaceous) and coarse other primary particulate material (non-carbonaceous). Therefore the
two static mode$CF) representation of the aerosol size distribution was used for this study to
represent the diameter of the particlep)(De. coarse (2.5um<gix10um) and fine (0.039um
<Dp<2.5um). Primary emitted material can exist in both size fractions whereas secondary
particles are considered to be in the fine mode. Total non-methane volatile organic compounds
were prepared to match the chemical mechanism (CBO05) using the approach proposed by
Passant et al. (2002). Temporal emission profiles were also provided by the EURODELTA-III
community as a function of the Selected Nomenclature for Air Pollution (SNAP) codes and
countries within the domain in order to represent the cultural habits of different countries.

Biogenic emissions were not provided by the EURODELTA-III community. The Model of
Emissions of Gases and Aerosols from Nature, MEGANv2.1 (Guenther et al., 2012), was used
to calculate emissions of most common biogenic species i.e. monoterpenes, isoprene,
sesquiterpenes, xylene and toluene to be used in CAMx. The same meteorological input
described above were used to drive the biogenic emission model with additional information
such as plant function type (PFT) from the Community Land Model 4.0, leaf area index data at
8-days resolution from the TERRA/MODIS satellite system and global emission facters of
pinene B-pinene, 3-carene, isoprene, limonene, 232-methylbutenol, myrcene, BOgimene
and sabinene available for the MEGANv2.1 model.

3.3 TheVolatility Basis Set (VBS) framework

3.3.1 Introduction

Organic aerosols are a complex mixture of hundreds of compounds that are highly variable
and reactive in the atmosphere (Hallquist et al., 2009). Jimenez et al. (2009) identified four
main classes of organics using aerosol mass spectrometer (AMS) measurements together with
positive matrix factorization analysis (PMF): hydrocarbon-like aerosol (HOA), biomass burning
aerosol (BBOA), semi-volatile oxygenated organic aerosol (SV-OOA) and low-volatility
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oxygenated organic aerosol (LV-OOA). HOA usually arises from traffic emissions and it is
considered a primary source of organic aerosol i.e. directly emitted in the atmosphere. It usually
correlates with NQ concentrations which is a typical proxy for traffic related emissions.
BBOA, on the other hand is related to wood combustion activities (e.g. residential heating or
wild fires) and it is considered as a primary source of organic aerosol. BBOA have been shown
to correlate with levoglucosan ambient concentration that is often considered as a chemical
tracer for biomass burning (e.g. Favez et al., 2010). The semi-volatile fraction of oxygenated
organic is usually a proxy for freshly formed secondary organic aerosol (SV-OOA) that arises
for example from the condensation of oxidation products of biogenic precursors in summer and
oxidation of semi-volatile biomass burning vapours in winter. The low-volatility part of OOA

on the other hand, comprise more oxygenated compounds and it is usually associated with long
range transported OOA that has not been removed from the atmosphere, e.g. by wet deposition
(Canonaco et al., 2015).

The mechanisms interconnecting the formation and evolution of all these sources are
ambiguous and challenging to be represented in CTMs. The volatility basis set (VBS)
framework, proposed in a two-dimensional version for the first time in 2011, is an extensive and
rigorous attempt to deal with the all the sources and transformation of OA in the atmosphere
(Donahue et al., 2012b, 2011).

3.3.2 Organic aerosol in atwo-dimensional VBS space

The main challenge in developing an organic chemical model is that OA mixtures are
extremely variable and they comprise hundreds or thousands of different compounds. Moreover
such mixtures are highly reactive in the atmosphere and they rapidly modify their original
chemical structure.

One of the first pioneering attempts to model the formation and evolution of OA in the
atmosphere was proposed by Odum et al. (1996) based on the work of Pankow (1994). The
Odum schemes deploys four parameters to describe the formation of SOA: two stoichiometric
yields and two saturation concentrations to describe the formation of the condensable gases. The
main limitation of the Odum approach is that it was parametrized with smog chamber studies
performed at high SOA and VOC loads and results extrapolated to ambient conditions were
concentrations are in general much lower than the one in chamber studies. Moreover, such
approach is not able to account for the semi-volatile nature of primary organic aerosol, which
will partition between the gas and particle phase when diluted from the emission sources to
background air.

Donahue et al. (2006) developed a new approach to treat the complex behavior of OA: the
volatility basis set (VBS) framework. The first version of this approach (one-dimensional VBS)
uses different saturation concentratid®)(bins separated by powers of 10. Usually, €e
values covers the 0.01g m® to 10 ug m*at 298K. The bins are allowed for shifting, i.e.
changing the saturation concentrations, depending on temperature and according to the
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Clausius-Clapeyron equation. The partitioning of a compdupetween the gas and patrticle
phase could be predict in the VBS framework based on work of Pankow (1994):

= (1+5)" (3.2)

Coa

In Equation 3.2C;" represents the effective saturation concentration of a specific organic
compounds (effectively including activity coefficients of the mixture), apgdtBe total particle
phase mass. The equation implies that at highgv&ues, most of the organic material will be
found in the particle phase, whereas lowgg @alues will favor the organic material in the gas
phase. This implies that partitioning processes take place differently in different part of the
globe.

This approach was later extended to a so called two-dimensional VBS model. In a 2D-VBS
space four different parameters are used in order to describe the evolution of the organic
material: a specific compound with a reference volatility, the carbon-carbon interactions, the
oxygen-oxygen interactions and the carbon-oxygen interaction.

The 2D-VBS space relates the saturation concentration of an average OA mixture with the
average number of carbons, oxygens and hydrogens (Donahue et al., 2012b, 2011). The change
in (C') due to addition of oxygens to the OA mixture (functionalization), or reduction of carbons
(fragmentation) is inferred by applying a simple group contribution method for predicting vapor
pressures and enthalpies of vaporization of multifunctional organic compounds SIMPOL
(Pankow and Asher, 2008), to a wide range of pure-compounds saturation concentration
available from NIST (National Institute of Standards and Technology) and literature data.
Figure 3.4 shows the dependency of the saturation concentration on the carbon and oxygen
numbers for oxygenated compounds with functionality found in ambient OA (already corrected
for non-linear effects). The compounds were grouped according to their functionalities. Few
conclusions can be drawn from Figure 3.4. First, a clear carbon-number trend is visible
independent on the molecule class with a net effect ogdogf -0.475 decades per carbon.
Second, the influence of adding oxygens can also be elucidated. In particular, a carbonyl group
(=0) reduces the volatility by 1 decade, an alcohol group (-OH) reduces the volatility by 2.3
decades and one organic acid group (-C(O)OH) by c.a. 3.5 decades. There are evidences that
these functional groups are usually the most common ones present in the measured oxygenated
organic aerosol fraction (OOA) (Hawkins et al., 2010). An average effect of adding oxygen was
therefore retrieved, i.e. it decreade% by 1.7 decades with respect to a pure hydrocarbon
reference point i.e. pentacosangs{@enoted with dashed black line in Figure 3.4.
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Figure 3.4 Volatility (C°) predictions with modest nonlinearity in a group-contribution expression. The
average effect of oxygenated functionality is shown by thick dashed curves (Donahue et al., 2011).

Equation 3.2 describes the overall effects of the oxygen-oxygen interactions, carbon-carbon

interactions, as well as carbon-oxygen nonideality effects on the saturation concentration for a
specific average OA mixture i

logyo C) = (ng - n(i;)bc —nhby — 2 ’}c"oz bco (3.3)

i
nc+n

where,b¢c = 0.475, by = 2.3, bco = —0.3 andn = 25 and they represents the carbon-
carbon, oxygen-oxygen, carbon-oxygen interaction and carbon numbers of the hydrocarbon
reference point respectively The oxygen-oxygen interaction is increased with respect to the
previously value, i.e. 1.7 decades increase per oxygen, in order to correct for the low volatility
of the diacids.

Equation 3.3 is used to define and extrapolate multiple isopleths at constant numbers of
carbon and oxygen as shown in Figure 3.5. The contours in Figure 3.5 describe the average
composition of an aerosol mixture in the 2D-VBS space. The dashed oval area, based on
extrapolations, represents the oxygenated organic aerosol (OOA) region characterized by
organic compounds with carbon numbers between 6 and 10 and oxygen numbers between 4 and
8. Primary organic aerosol emissions (HOA and BBOA) will likely have higher number of
carbons and lower numbers of oxygens and thus they will reside in the lower parts of the space
between the semi-volatile ranges of saturation concentration.

In Chapter 4 a hybrid version of the 2D-VBS framework available in CAMx was evaluated
for the first time in Europe using AMS measurements performed at different sites. In Chapter 5
wood burning smog chamber experiments were used to further parameterize the hybrid 2D-VBS
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Chapter 3. Methods

model. Finally in Chapter 6 the updated VBS scheme was implemented in the CAMx and
results of the new simulations were compared to our initial CAMX results (Chapter 4).

log 4(C?) (saturation concentration, pg m=%)

Figure 3.5 Organic composition in a 2-D space with volatility and oxygenation (O:C) on the x and y axis
respectively. Black lines represent the isopleths of carbon numbers and green curves the isopleths of oxygen
number. The dashed oval indicated the likely range of oxygenated organic aerosol (OOA) found in the
atmosphere (Donahue et al., 2011).
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Chapter 4. Evaluation of European air quality modelled by CAMx including the volatility basis
set scheme

Abstract

Four periods of EMEP (European Monitoring and Evaluation Programme) intensive
measurement campaigns (June 2006, January 2007, September-October 2008 and February-
March 2009) were modelled using the regional air quality model CAMx with VBS (Volatility
Basis Set) approach for the first time in Europe within the framework of the EURODELTA-III
model intercomparison exercise. More detailed analysis and sensitivity tests were performed for
the period of February-March 2009 and June 2006 to investigate the uncertainties in emissions
as well as to improve the modelling of organic aerosols (OA). Model performance for selected
gas phase species and RMvas evaluated using the European air quality database Airbase.
Sulfur dioxide (SQ and ozone (€) were found to be overestimated for all the four periods
with Oshaving the largest mean bias during June 2006 and January-February 2007 periods (8.9
pbb and 12.3 ppb mean biases, respectively). In contrast, nitrogen dioxigeaiOcarbon
monoxide (CO) were found to be underestimated for all the four periods. CAMx reproduced
both total concentrations and monthly variations of,Pidr all the four periods with average
biases ranging from -2.ig m° to 1.0 ng m°. Comparisons with AMS (aerosol mass
spectrometer) measurements at different sites in Europe during February-March 2009 showed
that in general the model over-predicts the inorganic aerosol fraction and under-predicts the
organic one, such that the good agreement for#\partly due to compensation of errors. The
effect of the choice of volatility basis set scheme (VBS) on OA was investigated as well. Two
sensitivity tests with volatility distributions based on previous chamber and ambient
measurements data were performed. For February-March 2009 the chamber-case reduced the
total OA concentrations by about 42% on average. On the other hand, a test based on ambient
measurement data increased OA concentrations by about 42% for the same period bringing
model and observations into better agreement. Comparison with the AMS data at the rural Swiss
site Payerne in June 2006 shows no significant improvement in modelled OA concentration.
Further sensitivity tests with increased biogenic and anthropogenic emissions suggest that OA
in Payerne were affected by changes in emissions from residential heating during the February-

March 2009 whereas it was more sensitive to biogenic precursors in June 2006.
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4.1 Introduction

4.1 Introduction

Air pollution is known to cause damage to human health, vegetation and ecosystems. It is
one of the main environmental causes of premature death. Only in Europe, more than 400,000
premature deaths were estimated in 2012 with fparticles less than 2)am in aerodynamic
diameter) having the highest relative risk for health damage (WHO, 2014). Air quality models
help understanding the processes taking place between emission sources and pollutant
concentrations at receptor sites. They are very useful to define control strategies for future
legislation. In spite of large improvements in recent years, Chemical Transport Models (CTMs)
have still some uncertainties (Solazzo et al., 2012). Various air quality model intercomparison
exercises were successfully carried out over the last decades to determine uncertainties in
chemical and physical processes governing particulate matter and its precursors (Bessagnet et
al., 2014; Solazzo et al., 2012). However, a large variability in particulate matter concentrations
was found between different models indicating process parameterization as one of the main
reasons for such discrepancies. Moreover, recent studies based on AMS (Aerosol Mass
Spectrometer) measurements at different sites in Europe, revealed that the organic fraction
dominates the non-refractory Rbmposition (Crippa et al., 2014). Organic aerosol (OA) can
be found in the atmosphere from direct emission by various sources, such as fossil fuel
combustion by road vehicle engines or residential wood combustion. Direct emissions of OA
are typically referred to as primary organic aerosol (POA) whereas gas-to-particle conversion is
referred to as secondary organic aerosol (SOA). Formation mechanisms of SOAs are not very
well known yet and their representation in CTMs is still challenging (Bergstrém et al., 2012;
Fountoukis et al., 2014; Hallquist et al., 2009; Langmann et al., 2014; Li et al., 2013; Tsigaridis
et al.,, 2014). In one of our recent aerosol modelling studies we compared mogel PM
prediction with PM AMS measurements for different sites (Payerne and Zirich) and periods
(summer and winter) in Switzerland. We found that particulate matter was generally well
reproduced by the model with the SOA fraction being under-predicted and POA over-predicted
(Aksoyoglu et al., 2011). Traditional CTMs treat POA as non-volatile. Some studies however
have revealed the semi-volatile nature of POA, through its dynamic equilibrium of organic
aerosol with its gas phase, and the importance of semi-volatile (SVOC) and intermediate
volatility (IVOC) organic compounds as SOA precursors (Cappa and Jimenez, 2010; Donahue
et al.,, 2006; Robinson et al., 2007). To describe the absorptive partitioning and ongoing
oxidation of the atmospheric material, a volatility basis set (VBS) where organic species are
organized into surrogates according to their volatility was developed (Donahue et al., 2012a,
2012b, 2011). Air quality models updated with the VBS scheme started being used
(Athanasopoulou et al., 2013; Fountoukis et al., 2014; Jo et al., 2013; Lane et al., 2008; Murphy
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et al., 2012; Zhang et al., 2013). Bergstrém et al. (2012) reported an EMEP model study over
Europe for the 2002-2007 period using different assumptions regarding partitioning and aging
processes. They could not reproduce the measured OA levels in winter suggesting that
residential wood combustion inventories might be underestimated in different parts of Europe.
Fountoukis et al. (2014) applied the PMCAMx model to simulate EUCAARI (Kulmala et al.,
2011, 2009) and EMEP (Tgrseth et al., 2012) campaigns in Europe. They could reproduce most
of PM; daily average OA observations within a factor of two, with the February-March 2009
period having the largest discrepancies. Zhang et al. (2013) deployed the CHIMERE model with
the VBS framework during the MEGAPOLI summer campaign in the Greater Paris region for
July 2009. They found a considerable improvement in predicted SOA concentrations which
might be even overestimated depending on the emission inventory used. In our study, we
applied the regional air quality model CAMx with the VBS scheme for the first time in Europe
within the framework of EURODELTA-III model intercomparison exercise. In addition to the
base case configuration used in the exercise, more sensitivity tests with the VBS scheme for
winter and summer episodes were performed together with a general evaluation of the four

EMEP field measurement campaigns.

4.2 Method

421 The EURODELTA-III exercise

The EURODELTA-III (EDII) framework is a European model intercomparison exercise
between several modelling teams sharing both efforts and technical knowledge in order to
reduce model uncertainties and to improve understanding of the performances. It contributes to
the scientific work of the United Nations Economic Commission for Europe (UNECE) Task
Force on Measurement and Modelling (TFMM) within the Convention on Long-range
Transboundary Air Pollution (CLRTAP). In the first phase of the EDIII exercise, 4 periods of
the EMEP field measurement campaigns were chosen in order to evaluate the model results:

e 1 June - 30 June 2006

e 8 January — 4 February 2007

* 17 September — 15 October 2008
e 25 February — 26 March 2009

Multiple models were applied on a common domain and driven with the same input data
provided by the National Institute for Industrial Environment and Risks (INERIS). However, for
some models, different meteorology, boundary conditions and emissions data such as biogenic

emissions were used (Bessagnet et al., 2014).
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4.2 Method

4.2.2 Modelling method

4221 CAMXx

The Comprehensive Air quality Model with extensions, CAMx-VBS (CAMx5.41 VBS,
kindly provided by ENVIRON before its public release) was used in this study. The model
domain consisted of one grid with a horizontal resolution of 0.25° x 0.25°. The latitude and
longitude grid extended from 25.125°W to 45.125°E and 29.875°N to 70.125°N resulting in 281
x 161 grid cells covering the whole of Europe. Hourly four-dimensional meteorological fields
for wind speed and direction, pressure, temperature, specific humidity, cloud cover and rain
required by CAMx simulations were calculated from ECMWF IFS (Integrated Forecast System)
data at 0.2° resolution. Vertical diffusivity coefficients were estimated following the Kz
approach of O'Brien (1970) using PBL depth profiles as available in IFS data. CAMx
simulations used 33 terrain-followirglevels up to about 8000 m above ground level, as in the
original IFS data. The lowest layer was about 20 m thick. MACC (Monitoring Atmospheric
Composition and Climate) reanalysis data were used to initialize initial and the boundary
condition fields (Benedetti et al., 2009; Inness et al., 2013). Elemental carbon, organic aerosol,
dust and sulfate were used to model aerosol species at the boundaries of the domain. One half of
the OA was assumed to be secondary organic aerosol (SOA) and the other half primary organic
aerosol (POA), as recommended in the EDIII exercise. Photolysis rate inputs were calculated
using the Ultraviolet and Visible (TUV) radiative transfer and photolysis model
(https:/mvww?2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-
model).

The required ozone column densities to determine the spatial and temporal variation of the
photolysis rates were extracted from TOMS data (NASA/GSFC, 2005). Removal processes as
dry and wet deposition were simulated using the Zhang resistance model (Zhang et al., 2003)
and a scavenging model approach for both gases and aerosols (ENVIRON, 2011), respectively.
For the gas phase chemistry the Carbon Bond (CB05) mechanism (Yarwood, 2005) with 156
reactions and up to 89 species was used. Partitioning of inorganic aerosols (sulfate, nitrate,
ammonium, sodium and chloride) was performed using the ISORROPIA thermodynamic model
(Nenes et al., 1998). Aqueous sulfate and nitrate formation in cloud water was simulated as well

using the RADM aqueous chemistry algorithm (Chang et al., 1987).
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4222 Emissions

Anthropogenic emissions

Annual total gridded anthropogenic emissions were prepared and provided by INERIS for
the EDIII exercise, which is based on a merging process of data-bases from different sources,
i.e. TNO-MACC (Kuenen et al., 2011), EMEP (Vestreng et al., 2007), GAINS (The Greenhouse
Gas and Air Pollution Interactions and Synergies). For specific countries where TNO-MACC
emissions were missing (Iceland, Liechtenstein, Malta and Asian countries), the EMEP 0.5° x
0.5° emissions were used and re-gridded using adequate proxies such as “artificial land-use”
and EPER (European Pollutant Emission Register) data (http://www.eea.europa.eu/) for
industries. Total primary particle emissions were made available by EMEP in two different size
ranges: below 2.5um (fine) and between 2.5um and 10um (coarse). Total emissions were later
split to estimate the amount of elemental carbon, and organic matter for each of the 10 SNAP
codes (Selected Nomenclature for Air Pollution) and country. The final emission inventory thus
compiled consisted of 6 gas species namely methane, carbon monoxide, ammonia, sulfur
oxides, non-methane volatile organic compounds and nitrogen oxides and 6 categories of
particulate matter classes: fine elemental carbon (EC2.5), coarse elemental carbon (EC10), fine
primary organic material (fine POA), coarse primary organic material (coarse POA), fine other
primary particulate material (non-carbonaceous) and coarse other primary particulate material
(non-carbonaceous). Biland PM, emissions were provided by EMEP and they were split to
elemental carbon and organic matter using the fractions given by IIASA (International Institute
for Applied Systems Analysis) for each source and country. Total non-methane volatile organic
compounds were split for the CB05 mechanism using the recommendations of Passant (2002).

Hourly, weekly and monthly time profiles were applied to total annual anthropogenic emissions.

Biogenic emissions

Biogenic VOC emissions were calculated using the Model of Emissions of Gases and
Aerosols from Nature MEGANv2.1 (Guenther et al., 2012). This model is driven by
meteorological variables such as hourly temperature, solar radiation, humidity, wind speed, soil
moisture and land cover data including leaf area index (LAI) and plant function type (PFT) as
available in the Community Land Model 4.0. 8-Days average satellite data at 0.25° x 0.25°
resolution were pre-processed and made available from the TERRA/MODIS satellite system.
Sixteen plant function types including needle-leaved evergreen, needle-leaved deciduous,
broad-leaved evergreen, broad-leaved deciduous, grass and crop for different climatic zones
were prepared for this study at 0.25° x 0.25° resolution together with the global emission factors

of a-pinene,B-pinene, 3-carene, isoprene, limonene, 232-methylbutenol, myrceng O
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ocimene and sabinene. Common BVOC species such as isoprene, terpene, sesquiterpene, xylene

and toluene were obtained for each hour and cell in the domain.

4223 VBSscheme

A new volatility basis set (VBS) scheme is available in the CAMx model to describe changes
in oxidation state and volatility. A total of four basis set simulates the evolution of organic
aerosol in the atmosphere (Koo et al., 2014). POA emissions were split in hydrocarbon-like
organic aerosol (HOA-like) and biomass burning organic aerosol (BBOA-like) emissions and
allocated in two different basis sets. HOA-like emissions include emissions from all SNAP
sectors except SNAP2 (non-industrial combustion plants) and SNAP10 (agriculture) which
were assigned to BBOA-like emissions. Two other sets were used in the model to allocate
secondary organic aerosol from anthropogenic (i.e. xylene and toluene) (ASOA) and biogenic
(i.e. isoprene, monoterpene and sesquiterpene) (BSOA) gaseous precursors. These two sets also
allocate oxidation products of POA vapours, from each of the two primary sets (HOA-like and
BBOA-like). The 2D volatility space retrieved by Donahue et al. (2011; 2012a,b) was used to
distribute the organic molecular structures for each of the volatility bins and different sets
(Table A.1 ). Five volatility bins represent the range of semi-volatile organic compounds
(SVOCs) ranging from 1bpg m® to 1¢ pg m* in saturation concentrations (C*). Oxidation
processes are modelled by shifting C* by a factor of 10 in the next lower volatility bin,
increasing the oxidation state and reducing the carbon number to account for fragmentation. OH
reaction rates are assumed to be 4 X 10’ moleculé' s* for the reaction of semi-volatile
primary vapors with OH and 2 x 1bfor further aging of ASOA and POA vapours from HOA-
like emissions. More details about the VBS parameterization in CAMx can be found in Koo et
al. (2014). Further aging of BSOA is not considered in this study based on previous modelling
results showing over-prediction of OA when such process is taken into account (Lane et al.,
2008; Murphy and Pandis, 2009). This implies that also further aging of POA vapours from
BBOA-like emissions was not considered since it is performed in the same basis set. In this
work we focus on the effects of a VBS framework on the total OA fraction. Aging processes
and alternative VBS implementations will be discussed together with SOA and POA
components in a following paper (Ciarelli et al., 2016b). Three sensitivity tests were performed

with different assumptions on the volatility distributions (Table 4.1):

« NOVBS: Primary organic aerosol was assumed to be non-volatile. Biogenic (isoprene,
monoterpenes and sesquiterpenes) and anthropogenic (xylene, toluene and other
aromatics) volatile organic compounds (VOCs) were used as precursors for secondary
organic aerosol. Partitioning of condensable gases to secondary organic aerosol was

calculated using a semi-volatile equilibrium approach (Strader et al., 1999).
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« VBS ROB: Primary organic aerosol was assumed to be volatile and undergo chemical
oxidation. The volatility distribution estimated by Robinson et al. (2007) was applied to
HOA-like and BBOA-like emissions. Emissions of intermediate volatility organic
compounds (IVOCs) were assumed to be 1.5 times those of primary organic aerosol
(POA) as suggested by Robinson et al. (2007).

« VBS BC: Primary organic aerosol was assumed to be volatile and undergo chemical
oxidation using the approach of Shrivastava et al. (2011) and Tsimpidi et al. (2010).
The total primary emissions are roughly 3 times higher thanB8 ROB. Different
volatility distributions were applied for HOA and BBOA-like emissions. IVOCs were
assumed to be 1.5 times the amount of POA. This implies that for this scenario the
SVOC + IVOC mass added is equal to 7.5 times the initial amount of POA. This
represents the base case scenario used to evaluate gas phase >gnchoB#
performance.

Based on th&BS BC base case scenario, two other sensitivity tests were performed with

respect to emissions:
* VBS BC _2xBVOC: Increased BVOCs emissions by a factor of 2.

« VBS BC _2xBBOA: Increased BBOA-like emissions by a factor of 2.

Table 4.1 Volatility distributions used for different scenarios.

- Emission fraction for volatility bin with C* of
POA emission

Scenarios
sources
0 1 10 100 1000
NOVBS
(non-volatile HOA-like 1.00
BBOA-like 1.00
CAMxv5.40)
VBS_ROB HOAlike 009 009 014 0.8 05
(Robinson et al., BBOA-like
2007) 0.09 0.09 0.14 0.18 0.5
VBS_BC
(Tsimpidi et al., HOA-like 0.40 0.26 0.40 0.51 1.43
2010 and BBOA-like 0.27 027 042 054 1.50
Shrivastava et al.,
2011)

* Properties of the lowest volatility bins refer to all OA with €9.1ug m®(non-volatile OA).
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4.2.3 Statistical methods

Statistical procedures as available in the Atmospheric Model Evaluation Tool (AMET,
(Appel et al., 2010) were used in this study to evaluate model performance. Daily ambient
measurements of main gas phase species 4,eN@, CO, SQ and fine particulate matter
(PM,5 were extracted from the Airbase database in Europe and statistics reported in terms of
mean bias (MB), mean error (ME), mean fractional bias (MFB) mean fractional error (MFE)
and correlation coefficient (r).

Due to the coarse grid resolution, only rural-background stations, defined as stations far from
city sources of air pollution with pollution levels determined by the integrated contribution from
all sources upwind of the station (ETC/ACC, 2004), with at least 80% daily average
observations available were considered for the statistical analysis. BgtH&vresulted in 48
stations available for June 2006, 56 for January-February 2007, 90 for September-October 2008
and 110 stations for February-March 2009. ,Rkbmponents were further evaluated for the
February-March 2009 period where comprehensive high resolution AMS measurements at 11
European sites were available, i.e., at Barcelona, Cabauw, Chilbolton, Helsinki, Hyytiala, Mace

Head, Melpitz, Montseny, Payerne, Puy de Déme and Vavihill (Crippa et al., 2014).

4.3 Resultsand discussions

4.3.1 Modd evaluation

Model performance metrics for gas phase species CQ, G¥@&nd SQ as well as for PMs
are reported in Table 4.2 and they refer to the base case VBS_BC.

NO, and O3

NO, was found to be under-predicted for all the four periods with mean fractional bias
between -54% and -28% and NE»ncentrations being particularly under-predicted during June
2006. Evaluation of the EURODELTA Il model inter-comparison exercise showed that all
models performed similarly for NQOn terms of correlation with values in the range 0.6-0.7
and the spatial correlation was much higher in the range 0.7-0.9 for all models (Bessagnet et al.,
2016) with a general underestimation in the afternobme NQ performance could be

influenced by several factors:

- Uncertainties in the emission inventories. Although,N@ission estimates in Europe
are thought to have an uncertainty of about + 20%, the complete data set used in the
inventories has much higher uncertainty (Kuenen et al., 2014). A recent study identified

a significant discrepancy between emission estimates and actual flux measurements,
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with the highest underestimation being a factotwaf in central London mainly due to

under-representation of real world road traffic &sions (Vaughan et al., 2016)

- The relatively coarse resolution of the domain Wwhimay result in too low NQO
emissions or isolated local events that the modginot resolve. We report daily
average time series of N@or the period of Feb-Mar 2009 for stations in [Ea#.2 as
well as daily average time series of Nfr stations not exceeding 5 ppb (which
represents 92% of the stations in Table 4.2) (Eigud 1). The model performance for
NO, significantly improved when the 5 ppb thresholdsvepplied to the dataset. An
emission map of NO for 1 March 2009 at 6 AM is meed in Figure A.1 2. High
emissions of NO are predicted in the Benelux dPeayalley, Germany and in some of
the eastern European countries. High NO emissioesta ship traffic are also visible

especially in the Mediterranean Sea.

- Possible positive artefacts in the chemilumineseanethods for measuring N@ay
also occur when NQis catalytically converted to NO on the molybdensaorface
leading to an over-prediction of measured,@ncentrations (Steinbacher et al., 2007;
Villena et al., 2012).

- Moreover, an evaluation of planetary boundary layeight (PBLH) within the EDIII
shows that although the PBLH was quite well represe in general in the ECMWF
IFS meteorological fields, CAMx tends to under+mstie the night-time minima and to
over-estimate some daytime peaks, over-predicthg dilution of day time N©
concentrations, whereas the wind speed was rdiativell reproduced (Bessagnet et
al., 2016).

O; concentrations were found to be over-predicteddibrthe four periods with a mean
fractional bias ranging from 2% to 48%. EspeciallyJune 2006, when the photochemical
activity is higher, the general under-predictionM®, in the whole domain reduces thg O
titration potential during night time.

Model performance for Qs also strongly influenced by long-range transpEspecially
during the winter periods when the local chemicadpction of Qis limited. Figure A.1 3
shows the model performance at the Mace Head stiteated on the west coast of Ireland for
all the four periods. Especially in January-Febyu2007 Q concentrations were found to be
over-predicted by about 10 to 20 ppb indicating thaundary conditions for Owvere probably
not well represented. In June 2006 and Septembeb@&c2008 @was relatively well captured
at Mace Head suggesting that the observed poditagin Q concentrations might arise from
insufficient NQ, emissions to undergo titration during night time well as not correctly

represented planetary boundary layer dynamics.elordary-March 2009 the model tends to

32



4.3 Results and discussions

under-predict the gxoncentration at Mace Head and overall then@del performance shows
the lowest bias (2%). Eventually, the under-prediction ¢firOthe boundary condition may

counteract the already mentioned deficiencies related to insufficigneéiidsions.

Table 4.2 Model gas phase and BMperformance for the EDIII field campaigns (base case VBS_BC).

Observed Modelled MB ME
mean mean ( b) ( b) MFB MFE
. Number of PP PP
species g ? (ppb)  (ppb) n o r

(ng m3for  (ng mfor
(ng mfor  (ng m*for : :

PM,.) PM,.) PM; ) PM; )
June 2006
co 36 192.0 158.0 -34.2 80.7 -0.12 0.36 0.20
NO, 320 4.1 2.3 -1.9 2.2 -0.54 0.68 0.55
0, 460 42.3 51.2 8.9 10.8 0.21 0.24 0.57
PM,.c 48 12.0 11.7 -0.3 45 -0.07 0.39 0.55
SO, 263 1.0 1.2 0.2 0.7 0.14 0.67 0.52

Jan-Feb 2007

CO 45 248.0 191.0 -57.8 107.0 -0.11 0.37 0.21
NO, 337 6.5 4.4 -2.2 3.2 -0.28 0.57 0.68
Os 455 235 35.8 12.3 12.6 0.48 0.49 0.61
PM;e 56 11.7 12.8 1.0 6.1 -0.04 0.56 0.69
SO, 271 13 1.7 0.4 1.1 0.36 0.75 0.46

Sep-Oct 2008

CcoO 53 208.0 136.0 -72.0 91.4 -0.31 0.48 0.27
NO, 370 53 3.7 -1.7 25 -0.28 0.56 0.62
Os 465 243 325 8.2 9.6 0.32 0.37 0.50
PM;e 90 13.0 141 1.0 5.7 <0.01 0.46 0.76
SO, 256 0.9 1.1 0.2 0.8 0.25 0.74 0.37

Feb-Mar 2009

CcoO 57 262.0 170.0 -91.6 119.0 -0.26 0.48 0.37
NO, 380 6.0 3.9 -2.0 2.8 -0.33 0.56 0.61
Os 488 32.7 33.0 0.2 7.1 0.02 0.23 0.55
PM;e 110 151 13.0 2.1 6.4 -0.13 0.50 0.71
SO, 257 1.0 1.3 0.3 0.9 0.23 0.76 0.45

33



Chapter 4. Evaluation of European air quality modelled by CAMx including the volatility basis
set scheme

SO, and CO

SO, concentrations were found to be slightly over-predicted for all the four periods with a
mean fractional bias ranging from 14% to 36% for, SBe daily variations of modelled and
measured S©Oconcentrations for February-March 2009 are reported as well in Figure A.l
1(lower-panel) for the stations in Table 4.2. In general, the daily variations of modelled and
measured Sg£xoncentrations agree relatively well with each other throughout the period.

Most of the S@Qemissions arise from high stack point sources which have injection heights
of a few hundred meters. It might be that the vertical distribution en3ght affect the model
performance in particular near the harbors and coastal areas where ship emissions were
allocated in the second layer of the model domain (extending from ~20 to 50 m above ground
level) whereas they can reach up to 58 meters in deep draft vessels (SCG, 2004) and also
undergo plume rise. Insufficient conversion to sulfate or too low deposition processes might
also positively bias the model performance fop.SO

CO was slightly under-predicted for all periods (mean fractional bias between -11% and -
31%), with highest values during the September-October 2008 period (-31%). The late summer-
fall period is known to be influenced by agricultural open field burning activities which might
be missing from standard emission inventories.

In general, for both SOand CO, the model showed lower correlation coefficients with
respect to other gas-phase speaiemlfues from 0.20 and 0.37 for CO and from 0.37 to 0.52 for
SO).
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PM2s

Of all investigated variables, CAMx shows the best statistical performance for PiM all
four periods the acceptable model performance criteria recommended by Boylan and Russell
(2006) for aerosols were met (MEE+75 % and —60 % < MFB < +60 %). The fractional bias
ranges from less than 1% in September-October 2008 up to -13% in February-March 2009. Also
the recommended model performance goals (MFE50% and -30% < MFB < +30%) were
met for all periods except for January 2007. Modelled averagg Bdhcentrations are shown
in Figure 4.1. A different spatial distribution is seen for summer and winter. In June 2006 the
model predicts higher concentrations in the southern part of the domain especially over the
Mediterranean Sea and North Africa (up to 3 m®). On the other hand, the highest
concentrations were predicted in the Po valley area (abovg #0)and in the southern part of
Poland during January-February 2007. During the two colder periods (2007 and 2009) elevated
concentrations of around 15y m?® are also visible close to urban areas such as Paris and
Moscow. Figure 4.2 shows BMVvariations at Airbase rural-background sites in terms of
medians, 2% and 7% percentiles. In all the four periods CAMx is able to reproduce the
observed monthly variation very well with some over-prediction occurring mainly from the 14
to the 17" of January 2007 and towards the end of the 2008 period.
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Figure 4.1 Modelled average PMconcentrations for June 2006, January-February 2007, September-
October 2008 and February-March 2009 (top to bottom and left to right) based on the base case (VBS_BC).
Note that the color scale was limited to a maximum ofgfT to facilitate comparison of the panels.
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4.3.2 Detailed evaluation of PM,scomponentsin February-March
2009

The modelled concentrations of non-refractory ;RMomponents were compared against
aerosol mass spectrometer measurements at eleven European sites for the February-March 2009
period (Crippa et al., 2014). Even though the AMS measures particles with a diBmeter
pm, the difference between the non-refractory,; Rid total PMs mass is in general rather
small as shown in Aksoyoglu et al. (2011), at least for situations without exceedingly high air
pollution and situations when sea salt makes a large relative contribution toTHd modelled
average total non-refractory BM(sum of nitrate, sulfate, ammonium and OA) concentrations
match the measurements quite well with a few exceptions (Figure 4.3 and Table 4.3). The
model is able to reproduce both high concentrations observed at the urban site Barcelona and
low ones at remote sites like Hyytidla, Finland. Concentrations of inorganic aerosols are over-
predicted and OA are under-predicted at most of the stations (with similar behavior during the
other investigated periods, Figure A.1 4 and Figure A.1 5). Very similar results were also
presented by other recent studies (Knote et al., 2011). The effect of different schemes to treat
OA is discussed in Sect. 4.3.3. At the Cabauw site nitrate was the most dominant species
(Mensah et al., 2012). Especially at this site the model strongly over-predicts in particular the
nitrate (NQ) fraction (by a factor of 3). A sensitivity test with 50% reduction in ammonia
emissions significantly improved the modelled NO3- concentrations at almost all sites (Table
A.1 2) suggesting potential uncertainties in \hissions and their seasonal variability. Other
potential reasons for the over-prediction of ;\gduld be related to uncertainties in the removal
process of HN@as well as the dry deposition velocity of Ni$ubstantial over-predictions
were found at the higher altitude site of Montseny and Puy de Déme when compared with first
model layer concentrations (~200 and 800 meters a.s.l. respectively at these sites). These sites
located at about 720 and 1465 meters a.s.l., are sometimes not within the PBLH during winter
periods. At the Montseny site, the relatively coarse resolution of the model could also influence
model performance since the site is located in a complex area about 50 km north-east of
Barcelona (Pandolfi et al., 2014). Sulfate concentrationg*(S@ere over-predicted at almost
all sites and especially at Mace Head suggesting that long-range transpoif ahigéx be

positively biased.
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Figure 4.3 Comparison of observed (OBS) non-refractory;RNd modelled (MOD) non-refractory BM
at 10 AMS sites in Europe during February-March 2009. Mace Head is reported only in Table 4.3 since the
ammonium component is not available.

Modelled and observed hourly concentrations o, NBQ?*, ammonium (NH") and OA at
Payerne are reported in Figure 4.4 for March 2009 together with meteorological parameters in
Figure A.1 6. The model was able to reproduce the meteorological parameters very well for
most of the time. The temperature was slightly under-predicted at both night and day-times
(with a maximum of -2 °C) whereas both the monthly variation and the absolute values of wind
speed and specific humidity were reproduced well with a few under-predictions of high wind-

speed (8 and 11" of March and towards the end of the simulation). The model was able to
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capture the three NOand NH' peaks observed around th® 718" and 23 of March with a
general slight over-prediction throughout the whole period. Indeed, the under-prediction in
temperature during day and night time could partially explain the over-prediction of the NO
fraction with more N@ patrtitioning to the aerosol phase which also apply to the other stations
used in this study. An evaluation of modelled temperature at the European scale for the
February-March 2009 period confirmed that the model systematically under-predicted the 2

meter surface temperature (Bessagnet et al., 2014).

Table 4.3 Statistical analysis of nitrate, ammonium, sulfate and organic aerosol for the base case
(VBS_BC) for February-March 2009 at different AMS sites.

s Mean observed Mean modelled MB ME MFB MFE
" (ug/) (/) pgrm® g [ [
NO;
Barcelona 3.6 5.8 2.2 4.0 0.35 0.98
Cabauw 2.2 6.7 45 4.6 0.85 1.01
Chilbolton 2.7 4.0 1.3 2.2 0.02 0.76
Helsinki 1.0 1.9 0.9 1.3 0.29 0.92
Hyytiala 0.2 1.0 0.8 0.8 0.21 1.09
Mace Head 0.6 1.7 1.1 1.1 0.14 0.70
Melpitz 3.1 4.3 1.3 24 0.35 0.71
Montseny 3.1 5.9 2.8 4.3 0.38 1.00
Payerne 3.9 5.7 1.8 2.8 0.34 0.61
Puy de Déme 0.9 2.7 1.8 2.2 1.13 1.30
Vavihill 2.8 3.7 0.9 2.2 0.14 0.78
NH,"*
Barcelona 1.6 25 0.9 14 0.42 0.71
Cabauw 1.0 2.7 1.7 1.8 0.95 0.97
Chilbolton 1.3 2.0 0.7 1.0 0.39 0.61
Helsinki 0.8 1.3 0.5 0.6 0.51 0.60
Hyytiala 0.4 0.8 0.4 0.5 0.55 0.70
Melpitz 1.4 21 0.7 1.1 0.45 0.69
Montseny 1.7 2.6 0.9 1.6 0.39 0.74
Payerne 1.7 2.5 0.8 1.2 0.36 0.56
Puy de D6me 0.7 1.2 0.5 0.9 0.83 1.07
Vavihill 1.6 1.9 0.4 0.9 0.17 0.56
SO*
Barcelona 2.7 2.3 -0.4 13 -0.19 0.48
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Cabauw 1.0 2.1 1.1 1.3 0.73 0.85
Chilbolton 1.3 2.2 0.9 1.3 0.45 0.70
Helsinki 24 2.2 -0.2 0.9 -0.04 0.43
Hyytiala 1.4 1.7 0.3 0.7 0.09 0.58
Mace Head 0.4 1.2 0.8 0.9 1.04 1.12
Melpitz 1.1 2.2 1.2 1.4 0.54 0.76
Montseny 1.4 2.3 1.0 1.2 0.55 0.64
Payerne 1.1 2.1 1.1 1.2 0.62 0.70
Puy de Déme 0.4 1.1 0.8 0.8 1.14 1.19
Vavihill 1.6 2.3 0.7 1.1 0.18 0.54
OA

Barcelona 8.2 3.1 -5.1 5.2 -0.80 0.82
Cabauw 1.2 1.1 -0.1 0.5 -0.13 0.50
Chilbolton 2.4 0.7 -1.7 1.7 -1.09 1.10
Helsinki 2.7 2.9 0.3 1.6 0.08 0.62
Hyytiala 1.3 1.0 -0.3 0.5 -0.48 0.60
Mace Head 0.8 0.4 -0.4 0.4 -0.29 0.70
Melpitz 1.5 0.5 -1.0 1.0 -0.94 0.97
Montseny 3.1 3.9 0.9 1.9 0.31 0.57
Payerne 4.1 1.8 -2.3 2.4 -0.85 0.90
Puy de Ddme 0.6 1.4 0.8 1.0 0.68 0.91
Vavihill 3.9 1.4 -2.5 2.5 -1.04 1.04

All the inorganic components were over-predicted during the first four days of March 2009
with a peak around the™3of March, indicating that the PBLH was probably not correctly
reproduced by the model during this period. Although the temporal variation was captured,
concentrations of OA were under-predicted throughout all the simulatiopng4r and 1.8ug
m* observed and modelled average concentrations). Analysis of the OA fraction is discussed in

the next section.
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Figure 4.4 Comparison of observed and modelled nitrate, ammonium, sulfate and organic aerosol at
Payerne for March 2009.
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4.3.3 Organic aerosols

4.3.3.1 Senditivity of OA totheVBS scheme

In this section, effects of different parameterizations of the organic aerosol module on the
modelled OA concentrations are discussed. The scatter plots in Figure 4.5 show a comparison of
daily average OA concentrations against the same AMS measurements as in Table 4.3 during

February-March 2009. Statistics for each scenario are reported in Table 4.4.

Table 4.4 Statistical analysis of OA for NOVBS, VBS_ROB and VBS_BC scenarios for the 11 AMS
sites for February-March 2009.
Mean Mean

Scenario observed OA modelled OA MB_3 ME_3 MFB MFE
g m (g ) (gm)  (wgm®) [ [
NOVBS 3.0 1.2 -1.8 2.0 -0.66 0.88
VBS_ROB 3.0 0.7 -2.3 2.4 -1.08 1.19
VBS_BC 3.0 1.7 -1.2 1.8 -0.47 0.79

(base case)

When the semi-volatile dynamics of primary organic aerosol is not taken into account
(scenario NOVBS), the model under-predicts OA concentrations (MFB: -66%) with observed
and modelled average concentrations of B0 m*® and 1.2ug ni’, respectively. In the
VBS_ROB scenario POA emissions are allowed to evaporate following the volatility
distribution proposed by Robinson et al. (2007) and to undergo chemical oxidation. In this case
modelled OA concentrations decrease by about 43% with respect to NOVBS, predicting an
average OA concentration of Qug m°. On the other hand, the VBS_BC scenario improves the
OA model performance increasing the OA concentrations by about 47% with respect to
NOVBS. Predicted OA concentrations are found to bepd). 7 on average (MFB: -47%).
Similar behavior during winter periods was also shown in recent studies where the same VBS
scheme was applied in the U.S. domain (Koo et al., 2&iglre 4.6shows the modelled total
OA concentration over Europe using NOVBS, VBS ROB and VBS_ BC scenarios. The model
predicts high OA values in the Eastern part of the domain as well as over Portugal, France and
the Po Valley (VBS_BC). Some hot-spots around large urban areas are also visible, i.e., Paris
and Moscow. Higher OA concentrations in the southern part of the domain are observed in the
VBS_BC case, likely because of higher temperature and more OH radicals available in that part
of the domain leading to an increase in the total organic mass upon reaction with organic

vapours. This is in line with the results of Fountoukis et al. (2014) for the February-March 2009
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period even though their study predicts lower concentrations over the Po valley. Even though

model input data and parameterizations are not the same, the VBS_BC case in particularly, uses

a very similar volatility distribution as in Fountoukis et al. (2014).

o NOVBS o VBS_ROB
N T, Barcelona NT, Barcelona
abauw abauw
Chilbolton Chilbolton
M)Q::e_ Head Mg:e Head
* Melpitz * Melpitz
o : gomseny 0 : yomseny
— 7 ¢ P de Dome + 1 ¢ pi de ome
® Vavihill ® Vavihill
—~ —~
] a
S S
— —
()] ()]
2 2
< 2 =z 24
] o}
© ©
el el
o o
b= =
0 - o -
G 3T . &
M L TR rd
s‘ ot o .
o A T T T o T T
0 5 10 135 20 0 10 135 20
Observations OA (ug/m®) Observations OA (ug/m®)
o VBS BC Scenarios statistics: 20090225 - 20090326
(3} J/
Helsinki = NOVBS
e Head ® VBS ROB
* Melpitz 10{ m VBS BC
* Montseny
O | e Payerne__ IR
— * Puy de Dome :
® Vavihill :
e i
% o :
= £ 5 : -
z © = 3 i
37 2 . —
st < : :
] : J—
o ; : o H : X
g .. —
. o] —/ — -
0 ; P
14 o,
o
o -5 T T T T
0 20 Obs NOVBS VBS_ROB VBS_BC

5 10 15
Observations OA (ug/m®)

Figure 4.5 OA daily average scatter plots for NOVBS, VBS_ROB and VBS_BC scenarios for February-
March 2009 for stations in Table 3. Solid lines indicate the 1:1 line. Dotted lines are the 1:2 and 2:1 lines.
Boxplots indicate medians™"525", 75" and 95" quantiles for observations (black) and sensitivity tests (red).
The crosses represent the arithmetic meafss R.55 for NOVBS, 0.64 for VBS_ROB and 0.59 for VBS_BC
(excluding the elevated sited of Puy de Ddme and Montseny).

Our study predicts relatively lower OA concentrations (MFB: -0.47, MFE: 0.79) compared
to those reported by Fountoukis et al. (2014) (MFB: 0.02, MFE: 0.68) for February-March

2009. Unlike Fountoukis et al. (2014) our study does not include fire emissions and marine

organic aerosol which may partially explain the differences. Figure 4.7 shows hourly modelled
and observed OA concentration at Payerne for March 2009 and June 2006. In March 2009

VBS_ROB results are lower than those in NOVBS whereas OA concentrations in VBS_BC

case are higher (see Supplementaigure A.1 8and Table A.1 3 for average concentrations
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and statistics). In June 2006, the OA mass in VBS_ROB is lower than those in NOVBS while
VBS_BC predicts similar concentrations as the NOVBS scenariou(P@® and 2.6pg m?®,

respectively, Figure A.1 9 and Table A.1 4). It has to be noted that the NOVBS scenario
predicts slightly lower OA concentration for June 2006 in Payerne with respect to our previous
application (Aksoyoglu et al., 2011), mainly because of a different biogenic model being used

which yields lower monoterpene and sesquiterpene emissions.

NOVBS VBS_ROB
o =

Latitude

Longitude Longitude

VBS_BC

Latitude

R . n
-20  -10 0 10 20 30 40
Longitude

Figure 4.6 Predicted OA concentrations over Europe for the NOVBS, VBS_ROB and VBS_BC scenario in
February-March 2009. Note that the color scale was limited to a maximum ofig®3 to facilitate
comparison of the panels.

Since both BVOCs and BBOA-like emissions are highly uncertain, sensitivity tests with

increased biogenic and anthropogenic emissions were performed and results discussed in the

next section (4.3.3.2).
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Figure 4.7 Predicted and observed total OA for scenarios NOVBS, VBS_ROB and VBS_BC in March 2009

(upper panel) and June 2006 (lower panel) at Payerne.

4.3.3.2 Sensitivity of OA to BBOA-likeand BVOC emissions

Emissions of BVOCs compounds (i.e. monoterpenes, isoprene and sesquiterpenes) were
doubled in scenario VBS_BC_2xBVOC, whilst primary organic aerosol emissions from SNAP2
and SNAP10 (BBOA-like) were doubled in scenario VBS_BC_2xBBOA, with other emissions
and processes represented as in VBS_BC. Figure 4.8 shows modelled and observed OA daily

average concentrations for the VBS_BC, VBS_BC_2xBVOC

and VBS_BC_2xBBOA scenarios

across the sites. Statistics for each scenario are reported in Table 5.

Table 4.5 Statistical analysis of OA for VBS_BC, VBS_BC_2xBVOC and VBS_BC_2xBBOA scenarios for

the 11 AMS sites for February-March 2009.

Mean Mean
Scenario observed OA modelled OA MB.3 ME.3 MFB  MFE
g m) g ) mgm®  wgmd) [ [
VBS_BC 3.0 1.7 -1.2 1.8 -0.47 0.79
(base case)
VBS_BC_2xBVOC 3.0 1.8 -1.2 1.8 -0.46 0.78
VBS_BC_2xBBOA 3.0 2.8 -0.1 1.9 -0.12 0.69
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Increasing biogenic emissions by a factor of two during February-March 2009 resulted in
almost no change in the predicted total OA ({1g7mi®and 1.8ug mi®for the VBS_BC and
VBS_BC_2xBVOC scenarios, respectively). On the other hand, doubling the BBOA-like
emissions (VBS_BC_2xBBOA) during the same period strongly increased the predicted OA
mass (up to 2.8g m°on average). As a result the mean fractional bias decreased further, from -
47% to -12% averaged across the sites. This could eventually confirm other studies where
substantial under-predictions in residential wood burning emissions were underlined (e.qg.,
Bergstrom et al., 2012). A few points above the 2:1 lines in VBS_BC_2xBBOA mainly belong

to the sites of Montseny, Puy de Déme and Helsinki.
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Figure 4.8 OA daily average scatter plots for VBS _BC, VBS BC 2xBVOC and VBS BC_2xBBOA
scenarios for February-March 2009 for stations in Table 3. Solid lines indicate the 1:1 line. Dotted lines are
the 1:2 and 2:1 lines. Boxplots indicate mediars, 28", 75" and 95" quantiles for observations (black) and
sensitivity tests (red). The crosses represent the arithmetic means.

During winter periods, it is likely that elevated stations such Montseny and Puy de Déme are
most of the time above the PBLH, as suggested by previous studies for Puy de Déme (Freney et
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al., 2011), whereas model concentrations are extracted from the first layer of the model. In
Helsinki, BBOA emissions seem to be overestimated or the dispersion underestimated in the
model.

Comparison with a warmer period in June 2006 is reported as well for Payerne where AMS
measurements were also available (Figure 4.9). In February-March 2009 increasing BBOA-like
emissions (VBS BC_2xBBOA) reduced the fractional bias from -85% in VBS BC to -37%
(Table A.1 3) with an over-prediction occurring during 1-5 of March (Figure 4.9, upper panel).
As already discussed in Section 4.3.2, it is likely that the vertical mixing processes were not
correctly represented by the model since also the inorganic components were over-predicted for
the same period. Almost no change in the predicted OA mass was found when biogenic
emissions were doubled (scenario VBS_BC_2xBVOC) (Figure 4.9, upper panel) due to lower
BVOCs emission during winter periods. Increasing BVOCs emissions in June 2006 increased
the predicted OA mass at Payerne site especially during the 12-16 June and towards the end of
the simulation period, where higher concentrations and temperature (Figure A.1 7) were also

observed (Figure 4.9, lower panel).
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Figure 4.9 Predicted and observed total OA for scenarios VBS_BC, VBS_BC_2xBVOC and
VBS_BC_2xBBOA in March 2009 (upper panel) and June 2006 (lower panel) at Payerne.
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In contrast, similar OA concentrations were predicted in Payerne for VBS BC and
VBS_BC_2xBBOA during June 2006 (with averages of fy4ritand 2.8 g m°, respectively).

This is in line with a recent source apportionment study based on ACSM (aerosol chemical
speciation monitor) measurements performed in Zirich for 13 months (February 2011 -
February 2012) which revealed substantial differences between the winter (February-March)
and summer (June-Augudt), / f43 space (organic mass fraction measured at mass to charge

ratio 44 and 43) indicating that summer OOA (oxygenated organic aerosol) is strongly
influenced by biogenic emission and winter OOA by biomass burning emission (Canonaco et
al., 2015).

Increased OA concentrations at Payerne in June 2006 with increased biogenic emissions
were also found in other modelling studies. Bergstrom et al. (2012) used the VBS framework
with different assumptions regarding aging processes and compared the model results for June
2006 with the AMS results at Payerne. In their study the total OA was found to be under-
predicted with lower bias observed when aging processes were taken into account and biogenic
emissions were increased by a factor of 3. Even though their model differs from ours in various
aspects (number of volatility bins, aging processes parameterization and input data) in two of
their scenarios without aging of biogenic SOA, Bergstrom et al. (2012) predicted an average
OA concentration ranging from 2,69 m®to 3.4 ug m*which is similar to our base case
VBS_BC and VBS_BC_2xBVOC scenario (214 m>and 3.4ug m?®, respectively, Table A.1
4).

4.3.3.3 OA componentsin summer and winter

Comparisons of the primary and secondary organic fraction at the rural site of Payerne
during summer (June 2006) and winter (February-March 2009) periods are reported in Figure
4.10. During the winter period the VBS scheme better reproduced the primary and secondary
organic aerosol components compared to the NOVBS case. In particular, For the VBS_ROB
base case, total OA concentrations were lower compared to the NOVBS case, consistent with
the study of Woody et al., (2016) where the same VBS scheme was applied to the US domain.
The total OA concentrations in the base case (VBS_BC) and in the scenario with increased
biomass burning emissions (VBS_BC_2xBBOA) were higher compared to NOVBS case, even
though SOA and POA fractions were not correctly reproduced. Higher contribution from the
primary fraction during winter periods was also predicted by the study of Koo et al., (2014)
which deployed the same VBS scheme.

Eventually, this might indicate that biomass burning precursors might be missing in this

study, or that the oxidation pathways of primary organic material need to be improved in the
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model (up to 86% of the reacted primary organic material is still allocated in the primary set as
oxidation proceeds, directly increasing the POA fraction).
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Figure 4.10 Relative (left) and absolute (right) contributions of predicted and measured POA and SOA
fractions to the total OA mass at Payerne for February-March 2009 winter period (upper-panel) and June
2006 (lower-panel) and different model scenarios. NOVBS: (traditional non-volatile POA), VBS_ROB
(Robinson et al.,, 2007), VBS_BC (Tsimpidi et al., 2010, Shrivastava et al., 2011), VBS_BC_2xBVOC
(increased biogenic emissions relative to VBS_BC), VBS_BC_2xBBOA (increased biomass burning emissions
relative to VBS_BC), Obs-Payerne: AMS-PMF.

Different behavior was observed for the summer period where the larger contribution of
SOA to the total OA retrieved from measurements was also reproduced by the model, even
though the total OA concentration was still underestimated. These results for summer are also in
line with the study of Koo et al. (2014) for summer periods in the US domain using the same
VBS scheme.

4.4 Conclusions

A modelling study using the regional air quality model CAMx with VBS (Volatility Basis
Set) scheme was performed for the first time in Europe within the EURODELTA-III model
intercomparison exercise. An evaluation for the main gas phase species anfbrPidur

different periodsvas performed using the European air quality database Airbase as well as
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AMS (Aerosol Mass Spectrometer) measurements. The period in February-March 2009 was

further analyzed in more detail using different assumptions regarding the volatility of emitted

organic aerosol and emissions of precursor. The main findings of this study are summarized

below:
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Although total PMs mass concentrations and its variations were well reproduced by the
model in all four periods, comparisons with AMS measurements for the February—
March 2009 period revealed that the good agreement between model and measurements
was most of the time due to overestimation of the inorganic fraction, especiajlly NO

and underestimation of OA. Sensitivity tests with reduced Miissions generally
reduced the positive bias in NGuggesting potential uncertainties in Nétissions

and their seasonal variability.

In general, for all the four periods, the model under-predicted, ld@ CO
concentrations. On the other hand,v@s found to be over-predicted likely because of
insufficient NQ, to undergo titration during night-time chemistry or not well captured
vertical mixing processes and concentrations at the boundarigsveS@ver-predicted
presumably mainly because of uncertainties in high stack point sources representation

in the model or too low deposition processes.

Including evaporation and oxidation processes of primary organic particles with the
volatility distribution proposed by Robinson et al. (2007) lowered the modelled OA
mass both in winter and summer periods. On the other hand, the adjustment of the
scheme by Robinson et al. (2007) suggested by Shrivastava et al. (2011) and Tsimpidi
et al. (2010) brings model and observations into better agreement by reducing the
negative bias for OA by about 29% (MFB) in winter.

Sensitivity tests with increased BVOCs and BBOA-like emissions suggested that
emissions from residential heating represent an important contributor to total OA during
winter periods (February-March 2009). The model under-predicted the winter OA
concentrations (MFB -47% for base case VBS_BC) more than gas phase pollutants e.g.
NO, (Table 2). Eventually, increasing BBOA-like emissions by a factor of 2 brought
model and observation to a reasonably good agreement even though the model still
under-predicts the OA fraction (-12% MFB). This underlines the necessity to better
constrain emission inventories with a focus on residential heating. Also the
implementation of the VBS scheme for domestic wood burning, which substantially

influences both the primary and secondary organic aerosol, should be evaluated.



4.4 Conclusions

« A summer period was simulated as well and results were compared at Payerne. In June
2006, the current VBS implementation could not explain the discrepancy between
modelled and observed OA. During this period the difference between the model and
measurements is likely to be related to BVOCs emissions which are uncertain and
difficult to constrain with measurements. In this case the model was sensitive to an
increase in biogenic emissions especially during periods with higher temperature and
OA concentrations. The latter could confirm the importance of BVOC precursors in

summer in Payerne and the way to correctly represent their evolution in the atmosphere.
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Chapter 5. Constraining a hybrid volatility basis set model for aging of wood burning emissions
using smog chamber experiments

Abstract

Semi-volatile and intermediate volatility organic compounds (SVOCs, IVOCs) are not
included in the current non-methane volatile organic compounds (NMVOCs) emission
inventories but may be important for the formation of secondary organic aerosol (SOA). In this
study, novel wood combustion aging experiments performed at different temperatures (263 K
and 288 K) in a ~7 fnismog chamber were modelled using a hybrid volatility basis set (VBS)
box model, representing the emission partitioning and their oxidation against OH. We combine
aerosol-chemistry box model simulations with unprecedented measurements of non-traditional
volatile organic compounds (NTVOCS) from a high-resolution proton transfer reaction mass
spectrometer (PTR-MS) and with organic aerosol measurements from an aerosol mass
spectrometer (AMS). In so-doing, we are able to observationally-constrain the amounts of
different NTVOCs aerosol precursors (in the model) relative to low-volatility and semi-volatile
primary organic material (OM) which is partitioned based on current published volatility
distribution data. By comparing the NTVOCs/QMatios at different temperatures, we
determine the enthalpies of vaporization of primary biomass burning organic aerosols. Further,
the developed model allows for evaluating the evolution of oxidation products of the semi-
volatile and volatile precursors with aging. More than 30,000 box model simulations were
performed to retrieve the combination of parameters that fit best the observed organic aerosol
mass and O:C ratios. The parameters investigated include the NTVOC reaction rates and yields
as well as enthalpies of vaporization and the O:C of secondary organic aerosol surrogates. Our
results suggest an average ratio of NTVOCs to the sum of non-volatile and semi-volatile
organic compounds of ~4.75. The mass yields of these compounds determined for a wide range
of atmospherically relevant temperatures and organic aerosol (OA) concentrations were
predicted to vary between 8 and 30 % after 5 hours of continuous aging. Based on the reaction
scheme used, reaction rates of the NTVOC mixture range from 38" xtdmolec's™ to 4.0
x 10 cn? molec¢'s®. The average enthalpy of vaporization of SOA surrogates was determined
to be between 55,000 J rit@ind 35,000 J mdlwhich implies a yield increase of 0.03 - 0.06 %

K with decreasing temperature. The improved VBS scheme is suitable for implementation into
chemical transport models to predict the burden and oxidation state of primary and secondary

biomass burning aerosols.
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5.1 Introduction

The fact that some semi-volatile compounds can exist in either gaseous or particulate form
results in considerable uncertainties in the emission inventories for fine particulate matter
(PM,5) and non-methane volatile organic compounds (NMVOCs). Emissions ¢f Bi
generally based on emission factors (EF) of primary organic aerosol (POA) which may be over-
or under-predicted depending on the measurement method used (Lipsky and Robinson, 2006;
Nussbaumer et al., 2008a, 2008b.).

In Europe, residential wood-burning emissions constitute one of the main anthropogenic
sources of POA and potentially secondary organic aerosol (SOA), especially during winter
periods with contribution from 15% to 50% of the total organic mass (Crippa et al., 2013;
Waked et al., 2014). Thus, great effort was devoted in the past to better constrain the
uncertainties related to wood burning emissions and their evolution in the atmosphere (Denier
van der Gon et al., 2015; May et al., 2013). Recent year-long source apportionment studies
based on ACSM (aerosol chemical speciation monitor) measurements in central Europe suggest
that winter secondary organic aerosol fingerprints resembles those measured during chamber
studies of biomass burning emission aging (Canonaco et al., 2015).

One of the main complications when dealing with organic aerosol (OA) is imposed by the
semi-volatile and highly reactive nature of organic material (Robinson et al., 2007). Depending
on ambient conditions freshly emitted primary organic particles can undergo evaporation. The
fraction of an organic compoundin the condensed phase can be inferred based on the
absorptive partitioning theory of Pankow (1994) (Eq. 5.1). The critical parameters driving the
gas-particle partitioning of this compound are its effective saturation concent@itjcand the

total concentration of organic aerosoh,C

c

$i = (1+c

-1
) i Coa = Ei&iC; (5.1)

0A
Here,¢; is the partitioning coefficient df (condensed-phase mass fractioB). is a semi-

empirical property (inverse of the Pankow-type partitioning coefficles)t, reflecting not only

the saturation vapor pressure of the pure constitt(éﬁt; but also the way they interact with

the organic mixture (effectively including liquid phase activities). This formulation essentially
determines that at highsc almost all semi-volatile organic aerosols are in the condensed phase

with only species with the highest vapour pressures remaining in the gas phase.

The volatility basis set approach (VBS) was proposed by Donahue et al., (2006) to provide a
framework to enable models to represent both the chemical ageing and the associated evolving

volatility of particulate organic matter in the atmosphere. The approach is to separate organics
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into logarithmically spaced bins of effective sation concentration€;’, at 298 K and it was
later extended (Donahue et al., 2011, 2012a,b) nsoducing surrogate compounds with
different carbon and oxygen numbers following theugp contribution approach based on the
SIMPOL method (Pankow and Asher, 2008) (Equatio®).5The model becomes 2-
dimensional, capable of tracking compound volgt#ind oxidation state (O:C ratios) (Donahue
et al., 2012b, 2011):

log1o C? = (n€ — nk)be — nhbo — 2-5¢%0 b (5.2)

i i
nC+no

whereb. andbg represent the carbon-carbon and oxygen-oxygenratttens, respectively,

bco describes the non-ideal solution behaviour ihd equal to 25, represents the reference
point for pure hydrocarbons (ig m® of alkene).n’ andn} are the carbon and oxygen
numbers, respectively, for thieh saturation concentrationCf). For biomass burning in
particular, May et al. (2013) revealed that thearigj of the emitted primary OA mass is semi-
volatile, with 50 to 80 % of the POA mass evapogtwhen diluted from plume to ambient
concentrations or when heated up to 100°C in artbéenuder. Based on their results, they
proposed a volatility distribution function and lealpies of vaporization for wood burning
smoke (May et al., 2013).

Once emitted in the atmosphere, organic compounglighly reactive towards various
oxidants such as the hydroxyl radical (OH), 0zoB¢) @nd the nitrate radical (N These
oxidants can strongly alter the chemical structafethe reacted precursors by generating
secondary products with lower or higher volatiftieLinking partitioning and oxidation
processes of thousands of emitted organic compoimdsne of the main challenges in
atmospheric chemistry. The VBS scheme can delingeteransformation of the surrogates
upon their functionalization or fragmentation, dyanging the compounds’ volatility and O:C
ratios, consistently with the dominant represewmgasipecies in that part of the parameter space.
Chemical transport models (CTMs) have been inangasiupdated with a VBS scheme with
varying complexities (Bergstrom et al., 2012; Cilaet al., 2016a; Murphy et al., 2011; Zhang
et al., 2013). A recent landmark paper withinitiiernational AeroCom initiative (Tsigaridis et
al., 2014), gave a comprehensive audit of the stafuorganic aerosol schemes in global
models, brought together several benchmark obsenaztdatasets and intercompared and
evaluated the OA simulated by a large number dbal@erosol models against them. Results
indicate that simulated OA greatly varies betweeardefs in terms of POA emissions, SOA
formation and complexity of OA parameterizationsl ahe amount of OA remains under-
predicted. In the latest EURODELTA-III (EDIIl) Eupean model intercomparison, seven

different regional models were applied in the Eeap domain during different periods with a
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focus on the February-March 2009 EUCAARI winter episode (Bessagnet et al., 2014). All
models under-predicted the total measured organic fraction mainly due the uncertainties in SOA
representation (Bessagnet et al., 2014). Knote et al. (2011) used the COSMO-ART model to
investigate its performance as online-coupled chemistry-climate model. In their study domestic
wood burning emissions were not included and POA was assumed to be non-volatile, which
resulted in a severe under-prediction of OA over the studied domain (Knote et al., 2011).
Bergstrom et al. (2012) used the EMEP model for the period of 2002-2007 comparing different
partitioning and aging schemes, and their results indicate a potential underestimation of wood-
burning emissions in Europe. Fountoukis et al. (2014) were among the first to implement the
VBS approach into a large-scale aerosol model, following the multiple distribution framework
approach proposed by Tsimpidi et al. (2010). They found the approach improved considerably
the OA simulated in the model across Europe comparing to a range of observations made during
the EUCAARI field campaign (Kulmala et al., 2009, 2011) and from EMEP monitoring
network (Tarseth et al., 2012). Recently, an important new initiative to provide improved
information on residential wood combustion (RWC) emission inventory for Europe was carried
out by Denier van der Gon et al. (2015) and used as an input in two CTMs (PMCAMx and
EMEP MSC-W) for the EUCAARI winter periods (February-March 2009). The new RWC
emissions, which are higher by a factor of 2-3 compared to previous emission inventories,
improved the model performance for total OA (Denier van der Gon et al., 2015). Jo et al.
(2013) deployed the GEOS-Chem global model to investigate the effect of using different aging
constants on modelled SOA. They concluded that model simulations are improved when
chemical aging is taken into account, especially for rural regions (Jo et al., 2013). These novel
investigations highlight the critical need for a representation of semi-volatile organic species
and their evolution in chemical transport models.

In this study we perform extensive box-model simulations of wood burning combustion
aging experiments performed in a ~7 smog chamber at different temperatures. Most
uncertain parameters namely enthalpies of vaporization of SOA, NTVOCs reaction rates and
their yields were investigated by means of brute force simulations, and a best fitting solution,

within acceptable physical and errors ranges, was retrieved.

5.2 Experimental Method

Beech Fagus sylvatica) logs were combusted in a residential wood burner (model type:
Avant, Attika from 2009), following the procedure described in (Heringa et al., 2012) and
(Bruns et al., 2015). The resulting emissions were sampled from the chimney through a heated
line (473 K), diluted by a factor of ~8-10 using an ejector diluter (473 K, DI-1000, Dekati Ltd.)
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and injected into the smog chamber (=} through a heated line (423 K). Emissions werg onl
sampled during the stable flaming phase of the ,bi@m11-21 min and total dilution factors
ranged from ~100 to 200. Four replicate experimemgie conducted at 288 K and another four
experiments at 263 K. The smog chamber had an geaedative humidity of 50% over all
eight experiments. Another three experiments werglgcted at 90% relative humidity and 263
K. After the characterization of the primary emigs, a single dose of d9-butanol (butanol-D9,
98%, Cambridge Isotope Laboratories) was injectei ithe chamber, to trace the OH
concentration (Barmet et al., 2012). A continuolswvf of nitrous acid (2.3-2.6 | mih
>99.999%, Air Liquide) into the chamber served a<Odh precursor. The chamber was then
irradiated with UV light (40 lights, 90-100 W, Cldeerformance, Philips) for 4.5-6 h (Platt et
al., 2013). The evolution of the gas-phase andqudate phase composition and concentration
were monitored in real-time throughout aging. Nefractory primary and secondary
particulate emissions were characterized usinggh hésolution time-of-flight aerosol mass
spectrometer (AMS). Equivalent black carbon (eBGswguantified using a 7-wavelength
aethalometer (AE33 Magee Scientific Company, flater2 | mift) (Drinovec et al., 2015).
Particle wall loss rates in the chamber were detexthusing the decay of eBC assuming all
particles were lost equally to the walls and thahdensable material partitions only to
suspended particles. The average particle halfdifitne chamber was 3.4+0.7 h. Non-methane
organic gases with a proton affinity greater thiaat tof water were measured using a a high-
resolution proton transfer reaction mass spectrem@TR-ToF-MS 8000, lonicon Analytik
G.m.b.H.). The PTR-ToF-MS was operated with hydnon{[H,O+H]") as reagent, a drift tube
pressure of 2.2 mbar, a drift tube voltage of 548nd a drift tube temperature of 90°C leading
to a ratio of the electric fielde] and the density of the buffer ga¥) (in the drift tube E/N) of
137 Townsend (Td). The analysis of data PTR-ToF-#i&&& and the identification of the
precursors’ chemical nature are described in Batrad. (2016). The elemental composition of
the detected gases was analyzed using the Tofwmteppcessing software (version 2.4.5),
running in the Igor Pro 6.3 environment (versio®, &/avemetrics Inc.). More than 95% of the
detected peaks could be assigned to a moleculamufar Approximately 70% of the
compounds’ chemical structures could be assignddeabserved ions guided by previously
reported compounds emitted during residential womdbustion. Here, the lumped sum of the
precursors’ molar concentrations will be used tostain the total amount of NTVOCs (Table

A.2 1) in the model. Their weighted averd@eC ratio, volatility, reaction rate and carbon

number will also be presented.
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modelling approach involves two steps.

We first modelled the partitioning of POA for the 11 smog chamber experiments (8
experiments at RH=50% and 3 experiments at RH=90%) before the start of the aging.
This step enables constraining the amounts of material in the different volatility bins
and the enthalpy of vaporization of the different surrogates used. The simulations
proceeded as follows. Using already available volatility distribution data for primary
wood burning emissions (Figure 5.1) we inferred the total amount of organic material
(gas and particle phase) in the low-volatility and semi-volatile ranges,JQ®LI1<C;

< 1000pg mi®), which matched the measured OA concentrations at the beginning of the
experiments (OAg). The amount of ON was then compared to the measured
NTVOCs, at high and low temperatures and the enthalpies of vaporization of primary
compounds were adjusted such that a comparable NTVOGCgsf@tib was obtained at

both temperatures within our experimental variability. We tested several sets of
enthalpies of vaporization characteristic of biomass burning OA derived from May et al.
(2013); the different sets were all physically possible and were determined from

thermodesorber data by assuming different accommodation coefficients.
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Figure 5.1 Properties of the wood burning POA set. a) O:C ratioAb)),,, ¢) C number d) O number.
Volatility distribution and enthalpies of vaporization were taken from May et al. (2013). Carbon and oxygen
numbers were calculated using the group contribution approach of Donahue et al. (2011). Wood burning POA
carbon numbers were placed from 14 to 11 and linearly interpolated between the volatility bins.
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- In step 2, the obtained volatility distributions were used to model the aging of the
emissions and SOA formation within a hybrid VBS framework. This framework is
adapted from Koo et al. (2014); it describes the formation and further evolution of SOA
species from different families of precursors. Unlike previous 2D-VBS schemes, the
molecular space was not discretised according to the species saturation concentration
and oxidation state (e.g. O:C ratios), but rather every SOA surrogate was given an
average molecular composition sH;O,) — as a function of its volatility and the
precursor it derived from. This approach significantly decreases the degree of freedom
of the model, while still providing a means to evaluate the bulk aerosol oxidation state
based on the knowledge of the surrogate molecular composition. The time-dependent
OA mass and O:C ratios were used as model constraints. For step 2, only experiments
performed at RH=50% were used, as high RH might favour further uptake of secondary
organic material into the bulk phase, effectively increasing aerosol yields (Zuend and
Seinfeld, 2012). Such effects are beyond the scope of this study.

In the present study, the bulk micro-physical properties of the condensed phased were not
measured. Therefore, for all calculations, we assumed instantaneous reversible absorptive
equilibrium of semi-volatile organic species into a well-mixed liquid phase. I.e. the model does
invoke diffusion limitations within the condensed phase. These assumptions may influence our
results, especially at lower temperatures (e.g. if diffusion limitations were to be considered,
higher reaction rates would be required to explain the observations). However, the same
assumptions are considered in CTMs and therefore we expect that resulting biases will partially
cancel out, providing that the bulk phase properties of chamber and ambient aerosols are not
significantly different.

Five volatility bins ranging from 0.1 to 10Q® ni*in saturation concentration were used to
model the partitioning of the POA and SOA fractions. The weighted average carbon and oxygen
numbers of the NTVOCs mixture retrieved from PTR-MS measurements were used in
combination with the group contribution approach (Eq. 5.2) to estimate the average saturation
concentration for SOA precursors yielding about °~i@ m*, which falls within the IVOC
saturation concentration range limit (Donahue et al., 2012b; Koo et al., 2014; Murphy and
Pandis, 2009) (Figure 5.2).

A total number of 3 sets were chosen to describe the evolution of organic material. The first
set was used to distribute the primary emissions (setl). Two other sets were used to model the
formation and evolution of SOA. Oxidation products of SVOC material arising from primary
emissions were allocated to set2, whereas oxidation products from NTVOCs were allocated to
set3 (Figure 5.3).
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Figure 5.2 Properties of the wood burning POA and SOA sets. a) C number b) O number. Wood burning
SOA carbon numbers were placed from 10 to 5 and linearly interpolated between the volatility bins. Oxygen
numbers were calculated using the group approach of Donahue et al. (2011). NTVOCs carbon and oxygen
numbers were retrieved from PTR-MS data The red bars indicate the OM emission factors.

The specific molecular structures for each of the sets and bins were retrieved using the group
contribution approach and the Van Krevelen relation (Table 1). Primary wood burning
emissions were placed to range from 14 to 11 carbons (setl) in line with previous studies
(Donahue et al., 2012b; Koo et al.,, 2014) and appropriate numbers of oxygen atoms were
retrieved (Eqg. 5.2). The oxidation of semi-volatile material would tend to increase the
compounds’ oxygen number and decrease their volatility and carbon number, due to
functionalization and fragmentation. We assume that the oxidation of the primary semi-volatile
compounds with G-Cy4 decreases their volatility by one order of magnitude and yigJ5,C
surrogates, placed in set2, based on the work of Donahue et al. (2011, 2012a,b). Based on these
assumptions and using the group contribution approach, the oxygen numbers for set 2 is
predicted to vary between 2.26 and 4.56 (Figure 5.2). Thus, the model implicitly accounts for
the addition of 1.1 to 1.5 oxygen atoms and the loss of 2.75 to 4.25 carbon atoms, with one
oxidation step.

Set3, was directly constrained based on the PTR-MS data. The measurements suggested an
average NTVOC carbon and oxygen number of about 7 and 1, respectively. Based on reported
molecular speciation data (Kleindienst et al., 2007), we expect that the products of C
compounds have as&; carbon backbone. These products were placed in set3 following a
kernel function based on the distribution of naphthalene oxidation products. At least two
oxygens atoms were added to the NTVOC mixture upon their oxidation (Figure 5.2 and Figure
5.3). The overall, O:C ratio in the whole space roughly spans the range from 0.1 to 1.0.

Multigeneration chemistry (aging) is also accounted for by the model. Gas-phase products in
the semi-volatile range in set2 and set3, once formed, can further react with a rate constant of 4

x 10™ cn® moleculé' s* as proposed by previous studies (Donahue et al., 2013; Grieshop et al.,
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2009; Robinson et al., 2007), further lowering the volatility of the products by one order of

magnitude.
6 1.5
Kou= 4 x 101 cm3molec *s?
5 - - 1.25
SVOCs+OH Nwocs»fo_\;\
. - —::’:E/’
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Figure 5.3 Proposed oxidation scheme: an average mixture of NTVOCs compounds are allowed to react
with the hydroxyl radical following a naphthalene kernel mass distribution. Secondary products in the SOA set
(set3) are allowed to further react with a reaction rat&kgf= 4.0 x 10" cnimolec™s”. Oxidation products
from semi-volatile vapours from the POA set (setl) are allowed for further aging in set2. The numbers on the
red arrows indicate the NTVOCs yields for each bin for the best fitting solution (ppf.ppm

As the modelled species’ average carbon number systematically decreases with aging, this
approach effectively takes into consideration the compounds’ fragmentation. In parallel, the
addition of oxygen reflects the compounds’ functionalization with aging and the increase in the
measured O:C ratio. Therefore, unlike previous 2D-VBS schemes where functionalization and
fragmentation are disentangled, the approach adopted here, by decreasing the number of carbon
atoms and increasing the number of oxygens atoms, simultaneously describes both processes.

In addition to the constrains mentioned above, three parameters were determined based on
experimentally constrained time-dependent OA mass and O:C ratios, i.e., NTVOCs reaction
rates and yields as well as average enthalpies of vaporization values for the set 2 and 3. Detailed

explanations are presented in the next two sections.
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Table 5.1 Properties of the VBS space. Oxygen numbers for each volatility bin were calculated using the
group-contribution of Donahue et al. (2011). Hydrogen numbers were calculated from the van Krevelen
relation (Heald et al., 2010).

Log (C*)  Oxygen number Carbon number Hydrogen O:C ratio Mole-cular
number weight
-1 4.11 11.00 17.89 0.37 216
0 3.43 11.75 20.07 0.29 216
POA setl 1 2.73 12.50 22.27 0.22 216
2 2.01 13.25 24.49 0.15 216
3 1.27 14.00 26.73 0.09 215
-1 4.53 9.00 13.47 0.50 194
0 4.00 9.25 14.50 0.43 189
SOA set2 1 3.40 9.50 15.60 0.36 184
2 2.83 9.75 16.67 0.29 179
3 2.26 10.00 17.74 0.23 174
-1 5.25 5.00 4.75 1.05 149
0 4.70 5.25 5.80 0.90 144
SOA set3 1 4.20 5.50 6.80 0.76 140
2 3.65 5.75 7.85 0.63 135
3 3.15 6.00 8.85 0.52 131

5.3.1 Partl: Inferring OMg and NTVOCS/OMg, ratios from

measur ements and partition theory
We seek to determine, based on the PTR-MS and AMS measurements of gas and particle
phase organic material &0, the ratio NTVOCs/ON and the enthalpies of evaporation of
compounds of the semi-volatile compounds that represent best the observations at high and low

temperatures. We modelled the Q/partitioning using two different proposetH,azpoafor

wood burning:

AHyqppoa = —410g10(C39gx) + 85 (5.3)
AHyappoa = —1110g1(C9gk) + 70 (5.4)

Eq. 5.3 is the best fitting solution proposed by May et al. 2013, while Eq. 5.4 represents the
lower limit for AHyapp0a for solution falling within experimental uncertainties (Figure 4 in May
et al. 2013). We will refer to these solutions as SOL1 for Eq.5.3, and SOL2 for Eq.5.4. Table
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5.2 reports the measured @#or all the 11 experiments, which ranges from ggOm* and
22.6ug m?3. The amount of Ol that matches the measured Q#s reported for both SOL1
and SOL2. The average NTVOCs/QMatios for high temperature and low temperature
experiments are reported together with the standandation in Table 5.3. For SOL1 we
calculated an average ratio of 4.2+1.1 at high sampires and 7.2+2.6 for low temperatures.
SOL2 reduces the differences in the average NTVOM/Ig/ ratios at the two temperatures, and
therefore will be used to describe the dependehtyeoprimary organic compounds. For SOL2
the overall NTVOCs/OWN, ratio between high and low temperature experimsnasound 4.75.
Figure 5.4 shows the resolved equilibrium phasditiwaning (Eq. 5.1) between the gas and
particle phase at the beginning of each of the rhbhgschamber experiments (@4 using
SOL2. As expected, most of the material is founthengas-phase at high temperatures, while at
lower temperature only part of the compounds wéiluiation concentrations (at 20°C) between

100 and 100Qg ni*, would reside in the gas-phase.
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Table 5.2 Modelled and experimental data for 11 wood burning experiments, 1©@a4s at the beginning of each chamber experimeatseported together with measured
OA-, and the initial NTVOCs concentration. The (NTVO@,) indicates the ratio between the measured NTVO@dl@imposed O)mass at the beginning of each

experiment for the two differes, ;ppoasolutions (SOL1 and SOL2).

Expl Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8 Exp9 Expl10 Expl1l
T=263K T=263K T=263K T=263K T=263K T=263K T=263K T=288K T=288K T=288K T=288K
RH=50% RH=50% RH=50% RH=50% RH=90% RH=90% RH=90% RH=50% RH=50% RH=50% RH=50%
Measured NTVOCs
. 185.1 - - 79.3 143.5 91.7 68.7 121.5 190.4 174.6 195.7
(ng/m]
Measured OAq [Hg/ms] 12.3 8.1 16.7 9.3 12.0 17.7 6.0 22.6 17.5 18.7 18.6
SOL1 Modelled ON,
3 17.3 12.1 224 13.6 16.9 235 9.5 46.6 37.7 39.8 39.6
[ng/m]
SOL2 Modelled ON,
3 22.7 15.8 295 17.8 222 31.0 12.3 49.7 40.1 42 .4 2 42
[ng/m]
SOL1 (NTVOCSs)/(OM,) 10.7 - - 5.1 8.5 3.9 7.2 2.6 5.0 4.4 4.9
SOL2 (NTVOCs)/(OM,) 8.1 - - 4.4 6.4 3.0 5.6 2.4 4.7 4.1 4.6
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Figure 5.4 Partitioning of wood burning POA before the start of the aging for 11 smog chamber experiments (SOL2). Gas-phase in red and particle phase in blue.
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5.3 Box mode

Table 5.3 Solutions used for primary organic aerosol enthalpies of evaporations with averages and
standard deviations of the (NTVOCSs)/(QMatio.

AH (NTVOCS)/(OMy)  (NTVOCS)/(OM,)
vapPOA Average High-T Average Low-T
(kd mol’) (288.15 K) (263.15 K)
sQu 4.2+1.1 7.2+2.6
* 211, 212,
-410g,(C 545 + 85
SQLZ
-llloglo(C 298K) +70 4.0£1.1 5.5+2.0

5.3.2 Part2: Modelling of wood burning aging at low and high

temperature

In this section we will focus on the emission aging. Using the NTVOCg/@ltlo and the
enthalpies of vaporization retrieved in section 3.1.1, we modelled the eight different smog
chamber experiments: No. 1, 2, 3, 4 (low temperature) and No. 8, 9, 10, 11 (high temperature)
performed at the same relative humidity (RH = 50%). For each of the eight experiments we
injected an average mixture of NTVOCs equal to 4.75 times thg, @kks before the start of
the aging. NTVOCs react solely with OH, whose concentration was retrieved from PTR-MS
measurements. The temperature dependence of the reaction rates was also taken into account
through the Arrhenius equation. The reaction ratggnNrvocy and yields (Y) of the NTVOCs
as well as enthalpies of vaporization of SQ¥H(.,s0 for set2 and set3 were varied within
specific physically realistic ranges. We varleg.nrvocs between 2 and 4 x THcn? molec's*
in steps of 0.1 x I8 cn® molec's?, and yields between 0.1 and 0.4 ppm Ppmsteps of 0.01
ppm ppnt. Values forAHapsoaare still highly uncertain. In this study we explored a wide
range of values from 15,000 J Mdb 115,000 J mdlin steps of 20,000 J nibl The model
performance for each combinationigfandk was evaluated in terms of the root mean square
error (RMSE) for the eight experiments and a best fitting solution retrieved as the one that
minimized the sum of the errors on both the O:C ratio and OA mass (giving the same weight on
both quantities). We performed a total number(iokj X k X nexp) =(21x31 x6 X
8) = 31248 simulations, where,,, are the numbers of aging experiments. Figure 5.5 shows
the total errors for the OA mass (left side) and O:C ratio (right side) for diffexelf,soa Y

and kn-nrvocs.
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Figure 5.5 Total error on the OA mass (left side) and on the O:C ratio (right side). White regions have an
error larger than 60% for the OA mass and 26% for the O:C ratio. The number of simulations per experiment
is 3906. The red diamonds indicate the likelihood ratio test results for solutions within 10% error from the best
one (yellow diamond).
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These global errors are root mean squared deviations (i.e. for the eight experiments) adjusted
to the number of points per experiment. The error on the OA mass varies from a minimum of
~25% up to more than 60 % whereas the errors on the O:C ratio (Figure 5.5 right side) are lower
and they range from approximately 15 % up to more than 30 %. For the OA mass, distinct
regions with lower errors are visible in the central part of each panel with difieirggisoa
representing the models that fitted best the measured OA. While a similar observation can be
made for the O:C, models with higkH,;s0a tend to reproduce the data less faithfully. The
diamonds in Figure 5.5 indicate the absolute best fitting solution (in yellow) and the ones
retrieved with a likelihood-ratio test allowing for 10% error form the best fit (red diamonds).
Regions with lower error are localized fRynrvocs > 2.5 x 10" cn? molec' s* between
AH,apsoavalues of 35,000 and 55,000 J ol

Figure 5.6 shows the modelled and measured OA mass for all the 8 aging experiments. The
primary organic aerosol fraction is reported as well as the SOA fraction from SVOCs and higher
volatility NTVOCs. All the low temperature experiments (No. 1, 2, 3, 4 left side of the panel)
were reproduced very well along with the concentration gradients at the end of each the
experiments even though the model tends in general to slightly over-predict the final OA
concentration. The primary fraction slightly increases at the very beginning of the aging phase
and it decreases as the experiments proceed as a result of its partitioning to the gas phase and
subsequent oxidation. Most of the SOA was predicted to be formed from NTVOCs precursors
and only a minor amount from SVOCs. On the other hand, for experiments conducted at higher
temperature (No. 8, 9, 10, 11) the OA mass was under-predicted except for experiment No. 8
(see also Figure A.2 1). In this case, SVOCs contribute more significantly to SOA formation
compared to low temperature experiments, although the majority of SOA still arises from
NTVOCs.

Comparisons between measured and modelled O:C ratios are reported in Figure 5.7. Model
and observation results match very well, especially upon aging. Significant differences between
measured and modelled O:C ratios at the beginning of the experiments highlight on the one
hand the variable nature of primary biomass smoke emissions. This variability cannot be
accounted for in the model. On the other hand, for some experiments the model under-predicts
the measured O:C ratios suggesting that the model parameters describing the O:C of primary
emissions are suboptimal. These parameters include directly the carbon and oxygen number of
species in set 1, and indirectly the volatility distributions and enthalpy of vaporization, which
are all adopted from previous published data. The average bias in POA O:C ratios is ~30%,

well within the experimental uncertainties.
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Figure 5.6 Modelled and observed OA mass for low temperature experiments (left side) and high
temperature experiments (right side). The model results for the best fitting solution (yellow diamond in Figure
5.5). SOA from NTVOCs and SVOCs as well as POA are reported in green, red and blue, respectively.
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Figure 5.7 Modelled (black lines) and observed (red lines) O:C ratio for low temperature experiments (left
side) and high temperature experiments (right side).
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5.4 Implication for large-scale models

We performed extensive box model simulations of wood burning experiments conducted at
two different temperatures (263 and 288 K) in a *&mog chamber facility. By combining
new NTVOCs measurements and already available partitioning data for primary wood burning
emission, we constrained the amounts of NTVOCs that act as SOA precursors. Our estimates
indicate that NTVOCs are approximately 4.75 times the amount of total organic material in the
0.1 and 100Qug m® saturation concentration range (QM This ratio can be directly used in
CTM models in the absence of explicit NTVOCs emissions for wood burning in combination
with the proposed aging scheme. Specific parameters such as NTVOCs reactiokorates (
nTvocs), Yields (Y) and enthalpies of vaporization of secondary organic aerdsghéo) were
varied using brute force simulations, and their values were retrieved for best fitting solutions
falling within a physically realistic range. The model predicted that the majority of the SOA
formed during the aging-phase arose from NTVOCs precursors and only a smaller amount from
SVOCs.

Based on our best fitting solutions, we can now predict the OA mass and composition as well
as SOA yields at any given temperature, emission load and OH exposure. This is illustrated in
Figure 5.8 for 3 different OM emission loads (M NTVOCSs) of 6, 60 and 608y m° and
for a wide range of atmospherically relevant temperatures (from 253.15 K to 313.15 K).

Partitioning of POA depends on the temperature and the injection amounts. The primary
organic aerosol mass (POA) decreases with temperature by ~0'59 Kverage with higher
effects predicted at higher loads (0.7% &t 600ug m® 0.3% at 6ug m°). The partitioning
coefficient of the primary material increases by about a factor of 1.5 for a 10-fold increase in the
emissions. As aging proceeds, POA mass slightly increases as a result of additional partitioning,
but after an OH exposure of (1.0-1.5) X hiolec cnT h, the trend is inversed and POA mass
decreases due to the oxidation of semi-volatile primary compounds. This effect is more visible
at high loads.

From Figure 5.8, we can also assess the impact of temperature, OH exposure and emission
concentrations on SOA Yyields. The temperature effect on SOA vyields is a function of OH
exposure, aerosol load, and temperaturedYgoT = f(T,Cpa, OH,yp). SOA yields increase
by 0.03, 0.06 and 0.05 % on average for 6, 60 and 6Qg m* respectively, with higher
effects predicted in general at lower temperatures. The temperature effect on the yields is also
greater at higher OH exposures (except for very high loads). An analysis typically performed to
estimate the volatility distribution of SOA products is based on SOA yields from chamber data
performed at different precursor concentrations. We investigated the impact of the OA

concentration on the yield at different temperatures and OH exposure. In Figure A.2 2, an
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average change in the yield witig C, 4 is shown at the different condition@Y /dlog Cyp,) =
f(T,0H,,p). Note that an increase in SOA yields with tbgC,, was observed as expected.
This increase is not solely due to additional partitioning, but is partially also related to changes
in the actual chemical composition and hence volatility distribution of the SOA surrogates, as
they age to different extents at different concentrations and different temperatures. We
determined a vyield increase of 4-9% for a 10-fold increase in emissions, with a higher effect at
higher OH exposures and lower temperatures.

From Figure 5.8, one may evaluate the minimum OH exposure values required for SOA to
exceed POA. SOA is predicted to exceed POA after~1.8 midlec cn? h, for typical ambient
concentrations and temperatures. At low temperatures (263 K) and high loads, SOA might
exceed POA at an OH exposure of 9 £ t®lec crit h, or in 2-10 hours (at OH concentrations
of (1-5) x 16 molec cri?), in line with our previously estimated values for biomass burning
emissions for the typical conditions of haze events (Huang et al.,, 2014). Comparatively, at
288.15K an OH exposure of 7 x%folec cn® h would be required for SOA to exceed POA,
which might be reached within 2 hours or less at typical summer OH concentrations, i.e. (5-10)
x 10° molec cnit. These results confirm previous observations that SOA formation is very rapid
and the SOA fraction might exceed primary emissions within time-scales of hours, even during

haze events.
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Figure 5.8 Predicted OA mass (upper panels, note different scales), POA mass, SOA/POA ratio (middle
panels) and yields (lower panels) at different QMNTVOCs initial load and atmospheric conditions (T).
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Abstract

We evaluated a modified VBS (Volatility Basis Set) scheme to treat biomass burning-like
organic aerosol (BBOA) implemented in CAMx (Comprehensive Air Quality Model with
extensions). The updated scheme was parameterized with novel wood combustion smog
chamber experiments using a hybrid VBS framework that accounts for a mixture of wood
burning organic aerosol precursors and their further functionalization and fragmentation in the
atmosphere. The new scheme was evaluated for one of the winter EMEP intensive campaigns
(February-March 2009) against aerosol mass spectrometer (AMS) measurements performed at
11 sites in Europe. We found a considerable improvement for the modelled organic aerosol
(OA) mass compared to our previous model application with the mean fractional bias (MFB)
reduced from -61% to -29%.

We performed model-based source apportionment studies and compared results against
positive matrix factorization (PMF) analysis performed on OA AMS data. Both model and
observations suggest that OA was mainly of secondary origin at almost all sites. Modelled
secondary organic aerosol (SOA) contributions to total OA varied from 32 to 88% (with an
average contribution of 62%) and absolute concentrations were generally under-predicted.
Modelled primary hydrocarbon-like organic aerosol (HOA) and primary biomass burning-like
aerosol (BBOA) fractions contributed to a lesser extent (HOA from 3 to 30%, and BBOA from
1 to 39%) with average contributions of 13 and 25%, respectively. Modelled BBOA fraction
was found to represent 12 to 64% of the total residential heating related OA, with increasing
contributions at stations located in the northern part of the domain.

Source apportionment studies were performed to assess the contribution of residential and
non-residential combustion precursors to the total SOA. Non-residential combustion and
transportation precursors contributed about 30-40% to SOA formation (with increasing
contributions at urban and near industrialized sites) whereas residential combustion (mainly
related to wood burning) contributed to a larger extent, around 60-70%. Contributions to OA
from residential combustion precursors in different volatility ranges were also assessed: our
results indicate that residential combustion gas-phase precursors in the semi-volatile range
contributed from 6 to 30%, with higher contributions predicted at stations located in the
southern part of the domain. On the other hand, higher volatility residential combustion

precursors contributed from 15 to 38% with no specific gradient among the stations.

76



6.1 Introduction

The new retrieved parameterization, although leading to a better agreement between model
and observations, still under-predicts the SOA fraction suggesting remaining uncertainties in the

new scheme or that other sources and/or formation mechanisms need to be elucidated.

6.1 Introduction

Organic aerosol (OA) comprises the main fraction of fine particulate matta) (Fitienez
et al., 2009). Even though the sources of its primary fraction (primary organic aerosol, POA) are
qualitatively known, uncertainties remain in terms of the total emission fluxes annually released
into the troposphere (Kuenen et al., 2014). Moreover, the measured OA load largely exceeds the
emitted POA fractions at most measurement sites around the world. A secondary fraction
(SOA), formed from the condensation of oxidized gases with low-volatility on pre-existing
particles, is found to be the dominant fraction of OA (Crippa et al., 2014; Huang et al., 2014;
Jimenez et al., 2009). Such low-volatility products are produced in the atmosphere when higher
volatility organic gases are oxidized by ozong)(@ydroxyl (OH) radical and/or nitrate (NO
radical. The physical and chemical processes leading to the formation of SOA are numerous,
very uncertain and currently under debate (Hallquist et al., 2009; Tsigaridis et al., 2014; Fuzzi et
al., 2015; Woody et al., 2016).

Available long-term measurements might help in elucidating the composition and origin of
OA in different seasons. Canonaco et al. (2015) presented direct evidence for significant
changes in the SOA fingerprint between summer and winter from 13 months of OA
measurements conducted in Zirich using the aerosol chemical speciation monitor (ACSM).
Their results indicate that summer oxygenated OA mainly arises from biogenic precursors
whereas winter oxygenated OA is more strongly influenced by wood burning emissions.
Moreover, numerous ambient studies of open burning plumes from aircraft do not show a net
increase in OA, despite observing oxidation (Cubison et al., 2011; Jolleys et al., 2012). It is
therefore necessary that the chemical transport models (CTMs) correctly reproduce OA
concentrations by taking into account all the uncertainties and variability of observations.

Most of the CTMs account for common biogenic and anthropogenic high volatility SOA
precursors such as terpenes, isoprene, xylene and toluene which have a saturation concentration
(C) higher than 1Dug m* (Aksoyoglu et al., 2011; Ciarelli et al., 2016a). A few models also
include intermediate volatility organic compounds (IVOCs) with' @10 - 1¢° ug m* and
semi-volatile organic compounds (SVOCSs) with ao€0.1 - 16 ug mi® co-emitted with POA
(Bergstrom et al., 2012; Ciarelli et al., 2016a; Denier van der Gon et al., 2015; Fountoukis et al.,
2014; Ots et al., 2016; Tsimpidi et al., 2010; Woody et al., 2016). In these applications, the

volatility distributions of POA and IVOCs emissions are based on the study of Robinson et al.
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(2007), where the IVOC mass is assumed to be rhéstihe total organic mass available in the
semi-volatile range.

The standard gridded emission inventories do nbingtude SVOCs and their emissions are
still highly uncertain as their measurement isrgjhp affected by the method used (Lipsky and
Robinson, 2006). A recent study by Denier van den €t al. (2015) reported a new residential
wood burning emission inventory including SVOCs,enhemissions are higher by a factor of
2-3 on average than those in the EUCAARI inven{étyimala et al., 2011). The new emission
inventory was used in two CTMs (EMEP and PMCAMXx)dait improved the model
performance for the total OA (Denier van der Gomlet2015). Ciarelli et al. (2016a) showed
that allowing for evaporation of primary organicrigdes as available in European emission
inventories degraded OA performance (further umtedicted OA but with POA and SOA
components in a better agreement) whereas modé&rpance improved when volatility
distributions that implicitly account for missingemi-volatile material (increasing POA
emissions by a factor of 3) were deployed.

Various modelling studies were performed by incdrep®OA emissions by a factor of 3 to
compensate for the missing gaseous emissions basgaltitioning theory predictions (Ciarelli
et al., 2016a; Fountoukis et al., 2014; Shrivasttva., 2011; Tsimpidi et al., 2010). Figure A.3
1 shows the partitioning of ~ig m* of POA at different temperatures using the latesilable
volatility distribution for biomass burning (May at., 2013). The ratio between the available
gas and particle phase material in the semi-velatihge is predicted to be roughly 3. This
implies that, in these applications, the newly &ditorganic mass (POA + SVOCs + IVOCs) is
7.5 times higher than in original emissions (i®@M = (3*POA) + (1.5%(3*POA))). This
indirect accounting of missing organic material Idobe used in the absence of more detailed
gridded emission inventories, keeping in mind tingt amount of higher volatility compounds
was specifically derived from studies conductedwliesel engines (Robinson et al., 2007).

Along with ambient measurement studies, novel wbodning smog chamber studies
provide more insight into wood burning SOA formatiand the nature of its precursors. Bruns
et al. (2016) performed several wood-burning agimgeriments in a ~7 frsmog chamber.
Using proton-transfer-reaction mass spectrometfR(MS) they characterized SOA precursors
at the beginning of each aging experiment and fabatlup to 80% of the observed SOA could
be explained with a collection of a few SOA preocussthat are usually not accounted in
regional CTMs (e.g. cresol, phenol, naphthalen&ceRtly, we used those chamber data to
parameterize a hybrid volatility basis set (Ciamlal., 2016b). The results provided new direct
information regarding the amount of wood burningAS@recursors which could be directly

used in CTM applications in the absence of mormeefwood burning emissions in gridded
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inventories. The box-model application reproduced the chamber data with an error of
approximately 25% on the OA mass and 15% on the O:C ratio (Ciarelli et al., 2016b).

In the current study, the updated volatility basis set (VBS) parameterization was
implemented in the comprehensive air quality model with extensions (CAMx) model, and
simulations were performed in Europe for a winter period in February-March 2009. Results are
compared with previous simulations using the original VBS framework (Ciarelli et al., 2016a)
and with source apportionment data at eleven sites with different exposure characteristics,

obtained using PMF applied to AMS measurements (Crippa et al., 2014).

6.2 Method

6.2.1 Regional modelling with CAM x

The CAMXx version 5.41 with VBS scheme (ENVIRON, 2011; Koo et al., 2014) was used in
this study to simulate an EMEP measurement campaign between 25 February and 26 March
2009 in Europe. The modelling method and input data were the same as those used in the
EURODELTA IIl (ED IlI) project, described in detail in Ciarelli et al. (2016a). The model
domain covers Europe with a horizontal resolution of 0.25° x 0.25°. Meteorological parameters
were calculated from ECMWEF IFS (Integrated Forecast System) data at 0.2° resolution. There
were 33 terrain-followings-levels from ~20 m above ground level (first layer) up to about 350
hPa, as in the original IFS data. For the gas phase chemistry, the Carbon Bond (CBO05)
mechanism (Yarwood, 2005). The ISORROPIA thermodynamic model (Nenes et al., 1998) was
used for the partitioning of inorganic aerosols (sulfate, nitrate, ammonium, sodium and
chloride). Aqueous sulfate and nitrate formation in cloud water was calculated using the RADM
algorithm (Chang et al., 1987). Formation and evolution of OA is treated with a hybrid volatility
basis set (VBS) that accounts for changes in volatility and O:C ratio (Koo et al., 2014) with
dilution and aging. Particle size distributions were treated with a two static mode scheme (fine
and coarse). The results presented in this study refer to the fine fraction).(RVe
parameterized the biomass burning sets based on chamber data as described in Ciarelli et al.
(2016D).

The anthropogenic emission inventory was made available for the ED Ill community team
by the National Institute for Industrial Environment and Risks (INERIS) at 0.25° x 0.25°
horizontal resolution. More information regarding the anthropogenic emission inventories are
available in Bessagnet et al. (2014, 2016) and Ciarelli et al. (2016a). Hourly emissions of
biogenic VOCs, such as monoterpenes, isoprene, sesquiterpenes, xylene and toluene, were
calculated using the Model of Emissions of Gases and Aerosols from Nature MEGANv2.1
(Guenther et al., 2012) for each grid cell in the model domain.
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6.2.2 Biomass burning organic aerosol scheme

The biomass burning organic aerosol scheme wadraoresd using recently available wood
burning smog chamber data (Bruns et al., 2016)easribed in Ciarelli et al. (2016b). The
model deploys three different basis sets (Donaltue.£2011) to simulate the emissions of
organics from biomass burning and their evolutiorthe atmosphere. The first set allocates
fresh emissions into five volatility bins rangingthvsaturation concentrations between Hhd
10° ug mi® following the volatility distribution and enthalmf vaporization proposed by May et
al. (2013). In order to include gas-phase orgamdhe semi-volatile range in the absence of
more detailed inventory data, we used the apprpagposed by previous studies (Shrivastava
et al., 2011; Tsimpidi et al., 2010). The secondadlecates oxidation products from SVOCs
after shifting the volatility by one order of matgrde. The third set allocates oxidation products
from traditional VOCs (xylene, toluene, isopren@nmoterpenes and sesquiterpenes) and from
non-traditional SOA precursors retrieved from chamtata (~4.75 times the amount of organic
material in the semi-volatile range, Ciarelli et @016b). Primary and secondary semi-volatile
compounds react with OH in the gas-phase with a canstant of 4xI8 cn? molec! s*
(Donahue et al., 2013), which decreases their a&@uar concentration by one order of
magnitude. No heterogeneous oxidation of organitigh@s or oligomerization processes is
included in the model. The new model parameteomnatiescribed in this study is referred to as
VBS_BC_NEW throughout the paper to distinguish frahe previous base case called
VBS_BC as given in Ciarelli et al. (2016a).

6.2.3 Model evaluation

The model results for the period between 25 Fepraad 26 March 2009 were compared
with OA concentrations measured by AMS at 11 Euaopsites. Modelled BBOA, HOA and
SOA concentrations were compared with multi-lineagine 2 (ME-2) analysis performed on
AMS data (Paatero, 1999) using source finder (S¢Egnonaco et al., 2013; Crippa et al.,
2014). Elevated sites such as Montseny and PuybdeeDvere also included in the analysis and
modelled concentrations for these two sites wergaeted from higher layers in order to
minimize the artefacts due to topography in a teff@llowing coordinate system. This was not
the case in our previous application, where mod&lodncentrations were extracted from the
surface layer (Ciarelli et al., 2016a). We assu@d emissions from SNAP2 (emissions from
non-industrial combustion plants in the Selectedn®oclature for Air Pollution) and SNAP10
(emissions from agriculture, about 6% of POA in SNA to be representative of biomass
burning like emissions. OA emissions from all otf8AP categories, including emissions

from ships, were compared with HOA-resolved PMRde: Whilst this could be a reasonable
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assumption for HOA-like aerosol, it is probably not the case for BBOA-like aerosol, as gridded
emissions for SNAP2 also include other emission sources (i.e., coal burning which might be
important in eastern European countries like Poland). We could not resolve our emission
inventory to that level and the contribution of coal could not be separated for these European
cites (Crippa et al.,, 2014) in contrast to China (Elser et al., 2016) using similar statistical
methods. Finally, the SOA fraction was compared to the PMF-resolved oxygenated organic
aerosol (OOA) fraction.

Statistics were reported in terms of mean bias (MB), mean error (ME), mean fractional bias
(MFB), mean fractional error (MFE) and coefficient of determinati (see Table A.3 1 for

the definition of statistical parameters).

6.3 Resultsand discussions

6.3.1 Analysisof the modelled OA

Figure 6.1 shows the average modelled OA concentrations and surface temperature for the
period between 25 February and 26 March 2009. Temperatures were below 0°C in the north,
ranged 5-10°C in central Europe and were above 10°C in the southern part of the domain.
Model performance for surface temperature was evaluated within the ED Ill exercise and found
to be reproduced reasonably well, with a general under-prediction of around 1°C (Bessagnet et
al., 2014).

A clear spatial variability in the modelled OA concentrations is observed (Figure 6.1).
Predicted OA concentrations were higher in eastern European countries (especially Romania
and southern Poland) as well as over northern ltaly (8g1®° on average) whereas they were
lower in the northern part of the domain. A similar spatial distribution of OA concentrations
was also reported by Denier van der Gon et al. (2015) using the EMEP model. Relatively high
OA concentrations over the Mediterranean Sea are mainly of secondary origin due to enhanced
photochemical activity (more details are found in Section 6.3.2). In addition, the reduced

deposition capacity over water leads to higher OA levels.
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Figure 6.1 Modelled average total organic aerosol (OA) concentrations (VBC_BC_NEW) and surface
temperature (T) for the period between 25 February and 26 March 2009.

(ug/m’)

(°C)

The scatter plots in Figure 6.2 show the modelled (VBS_BC_NEW) versus measured daily
average OA concentrations at 11 sites in Europe together with the results from our previous
model application (VBS_BC, Ciarelli et al., 2016a) for comparison. The modified VBS scheme
(VBS_BC_NEW) predicts higher OA concentrations compared to our previous study using the
original scheme (VBS_BC) (~ 60% more OA on average at all sites). Statistical parameters
improved significantly (Table 6.1); the mean fractional bias (MFB) decreased from -61% in
VBS BC to -29% in VBS_BC_NEW and the model performance criteria were met (Boylan and
Russell, 2006). The coefficient of determination remained almost unchanged for OA in the
VBS_BC_NEW caseR=0.58) compared to VBS_B@R{=0.57) indicating that the original
model was able to similarly capture the OA daily variation, but not its magnitude. The majority
of the stations show &® > 0.4. Lower values were found for the elevated sites of Montseny
and Puy de DomeR(=0.17 and R=0.13, respectively) and also at the Helsinki $&&0.06). In
spite of the improvements with respect to earlier studies, modelled OA is still lower than
measured (mean bias (MB) from -Qud ni®up to -3.1ug mi®) at most of the sites, with only a
slight overestimation at a few locations (MB from Og3mi®up to 0.9 g m®).
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Figure 6.2 Daily average scatter plots for OA concentrations at 11 AMS sites for the period between 25
February and 26 March 2009 for VBS_BC (left) and VBS_BC_NEW case (right). Solid lines indicate the 1:1
line. Dotted lines are the 1:2 and 2:1 lines.

The observed OA gradient among the 11 sites was reproduced very well (Figure 6.3). Both
measured and modelled OA concentrations were highest in Barcelona. Other sites with
concentrations greater thamg m* were Payerne, Helsinki, Vavihill and Montseny. Barcelona
and Helsinki are both classified as urban stations, which justifies the higher OA loads due to the
anthropogenic activities (e.g. traffic, cooking and heating). Anthropogenic activities in the area
of Barcelona could also affect OA concentrations at Montseny which is about 40 km away. In
the case of Payerne and Vavihill, the relatively high OA concentrations might be due to
residential heating, where wood is largely used as a combustion fuel during cold periods (Denier
van der Gon et al., 2015). For Chilbolton, located not far from London, this might not be the
case: the fuel wood usage in the UK is the lowest in Europe (Denier van der Gon et al., 2015).
Ots et al. (2016) suggested the possibility of missing diesel-related IVOCs emissions, which
might be an important source of SOA in those regions. However, other studies reported
substantial contribution from solid fuel combustion to OA (Young et al., 2015). In this case, it
might be that difficulties in reproducing the OA concentration are mainly related to the
relatively complex area of the site (i.e., close to the English Channel). An evaluation of diurnal
variations of HOA and SOA concentrations for this site showed a consistent under-prediction of

both components (Figure A.3 2).
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Table 6.1 Statistics of OA for the VBS_BC_NEW case for February-March 2009 at each AMS site as well

as an average of all sites for both VBS_BC_NEW and VBSBBIG.numbers represent the stations were
model performance criteria were met.

Mean Mean

observed modellec MB ME MFB MFE
Site* r R?
OA OA i i
(mgm®)  (ugm®) (-] []

(ug M%) (ug m®)

Barcelona 8.3 5.1 -3.1 3.7 0.4 05 0.6 0.4
(BCN)
Cabauw 1.2 15 0.3 0.7 0.1 0.5 0.7 0.4
(CBW)
Chilbolton 2.4 1.0 -1.4 15 -0.9 0.9 0.8 0.6
(CHL)
Helsinki 2.7 3.6 0.9 1.8 0.3 0.6 0.3 0.1
(HEL)
Hyytiala 1.3 1.7 0.3 0.8 0.1 0.6 0.8 0.6
(SMR)
Mace Head (g 0.7 0.1 0.3 -0.1 0.7 0.7 0.5
(MHD)
Melpitz 1.5 0.8 -0.6 0.9 -0.6 0.7 0.6 0.3
(MP2)
Montseny 3.1 35 0.4 2.0 0.1 0.6 0.4 0.1
(MSY)
Payerne 4.1 2.9 -1.2 1.9 -05 0.7 0.7 0.4
(PAY)
Puy de Dome g 1.1 0.4 0.8 0.3 0.8 0.4 0.2
(PDD)
Vavihill 3.9 2.1 -1.8 2.0 -0.8 0.8 0.8 0.6
(VAV)
VBS BC_NEW 3.0 2.3 -0.7 1.6 -0.3 0.7 0.8 0.6
VBS_BC
(Ciarell etal, 30 1.4 -1.5 1.8 -0.6 0.8 0.8 0.6
2016a)

* Model OA concentrations extracted at surface level except for the stations of Puy de Déme and

Montseny.
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Figure 6.3 Observed (black) and modelled (VBS_BC_NEW) (red) average OA mass at AMS sites for the
period between 25 February and 26 March 2009.

6.3.2 Analysisof the OA components

The predicted POA spatial distribution (Figure 6.4) resembles the residential heating
emission pattern of different countries (Bergstrém et al., 2012). The highest POA concentrations
were predicted in east European countries, France, Portugal and in northern Italyg(#8%
whereas they were less thanufy mi® in the rest of the model domain. Very low OA
concentrations in Sweden were already shown by previous European studies. Bergstrom et al.
(2012) reported that Swedish organic carbon (OC) emissions from the residential heating sector
were lower by a factor of 14 compared to Norway, even though Sweden had much higher wood
usage (60% higher) likely due to underestimation of emissions from residential heating in the

emission inventory.

(1g/m”)

Figure 6.4 Modelled average POA (left) and SOA (right) concentrations for the period between 25
February and 26 March 2009.

The spatial distribution of SOA concentrations, on the other hand, is more widespread with a
visible north to south gradient (Figure 6.4). Higher SOA concentration were predicted close to
primary emission sources (e.g. Poland, Romania, Po Valley and Portugal) but also in most of
the countries below 50° latitude and over the Mediterranean Sea where higher OH
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concentration, reduced deposition capacity and high contribution from long-range transport are

expected (average concentrations around §-#i}).

Comparison of results from this study (VBS_BC_NEW) with the earlier one (VBS_BC,
Ciarelli et al., 2016a) suggests that the new VBS scheme predicts higher SOA concentrations by
about a factor of 3 (Figure 6.5) and improves the model performance when comparing assessed

oxygenated organic aerosol (OOA) from measurements with modelled SOA Table 6.3.
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Figure 6.5 Daily average scatter plots of POA and SOA concentrations at 11 AMS sites for February-
March 2009 in VBS_BC (Ciarelli et al., 2016a) (left) and VBS_BC_NEW (right). Solid lines indicate the 1:1
line. Dotted lines are the 1:2 and 2:1 lines.
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POA concentrations, on the other hand, are clustered belayvri® except in Barcelona,
showing anR’=0.36, (Figure 6.5 and Table 6.2). Although predicted POA concentrations at
Barcelona were lower than the measurements, MFB=-47% and MFE=69% were still in the
range for acceptable performance criteria (MAE5% and -60 < MFB < + 60 %, Boylan and
Russell, 2006). On the other hand, the model over-predicted the POA concentrations at Hyytiala
(MFB=131% and MFE=131%), Helsinki (MFB=95% and MFE=100%) and Cabauw
(MFB=76% and MFE=86%) mainly due to the overestimated BBOA fraction as seen in Figure
6.6.

At most of the sites, OA was dominated by SOA (Figure 6.6 and Figure 6.7) which was
underestimated in particular at Chilbolton, Melpitz and Vavihill (Table 6.3). As already
mentioned, the under-prediction of SOA concentrations might be attributed to missing SOA
precursors or uncertainties in SOA formation mechanisms and removal processes. On the other
hand, the remote station of Mace Head showed a positive bias for SOA (MFB = 30%), even
though model and measurement concentrations were very similar (0.54 anggOrg8,

respectively), which could be attributed to an overestimated contribution from the boundaries.

Table 6.2 Statistics of POA for the VBS_BC_NEW case for February-March 2009 at each AMS site as well
as an average of all sites for both VBS_BC_NEW and VBS_BC. Bold numbers represent the stations were
model performance criteria were met.

Mean Mean

) observe modelled MB ME MFB MFE )
Site 3 3 r R
POA  POA (ngm™)  (ngm) [l [l
(ng M%) (ug M)
4.0 2.0 -2.1 2.4 -05 0.7 0.4 0.2
Barcelona
0.4 0.9 0.5 0.5 0.8 0.9 0.5 0.2
Cabauw
Chilbolton 1.0 0.5 -0.5 0.5 -0.6 0.7 0.8 0.6
. 0.8 2.5 1.7 1.7 1.0 1.0 0.2 0.0
Helsinki
Hyytiala 0.1 0.5 0.4 0.4 1.3 1.3 0.5 0.3
Mace Head 0.2 0.1 -0.1 0.2 0.5 1.0 0.2 0.1
. 0.3 0.3 0.1 0.2 0.3 0.7 0.5 0.2
Melpitz
0.5 0.4 0.0 0.3 0.2 0.7 0.3 0.1
Montseny
0.7 1.1 0.3 0.6 0.5 0.7 0.5 0.3
Payerne
Puy de Dome 0.2 0.3 0.1 0.2 0.5 0.9 0.2 0.1
Vavihil 1.1 1.0 -0.1 0.6 -0.3 0.7 0.5 0.2
VBS_BC_NEW 0.9 0.9 -0.1 0.7 0.3 0.8 0.6 0.3
VBS_BC 09 0.9 0.0 0.8 03 08 06 0.4
(Ciarelli et al.,
2016a)
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Table 6.3 Statistics of SOA for the VBS_BC_NEW case for February-March 2009 at each AMS site as well
as an average of all sites for both VBS_BC_NEW and VBS_BC. Bold numbers represent the stations were
model performance criteria were met.

Mean Mean

) observec modelled MB ME MFB MFE )
Site 3 3 r R
SOA  SOA (ngm~)  (ugm®) [-] -]
(ng M) (ug m°)
Barcelona 4.4 3.2 -1.2 1.6 -04 0.5 0.7 0.5
1.0 0.6 -0.4 0.6 -0.7 0.9 0.7 0.4
Cabauw
- - E
Chilbolton 14 0.5 0.9 1.0 11 1.2 0.7 0.t
. 1.8 1.1 -0.7 11 -0.7 0.9 0.4 0.z
Helsinki
Hyytiala 1.2 1.1 -0.1 0.7 -0.7 1.0 0.8 0.6
Mace Head 0.4 0.5 0.2 0.6 0.3 1.0 0.4 0.z
. 1.2 0.5 -0.7 0.8 -1.0 11 0.6 0.4
Melpitz
Montseny 2.6 3.1 0.5 1.8 0.0 0.7 0.4 0.1
3.7 2.0 -1.7 21 -0.8 0.9 0.5 0.5
Payerne
Puy de Dome 0.6 0.9 0.3 0.8 0.2 0.9 0.2 0.1
Vavihil 2.8 1.1 -1.7 1.7 -1.2 1.2 0.8 0.7
VBS_BC_NEW 2.1 14 -0.6 1.2 -0.6 0.9 0.7 0.t
VBS_BC
(Ciarelli et al., i )
2016a) 2.1 0.5 15 1.6 11 1.3 0.7 0.€

The relatively small positive bias at the two elevated sites, Montseny and Puy de Dome
(MFB = 4% and 17%, respectively), is most likely the result of difficulties in capturing the
inversion layer.

Mostly traffic-related HOA was underestimated at the urban site Barcelona (Table A.3 2,
Figure 6.6), with the model not able to reproduce the diurnal variation of HOA at this urban site
likely due to poorly reproduced meteorological conditions or too much dilution during day time
in the model (Figure A.3 2). The under-prediction of the HOA fraction is consistent with our
previous study where model evaluation for N®vealed a systematic under-estimation of the
modelled concentration (Ciarelli et al., 2016a). The course resolution of the domain (0.25° x
0.25°) may result in too low emissions especially at urban sites. The majority of the NO
(NO+NGO,) emissions in Europe arises from the transportation sector (SNAP7), which might
have much larger uncertainties than previously thought (Vaughan et al., 2016). An evaluation of
planetary boundary layer height (PBLH) within the EDIIlI shows that although the PBLH was
quite well represented in general in the ECMWF IFS meteorological fields, CAMx tends to

underestimate the night-time minima and to overestimate some daytime peaks. The other urban
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site considered in this study is Helsinki. In this case, HOA concentrations were over-predicted,
as seen in Figure 6.6 and Figure A.3 2, which might indicate missing dispersion processes in the
model or under-estimated dilution.

The modelled BBOA fraction on the other hand was generally higher than the
measurements, with an average MFB of 50% (Table A.3 3, Figure 6.6 and Figure 6.7), which
might arise from various factors: 1) In the model, POA emissions from SNAP2 and SNAP10
are assumed to be representative of BBOA emissions which might not be the case for all
European countries (other non-wood fuels such as coal, which is allocated to SNAP2 category
could not be separated in this study), 2) The under-prediction of the modelled surface
temperature (Bessagnet et al., 2014) will directly influence the partitioning of organic material
in the semi-volatile range, favouring freshly emitted organic material to condense more to the
particle phase, 3) Uncertainties in the adopted volatility distributions and/or in the oxidation

processes of semi-volatile organic vapours.
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Figure 6.6 Relative (upper panel) and absolute (lower panel) contribution of HOA, BBOA and SOA to OA
concentrations at 11 sites from PMF analysis of AMS measurements (first bar) and CAMx VBS_BC_NEW
results (second bar) for the period between 25 February and 26 March 2009.

The temporal variability of OA concentrations was reproduced quite well: most of the peaks
were captured accurately (Figure 6.8); the magnitudes of only a few (Vavihill, Chilbolton and
Barcelona) were underestimated. Diurnal variations of HOA, BBOA and SOA components at
the rural-background sites suggest that the model was able to reproduce the relatively flat profile
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of the measured SOA and the increased BBOA concentrations at night (Figure 6.9). On the

other hand, there was a slight underestimation of HOA during the day, especially around noon,
likely as a result of too much dilution in the model.

HSOA mBBOA mHOA HSOA mBBOA mHOA

3.5 - 100% -
90%
80% A
70% A
60%
50% -
40%
30% A
20% -
10% -
0 0% A

Observations Model Observations Model

Ccontribution to OA (pug/m?3)
Ccontribution to OA (%)

Figure 6.7 Measured and modelled average absolute (left panel) and relative (right panel) contributions of
HOA, BBOA and SOA to OA concentrations for all the 11 sites for the period between 25 February and 26
March 2009.

In our previous application, we performed a sensitivity study with increased biogenic and
residential heating emissions by a factor of two (Ciarelli et al., 2016a). While the model was
rather insensitive to the increased biogenic emissions during winter periods, a substantial
increase in the OA concentrations was observed when emissions from residential heating were
doubled. The model with doubled emissions from residential heating (VBC_BC_2xBBOA),
overestimated the POA fraction at most of the sites (Figure 6.10) with smaller effects on SOA,
even though a better closure was achieved between modelled and observed OA. The results of
the simulations using the new parameterization (VBC_BC_NEW), on the other hand, were

closer to the measurement data especially for the SOA fraction (Figure 6.10).
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Figure 6.8 Comparison of measured hourly OA mass concentrations (AMS-OA dotted line), with modelled
components HOA, BBOA and SOA.
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Figure 6.10 POA (left) and SOA (right) average concentrations at 8 AMS sites for February-March 2009
in the VBS_BC , VBS_BC_2xBBOA and VBS_BC_NEW cases. Dotted lines indicafeahe a6 quartile
range. Data for the Puy de DO6me and Montseny sites at higher layers are not available for the
VBS_BC_2xBBOA scenario.
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6.3.3 Residential versus non-residential combustion precursors

More detailed source apportionment studies were performed in order to assess the
importance of residential and non-residential combustion precursors for OA and SOA. The
upper panel in Figure 6.11 shows the relative contributions to SOA from residential and non-
residential combustion precursors. The model results indicate that non-residential combustion
and transportation precursors contribute about 30-40% to SOA formation (with increasing
contribution at urban and near-industrialized sites) whereas residential combustion (mainly

related to wood burning) contribute to a larger extent, i.e., around 60-70%.
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Figure 6.11. Contribution of residential and non-residential combustion precursors to SOA at different
sites (upper panel). Contribution of BBOA, SVOCs and higher volatility organic precursors to residential
heating OA (lower panel). Stations are ordered from south to north
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The residential combustion precursors were further apportioned to semi-volatile and higher
volatility precursors (Figure 6.11, lower panel). In particular, SVOC precursors exhibit a south-
to-north gradient with increasing contribution to the residential heating related OA for stations
located in the southern part of the domain (maximum and minimum contributions of 42 and
17% in Montseny and Hyytidla, respectively). Such a gradient also reflects the effect of
temperature on the partitioning of semi-volatile organic material: the lower temperatures in the
northern part of the domain will reduce the saturation concentration of the organic compounds
allowing primary organic material to favour the particle phase and reducing the amount of
SVOCs available that could act as SOA precursors. In the southern part of the domain, the
higher temperature will favour more organic material in the semi-volatile range to reside in the
gas-phase, rendering it available for oxidation. On the other hand, no south-to-north gradient
was predicted for the higher volatility class of precursors. Source apportionment for different
volatilities classes of the non-residential and transportation sectors is currently not implemented
for this model application.

A comprehensive summary of the contribution to the total OA from all the sources (i.e.
HOA, BBOA, residential combustion semi-volatile precursors, residential combustion higher
volatility precursors and non-residential combustion precursors) is shown in Figure 6.12 at each
of the measurement sites. Residential combustion precursors in the semi-volatile range
contributed from 6 to 30% whereas higher volatility compounds contributed to a larger extent,
i.e. from 15 to 38%. SOA from non-residential combustion precursors contributed from 10 to
37% to the total OA. The primary sources HOA and BBOA contributed from 3 to 30% and 1-
39%, respectively. These results lead to the conclusion that the overall contribution of
residential combustion to OA concentrations in Europe varies between 52% at stations in the

UK and 75-76% at stations in Scandinavia.
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Figure 6.12 Average modelled composition of OA at the 11 AMS sites for the period between 25 February
and 26 March 2009.

6.4 Conclusion

This study aims to evaluate recent VBS parameterizations in commonly used CTMs and to
underline the importance of taking into account updated and more detailed SOA schemes as
new ambient and chamber measurements elucidate the high complexity and strong variability of
OA. In this context, a new VBS parameterization (based on recent wood burning experiments)
implemented in CAMx was evaluated against high-resolution AMS measurements at 11 sites in
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Europe during February-March 2009, one of the winter EMEP intensive measurement
campaigns. Results obtained from this study were compared with those from our earlier work in
which the original VBS scheme in CAMx was applied. A detailed source apportionment for the

organic aerosol (OA) fraction was discussed. This study provided the following outcome:

- A considerable improvement was found for the modelled OA concentrations compared
to our previous studies mainly due to the improved secondary organic aerosol (SOA)
performance. The average bias for the 11 AMS sites decreased by about 60% although

the model still underestimates the SOA fraction.

- Both model and PMF source apportionment based on measurements suggested that OA
was mainly of secondary origin with smaller primary contribution, with average
contribution of 13% and 25% for HOA and BBOA, respectively. The model
performance for the HOA fraction was reasonably good at most of the sites except at
the urban Barcelona site which could be related to the uncertainties in emissions or too
much dilution in the model. On the other hand, the modelled BBOA was higher than the
measurements at several stations indicating the need for further studies on residential
heating emissions, their volatility distribution and oxidation pathway of the semi-

volatile organic gases.

- Emissions from the residential heating sector (SNAP2) largely influenced the OA
composition. The model primary BBOA fraction contributed from 46% to 77% of the
total primary organic fraction (POA), with an average contribution of 65%. Non-
residential combustion and transportation precursors contributed about 30-40% to SOA
(with increasing contribution at urban and near-industrialized sites) whereas residential
combustion (mainly related to wood burning) contributes to a larger extent, ~ 60-70%.
Moreover, the contribution to OA from residential combustion precursors in different
range of volatilities was also investigated: residential combustion gas-phase precursors
in the semi-volatile range contributed from 6 to 30% with a positive south-to-north
gradient. On the other hand, higher volatility residential combustion precursors

contributed from 15 to 38% showing no specific gradient among the stations.
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Organic aerosols constitute the major fraction of the total particulate matter (PM) mass.
Despite recent scientific and technological advancement in the field of atmospheric science,
their sources, formation mechanisms and transformation in the atmosphere are still not fully
understood. In addition, various epidemiological studies underlined their negative effect on
human health marking them as one of the main environmental concern of the present day. In
this thesis intensive air quality modelling studies were performed at European scale within the
EURODELTA-III model intercomparison exercise and model performances evaluated against
different measurement networks. The work presented here, specifically focused on winter
organic aerosol as novel wood burning smog chamber experiments and ambient aerosol mass
spectrometer (AMS) measurements became available during the last years.

Four periods of EMEP (European Monitoring and Evaluation Programme) intensive
measurement campaigns (June 2006, January 2007, September-October 2008 and February-
March 2009) were evaluated against rural-background stations as in the European air quality
database Airbase for selected gas phase species, heON@O, SQ as well as PMs. The
model systematically under-predicted CO and,M@ncentrations for all the four campaign
likely because of insufficient emission or over-estimated daytime dilution (hN€n fraction
bias ranging (MFB) ranging from -54% in June 2006 and -28% for January-February 2007 and
September-October 2008). Conversely &hd SQ concentration were found to be over-
predicted, with MFB for @around 48% in January-February 2007 and 2% for February-March
2009. Eventually, in addition to the not well represented dilution, the under-prediction,in NO
concentrations might have reduced the night-time titrations@fl@h partially justify its over-
prediction. A great influence of {&oncentrations mapped at the boundary of the domain was
found on the modelled inland;@oncentration with the bias in the January-February 2007
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period mainly attributed to an over-prediction b&tQ at the boundary of the domain. The
over-prediction of S@on the other hand, was mainly attributed to una#ies in emission
injection height since most of the $@re released by large combustion facilities ahéig
altitude in the domain. The daily variation of PMbserved at all the available Airbase rural-
background stations was reproduced very well fotha four investigated periods (number of
station varying from 48 in June 2006 and 110 inr&aty-March 2009) with some days of high
PM, sloads for stations close to the southern bordeéh@fdomain (Viznar station in Spain and
Ayia Marina in Cyprus) not captured by the modebbably because of missing representation
of Saharan dust events.

Comparisons with AMS measurements for the Febriayeh 2009 period suggested that
the model is able to capture the total non-refrgct®M; mass with the inorganic fraction,
especially N@, being over-predicted and the OA under-predict8dnsitivity tests with
reduced NH emissions generally reduced the positive bias ©@; Nsuggesting potential
uncertainties in Nkl emissions and their seasonal variability. The wigdraction was
investigated in more details by testing differesganption regarding evaporation and oxidation
of primary organic material. A volatility basis 4#BS) framework was evaluated for the first
time in Europe within the CAMx model, and evaluasghinst 11 aerosol mass spectrometer
(AMS) measurements performed in the European dochaimg February-March 2009.0ur first
application underlined potential underestimation mimary organic emission from the
residential heating sector (SNAP2 in the Selectethéhclature for sources of Air Pollution). In
particular, a better agreement between model ardreations (mean fractional bias (MFB) of
-47% for OA) was achieved when semi-volatile orgagé@ses (SVOCs) were included in the
model by multiplying the available gridded emissiminprimary organic aerosol (POA) by a
factor of 3, as also indicated by partitioning ttyedata, recent VBS applications and new
revisited emission inventories. On the other hdraunder-prediction of the OA mass during
the June 2006 episode was mainly attributed to B¥@@issions and their evolution in the
atmosphere which are uncertain and difficult tostain with measurements. In this case the
model was sensitive to an increase in biogenic gams especially during periods with higher
temperature and OA concentrations.

We performed extensive box model simulations of dvborning experiments conducted at
two different temperatures (263 and 288 K) in am7smog chamber facility. By combining
new non-traditional volatile organic compounds NT®#Omeasurements and already available
partitioning data for primary wood burning emissiga constrain the amounts of NTVOCs that
act as SOA precursors. Our estimates indicated tti@tamount of NTVOCs emitted are
approximately 4.75 times the amount of total orgamiaterial in the 0.1 and 10QQy m°
saturation concentration range (@M This ratio could be directly used in CTMs in @desence
of explicit NTVOCs emissions for wood burning inngbination with the proposed aging
scheme. Specific parameters such as NTVOCs reactit®s (kyntvocy, Yields (Y) and
enthalpies of evaporation of secondary organicsar@H,.,s04 Were varied using brute force
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simulations and values for best fitting solutions falling with physically realistic range were
retrieved. Based on the reaction scheme used, reaction rates of the NTVOCs mixture range from
3.0 x 10" cn? molec® s* to 4.0 x 10" cn? molec¢' s*. The average enthalpy of evaporation of
SOA surrogates was determined to be between 55000 Jam@35000 J mdlwhich implies a

yield increase of c.a. 0.03 - 0.06 % With decreasing temperature.

The new retrieved VBS parameterization was implemented in the CAMx model and
evaluated against ambient data the February-March 2009 period and results compared with our
previous application. A considerable improvement compared to our previous study was found
for the modelled OA mass due to an enhancement of the secondary fraction (up to 60% more
OA compared to our previous application). The total OA mass measured at the 11 AMS site was
very well reproduced by the model, in terms of station-to-station gradient and absolute
concentrations with only few exceptions for the Barcelona and Chilbolton sites were the model
under-predicts the OA concentrations to a larger extent. Both the model and positive matrix
factorization (PMF) source apportionment studies suggested that the main fraction of the OA
mass is of secondary origin at almost all the sites (with an average contribution of 62%) with the
HOA and BBOA primary fraction contributing only to a minor extent (average contribution of
13 and 25%, respectively).

Non-residential combustion and transportation precursors contribute about 30-40% to SOA
formation (with increasing contribution at urban and near-industrialized sites) whereas
residential combustion (mainly related to wood burning) contributes to a larger extent, ~ 60-
70%. Moreover, the contribution to OA from residential combustion precursors in different
range of volatilities was also investigated: residential combustion gas-phase precursors in the
semi-volatile range contribute from 6 to 30% with a positive south-to-north gradient. On the
other hand, higher volatility residential combustion precursors contribute from 15 to 38%
showing no specific gradient among the stations.

This work aimed to provide new links between novel available chamber data for wood-
burning combustion emissions, simplified but constrained organic aerosol schemes and their
application in chemical transport models (CTMs). Taking into account non-traditional SOA
precursors together with detailed OA chemistry schemes is becoming more and more necessary
as new ambient and chamber measurements are underlining the high complexity and strong
variability of OA. Results are encouraging as both the modelling and experimental communities
keeps providing larger datasets. In this context, the novel aerosol chemical speciation monitor
instrument (ACSM), could provide the air quality modelling community with long-term aerosol
composition data that are vital to validate model performance. Multiple ACMSs can be operated
on the scale of months to years and simultaneously deployed in different part of the globe due to
its relatively easy handling and reduced cost compare to the AMS. This will provide the
modelling community with continuous non-refractory organic aerosol measurements in different
part of the globe and at the same time, allowing for a more accurate spatial and temporal
validation of the modelled non-refractory organic aerosol.
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Chapter 7. Findings and outlook

On the other hand, ambient measurements of IVO@s/&Cs are still very rare, for both
anthropogenic and biogenic sources. There is a teé@dprove the measurement network of
such compounds in Europe which might help on one $0 better constrain the available
emission inventories and on the other side to pvan additional estimation of the
contribution of these compound to SOA.
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S02 Boxplot for February-March 2009. Number of Sites: 257
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Figure A.1 1 Comparison of modelled (VBS_BC) (red) and measured (greyWPer panel) and SO
(lower panel) concentrations at AirBase rural background sites (as in Table 4.2). The middle panel shows the
comparison at stations where h€oncentrations do not exceed 5ppb. The extent of the bars indicated'the 25
and 75" percentiles. The black and red lines represent measured and modelled medians, respectively.
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Figure A.1 2 NO emissions in [mol / (h cell)] for 1 March 2009, at 6:00 AM.
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Figure A.1 3 Comparison of modelled (base case, S3) and measuwedixing ratios at Mace Head
(IE0031R) for the four simulated periods: from top to bottom: June 2006, January-February 2007, September-
October 2008, February-March 2009.
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Figure A.1 5 Absolute and relative biases for organic aerosol (OA), secondary organic aerosol (SIA) and
OA+SIA in Payerne for all the investigated periods.
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Figure A.1 6 Comparison of observed and modelled temperature (°C), wind speed),(rapscific
humidity (g/kg) and wind direction (°C) comparisons at Payerne in February-March 2009.
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Figure A.1 7 Comparison of observed and modelled temperature (°C), wind speed)(rapscific
humidity (g/kg) and wind direction (°C) comparisons at Payerne in June 2006.
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Figure A.1 8 Observed and modelled OA concentrations using 5 scenarios at AMS sites for the period
February-March 2009: Boxplots indicate median, 35", 75" and 98" quantiles for observations (black) and
sensitivity tests (red). The crosses represent the arithmetic means.
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Figure A.1 9 Observed and modelled OA using 5 scenarios at Payerne sites for the period June 2006:
Boxplots indicate median"525", 75"and 95" quantile for observations (black) and sensitivity tests (red). The
crosses represent the arithmetic means.
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Table A.1 1 Properties of the VBS space (adapted from Koo et al., 2014). Carbon numbers for each
volatility bin are calculated using the group-contribution of Donahue et al. (2011).

Basis sets C* Carbon Carbon Oxygen Hydrogen Molecular ~ OA/OC
(ug ) oxidation  Number Number number weight
state
0 0.102 7 4.90 9.10 172 2.05
1 -0.188 7.25 4.38 10.1 167 1.92
SV-OO0A 10 -0.463 7.5 3.84 11.2 163 1.81
100 -0.724 7.75 3.30 12.2 158 1.70
1000 -0.973 8 2.74 13.3 153 1.59
0 -1.52 17 2.69 31.3 278 1.36
1 -1.65 17.5 2.02 33.0 275 1.31
HOA-like 10 -1.78 18 1.34 34.7 272 1.26
100 -1.90 18.5 0.632 36.4 268 1.21
1000 -2.00 19 0.0 38.0 266 1.17
0 -0.704 10 4.32 15.7 205 1.71
1 -1.02 11 3.60 18.4 208 1.58
BBOA-like 10 -1.29 12 2.85 211 211 1.47
100 -1.52 13 2.08 23.9 213 1.37
1000 -1.73 14 1.27 26.7 215 1.28

* Properties of the lowest volatility bins refer to all OA with < 0.1ug m° (non-volatile OA).
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Table A.1 2 Statistical analysis for nitrate for February-March 2009 at different AMS sites with 50%
reduction of ammonia scenario.

Mean Mean modelled  Mean modelled MB MB
_ observed NOs NOs Base case 50% red.

Ste NOs Base case (S3)  50% red. NH (S3) NH;
(ng M) (ng M) (ng M) (hgm)  (ugm?)
Barcelona 3.6 5.8 3.6 2.19 <0.1
Cabauw 2.2 6.7 5.3 4.49 3.08
Chilbolton 2.7 4.0 2.7 1.33 <0.1
Helsinki 1.0 1.9 0.7 0.93 -0.28
Hyytiala 0.2 1.0 0.3 0.75 <0.1
Mace Head 0.6 1.7 0.8 1.11 0.17
Melpitz 3.1 4.3 31 1.25 <0.1
Montseny 3.1 5.9 3.2 2.83 <0.1
Payerne 3.9 5.7 5.0 1.81 1.11
Puy de Déme 0.9 2.7 2.0 1.81 1.15
Vavihill 2.8 3.7 2.3 0.89 -0.56

Table A.1 3 Statistical analysis for the OA concentration and different sensitivity scenarios for February-
March 2009 periods at 11 AMS sites.

Site Mean observed OA Mean modelled OA MB ME MFB MFE

(ng/m3) (ng/n) wgn®) Qo) [ [
NOVBS

Barcelona 8.2 2.0 -6.25 6.27 -1.08 1.10
Cabauw 1.2 1.0 -0.27 0.52 -0.18 0.49
Chilbolton 2.4 0.6 -1.82 1.82 -1.14 1.15
Helsinki 2.7 2.0 -0.64 1.46 -0.21 0.64
Hyytiala 1.3 0.6 -0.67 0.69 -0.69 0.72
Mace Head 0.8 0.2 -0.61 0.62 -0.71 0.90
Melpitz 1.5 0.5 -0.98 0.99 -0.86 0.88
Montseny 3.1 2.5 -0.53 1.69 -0.05 0.62
Payerne 4.1 1.1 -2.97 2.99 -1.03 1.07
Puy de Déme 0.6 1.0 0.36 0.68 0.56 0.92
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Vavihill 3.9 1.1 -2.79 2.79 -1.06 1.07
VBS_ROB
Barcelona 8.2 13 -6.96 6.96 -1.39 1.39
Cabauw 1.2 0.4 -0.85 0.87 -0.96 1.01
Chilbolton 2.4 0.3 -2.10 2.10 -1.50 1.50
Helsinki 2.7 0.9 -1.73 1.76 -0.88 0.92
Hyytiala 1.3 0.4 -0.90 0.90 -1.18 1.18
Mace Head 0.8 0.2 -0.54 0.57 -0.43 0.77
Melpitz 15 0.2 -1.26 1.26 -1.48 1.48
Montseny 3.1 1.6 -1.51 1.87 -0.51 0.78
Payerne 4.1 0.7 -3.44 3.44 -1.45 1.46
Puy de Déme 0.6 0.5 -0.15 0.46 -0.14 0.81
Vavihill 3.9 0.4 -3.44 3.44 -1.61 1.61
VBS_BC
Barcelona 8.2 3.1 -5.11 5.15 -0.80 0.82
Cabauw 1.2 11 -0.14 0.53 -0.13 0.50
Chilbolton 24 0.7 -1.70 1.70 -1.09 1.10
Helsinki 2.7 2.9 0.26 1.64 0.08 0.62
Hyytiala 1.3 1.0 -0.28 0.52 -0.48 0.60
Mace Head 0.8 0.4 -0.38 0.43 -0.29 0.70
Melpitz 1.5 0.5 -0.95 0.98 -0.94 0.97
Montseny 3.1 3.9 0.88 1.88 0.31 0.57
Payerne 4.1 1.8 -2.33 2.43 -0.85 0.90
Puy de Déme 0.6 1.4 0.78 0.96 0.68 0.91
Vavihill 3.9 1.4 -2.53 2.53 -1.04 1.04
VBS_BC_2xBVOC

Barcelona 8.2 3.3 -4.98 5.03 -0.77 0.80
Cabauw 1.2 11 -0.11 0.54 -0.12 0.50
Chilbolton 2.4 0.7 -1.67 1.68 -1.08 1.09
Helsinki 2.7 2.9 0.26 1.64 0.08 0.62
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Hyytiala 13 1.0 -0.28 0.52 -0.48 0.60
Mace Head 0.8 0.4 -0.37 0.42 -0.29 0.70
Melpitz 15 0.5 -0.92 0.97 -0.92 0.96
Montseny 3.1 4.1 1.02 1.96 0.33 0.58
Payerne 4.1 1.8 -2.27 2.39 -0.83 0.88
Puy de Ddme 0.6 1.5 0.86 1.04 0.70 0.93
Vavihill 3.9 14 -2.51 251 -1.03 1.03

VBS_BC_2xBBOA

Barcelona 8.2 4.8 -3.43 3.91 -0.45 0.56
Cabauw 1.2 1.7 0.45 0.81 0.20 0.55
Chilbolton 2.4 1.0 -1.40 1.42 -0.87 0.89
Helsinki 2.7 5.0 2.32 2.93 0.50 0.75
Hyytiala 1.3 1.9 0.59 0.96 0.07 0.54
Mace Head 0.8 0.5 -0.26 0.36 -0.23 0.68
Melpitz 15 0.9 -0.59 0.85 -0.55 0.70
Montseny 3.1 6.2 3.11 3.37 0.67 0.73
Payerne 4.1 3.2 -0.94 1.90 -0.37 0.57
Puy de Déme 0.6 2.8 2.16 2.24 1.11 1.18
Vavihill 3.9 2.6 -1.31 1.93 -0.60 0.72

Table A.1 4 Statistical analysis for the OA concentration and different sensitivity scenarios for June 2006
period at Payerne site.

MB ME MFB MFE
Scenario Mean observed OA Mean modelled OA

(ng/ms3) (ug/m) (mg/m®) (ugin®) [ []
NOVBS 6.03 2.56 -3.47 3.54 -0.91 0.93
VBS_ROB 6.03 1.74 -4.29 4.29 -1.11 1.11
VBS_BC 6.03 2.43 -3.6 3.62 -0.85 0.86
VBS_BC_2xBVOC 6.03 3.4 -2.63 2.78 -0.63 0.66
VBS_BC_2xBBOA 6.03 2.75 -3.28 3.32 -0.75 0.76
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Figure A.2 1 Best fitting solution error frequency distributions (counts per bin) for low (blue) and high
temperature (red) experiments. Right side is the OA mass. Left side for the O:C ratio. Gaussian normal curve
fit is reported in dark blue.
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Figure A.2 2 Variation of SOA yields with log(R) (at 6, 60, 60Qug/m®) as a function of T and OH
exposure (from Figure 5.8, bottom panel).
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Table A.2 1 List of NTVOCs compounds considered for the average mixture

Compounds

Phenol
m-, o-, p-cresol
m-, 0-, p-benzenediol /2-methylfuraldehyde
Dimethylphenols
guaiacol/methylbenzenediols
Naphthalene
2-methylnaphthalene/1-methylnaphthalene
Acenaphthylene
Syringol
biphenyl/acenaphthene
Dimethylnaphthalene
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Figure A.3 1 Box-model partitioning of biomass burning POA at c.aght OA at different temperatures
(263.15, 273.15 and 288.15 K) using volatility distributions proposed by May et al. 2013.Particle phase in blue
and gas phase in red.
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Site: Barcelona
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Figure A.3 2 Comparison of modelled (red) and measured (grey) HOA and SOA diurnal profiles at the
sites of Barcelona, Helsinki and Chilbolton. The extent of the bars indicates the 25th and 75th percentiles.
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Table A.3 1 Statistics for model evaluatiodl; represents the modelled valu®), the observations O

the mean of the observations afAdthe total number of data points.

Mean Bias (MB) |\/|B:lZ:(|\/|i -0)
=
1 n
Mean Error (ME) ME :_Zin -0, |)
=
28 M -0
Mean Fractional Bias (ME MFB=—=>» (————
ean Fractional Bias (ME) nZ‘(Mi +Oi)
2% M -G
Mean Fractional Bias (ME) MFE=—)» (—————
i ias n;( M. +O )
Z(q - Mi)2
Coefficient of determination (R2) R2=1- in —
2. (0 -0)
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Table A.3 2 Statistical analysis for HOA during February-March 2009 periods at 11 AMS sites.

Mean Mean
observec modelled MB ME MFB MFE

Site r R

HOA  HOA  (gmd) (gm) [ g

(ng m°) (g m°)

Barcelone. 2.1 0.8 13 15 0.4 0.8 0.4 0.1
Cabauw 03 0.4 0.2 0.2 0.6 0.8 0.5 0.2
Chilbolion 05 0.3 -0.2 0.3 0.5 0.7 0.8 0.6
Helsinki 0.4 1.0 0.6 0.7 0.8 0.9 0.2 0.1
Hyytiala 0.0 0.1 0.1 0.1 0.7 0.8 0.6 0.3
Hgﬂaééce 0.1 0.1 -0.1 0.1 0.5 1.1 0.6 0.3
Melpitz 0.1 0.1 0.0 0.1 -0.1 0.6 0.6 0.3
Montseny ~ 0-2 0.1 0.1 0.2 0.3 0.8 0.4 0.1
payerne 0.3 0.3 -0.1 0.2 0.0 0.6 0.4 0.1
Puy de Dome 0.0 0.1 0.0 0.0 0.3 0.8 0.1 0.0
Vavihil 0.4 0.2 -0.2 0.2 -0.4 0.7 0.5 0.2

Table A.3 3 Statistical analysis for BBOA during February-March 2009 periods at 11 AMS sites.

Mean Mean

Site observec modelled MB ME MFB MFE } R?
BBOA BBOA  (ugm?)  (ugn) [ [
(hg M%) (ug m°)

Barcelone. 0.7 1.1 0.5 0.7 0.6 0.8 04 0.2
Cabauw 0.1 0.5 0.3 0.3 1.0 1.1 0.5 0.3
Chilbolton 0.5 0.2 -0.3 0.3 -0.6 0.8 0.6 0.4
Helsinki 0.4 1.4 1.0 1.1 1.1 1.1 0.1 0.0
Hyytiala 0.1 0.5 0.4 04 1.5 1.5 0.7 0.5
Mace Head 0.3 0.0 -0.3 0.3 -0.9 1.4 -0.1 0.0
Melpitz 0.2 0.3 0.1 0.2 0.7 0.9 0.4 0.2
Montseny 0.2 0.3 0.1 0.2 0.5 0.8 0.2 0.1
Payerne 0.4 0.8 0.4 0.5 0.8 0.9 0.6 0.3
Puy de Dome 0.1 0.2 0.1 0.2 0.5 1.0 0.3 0.1
Vavihill 0.7 0.7 0.1 0.5 -0.1 0.7 0.5 0.2
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