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Abstract

Four periods of EMEP (European Monitoring and Estihn Programme) intensive
measurement campaigns (June 2006, January 200&n8ep-October 2008 and February-
March 2009) were modelled using the regional aalitygymodel CAMx with VBS (Volatility
Basis Set) approach for the first time in Européhinithe framework of the EURODELTA-

[l model intercomparison exercise. More detailedalgsis and sensitivity tests were
performed for the period of February-March 2009 ahdhe 2006 to investigate the
uncertainties in emissions as well as to improwe riodelling of organic aerosols (OA).
Model performance for selected gas phase specidsPabs was evaluated using the
European air quality database Airbase. Sulfur dieXSQ) and ozone () were found to be
overestimated for all the four periods with l@aving the largest mean bias during June 2006
and January-February 2007 periods (8.9 pbb and g@3mean biases, respectively). In
contrast, nitrogen dioxide (NPand carbon monoxide (CO) were found to be undierated

for all the four periods. CAMXx reproduced bothalotoncentrations and monthly variations
of PM,sfor all the four periods with average biases ragdnom -2.1ug m>to 1.0pg m>.
Comparisons with AMS (aerosol mass spectrometerasorements at different sites in
Europe during February-March 2009 showed that inegd the model over-predicts the
inorganic aerosol fraction and under-predicts tigaoic one, such that the good agreement
for PM,sis partly due to compensation of errors. The eftddhe choice of volatility basis
set scheme (VBS) on OA was investigated as wello B&nsitivity tests with volatility
distributions based on previous chamber and ambieasurements data were performed. For
February-March 2009 the chamber-case reduced thleQé concentrations by about 43% on
average. On the other hand, a test based on amimeasurement data increased OA
concentrations by about 47% for the same periathbrg model and observations into better
agreement. Comparison with the AMS data at thd &ss site Payerne in June 2006 shows
no significant improvement in modelled OA concetdmra Further sensitivity tests with
increased biogenic and anthropogenic emissionsestigigat OA in Payerne were affected by
changes in emissions from residential heating dutie February-March 2009 whereas it was

more sensitive to biogenic precursors in June 2006.
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1 Introduction

Air pollution is known to cause damage to humarthesaegetation and ecosystems. It is one
of the main environmental causes of premature déathy in Europe, more than 400,000
premature deaths were estimated in 2011 with, £Kparticles less than 2.fim in
aerodynamic diameter) having the highest relaiisle for health damage (WHO, 2014a). Air
guality models help understanding the processaeagglace between emission sources and
pollutant concentrations at receptor sites. Theyvary useful to define control strategies for
future legislation. In spite of large improvemeimtsecent years, Chemical Transport Models
(CTMs) have still some uncertainties (Solazzo et 2012a). Various air quality model
intercomparison exercises were successfully cawigdover the last decades to determine
uncertainties in chemical and physical processegerging particulate matter and its
precursors (Solazzo et al., 2012a; Bessagnet ,eR@l4). However, a large variability in
particulate matter concentrations was found betwdifierent models indicating process
parameterization as one of the main reasons fdr discrepancies. Moreover, recent studies
based on AMS (Aerosol Mass Spectrometer) measutsnendifferent sites in Europe,
revealed that the organic fraction dominates the-nefractory PM composition (Crippa et
al., 2014). Organic aerosol (OA) can be found iae #imosphere from direct emission by
various sources, such as fossil fuel combustiomoagl vehicle engines or residential wood
combustion. Direct emissions of OA are typicallfereed to as primary organic aerosol
(POA) whereas gas-to-particle conversion is retetoeas secondary organic aerosol (SOA).
Formation mechanisms of SOAs are not very well kmowt and their representation in
CTMs is still challenging (Hallquist et al. 2009puntoukis et al., 2011; Bergstrom et al.,
2012; Li et al., 2013; Langmann et al., 2014; Tsdia et al., 2014). In one of our recent
aerosol modelling studies we compared model  PMrediction with PM AMS
measurements for different sites (Payerne and Ejiaod periods (summer and winter) in
Switzerland. We found that particulate matter wasegally well reproduced by the model
with the SOA fraction being under-predicted and P@¥er-predicted (Aksoyoglu et al.,
2011). Traditional CTMs treat POA as non-volat®me studies however have revealed the
semi-volatile nature of POA, through its dynamiaiéhrium of organic aerosol with its gas
phase, and the importance of semi-volatile (SVO@GY) @antermediate volatility (IVOC)
organic compounds as SOA precursors (Donahue,2046; Robinson et al., 2007; Cappa
and Jimenez, 2010). To describe the absorptivetipamg and ongoing oxidation of the

atmospheric material, a volatility basis set (VB8)ere organic species are organized into

3
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surrogates according to their volatility was depeld (Donahue et al., 2011, 2012a,b). Air
guality models updated with VBS scheme startedgased (Lane et al., 2008; Murphy and
Pandis, 2009; Hodzic et al., 2010; Fountoukis gt28l11; Bergstrom et al., 2012; Murphy et
al., 2012; Jo et al., 2013; Zhang et al., 2013;aAtdsopoulou et al., 2013; Fountoukis et al.,
2014). Bergstrom et al. (2012) reported an EMEP ehstiidy over Europe for the 2002-2007
period using different assumptions regarding parihg and aging processes. They could not
reproduce the measured OA levels in winter sugggstiat residential wood combustion
inventories might be underestimated in differenttp@f Europe. Fountoukis et al. (2014)
applied the PMCAMx model to simulate EUCAARI (Kultazet al., 2009, 2011) and EMEP
(Tarseth et al., 2012) campaigns in Europe. Theydceeproduce most of PMlaily average
OA observations within a factor of two, with thebifgary-March 2009 period having the
largest discrepancies. Zhang et al. (2013) depldpedCHIMERE model with the VBS
framework during the MEGAPOLI summer campaign ie tBreater Paris region for July
2009. They found a considerable improvement inipted SOA concentrations which might
be even overestimated depending on the emissia@aniary used. In our study, we applied
the regional air quality model CAMx with the VBSh&ene for the first time in Europe within
the framework of EURODELTA-III model intercomparis@xercise. In addition to the base
case configuration used in the exercise, more ansiests with the VBS scheme for winter
and summer episodes were performed together wggbnaral evaluation of the four EMEP

field measurement campaigns.

2 Method

2.1 The EURODELTA-IIl exercise

The EURODELTA-III (EDIIl) framework is a Europeanadel intercomparison exercise
between several modelling teams sharing both effand technical knowledge in order to
reduce model uncertainties and to improve undedsignof the performances. It contributes
to the scientific work of the United Nations EcononCommission for Europe (UNECE)

Task Force on Measurement and Modelling (TFMM) witthe Convention on Long-range
Transboundary Air Pollution (CLRTAP). In the fighase of the EDIII exercise, 4 periods of
the EMEP field measurement campaigns were choserder to evaluate the model results:

e 1 June —30 June 2006
e 8 January —4 February 2007
e 17 September — 15 October 2008
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e 25 February — 26 March 2009

Multiple models were applied on a common domain driden with the same input data
provided by the National Institute for Industriahironment and Risks (INERIS). However,
for some models, different meteorology, boundargditions and emissions data such as

biogenic emissions were used (Bessagnet et al4)201

2.2 Modelling method

2.2.1 CAMx

The Comprehensive Air quality Model with extensiol3AMx-VBS (CAMx5.41 VBS,
kindly provided by ENVIRON before its public relegswvas used in this study. The model
domain consisted of one grid with a horizontal heson of 0.25° x 0.25°. The latitude and
longitude grid extended from 25.125°W to 45.125%d 29.875°N to 70.125°N resulting in
281 x 161 grid cells covering the whole of Eurobeurly four-dimensional meteorological
fields for wind speed and direction, pressure, terafre, specific humidity, cloud cover and
rain required by CAMx simulations were calculateoni ECMWEF IFS (Integrated Forecast
System) data at 0.2° resolution. Vertical diffuiwcoefficients were estimated following the
Kz approach of O'Brien (1970) using PBL depth pesfias available in IFS data. CAMXx
simulations used 33 terrain-followinglevels up to about 8000 m above ground levelnas i
the original IFS data. The lowest layer was aboQt 2 thick. MACC (Monitoring
Atmospheric Composition and Climate) reanalysiadetre used to initialize initial and the
boundary condition fields (Benedetti et al., 200®)ess et al., 2013). Elemental carbon,
organic aerosol, dust and sulfate were used to hamiesol species at the boundaries of the
domain. One half of the OA was assumed to be sergnaorganic aerosol (SOA) and the
other half primary organic aerosol (POA), as recanded in the EDIII exercise. Photolysis
rate inputs were calculated using the TUV radiativansfer and photolysis model
(Madronich, 2002). The required ozone column desssito determine the spatial and
temporal variation of the photolysis rates wereraoted from TOMS data (NASA/GSFC,
2005). Removal processes as dry and wet depositiere simulated using the Zhang
resistance model (Zhang et al., 2003) and a scawgmgodel approach for both gases and
aerosols (ENVIRON, 2011), respectively. For the gasse chemistry the Carbon Bond
(CB05) mechanism (Yarwood et al., 2005) with 15&cte®ns and up to 89 species was used.

5
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Partitioning of inorganic aerosols (sulfate, nigsaammonium, sodium and chloride) was
performed using the ISORROPIA thermodynamic modétnes et al., 1998). Aqueous
sulfate and nitrate formation in cloud water wasidated as well using the RADM aqueous

chemistry algorithm (Chang et al., 1987).

2.2.2 Emissions
Anthropogenic emissions

Annual total gridded anthropogenic emissions weepared and provided by INERIS for the
EDIII exercise, which is based on a merging procéstata-bases from different sources, i.e.
TNO-MACC (Kuenen et al., 2011), EMEP (Vestrenglet2007), GAINS (The Greenhouse
Gas and Air Pollution Interactions and Synergi€sy. specific countries where TNO-MACC
emissions were missing (Iceland, Liechtenstein tdahd Asian countries), the EMEP 0.5° x
0.5° emissions were used and re-gridded using atiequoxies such as “artificial land-use”
and EPER (European Pollutant Emission Registera dhattp://www.eea.europa.eu/) for
industries. Total primary particle emissions weradm available by EMEP in two different
size ranges: below 2.5um (fine) and between 2.5panl@um (coarse). Total emissions were
later split to estimate the amount of elementabaay and organic matter for each of the 10
SNAP codes (Selected Nomenclature for Air Polldtiamd country. The final emission
inventory thus compiled consisted of 6 gas speoc@sely methane, carbon monoxide,
ammonia, sulfur oxides, non-methane volatile orga@ampounds and nitrogen oxides and 6
categories of particulate matter classes: finenetgal carbon (EC2.5), coarse elemental
carbon (EC10), fine primary organic material (fiR®A), coarse primary organic material
(coarse POA), fine other primary particulate male(hon-carbonaceous) and coarse other
primary particulate material (non-carbonaceous); P&dhd PMy emissions were provided by
EMEP and they were split to elemental carbon agdmic matter using the fractions given by
IIASA (International Institute for Applied Systenfnalysis) for each source and country.
Total non-methane volatile organic compounds wphé ®r the CB0O5 mechanism using the
recommendations of Passant (2002). Hourly, weekly monthly time profiles as in the

EURODELTAII exercise were applied to total annuath&iopogenic emissions.
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Biogenic emissions

Biogenic VOC emissions were calculated using thedéloof Emissions of Gases and
Aerosols from Nature MEGANv2.1 (Guenther et al., 120 This model is driven by
meteorological variables such as hourly temperasotar radiation, humidity, wind speed,
soil moisture and land cover data including leadaamdex (LAI) and plant function type
(PFT) as available in the Community Land Model 8Days average satellite data at 0.25° x
0.25° resolution were pre-processed and made alaifeom the TERRA/MODIS satellite
system. Sixteen plant function types including hedebved evergreen, needle-leaved
deciduous, broad-leaved evergreen, broad-leavediudres, grass and crop for different
climatic zones were prepared for this study at 0x26.25° resolution together with the global
emission factors ofi-pinene, B-pinene, 3-carene, isoprene, limonene, 232-metksiml,
myrcene, NQ, t-f-ocimene and sabinene. Common BVOC species sudoaene, terpene,

sesquiterpene, xylene and toluene were obtainegkidt hour and cell in the domain.

2.2.3 VBS scheme

A new volatility basis set (VBS) scheme is avakalnl the CAMx model to describe changes
in oxidation state and volatility. A total of folmasis set simulates the evolution of organic
aerosol in the atmosphere (Koo et al.,, 2014). P@Assions were split in HOA-like and
BBOA-like emissions and allocated in two differdiatsis sets. HOA-like emissions include
emissions from all SNAP sectors except SNAP2 (mmlustrial combustion plants) and
SNAP10 (agriculture) which were assigned to BBO#eliemissions. Two other sets were
used in the model to allocate secondary organiosaéfrom anthropogenic (i.e. xylene and
toluene) (ASOA) and biogenic (i.e. isoprene, morp#ee and sesquiterpene) (BSOA)
gaseous precursors. These two sets also allocadatiox products of POA vapours, from
each of the two primary sets (HOA-like and BBOA€ljkThe 2D volatility space retrieved by
Donahue et al. (2011; 2012a,b) was used to dis&ithe organic molecular structures for
each of the volatility bins and different sets (lEaB1). Five volatility bins represent the range
of semi-volatile organic compounds (SVOCs) rangiram 10* pg m* to 10° ug m? in
saturation concentrations (C*). Oxidation processesmodelled by shifting C* by a factor of
10 in the next lower volatility bin, increasing tlo&idation state and reducing the carbon
number to account for fragmentation. OH reactiolesaare assumed to be 4 x*i@n?
moleculé' s* for the reaction of semi-volatile primary vaporsttwOH and 2 x 18" for

further aging of ASOA and POA vapours from HOA-likeissions. More details about the

7
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VBS parameterization in CAMx can be found in Koakt(2014). Further aging of BSOA is

not considered in this study based on previous ongeesults showing over-prediction of

OA when such process is taken into account (Lared.e2008; Murphy and Pandis, 2009).

This implies that also further aging of POA vapoinam BBOA-like emissions was not

considered since it is performed in the same Is&gidn this work we focus on the effects of a

VBS framework on the total OA fraction. Aging preses and alternative VBS

implementations will be discussed together with S&@8 POA components in a following

paper (Ciarelli et al. in prep). Three sensitivitgsts were performed with different

assumptions on the volatility distributions (Tat)e

NOVBS: Primary organic aerosol was assumed to be norHeolBiogenic (isoprene,
monoterpenes and sesquiterpenes) and anthropo@eylene, toluene and other
aromatics) volatile organic compounds (VOCs) weseduas precursors for secondary
organic aerosol. Partitioning of condensable gasesecondary organic aerosol was

calculated using a semi-volatile equilibrium apmtoéStrader, 1999).

VBS ROB: Primary organic aerosol was assumed to be voland undergo
chemical oxidation. The volatility distribution estited by Robinson et al. (2007) was
applied to HOA-like and BBOA-like emissions. Em@ss of intermediate volatility
organic compounds (IVOCs) were assumed to be mhéstithose of primary organic

aerosol (POA) as suggested by Robinson et al. {2007

VBS BC: Primary organic aerosol was assumed to be volatiteundergo chemical
oxidation using the approach of Shrivastava e{2il11) and Tsimpidi et al. (2010).
The total primary emissions are roughly 3 timeshbrgthan inVBS_ROB. Different
volatility distributions were applied for HOA andBB®A-like emissions. IVOCs were
assumed to be 1.5 times the amount of POA. Thidiesphat for this scenario the
SVOC + IVOC mass added is equal to 7.5 times tht@liramount of POA. This
represents the base case scenario used to evajastgphase and B model

performance.

Based on th&/BS BC base case scenario, two other sensitivity teste werformed 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.
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2.3 Statistical methods

Statistical procedures as available in the Atmospiodel Evaluation Tool (AMET, Apple
et al.,, 2010) were used in this study to evaluatedeh performance. Daily ambient
measurements of main gas phase species 4,eNQ, CO, SQ and fine particulate matter
(PM,5) were extracted from the Airbase database in Eueopl statistics reported in terms of
mean bias (MB), mean error (ME), mean fractionasiiMFB) mean fractional error (MFE)
and correlation coefficient (r).

Due to the coarse grid resolution, only rural-baokgd stations, defined as stations far from
city sources of air pollution with pollution levetietermined by the integrated contribution
from all sources upwind of the station (ETC/ACCQ2(Y), with at least 80% daily average
observations available were considered for thassitail analysis. For P4 this resulted in
48 stations available for June 2006, 56 for Jan&atyruary 2007, 90 for September-October
2008 and 110 stations for February-March 2009, Rddmponents were further evaluated for
the February-March 2009 period where comprehersfe resolution AMS measurements at
11 European sites were available, i.e., at Baregl@abauw, Chilbolton, Helsinki, Hyytiala,
Mace Head, Melpitz, Montseny, Payerne, Puy de DantkVavihill (Crippa et al., 2014).

3 Results and discussions

3.1 Model evaluation

Model performance metrics for gas phase speciesNtl), O; and SQ as well as for Pis

are reported in Table 2 and they refer to the base VBS_BC.
NO, and O3

NO, was found to be under-predicted for all the foerigds with mean fractional bias
between -54% and -28% and PlConcentrations being particularly under-predictieing
June 2006. Evaluation of the EURODELTA Ill modeieircomparison exercise showed that
all models performed similarly for NOn terms of correlation with values in the range 0.6-
0.7 and the spatial correlation was much highehérange 0.7-0.9 for all models (Bessagnet
et al., 2016) with a general underestimation indfiernoon.The NQ performance could be

influenced by several factors:
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Uncertainties in the emission inventories. AltholdfB, emission estimates in Europe
are thought to have an uncertainty of about + 2fé,complete data set used in the
inventories has much higher uncertainty (Kuenenalet 2014). A recent study
identified a significant discrepancy between emissestimates and actual flux
measurements, with the highest underestimationgbairfactor of two in central
London mainly due to under-representation of reakldv road traffic emissions
(Vaughan et al., 2016)

The relatively coarse resolution of the domain Wwhioay result in too low NO
emissions or isolated local events that the modehot resolve. We report daily
average time series of N@or the period of Feb-Mar 2009 for stations in [eap as
well as daily average time series of N@r stations not exceeding 5 ppb (which
represents 92% of the stations in Table 2) (Figst® The model performance for
NO; significantly improved when the 5 ppb thresholdsvegplied to the dataset. An
emission map of NO for 1 March 2009 at 6 AM is népd in Figure S2. High
emissions of NO are predicted in the Benelux dPeayalley, Germany and in some
of the eastern European countries. High NO emissolure to ship traffic are also

visible especially in the Mediterranean Sea

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

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

O3 concentrations were found to be over-predicted dibrthe four periods with a mean
fractional bias ranging from 2% to 48%. EspeciatlyJune 2006, when the photochemical
activity is higher, the general under-predictionNfy in the whole domain reduces thg O

titration potential during night time.

10
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Model performance for Qis also strongly influenced by long-range transpespecially
during the winter periods when the local chemicaldpction of Q is limited. Figure S3
shows the model performance at the Mace Head stlitated on the west coast of Ireland
for all the four periods. Especially in January-feglny 2007 @concentrations were found to
be over-predicted by about 10 to 20 ppb indicatim@t boundary conditions for ;Qvere
probably not well represented. In June 2006 andefdper-October 2008 LQvas relatively
well captured at Mace Head suggesting that therebdeoositive bias in ©concentrations
might arise from insufficient NQemissions to undergo titration during night tinseveell as
not correctly represented planetary boundary laeramics. In February-March 2009 the
model tends to under-predict the €éncentration at Mace Head and overall then@del
performance shows the lowest bias (2%). Eventudhg, under-prediction of Qin the
boundary condition may counteract the already meeti deficiencies related to insufficient

NO, emissions.
SO, and CO

SO, concentrations were found to be slightly over-petti for all the four periods with a
mean fractional bias ranging from 14% to 36% for, 9@e daily variations of modelled and
measured SOconcentrations for February-March 2009 are reploete well in Figure S1

(lower-panel) for the stations in Table 2. In gehethe daily variations of modelled and
measured S£concentrations agree relatively well with eacheotihroughout the period.

Most of the S@emissions arise from high stack point sources whate injection heights of
a few hundred meters. It might be that the vertitisiribution of SQ might affect the model
performance in particular near the harbors andtabaseas where ship emissions were
allocated in the second layer of the model domaktepding from ~20 to 50 m above ground
level) whereas they can reach up to 58 meters ap dizaft vessels (SCG, 2004) and also
undergo plume rise. Insufficient conversion to atdfor too low deposition processes might

also positively bias the model performance for.SO

CO was slightly under-predicted for all periods é&mdractional bias between -11% and -
31%), with highest values during the September-mta2008 period (-31%). The late
summer-fall period is known to be influenced byiagtural open field burning activities

which might be missing from standard emission inegas.
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In general, for both SPand CO, the model showed lower correlation coeeffits with
respect to other gas-phase spediesfues from 0.20 and 0.37 for CO and from 0.30.&2
for SG,).

PM2s

Of all investigated variables, CAMx shows the b&stistical performance for P For all
four periods the acceptable model performancer@itecommended by Boylan and Russell
(2006) for aerosols were met (MEE+75 % and —-60 % < MFB < +60 %). The fractionalsbia
ranges from less than 1% in September-October 200® -13% in February-March 2009.
Also the recommended model performance goals (MFB50% and -30% < MFB < +30%)
were met for all periods except for January 200@d&lled average PM concentrations are
shown in Fig. 1. A different spatial distributiom seen for summer and winter. In June 2006
the model predicts higher concentrations in thettsou part of the domain especially over
the Mediterranean Sea and North Africa (up tou85m>). On the other hand, the highest
concentrations were predicted in the Po valley éabave 4Qig m®) and in the southern part
of Poland during January-February 2007. During titke colder periods (2007 and 2009)
elevated concentrations of aroundisni®are also visible close to urban areas such as Paris
and Moscow. Figure 2 shows BMvariations at Airbase rural-background sites imieiof
medians, 28 and 74 percentiles. In all the four periods CAMx is alte reproduce the
observed monthly variation very well with some epeediction occurring mainly from the
14" to the 17 of January 2007 and towards the end of 2008 period

3.2 Detailed evaluation of PM ;5 components in February-March 2009

The modelled concentrations of non-refractory ;BMomponents were compared against
aerosol mass spectrometer measurements at elevepean sites for the February-March
2009 period (Crippa et al., 2014). Even thoughAMS measures particles with a diamdder

< 1 um, the difference between the non-refractdvls Rnd total PMs mass is in general
rather small as shown in Aksoyoglu et al. (2011)east for situations without exceedingly
high air pollution and situations when sea salt esdlarge relative contribution to BM The
modelled average total non-refractory PMsum of nitrate, sulfate, ammonium and OA)
concentrations match the measurements quite witlaview exceptions (Fig. 3 and Table 3).
The model is able to reproduce both high conceatratobserved at the urban site Barcelona
and low ones at remote sites like Hyytidla, Finla@dncentrations of inorganic aerosols are
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over-predicted and OA are under-predicted at mbéghe stations (with similar behavior
during the other investigated periods, Figure S#tlagure S5). Very similar results were also
presented by other recent studies (Knote et aL1R2(he effect of different schemes to treat
OA is discussed in Sect. 3.3. At the Cabauw sitete was the most dominant species
(Mensah et al., 2012). Especially at this siterttuglel strongly over-predicts in particular the
nitrate (NQ) fraction (by a factor of 3). A sensitivity tesitiv 50% reduction in ammonia
emissions significantly improved the modelled Néncentrations at almost all sites (Table
S2) suggesting potential uncertainties inN\ghissions and their seasonal variability. Other
potential reasons for the over-prediction of Néduld be related to uncertainties in removal
process of HN@as well as dry deposition velocity of NFsubstantial over-predictions were
found at the higher altitude site of Montseny anty e D6me when compared with first
model layer concentrations (ca. 200 and 800 metexs respectively at these sites). These
sites located at about 720 and 1465 meters aelsometimes not within the PBLH during
winter periods. At the Montseny site, the relatyvebarse resolution of the model could also
influence model performance since the site is Extah a complex area about 50 km north-
east of Barcelona (Pandolfi et al., 2014). Sulémtecentrations (S£) were over-predicted at
almost all sites and especially at Mace Head stiggethat long-range transport of $O

might be positively biased.

Modelled and observed hourly concentrations ofsNSQ?, ammonium (NH") and OA at
Payerne are reported in Fig. 4 for March 2009 togyetvith meteorological parameters in Fig.
S6. The model was able to reproduce the meteor@bgarameters very well for most of the
time. The temperature was slightly under-predicédboth night and day-times (with a
maximum of -2 °C) whereas both the monthly variatamd the absolute values of wind speed
and specific humidity were reproduced well witheavfunder-predictions of high wind-speed
(6™ and 11" of March and towards the end of the simulation)e Titodel was able to capture
the three N@ and NH' peaks observed around tH& 28" and 28 of March with a general
slight over-prediction throughout the whole periobhdeed, the under-prediction in
temperature during day and night time could paytiexplain the over-prediction of the NO
fraction with more N@ partitioning to the aerosol phase which also agplythe other
stations used in this study. An evaluation of miedketemperature at the European scale for
the February-March 2009 period confirmed that tloeleh systematically under-predicted the
2 meter surface temperature (Bessagnet et al.)2814he inorganic components were over-

predicted during the first four days of March 2088h a peak around the™3of March,
13
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indicating that the PBLH was probably not correatiyproduced by the model during this
period. Although the temporal variation was capyreoncentrations of OA were under-
predicted throughout all the simulation (414 m> and 1.8ug m* observed and modelled

average concentrations). Analysis of the OA fractgodiscussed in the next section.

3.3 Organic aerosols

3.3.1 Sensitivity of OA to the VBS scheme

In this section, effects of different parameteiimas of the organic aerosol module on the
modelled OA concentrations are discussed. Theesaaltits in Fig. 5 show a comparison of
daily average OA concentrations against the samé& Akasurements as in Table 3 during
February-March 2009. Statistics for each scenamoreported in Table 4. When the semi-
volatile dynamics of primary organic aerosol is taken into account (scenario NOVBS), the
model under-predicts OA concentrations (MFB: -66@)}h an observed and modelled
average concentrations of 31§ m®and 1.2ug m? respectively. In the VBS_ROB scenario
POA emissions are allowed to evaporate following wolatility distribution proposed by
Robinson et al. (2007) and to undergo chemical aiod. In this case modelled OA
concentrations decrease by about 43% with respeblQVBS, predicting an average OA
concentration of 0.fug m*>. On the other hand, the VBS_BC scenario improves @A
model performance increasing the OA concentratipnabout 47% with respect to NOVBS.
Predicted OA concentrations are found to beig7® on average (MFB: -47%). Similar
behavior during winter periods was also shown @en¢ studies where the same VBS scheme
was applied in the U.S. domain (Koo et al., 20Hyure 6 shows the modelled total OA
concentration over Europe using NOVBS, VBS_ROB &&5 BC scenarios. The model
predicts high OA values in the Eastern part ofdbmain as well as over Portugal, France and
the Po Valley (VBS_BC). Some hot-spots around landpan areas are also visible, i.e., Paris
and Moscow. Higher OA concentrations in the southgart of the domain are observed in
the VBS_BC case, likely because of higher tempegatind more OH radicals available in
that part of the domain leading to an increasehentbtal organic mass upon reaction with
organic vapours. This is in line with the resulfid=ountoukis et al. (2014) for the February-
March 2009 period even though their study predmiger concentration over the Po valley.
Even though model input data and parameterizatoasot the same, the VBS _BC case in

particularly, uses a very similar volatility didittion as in Fountoukis et al. (2014). Our study
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predicts relatively lower OA concentrations (MFE.47, MFE: 0.79) compared to those
reported by Fountoukis et al. (2014) (MFB: 0.02, BMF0.68) for February-March 2009.
Unlike Fountoukis et al. (2014) our study doesinolude fire emissions and marine organic
aerosol which may partially explain the differenceggure 7 shows hourly modelled and
observed OA concentration at Payerne for March 2808 June 2006. In March 2009
VBS_ROB results are lower than those in NOVBS wagr@A concentrations in VBS_BC
case are higher (see Supplementary Fig. S8 ance Tablfor average concentrations and
statistics). In June 2006, the OA mass in VBS_R®HmBower than those in NOVBS while
VBS_BC predicts similar concentrations as the NO\&8nario (2.41g m* and 2.6ug m>,
respectively, Fig. S9 and Table S4). It has to bt&dh that the NOVBS scenario predicts
slightly lower OA concentration for June 2006 inyBane with respect to our previous
application (Aksoyoglu et al., 2011), mainly becao$ a different biogenic model being used
which yields lower monoterpene and sesquiterpenesséons. Since both BVOCs and
BBOA-like emissions are highly uncertain, sensifivtests with increased biogenic and
anthropogenic emissions were performed and regisitsissed in the next section (3.3.2).

3.3.2 Sensitivity of OA to BBOA-like and BVOC emiss  ions

Emissions of BVOCs compounds (i.e. monoterpenegpréne and sesquiterpenes) were
doubled in scenario VBS_BC_2xBVOC, whilst primaryganic aerosol emissions from
SNAP2 and SNAP10 (BBOA-like) were doubled in sceasaBS_BC_2xBBOA, with other
emissions and processes represented as in VBS iB@eR shows modelled and observed
OA daily average concentrations for the VBS BC, VBES 2xBVOC and
VBS_BC _ 2xBBOA scenarios across the sites. Stagidtic each scenario are reported in
Table 5. Increasing biogenic emissions by a factdotwo during February-March 2009
resulted in almost no change in the predicted t&%l (1.7 pg m*and 1.8ug m* for the
VBS _BC and VBS_BC_2xBVOC scenarios, respectively). On the otiend, doubling the
BBOA-like emissions (VBS_BC_2xBBOA) during the sameriod strongly increased the
predicted OA mass (up to 2;8 m* on average). As a result the mean fractional bias
decreased further, from -47% to -12% averaged actbe sites. This could eventually
confirm other studies where substantial under-gptexdis in residential wood burning
emissions were underlined (e.g., Bergstrom ef8afl2). A few points above the 2:1 lines in
VBS_BC_2xBBOA mainly belong to the sites of Montgeiuy de Déme and Helsinki.
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During winter periods, it is likely that elevatettsons such Montseny and Puy de Déme are
most of the time above the PBLH, as suggested &yiquis studies for Puy de Déme (Freney
et al., 2011), whereas model concentrations amraeed from the first layer of the model. In

Helsinki, BBOA emissions seem to be overestimatethe dispersion underestimated in the

model.

Comparison with a warmer period in June 2006 i®negd as well for Payerne where AMS
measurements were also available (Fig.9). In FepiMarch 2009 increasing BBOA-like
emissions (VBS_BC_2xBBOA) reduced the fractionalsbirom -85% in VBS_BC to -37%
(Table S3) with an over-prediction occurring duribd of March (Fig. 9, upper panel). As
already discussed in Section 3.2, it is likely ttfa vertical mixing processes were not
correctly represented by the model since alsonbeganic components were over-predicted
for the same period. Almost no change in the ptedi©A mass was found when biogenic
emissions were doubled (scenario VBS_BC_2xBVOCY.(Bi upper panel) due to lower
BVOCs emission during winter periods. Increasing@®36 emissions in June 2006 increased
the predicted OA mass at Payerne site especiatinglthe 12-16 June and towards the end
of the simulation period, where higher concentragi@and temperature (Fig. S7) were also
observed (Fig. 9, lower panel). In contrast, simi@A concentrations were predicted in
Payerne for VBS_BC and VBS_BC_2xBBOA during Jun@&(Qwith averages of 2 4g m?>
and 2.8ug mi® respectively). This is in line with a very recemiusce apportionment study
based on ACSM (aerosol chemical speciation monmt@asurements performed in Zurich for
13 months (February 2011 - February 2012) whicleatad substantial differences between
the winter (February-March) and summer (June-Aydust f43 space (organic mass fraction
measured at mass to charge ratio 44 and 43) imtfcghat summer OOA (oxygenated
organic aerosol) is strongly influenced by biogeeainission and winter OOA by biomass
burning emission (Canonaco et al., 2015). Incre&@Adconcentrations at Payerne in June
2006 with increased biogenic emissions were alsandoin other modelling studies.
Bergstrom et al. (2012) used the VBS framework wlifferent assumptions regarding aging
processes and compared the model results for 0@ \&ith the AMS results at Payerne. In
their study the total OA was found to be under-mted with lower bias observed when
aging processes were taken into account and biogemissions were increased by a factor of
3. Even though their model differs from ours inigas aspects (humber of volatility bins,
aging processes parameterization and input datayanof their scenario without aging of

biogenic SOA Bergstréom et al. (2012) predicted aerage OA concentration ranging from
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2.6 ug m>to 3.4pug m> which is similar to our base case VBS_BC awBS_BC_2xBVOC
scenario (2.4ig m®and 3.4ug m®, respectively, Table S4).

3.3.3 OA components in summer and winter

Comparisons of the primary and secondary orgaatitrn at the rural site of Payerne during
summer (June 2006) and winter (February-March 2@@9)ods are reported in Figure 10.
During the winter period the VBS scheme better adpced the primary and secondary
organic aerosol components compared to the NOVBS8. da particular, For the VBS _ROB

base case, total OA concentrations were lower cozdp@ the NOVBS case, consistent with
the study of Woody et al. (2016) where the same g8%&me was applied to the US domain.
The total OA concentrations in the base case (VES &hd in the scenario with increased
biomass burning emissions (VBS_BC_2xBBOA) were &arghompared to NOVBS case,

even though SOA and POA fractions were not colyeetrroduced. Higher contribution from

the primary fraction during winter periods was gigedicted by the study of Koo et al., 2014
which deployed the same VBS scheme. Eventuallg, tiight indicate that biomass burning
precursors might be missing in this study, or thatoxidation pathways of primary organic
material need to be improved in the model (up &8 the reacted primary organic material
is still allocated in the primary set as oxidatiproceeds, directly increasing the POA

fraction).

Different behavior was observed for the summergaewhere the larger contribution of SOA

to the total OA retrieved from measurements is atgwoduced by the model, even though
the total OA concentration was still underestimaidtese results for summer are also in line
with the study of Koo et al. (2014) for summer pds in the US domain using the same VBS

scheme.

4 Conclusions

A modelling study using the regional air quality seb CAMx with VBS (Volatility Basis
Set) scheme was performed for the first time inogarwithin the EURODELTA-III model
intercomparison exercise. An evaluation for themgas phase species and RNbr four
different periodsvas performed using the European air quality datlsirbase as well as
AMS (Aerosol Mass Spectrometer) measurements. Bnegin February-March 2009 was
further analyzed in more detail using differentussptions regarding the volatility of emitted
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organic aerosol and emissions of precursor. The rivadings of this study are summarized

below:

Although total PM s mass concentrations and its variations were vegitaduced by
the model in all four periods, comparisons with AMi®asurements for the February—
March 2009 period revealed that the good agreentmetiveen model and
measurements was most of the time due to overdstimaf the inorganic fraction,
especially N@, and underestimation of OA. Sensitivity tests widtduced NH
emissions generally reduced the positive bias in3 N6uggesting potential

uncertainties in Nklemissions and their seasonal variability.

In general, for all the four periods, the model emgredicted N@ and CO
concentrations. On the other hand, W@as found to be over-predicted likely because
of insufficient NQ to undergo titration during night-time chemistry oot well
captured vertical mixing processes and concentrat@ét the boundaries. $Was
over-predicted presumably mainly because of unicei¢a in high stack point sources

representation in the model or too low depositioycpsses.

Including evaporation and oxidation processes ohg@ry organic particles with the
volatility distribution proposed by Robinson et €007) lowered the modelled OA
mass both in winter and summer periods. On therdihad, the adjustment of the
scheme by Robinson et al. (2007) suggested by &ttava et al. (2011) and Tsimpidi
et al. (2010) brings model and observations inttiebeagreement by reducing the
negative bias for OA by about 29% (MFB) in winter.

Sensitivity tests with increased BVOCs and BBO-ZAelikmissions suggested that
emissions from residential heating represent anortapt contributor to total OA
during winter periods (February-March 2009). Thedelaunder-predicted the winter
OA concentrations (MFB -47% for base case VBS_ BQranthan gas phase
pollutants e.g. N@(Table 2). Eventually, increasing BBOA-like em@ss by a factor
of 2 brought model and observation to a reasongbbd agreement even though the
model still under-predicts the OA fraction (-12% B)i This underlines the necessity
to better constrain emission inventories with aufbon residential heating. Also the
implementation of the VBS scheme for domestic wbadiing, which substantially

influences both the primary and secondary orgasiosol, should be evaluated.
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« A summer period was simulated as well and resutt®wompared at Payerne. In June
2006, the current VBS implementation could not eiplthe discrepancy between
modelled and observed OA. During this period tHeedence between the model and
measurements is likely to be related to BVOCs domsswhich are uncertain and
difficult to constrain with measurements. In th&se the model was sensitive to an
increase in biogenic emissions especially duringoge with higher temperature and
OA concentrations. The latter could confirm the aripnce of BVOC precursors in
summer in Payerne and the way to correctly reptesesir evolution in the

atmosphere.
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897 5 Figures and Tables

898 Table 1. Volatility distributions used for differescenarios.

899
Emission fraction for volatility bin with C* of
Scenarios POA emission source:
0 1 10 100 1000
NOVBS
(non-volatile HOA_IiIl.(If 1.00 - - - -
BBOA-like 1.00
CAMxv5.40)
VBS_ROB HOA-like 0.09 0.09 0.14 0.18 0.5
(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)
900
901
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902 Table 2. Model gas phase and Pjerformance for the EDIII field campaigns (baseeca

903 VBS_BC).
Observed Modelled MB ME
mean mean (ppb) (ppb) MFB MFE
. Number of pp pp
Species - (Ppb) (ppb) . . [ [
(ng m>for  (ug mfor
(ng m3for  (ug m3for
PM ) PM ) PM25) PM25)
June 2006
Cco 36 192.0 158.0 -34.2 80.7 -0.12 0.36 0.20
NO, 320 4.1 23 -1.9 2.2 -0.54 0.68 0.55
O3 460 42.3 51.2 8.9 10.8 0.21 0.24 0.57
PM, 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
CcoO 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
O; 455 235 35.8 12.3 12.6 0.48 0.49 0.61
PM, 56 11.7 12.8 1.0 6.1 -0.04 0.56 0.69
SO, 271 1.3 17 0.4 11 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 5.3 3.7 -1.7 25 -0.28 0.56 0.62
O; 465 24.3 325 8.2 9.6 0.32 0.37 0.50
PM, 90 13.0 14.1 1.0 5.7 <0.01 0.46 0.76
SO, 256 0.9 11 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
O3 488 32.7 33.0 0.2 7.1 0.02 0.23 0.55
PM, 110 15.1 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
904
905
906
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907 Table 3. Statistical analysis of nitrate, ammonismlfate and organic aerosol in base case

908 (VBS_BC) for February-March 2009 at different AMiges.

909
s Mean observed Mean modelled MB ME MFB MFE
- (ug/m) (ugin) pgm® g [ [
NOs
Barcelona 3.6 5.8 2.19 3.98 0.35 0.98
Cabauw 2.2 6.7 4.49 4.58 0.85 1.01
Chilbolton 2.7 4.0 1.33 221 0.02 0.76
Helsinki 1.0 1.9 0.93 1.30 0.29 0.92
Hyytiala 0.2 1.0 0.75 0.83 0.21 1.09
Mace Head 0.6 1.7 1.11 1.12 0.14 0.70
Melpitz 3.1 4.3 1.25 241 0.35 0.71
Montseny 3.1 5.9 2.83 4.31 0.38 1.00
Payerne 3.9 5.7 1.81 2.83 0.34 0.61
Puy de Déme 0.9 2.7 1.81 2.17 1.13 1.30
Vavihill 2.8 3.7 0.89 2.17 0.14 0.78
NH,"
Barcelona 1.6 25 0.92 141 0.42 0.71
Cabauw 1.0 2.7 1.73 1.75 0.95 0.97
Chilbolton 1.3 2.0 0.68 1.02 0.39 0.61
Helsinki 0.8 1.3 0.52 0.59 0.51 0.60
Hyytiala 0.4 0.8 0.43 0.48 0.55 0.70
Melpitz 1.4 21 0.72 1.11 0.45 0.69
Montseny 1.7 2.6 0.92 1.58 0.39 0.74
Payerne 1.7 2.5 0.80 1.15 0.36 0.56
Puy de Ddme 0.7 1.2 0.51 0.87 0.83 1.07
Vavihill 1.6 1.9 0.38 0.90 0.17 0.56
SO*
Barcelona 2.7 2.3 -0.44 1.25 -0.19 0.48
Cabauw 1.0 21 1.13 1.34 0.73 0.85
Chilbolton 1.3 2.2 0.91 1.33 0.45 0.70
Helsinki 24 2.2 -0.24 0.92 -0.04 0.43
Hyytiala 1.4 1.7 0.26 0.73 0.09 0.58
Mace Head 0.4 1.2 0.83 0.89 1.04 1.12
Melpitz 1.1 2.2 1.15 1.40 0.54 0.76
Montseny 1.4 2.3 0.97 1.19 0.55 0.64
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11 2.1 1.06 1.16 0.62 0.70

Payerne
Puy de Dome 0.4 1.1 0.77 0.82 1.14 1.19
Vavihill 1.6 2.3 0.73 1.05 0.18 0.54
OA
Barcelona 8.2 3.1 -5.11 5.15 -0.80 0.82
Cabauw 1.2 1.1 014 053  -0.13  0.50
Chilbolton 2.4 0.7 -1.70 170  -1.09 110
Helsinki 2.7 2.9 0.26 1.64 0.08 0.62
Hyytiala 1.3 1.0 -028 052  -048  0.60
Mace Head 0.8 0.4 038 043  -029  0.70
Melpitz 15 0.5 095 098  -094 097
Montseny 3.1 3.9 0.88 1.88 0.31 0.57
Payerne 4.1 1.8 233 243 085  0.90
Puy de Dome 0.6 1.4 0.78 0.96 0.68 0.91
Vavihill 3.9 1.4 253 253  -1.04  1.04
910
911 Table 4. Statistical analysis of OA for NOVBS, VB8OB and VBS_BC scenarios for the 11
912 AMS sites for February-March 2009.
Mean Mean
Scenario  observed OA  modelled OA MB ME MFB MFE
} m? m? g g
(ug m™) (ug ) (ng M) (ug ) [-] [-]
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)

913
914 Table 5. Statistical analysis of OA for VBS_BC, VEEC 2xBVOC and VBS_BC_2xBBOA

915 scenarios for the 11 AMS sites for February-Maré®

Mean Mean
Scenario observed OA modelled OA MB ME MFB MFE
(ug m?) (ug ) (mgm®  (ugm®  [] [l
VBS_BC
® ) 3.0 1.7 -1.2 1.8 -0.470.79
ase case
VBS_BC_2xBVOC 3.0 1.8 -1.2 1.8 -0.48.78
VBS_BC_2xBBOA 3.0 2.8 -0.1 1.9 -0.12.69

916
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921 Figure 1. Modelled average BMconcentrations for June 2006, January-February ,2007
922 September-October 2008 and February-March 2009t@tdmttom) based on the base case
923 (VBS_BC). Note that the color scale was limitednb@ximum of 40ug/m® to facilitate
924 comparison of the panels.
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930 Figure 2. Comparison of modelled (red) and meas(gexl) PM sconcentrationat AirBase
931 rural background sites. The extent of the barscates the 2Band 7%' percentile. The black
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932 and red lines are observed and modelled mediapectagely. The numbers of sites are 48,
933 58, 90, and 110 from top to down. Based on base (&43S_BC).
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940 refractory PMs at 10 AMS sites in Europe during February-March 20Mace head is
941 reported only in Table 3 since the ammonium compbigenot available.
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is 0.55 for NOVBS, 0.64 for VBS_ROB and 0.59 for ¥BBC (excluding the elevated sited

of Puy de Dome and Montseny).
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967 Figure 7. Predicted and observed total OA for seea®dOVBS, VBS ROB and VBS_BC in
968 March 2009 (upper panel) and June 2006 (lower pan&ayerne.
969

42



970

971

972
973
974
975
976
977

Model OA (ng/m?®)

Model OA (ug/m?)

Figure 8. OA daily average scatter

VBS_BC

20

15

10

® Barcelona
Cabauw
Chilbolton
Helsinki
Hyytiala
ace Hea
® Melpitz
® Montseny
® Payerne

d

© Puy de Déme

© Vavihill

10 15

20
Observations OA (ug/m°)
o VBS_BC_2xBBOA
N K
® Barcelona
abauw
Chilbolton
Helsinki
Hyytiala
ace Head
* Melpitz
® Montseny
LO _| e Payerne
— ® Puy de Dome
© Vavihill
o | /
."'
LJ l"".. .. °
0 R
$ S0 e e e
Kol
RV S0 B
Mie e’
o FET T T T
0 5 10 15 20
Observations OA (ug/m®)

VBS_BC_2xBVOC

20

15

Model OA (ng/m?®)
10

® Barcelona
Cabauw
Chilbolton
Helsinki
Hyytiala

ace Head

® Melpitz

® Montseny

® Payerne

© Puy de Déme

© Vavihill

10 15 20
Observations OA (ug/m°)

Scenarios statistics: 20090225 - 20090326

10+

OA (ug/m®)

Obs

VBS_BC
VBS_BC_2xBVOC
VBS_BC_2xBBOA

_—

&=

|-

T

T
Obs VBS BC

T
VBS_BC
2xBVOC

T
VBS_BC
2xBBOA

plots for VBS,B¥BS BC _2xBVOC and
VBS_BC_2xBBOA scenarios for February-March 2009 $tations in Table 3. Solid lines
indicate the 1:1 line. Dotted lines are the 1:2 ar lines. Boxplots indicate mediang, 5

25" 75" and 98" quantiles for observations (black) and sensitititsts (red). The crosses

represent the arithmetic means.

43



OA in Payerne for 2009 period

—— Observations
15 — _VBS_BC
VBS BC 2xBVOC
. — VBS_BC_2xBBOA
4
£ 10
(o]
3
<
(@]
5 —_
0 —
978 Mar 01 Mar03 Mar05 Mar 07 Mar09 Mar11 Mari13 Mar15 Mar17 Mar19 Mar21 Mar23 Mar25
OA in Payerne for 2006 period
20 —— Observations
—VBS BC
VBS_BC_2xBVOC
15 — VBS_BC_2xBBOA
&
E |
E /\F\ ‘
= 10
3 Al
5 —_
W , ’F
O——TF T T T T T T T T T T T T T T T T T T T T T T T T T T
Jun 01 Jun 04 Jun 07 Jun 10 Jun 13 Jun 16 Jun 19 Jun 22 Jun 25 Jun 28
979

980 Figure 9. Predicted and observed total OA for seesa/BS_BC, VBS_BC_2xBVOC and
981 VBS BC_2xBBOA in March 2009 (upper panel) and J26@6 (lower panel) at Payerne.
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986 Figure 10. Relative (left) and absolute (right) &doution of predicted and measured POA
987 and SOA fractions to the total OA mass at Payeond=€bruary-March 2009 winter period
988 (upper-panel) and June 2006 (lower-panel) and reiffe model scenarios. NOVBS:
989 (traditional non-volatile POA), VBS_ROB (Robinsohat, 2007), VBS_BC (Tsimpidi et al.,
990 2010, Shrivastava et al., 2011), VBS_BC_2xBVOC r@ased biogenic emissions relative to
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