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Abstract. A secondary organic aerosol (SOA) modeP®  pounds (IVOC), POA concentrations were found to be likely
(Hydrophilic/Hydrophobic Organic), is evaluated over the overestimated by models due to the use of simple partition-
Paris area. This model treats the formation of SOA with twoing constants (which do not take into account the affinity of
kinds of surrogate species: hydrophilic species (which con-a compound with the liquid aerosol solution) or due to the
dense preferentially on an aqueous phase) and hydrophob&ssumption that the organic aerosol solution is a one-phase
species (which condense only on an organic phase). Thesdeal solution. The organic aerosol in the city center of Paris
surrogates species are formed from the oxidation in the atmowas found to be originating mostly from distant sources with
sphere of volatile organic compounds (VOC) by radicals (HOonly 30 to 38 % due to local sources.
and NG) and ozone. These VOC are either biogenic (iso-
prene, monoterpenes and sesquiterpenes) or anthropogenic
(mainly aromatic compounds). This model includes the for-
mation of aerosols from different precursors (biogenic pre-1 Introduction
cursors, aromatics), and semi-volatile organic compounds
(SVOC) from traffic. The RO aerosol model was incorpo- Fine particulate matter (PM) with an aerodynamic diameter
rated into the Polyphemus air quality modeling platform andinferior to 2.5 um (PMs) is regulated because of its impact
applied to the Paris area and evaluated by comparison to me&n human health, in particular, in urban areas with a high traf-
surements performed during the Megapoli campaign in Julyfic density. Furthermore, PM degrades atmospheric visi-
20009. bility and influences climate change. Organic aerosol con-
The Comparison to measurements in the Suburbs and in th@entrations are difficult to represent in three-dimensional (3'
city center of Paris shows that the model gives satisfactoryP) air quality models, which estimate P formation, due
results for both elemental carbon (EC) and organic carborfo the complexity of phenomena involved (gas and parti-
(OC). However, the model gives a peak of OC concentrations!e phase chemistry, oligomerization, hygroscopicity, non-
in the morning due to high emissions from traffic, which doesideality of particles) and to the large number of organic
not appear in measurements. Uncertainties in the modelegPecies involved originating from diverse sources (anthro-
temperature, which can affect the gas-particle partitioning, inPogenic and biogenic). A large fraction of PM emissions
the partitioning of primary SVOC or underestimation of pri- from traffic is organic and, therefore, could contribute signifi-
mary organic aerosol (POA) evaporation by the model couldcantly to organic PMs in urban areas. As 19 of the 20 largest
explain the differences between model and measurement&uropean cities exceed the World Health Organization Air
Moreover, using a theoretical mechanism for the oxidationQuality Guideline (10 ugm® annual mean), efforts have to

of primary SVOC and intermediate Voiatihty Organic com- be made to understand OrganiC aerosol formation in urban
areas and to represent organic matter (OM) as accurately as
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984 F. Couvidat et al.: Modeling SOA formation over the Paris area

possible in air quality models that are used for the designof primary organic aerosols on modeled concentrations are
of emission control strategies. Organic PM is either primaryalso investigated.

(directly emitted as particles) or secondary (formed in the

atmosphere by the formation of low-volatility compounds

by chemical reaction). Both primary organic aerosols (POA)2 Model presentation

and secondary organic aerosols (SOA) are currently poorly ) ) )
understood Kanakidou et al. 2005 Carlton et al, 2009 The Polair3D air quality modelSartelet et a).2007) of the

Jimenez et al2009. Polyphemus air quality platfornMallet et al, 2007) is used
Organic aerosol formation in an urban area has been stud® Simulate air quality over the Paris area. It is used with the
ied in numerous studies over US cities (e@riffin et al, ~ Carbon Bond 05 model (CBOSB&rwar et al.200 for the

2002 Russell and Allen2005 Vutukuru et al, 200§ Mur- ~ 9as phase chemistry, ISORROPMefnes et a) 1998 for the
phy and Pandi2009 and over Mexico City during the MI- formation of inorganic aerosol, the Slze REsolved Aerosol
LAGRO project (e.g.Dzepina et al.201% Hodzic et al, Model (SIREAM) Debry et al, 2007) for simulating the dy-
201Q Tsimpidi et al, 2011 Shrivastava et al2011). How-  hamics of the aerosol size distribution, and theoHmodel
ever, the modeling of organic aerosols in a European urfor SOA formation Couvidat et al.2012. RACM is modi-
ban megacity has not been extensively studied yet, althougﬂed to take into account the reactions describe€byvidat

some comparisons of model simulations to measurement§t aI.(ZQla.
have been reporte&¢iare et al.2010. H20 is based on the AER/EPRI/Caltech (AEC) model

In this work, a model based on the molecular surrogate ap(Pun et al. 2002 2003 2006 Kim et al, 2011, which has
proach is used to simulate organic aerosols in the Paris are&ireéady been used bigoyer et al.(201) to simulate par-
the Hydrophilic/Hydrophobic Organic @) model Cou- ticle conce_ntranons. It _d_lstmgw_shes two kinds of surrogf':lte
vidat et al, 2019. The molecular surrogate approadu SOA species: hydrophilic species (Wh_|ch con_dense _malnly
et al, 2002 200§ consists in associating experimental data ©" @n aqueous phase) and hydrophobic species (which con-
with several molecular structures, which are surrogates of &ense only on an organic phase due to their low affinity with
large number of SOA species, to extrapolate SOA formationWVater). Hydrophilic species may also condense on an organic
from smog chambers to the atmosphere. In the molecular su?hase in the absence of aqueous particles, i.e., at very low rel-
rogate approach, several properties, which are typically no@tive humidities. Distinction between hydrophobic and hy-
taken into account in empirical approaches, can be readily esdrophilic compounds is based on their octanol/water coef-
timated (e.g., condensation on an aqueous phase, oligomeficient (Pun et al. 200§ or their partitioning between the
ization, hygroscopicity, non-ideality) and treated explicitly °rganic and aqueous phas€®(vidat and Seignep201).
in the model. This model includes primary semi-volatile or- However, aqueous-phase chemistry, which could lead to sig-
ganic compounds (SVOC), oxidation of several precursordhificantamount of SOAErvens etal.201]), is not taken into
(aromatics, isoprene, monoterpenes, sesquiterpenes) undafcountin this study and will b_e the_ object of future stu_d|es.
various conditions (oxidation by HO under high-N@nd Two approaches are used in this study to treat primary
low-NOy conditions, oxidation by @and by NQ@) and pro- SVOC and their oxidation produc'_cs. The first approach called
cesses (condensation on an organic phase or an aqueoU's‘zo'Ref" uses the parameterization Glouvidat et al.
phase, oligomerization, hygroscopicity, and non-ideality). (2012 for primary and aged organic species. In this pa-

The HO organic model has already been implemented inr_amet_erlzanon, POA are treated as SVOC. Their concentra-
the Polyphemus air quality platfornviallet et al, 2007 and  tions in the particle phase depend on the amount of OM on
evaluated over Europe from June 2002 to July 26D8uyi- which SVOC will partition and on temperature (which in-
dat et al, 2012). This evaluation showed that, even if@ fluences the volatility of compounds). SVOC emissions are
tends to underestimate organic carbon (OC) concentrationgStimated from POA emissions by using a SVOC/POA fac-
it gives satisfactory results as the model performance criterid®r of 5 (Couvidat et al.2012. Then, SVOC are distributed
proposed byBoylan and Russe(2006 are met for OC con- @mong three com.pounds: POAIP, POAMP and POAhP rep-
centrations and as it almost achieves the model goal criterid ©S€Nnting respectively 259%, 32 % and 43 % of SVOC, with
However, the model has not been evaluated at the scale diartitioning constants (inverse of the saturation concentra-
a city and the performance of the model over on urban aredions Cx defined byDonahue et a].200§ of 1.1 meugt,
with fresh emissions from traffic is unknown. Therefore, we 0-0116 i “g—_l and 0.00031 g™, respectively. More-
present here a model performance evaluation over a mega@ver, SVOC in the gas phase can be oxidized and form less
ity: organic aerosols are simulated over the Paris area durinylatile compounds. The aging of primary SVOC is taken
July 2009 and are compared to the results of the Megapollnto account with the following three reactions:
(Megacities: emissions, urban, regional and Global Atmo-

k
spheric POLIution and climate effects, and Integrated toolsPOAIP+HO — SOAIP (R1)
for assessment and mitigation) campaign. The origins of or- ‘
ganic aerosols in Paris and the effect of a detailed treatmerPOAmMP+ HO — SOAmMP (R2)

Atmos. Chem. Phys., 13, 98396, 2013 www.atmos-chem-phys.net/13/983/2013/
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POAhP+ HO—k> SOAhP (R3) Table 1. Properties of the different surrogate primary SVOC
species.
with k& the kinetic rate constant equal to
2x 10 ™ moleculelcm®s ! (Grieshop et al. 2009. Surrogate  Molecular Saturation vapor ~ Percentage of
SOAIP, SOAMP and SOAhP are the aged SVOC and structure (@mof®)  pressure (tor)  emissions
have respectively partitioning constants of 110Qug?, HC24 tetracosane 3.0110°8 7.38%
1.16 P pg! and 0.031rAug . POAIP, POAMP, and ACD18 octadecanoic acid 4.8010°8 9.92%
POANP are assigned an OM/OC ratio of 1.3 whereas SOAIP, E'CAZ%DlS octadecanedioic acid 936?18_3 Z-gng’
: : eicosane . n . (J

jOAth, and SC;GQP are assigned an OM/OC ratio of 1.82 PYR oyrene 194 106 97 20%

U€E 10 oxygen adadition. _ ) ) HC17 heptadecane 110104 33.11%

The second type of mechanism called“®Mech” uses FLU fluorene 0.95 10-5 3.57%
a detailed treatment of primary and aged SVOC where a aArom methyl-benzoic acid 1.68 1074 6.33%

speciation of primary SVOC is used to attribute molecular
structures to primary compounds and to estimate the forma-
tion of secondary organic aerosol by aging. The main goal of
this mechanism is to attribute molecular structure to primarybonyl group (1,4-hydroxycarbonyls are one of the first gener-
SVOC and their oxidation products to estimate their activity ation products formed by oxidation of alkariesn and Zie-
coefficients in the atmosphere with the UNIversal Functionalmann 2009ab). The oxidation of the acid species, ACD18
group Activity Coefficient (UNIFAC) thermodynamic model and DIACD18, was assumed to be similar to the oxida-
(Fredenslund et al1975. The impact of activity coefficients tion of the alkanes. For the PAH species, PYR and FLU,
on the partitioning of primary SVOC and their oxidation oxidation was assumed to add two carbonyl groups (1,4-
products are not taken into account in?®Ref” whereas it  naphthoquinone and 9,10-phenanthrequinone are among the
is possible that POA and SOA have low affinities which eachmain products of the oxidation of naphthalene and phenan-
other Pun 2008 Song et al.2007). With “H20-Mech”, the  threne respectivelyVang et al. 2007 Lee and Lang2009
structure of primary SVOC and their oxidation products are201Q Kautzman et a).2010. For the aromatics, AROM,
known and it is, therefore, possible to estimate the impactoxidation was assumed to add a hydroxy group on the aro-
of activity coefficients on their partitioning. The speciation matic ring. The effect of a group addition on the saturation
is based on the data &chauer et al(1999 on the identi-  vapor pressure was estimated using the methoéamikow
fied fraction of SVOC from medium-duty diesel trucks (14 % and Asher(2008. The kinetics of the oxidation of alkanes
of SVOC). Molecules with similar properties (high, medium are taken fronCalvert et al(2008. The kinetics of the other
or low volatility) and type (acids, alkanes, polycyclic aro- compounds were fitted to reproduce the results of the first ap-
matic hydrocarbons (PAH)) are lumped into a single surro-proach with the observed oxidationRbbinson et al(2007)
gate speciedsaacman et a2012 found that about 73%  during the first hours of the oxidation at 10 pgof POA.
of SVOC above 15 carbons are aliphatic and 27 % are aroReactions leading to SOA formation from primary SVOC ox-
matic. With the speciation used in this study, 70 % of SVOC idation and the properties of the SOA products are presented
above 15 carbons are aliphatic and 30 % are aromatic. Then Tables2 and3, respectively. This mechanism could be im-
SVOC speciation used here is, therefore, consistent with th@roved because it only takes into account one oxidation step,
results oflsaacman et al2012). Saturation vapor pressures assumes that oxidation only leads to less volatile compounds
and the emission fractions are chosen to respect the same dind because aromatics oxidation products are mainly unsat-
lution curve than in the previous approach. Tabliescribes  urated ring-opened products containing aldehyde groups that
these primary SVOC and their properties. should oligomerize and react rapidly leading to further ag-
The surrogate species are then used to develop an oxidéng. Nevertheless, the effect of a single-step aging on activity
tion mechanism of primary SVOC. For the species HC17,coefficients and on the interactions between POA and SOA
the oxidation mechanism is based on the dat@refto et al.  can be estimated with this mechanism.
(2010 by fitting the saturation vapor pressure and mass Formation of SOA from the oxidation of some interme-
yields of products. The most volatile product, AnALKF17, diate volatility organic compounds (IVOC) were also in-
was assumed to be a product of first generation (struccluded in “H*O-Mech”. We used results frofBchauer et al.
ture of 1,4-hydroxycarbonyls, which has been observed by(1999 on identified products from diesel exhaust to provide
Lim and Ziemann 20093, whereas the less volatile prod- a speciation of IVOC. IVOC are separated into three prod-
uct AnALKS17 was assumed to be of second generatioructs: HC15 for long-chain alkanes, acids and aldehydes (pen-
(structure of a hydroxy-dinitrate, which has been observedadecane is used as surrogate), NAPH for naphthalene and
by Lim and Ziemann20093. For the other species, oxida- MNAPH for alkylnaphthalenes (2-methylnaphtalene is used
tion was assumed to produce only less volatile species withas surrogate). IVOC from diesel exhaust was assumed to con-
out fractionation. For the alkane species, HC20 and HC24sist roughly of 79% of HC15, 6 % of NAPH and 15 % of
oxidation was assumed to add one hydroxy and one carMNAPH. The oxidation of HC15 is chosen to be similar to

www.atmos-chem-phys.net/13/983/2013/ Atmos. Chem. Phys., 13, 98352013
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Table 2. Reactions of oxidation of primary SVOC (top panel) and IVOC (bottom panel) species (the oxidant species is listed as both reactant

F. Couvidat et al.: Modeling SOA formation over the Paris area

and product to ensure that the gas phase mechanism is not affected by these additional reactions).

Reaction Kinetic rate parameter
(molecule L cm3 s71)

HC24 + HO— AnALKF24 + HO 1.19x 10711

ACD18 + HO— AnACD18 + HO 1.1x 10711
DIACD18 + HO — AnDIACD18 + HO 1.1x 10711

HC20 + HO— AnALKF20 + HO 1.13x 10711

PYR + HO— 1.0 AnPYR + HO 3.0x 10711

HC17 + HO— 0.516 AnALKF17 + 0.0634 AnALKS17 + HO 1.0910°11

FLU + HO — 1.0 AnFLU + HO 3.0x 10711

AROM + HO — 1.0 AnAROM + HO 3.0x 10711

HC15 + HO— 0.053 AnALKS15 + 0.46 AnALKF15 + HO 1.0 10711

NAPH + HO — NAPHP + HO 2.44¢ 10711

NAPHP + HQ, — 0.44 AnPAHIN + HG
NAPHP + ACO; — 0.44 AnPAHIN + ACG;
NAPHP + MO, — 0.44 AnPAHIN + MO,
NAPHP + NO— 0.26 AnPAHhN + NO
NAPHP + NO; — 0.26 AnPAHhN + NQ
MNAPH + HO — MNAPHP + HO
MNAPHP + HO, — 0.46 AnPAHIN + HQ
MNAPHP + ACO; — 0.46 AnPAHIN + ACGs
MNAPHP + MO, — 0.46 AnPAHIN + MO,
MNAPHP + NO— 0.37 AnPAHhN + NO
MNAPHP + NO; — 0.37 AnPAHhN + NQ

3.75x 10713 x exp(389)
7.40x 10713 x exp(£82)
3.56x 10714 x exp(Z28)
2.70¢ 1011 x exp(329)
1.2x 10712

2.44x 10711

3.75x 10713 x exp(%2Y)

7.40x 10713 x exp(Z82)

3.56x 10714 x exp(/28)
2.70¢ 10~11 x exp(329)
1.2x 10712

that of HC17 and is based on fitting to dataRresto et al.
(2010 for SOA formation from the oxidation of pentade-
cane. Data fronChan et al(2009 are used to fit two prod-

Table 3. Properties of the different surrogate secondary SVOCucts from the oxidation of NAPH and MNAPH: AnPAHIN

species formed from primary SVOC oxidation (top panel) and (for SOA formed by PAH oxidation under low-NQcondi-
IVOC oxidation (bottom panel).

Surrogate Molecular  Saturation vapor OM/OC
weight pressure (torr)
AnALKF24 368 2.32x 10711 1.28
AnACD18 314 3.6% 10711 1.45
AnDIACD18 344 2.71x 10711 1.59
ANnALKF20 312 7.42x 10710 1.30
AnPYR 234 4.00< 1078 1.22
AnALKF17 270 1.03x 108 1.32
AnALKS17 378 5.32¢< 107 1.85
AnFLU 198 2.49x 1076 1.27
AnAROM 152 1.26x 106 1.58
ANALKF15 242 7.09x 107 1.34
AnALKS15 350 1.34x 10°8 1.94
AnPAHIN 198 1.0x 10712 2.06
AnPAHKN 182 1.0x 1076 1.90

Atmos. Chem. Phys., 13, 98396, 2013

tions) and AnPAHIhN (for SOA formed by PAH oxidation
under high-NQ conditions). The structures for these surro-
gates, shown in Fidl, are those of some major compounds
detected under low-NPand high-NQ by Kautzman et al.
(2010. These two structures seem suitable as surrogate com-
pounds because their OM/OC ratios of 2.06 and 1.90 are sim-
ilar to the OM/OC ratios for SOA from naphthalene oxida-
tion of 1.96 for low-NQG conditions and 1.89 for high-NO
conditions found byChhabra et al(2010. The kinetics of
oxidation of NAPH and MNAPH with HO are taken from
Calvert et al(2002 for the reaction of naphthalene with HO.
To determine whether the radical formed from the oxidation
of NAPH or MNAPH (RQ) will react under low-NQ con-
ditions (RQ reacts with the radical HE) the methylperoxy
radical MG or the peroxyacetyl radical ACS)or high-NGQ,
conditions (RQ reacts with the radical N§or NO), the ki-
netics of the reactions of the radical formed from toluene ox-
idation (TOLP) with these radicals used Bpuvidat et al.
(2012 are used. Reactions leading to SOA formation from

www.atmos-chem-phys.net/13/983/2013/
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same as inRoyer et al.(2011). Boundary conditions for
AnPAHIN AnPAHhN gaseous and particulate species were obtained from nested
OH O 0] simulations over Europe and France. These simulations were
conducted using the same dataCamividat et al(2012), i.e.,
the EMEP emission inventoryéstreng 2003 was used for
OH OH anthropogenic emissions and the MEGAN emission model
with the EFv2.1 datasetGuenther et a).2006 was used
OH HO OH for biogenic VOC emissions. For simulations over the Paris
area, anthropogenic emissions of gases and particles were
OH O O obtained from the Airparif (the Paris air quality agency) in-
ventory for the year 2005. Meteorology was simulated with
the Weather Research & Forecasting (WRF) moti¢RE)

Fig. 1. Molecular structures of AnPAHIN and AnPAHhN used as =~ . b del and dated Corine land
surrogates for SOA formation from naphthalene and allkylnaphtha-USIng an urban canopy modei and an upaate oriné land-

lene oxidation under low-N@and high-NQ conditions, respec- US€ data basek(m, 201]) with the YSU parameterization
tively. (Hong et al, 2006 for the planetary boundary layer (PBL)
dynamics.
Emissions of PM from traffic were assumed to con-

IVOC oxidation and the properties of the SOA products aresist of 50% EC, 40% POA, and 10% non-volatile non-
presented in Tabledand3, respectively. carbonaceous PM based on measurements conducted in Paris

Figure2 shows the concentrations of SOA from primary in summer 2010 byirparif (2011). Emissions of EI-POA
SVOC oxidation computed by a box model with the two (Emissions Inventory POA) are transformed into SVOC
mechanisms for 10 ug‘rﬁ and 1 ug m3 of POA at 298K emissions using a SVOC/EI-POA ratio of 5 as done and dis-

and [HO] = 2.0x 10° molecules cm3 (Concentrations used cussed byouvidat et al(2012). To estimate IVOC, we used
to have an OM evolution similar tRobinson et a.2007.  anIVOC/SVOC factor of 1.70 based on emissionBpé and
The two mechanisms ‘?D-Ref’ and “HO-Mech”, give  Seinfeld(2010 for anthropogenic sources, which should be
similar concentrations of OM at both low and high organic the major source of SVOC in the Paris area.
aerosol loadings whereas these two mechanisms used differ- PM2s OC was measured at two stations: the SIRTA station
ent approaches. One significant difference betweefOH (Site Instrumental de Recherche paglétetection Atmo-
Mech” and “HO-Ref” for the formation of SOA from pri-  spterique,Haeffelin et al, 2009, located southwest of Paris
mary SVOC is in the degree of oxidation of SOA. SOA ina suburban setting, and the LHVP (Laboratoire dléyg
from “H20-Ref” has a OM/OC ratio of 1.82, which is rather de la Ville de Paris) station located in downtown Paris.
high for first-generation oxidation products. OM/OC ratios TWo measurement datasets were used to compare model re-
for “H20-Mech” are more realistic (ratios between 1.27 andsults to measurements. The first dataset uses daily measure-
1.85) because it uses molecular structures of some firstments of PMs OC and EC with aerosol filters at both sta-
generation oxidation products. #@-Mech” and “HO-Ref” tions. PM s filter samples (150 mm-diameter quartz fiber fil-
should then give similar amounts of SOA from primary ters, Tissuquar@) were collected on a 12-h basis, using a
SVOC oxidation, when used in a 3-D air quality model simu- high-volume sampler (Digitel, DA-80). A 1 chfilter punch
lation, but “H?O-Mech” should give higher concentrations of was analyzed for elemental carbon (EC) and organic carbon
OC than “HO-Ref”. Moreover, as the “AD-Mech” mech-  (OC), using a Sunset Lab analyzer and following the EU-
anism only takes into account one oxidation step, it proba-SAAR_2 protocol temperature program proposeddayvalli
bly underestimates aging of SVOC that would become les=t al.(2010.
volatile and more oxidized. More work should be done to The second dataset uses semi-continuous hourly concen-
develop a complete and more realistic aging mechanism fotrations of EC and OC in Pk, which were obtained at
SOA formation from primary SVOC with numerous oxida- LHVP from an OCEC Sunset field instrument (Sunset Labo-
tion steps. Nevertheless, the use oP@Mech” is useful  ratory, Forest Grove, OR, USBae et al.2004) running at 8
here to obtain insight on the interaction between POA and. mn—1. A denuder provided by the manufacturer was set up-
SOA species, because such information is not available othstream in order to remove possible adsorption of VOC onto
erwise from mechanisms such as?®+Ref". the filter used to collect Pl in the instrument. Measure-

ment uncertainty given by the OCEC Sunset field instrument

is poorly described in literature, although a 20 % uncertainty
3 Simulation setup and measurement dataset was estimated bipeltier et al(2007).

Preliminary comparisons of OC and EC obtained by

OM was simulated over the Paris area during the Megapolihis instrument have been performed in the region of Paris
campaign of July 2009. Input data to Polair3D/Polyphemusagainst low-volume VOC denuded manual filter sampling
were prescribed as follows, the simulation domain being the

www.atmos-chem-phys.net/13/983/2013/ Atmos. Chem. Phys., 13, 9%835:2013
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=3 Hloféei — H?O-Ref
|| — H2O-Mech — H?0-Mech

OM (ug/m?)

0 5 10 15 20 25 0 5 10 15 20 25
Reaction time (Hours) Reaction time (Hours)

Fig. 2. Concentrations of SOA from primary SVOC oxidation computed with the two mechanisms for 103ideft) and 1 pg n73 (right)
of POA.

and showed very consistent resugiare et al.201Q 2011). performance goal oBoylan and Russel2006 for PMy 5
During the Megapoli campaign, a comparison was also per{mean fractional bias 6£9.0 % and mean fractional error of
formed between EC (OCEC Sunset field instrument) and un39 %).

corrected Black Carbon provided by the Aethalometer instru-

ment (Magee Scientific, model AE31) leading also to very

satisfactory results-€ = 0.96; N = 620; with a slope of 1.65

without correction of the mass absorption efficiency; Sciare4 Comparison of the model results with measurements
et al., unpublished data).

During this Megapoli campaign, dynamic filter blanks Concentrations of EC and OC simulated with?®+Ref”
were performed on a daily basis by placing a total filter up-are shown in Fig3 at the LHVP and SIRTA stations, and
stream of the PMl5 cyclone of the OCEC Sunset field instru- are compared with the 12-h filter measurements at both sites
ment. A systematic offset of 1.0 ugmwas found for July ~ and with hourly Sunset field instrument measurements (with
2009. This offset, which depends strongly on the sampled aiPr without the offset of 1 ug ) average over 12-h at the
volume is traditionally considered to be due to VOC absorp-LHVP site. Comparisons with measurements for EC and OC
tion (Bae et al. 2004 Arhami et al, 2006 Polidori et al, are shown in Figs4 and5, respectively with correlations
2006 and ranges from 0.5 to 2.0 pgth (Offenberg et a].  and root mean square errors (RMSE) between filter measure-
2007). The filters and Sunset instrument measurements aréents and model concentrations.
consistent for EC at the LHVP station. However, filter mea-  The model reproduces the high concentrations of OC at
surements of OC are much higher than the Sunset instrumerife SIRTA and LHVP sites on 1 July, which is a day of high
measurements especially for the second half of July 2009pollution (Royer et al. 2011) and shows satisfactory results
The differences between the two measurements could be du@t the SIRTA site for EC and OC, although they are both
to condensation of SVOC or adsorption of some VOC on theslightly overestimated (0.50 ugm of modeled EC against
filter or to the evaporation of some SVOC from the Sun- 0.38 ugnT3 in measurements and 2.64 ug#nof modeled
set instrument. However, as OC concentrations during thi€2C against 2.27 ugnt in measurements). As EC is an in-
campaign are very low, it is not surprising that the resultsert pollutant (i.e. it does not undergo chemical transforma-
from these two measurements are different since the analytion), it may indicate an overestimation of anthropogenic
ical bias (from the sampling and the chemical analysis) areemissions near the SIRTA site. At the LHVP site, the model
then relatively strong compared to the signal. shows satisfactory results for EC until 26 July (1.08 pgm

Three simulations were conducted: two simulations with of modeled EC against 1.03 ugrhin filter measurements)
the “H20-Ref” mechanism with and without anthropogenic but greatly underestimates EC and OC concentrations be-
emissions in the Paris area (all other emissions being théveen 26 and 29 July (1.22 pgthof modeled EC on aver-
same) to estimate the local contribution of OM and one sim-age against 2.11 ugm in filter measurements). This under-
ulation with the the “BO-Mech” with all emissions. The €estimation could be explained by difficulties in modeling ur-
simulation with “H2O-Ref” mechanism with anthropogenic ban meteorology and/or underestimation of emissions due to
emissions reaches the criteria of performancRae$sel and ~ missing sources: high traffic emissions due to holiday depar-
Dennis(2000 for ozone (mean normalized bias-e#4.2%  tures, meteorology potentially favorable to PM resuspension,

and mean normalized gross error of 15.4 %) and the modeMissing emissions of particles from cooking from the Air-
parif inventory, whereas cooking was found Byevot et al.

Atmos. Chem. Phys., 13, 98396, 2013 www.atmos-chem-phys.net/13/983/2013/



F. Couvidat et al.: Modeling SOA formation over the Paris area 989

EC (ug m~?)

1.5 20 25 3.0

Fig. 3. Simulated concentrations in pgm of EC (left) and OM (right) for July 2009. The red and black crosses correspond to the LHVP
and SIRTA sites, respectively.
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Fig. 4.12 h averaged concentrations of EC modeled witAG-Ref” and measured with filters at the SIRTA site (left) and with both filters
and Sunset filed instrument at the LHVP (right) site (correlations and RMSE are between the model and the filter measurements).

(2017 to be one of the main sources of organic aerosols indaily temporal profiles for EC and OC at the LHVP station
the Paris city center. from 5 to 25 July (i.e., the period during which the Sunset in-
The modeled OC concentrations generally fall between thestrument, the filters and the model give similar EC concentra-
Sunset instrument measurements with and without offset, butions). As shown in this figure, “HD-Ref” shows two peaks
are much lower than the filter measurements (on averagesorresponding to high EC emissions from traffic during rush
2.87 pg mr3 of modeled OC, 3.15ugnt of measured OC  hours. The first peak reproduces well the Sunset instrument
with the Sunset instrument with the offset and 3.73 1§ wf measurements. However, the model also shows high EC con-
measured OC with filter measurements). The modeled coneentrations between 10:00 a.m. and 08:00 p.m. with a peak
centration peaks of OC are generally observed by the filtermt 04:00-05:00 p.m. and low concentrations after 08:00 p.m.
measurements but are not observed by the Sunset field instruvhereas the measurements show low concentrations between
ment (for example, the peaks of 20, 28 and 29 July). Thus08:00 a.m. and 08:00 p.m. and an increase in concentrations
the correlation coefficient§ between the model and the fil- after 08:00 p.m.. This could be due to an incorrect temporal
ter measurements & 0.75) is much higher than the cor- profile for traffic emissions in the Airparif inventoriylenut
relation coefficient between the model and the Sunset fielcet al. (2012 studied the impact of hourly emission profiles
instrument measurements=£ 0.49). Due to the differences and provided more realistic temporal profiles of traffic emis-
between measurements performed with filters and the Sunssions for some cities (including Paris). Figufeshows the
instrument, it is difficult to conclude if the model underesti- temporal profiles of traffic emissions of the Airparif inven-
mates or overestimates OC concentrations. tory and Menut et al.(2012. The emission profile of the
Since the Sunset instrument measurements are hourly, theirparif inventory gives very high emissions at the end of
provide insight into the temporal profiles of EC and OC at the afternoon whereas emissions from the temporal profile
the LHVP station. Figuré shows the measured and modeled of Menut et al (2012 (noted TPM hereafter) are much lower

www.atmos-chem-phys.net/13/983/2013/ Atmos. Chem. Phys., 13, 9%835:2013
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Fig. 5. 12 h averaged concentrations of OC modeled with®-Ref” and measured with filters at the SIRTA (left) and with both filters and
Sunset field instrument at the LHVP (right) site (correlations and RMSE are between the model and the filter measurements).
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Fig. 6. Measured and modeled daily temporal profiles for EC (left) and OC (right) at the LHVP site from 5 to 25 July 2009 A stands
for the results of “4O-Ref” with the temporal profile dflenut et al.(2012) for traffic emissions; KO-Estimated corresponds to the use of
an estimated emission temporal profile that matches the observed temporal profile of EC.

— TPM

1wl | —— Estimated profile

—— Airparif

Fraction of traffic emission by hour (%)

123 4356

Fig. 7. Temporal profiles of traffic emissions from the Airparif in-
ventory, fromMenut et al.(2012 (TPM) and from matching EC

observations at the

7 8 0 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Local time (in hours)

LHVP station (Estimated profile).

Atmos. Chem. Phys., 13, 98396, 2013

in the afternoon and higher at the end and beginning of the
day. Using TPM gives better results with lower EC concen-
trations during the afternoon and higher EC concentrations
at night, but the second peak of concentrations given by the
model still occurs too early and night concentrations are still
too low (see Fig6). Underestimation of EC concentrations
at night could be due to the overestimation of the nighttime
PBL height by WRF using the YSU parameterization. It is
also possible that TPM does not reproduce exactly the tem-
poral profile of summer traffic emissions, because TPM is
estimated by averaging “near traffic’ concentrations values
measured on Mondays during a whole year. This temporal
profile is, therefore, an average temporal profile and is not
specific to July, when holidays may strongly affect the emis-
sion profile. To address this potential source of uncertainty, a
temporal profile of traffic emissions was estimated by match-
ing the temporal profile of EC concentrations. This estimated
temporal profile of traffic emissions is shown in Figand the
corresponding modeled EC concentration profile is shown in
Fig. 6.
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Fig. 8. Simulation of the daily temporal profiles of secondary OC Fig. 9. Comparison of modeled temporal profiles of OC (in red),
compared with the daily temporal profile of measured OC (seeSOC (in blue) and POC (in green) betweerf®+Ref” (solid lines)
Fig. 7 for simulation descriptions). and of “H20-Mech” (dashed lines).

For OC concentrations, except for a peak at 10 pm, theatively constant around 1.7 ug‘n"‘]with a small increase to
measured temporal profile (shown Fig). is almost con-  2.1ugnT3 and, except for the evening peak, this profile is
stant with concentrations around 2.0 pghwithout the off-  very similar to the profile of OC measured by the Sunset in-
set.Allan et al.(2010 found high concentrations of organic Strument. It may indicate that primary SVOC from traffic did
aerosols due to cooking between 08:00 p.m. and 10:00 p.n0t condense in Paris in July 2009 or that POA from traf-
in London and Manchester. The 10:00 p.m. peak observedic were not captured by the Sunset field instrument, which
in Paris could then be due to cooking activities. In that casecould then explain the differences between the Sunset field
since cooking emissions are missing from the inventory, thenstruments and the filter measurements.
model should not be able to reproduce this peak. The peaks of
EC corresponding to rush-hour high emissions do not appear
in the observed temporal profile of OC.28-Ref” givestwo 5 Comparison of two mechanisms for primary SVOC
peaks corresponding to high emissions from traffic given by  aging
the Airparif inventory, which do not appear in the measure-
ments. However, the second OC peak disappears when TPM comparison of OC, SOC and primary organic carbon
(which gives lower emissions in the afternoon and higher(POC) concentrations between2@-Ref” and “HO-Mech”
emissions at night) is used but the first peak is unchangeds shown in Fig9 and the OM/OC ratios for July 2009 com-
Using the estimated temporal profile of traffic emissions con-puted with the two mechanisms are shown in Hif. The
firms the disappearance of the second peak but could not eX@M/OC ratios computed with “PD-Ref” are higher than the
plain the absence of the first peak which clearly appears irDM/OC ratios computed with “BD-Mech”. This difference
the temporal profile of EC. is due to the lower OM/OC ratios of oxidized SVOC formed

One possible explanation is that evaporation of POA is un-from the oxidation of primary SVOC in “H0-Mech” (be-
derestimated by the model. This is possible since evaporatiotween 1.27 and 1.85) than in 4@-Ref” (equal to 1.82).
of POA is based on results &obinson et al(2007), which However, only one oxidation step is taken into account in
are based on measurements for organic loading higher thatH20-Mech” and, in reality, oxidized SVOC should be more
20 pg nt 3. Partitioning of primary SVOC is then highly un- oxidized as numerous oxidation steps could occuPCH
certain at the conditions of the simulation with OC concen-Ref” gives an OM/OC ratio around 1.6 in Paris area; these
trations around 2 ug e, Primary SVOC may not condense results are consistent with the results Tfrpin and Lim
and organic aerosols could then be secondary. It is also pog200]) for urban areas. Concentrations of POC are lower
sible that the gas-particle partitioning of primary SVOC is with “H20-Mech” than with “HO-Ref”. As the organic
affected by temperature and that an underestimation of temaerosol loading into which SVOC can be absorbed is the
perature during the morning rush hours could lead to a slighsame in the two mechanisms, the lower concentrations of
overestimation of POA. However, no measurements of temPOC with “H2O-Mech” is due to the impact of activity co-
perature are available during the campaign at the LHVP siteefficients on the partitioning of primary SVOC (which is
and therefore comparisons can not be made to verify if thenot taken into account in “HD-Ref”). It indicates that pri-
temperature at this site is underestimated. Figushows  mary SVOC condense less readily on an oxidized aerosol.
the secondary OC (SOC) concentrations. This profile is rel-This point could be very important for SVOC partitioning in
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Fig. 10.Modeled OM/OC ratios with “AO-Ref” (left) and “H2O-Mech” (right).

the atmosphere and, since ?8-Mech” only takes into ac-
count one oxidation step whereas numerous oxidation steps
are likely to occur in the atmosphere, this effect could be
even greater than simulated here. The secondary aeroso
should be more oxidized in reality than in the model and pri- "
mary SVOC are possibly unable to condense on an oxidized ¢ |
aerosol. Those results are confirmed by experimental stud- 220}
ies: POA and SOA were shown to possibly not m8ofg 8
et al, 2007 or to mix but with interactions between com-
pounds influencing the partitioning of SVO@ga-Awuku
etal, 2009. N
In contrast, SOC formation is higher in 2@-Mech” than i S e

in “H20-Ref” but SOA concentrations are similar (as shown — vops=s====c=l 0o T Tomasaa]
in Fig. 11). Figure 11 shows that biogenic SOA are simi-

lar with the two mechanisms. However, the concentrations ofFig. 11. Modeled temporal profiles of total SOA (in red), of SOA
biogenic hydrophobic compounds (BiNIT, BiNIT3, BINGA, from primary SVOC oxidation (in blue), of biogenic SOA (in
BiBIP, BiBmP, AnBIP, AnBmP which are described@ou-  green), and of SOA from IVOC oxidation — in black) for 2@-
vidat et al, 2012, which are absorbed into the organic phase, Ref" (solid lines) and for “#O-Mech” (dashed lines).
concentrations are increased by 10 %. The higher concentra-

tion of biogenic hydrophobic SOA compounds with2@-

Mech is due to lower activity coefficients. 4D-Ref” uses 6 Origins of particulate organic matter in the Paris area

for the computation of activity coefficients the same molecu-

lar structure as primary SVOC (POAIP, POAMP, POANP) fOr ¢ fraction of carbonaceous aerosol originating from the
SOA formed from the oxidation of primary SVOC (SOAIP, pgis area (i.e., from local sources) is estimated witROH
SOAmP, SOANP) and, therefore, it does not take |nt<_) ACRef” by subtracting the results of a simulation without the
count the fact that these SOA compounds are more oxidized i, ,h0genic emissions in the Paris area from the results
than the primary compounds; this phenomenon is taken IN'Qf the base simulation, i.e., with those anthropogenic emis-

account in “F?Q-Mech”. As the organic a?_eroSOI Sh’owd be sions. Figurel2 shows concentrations of EC and OM and the
more oxidized in reality than they are in ®-Mech” (be- 5.5 contribution of anthropogenic sources for July 2009.

cause the model takes into account only one oxidation steplyhereas EC is found to be almost entirely of local origin,
the condensation of some hydrophobic compounds leading,\; insige Paris is found to have both local and regional
to more SOA formation may be underestimated. Concemrabontributions. About 30 to 38% of OM in the city center

f[ions of SOA formed from IVO,C oxidation are not insigni- of Paris (30% at the LVHP site) can be attributed to local
icant (the average concentration at noon is 0.4 fig)nbut
are low compared to SOA formation from SVOC oxidation.

Lifp

1LOF

sources during July 2009. This result is commensurate with
those obtained bgirparif (2011) using a receptor-based ap-
proach: they estimated that at a background urban site, 27 %
of OM was of local origin. Figurel3 shows the composi-
tion of OM given by “HO-Ref” at the LHVP and SIRTA
sites. OM has a similar composition at the two sites, but
there are more primary SVOC that have been oxidized at
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Fig. 12.Fraction of local aerosol in % (bottom) for EC (left) and OM (right) for July 2009.

SIRTA LHVP taken into account for monoterpenes and sesquiterpenes, it is
possible that more SOA could be formed from these precur-
sors without anthropogenic emissions over the Paris area.

7 Conclusions

Organic aerosol formation was simulated over the Paris area
during July 2009. Results of the model simulations were
compared to measurements conducted during the Megapoli
campaign. The model simulated a morning peak of concen-
trations due to rush-hour traffic for both EC and OC; how-
ever, this peak appears in the EC measurements, but does
ple: SOA formed form oxidation of primary SVOC, orange: OM not appear in the OC measurements. This discrepancy be-
from boundary conditions used for the European simulation (long-tWeen the model and the measurements could be due to the
range transport of OM), yellow: SOA formed from aromatics oxida- Underestimation of POA evaporation at low organic load-
tion, blue: SOA formed from monoterpenes oxidation, green: SOAING by the model, to uncertainties in the modeled tempera-
formed from sesquiterpenes oxidation, aqua: SOA formed from isoture, which can affect the gas-particle partitioning or to POA
prene oxidation. from traffic, which would not be captured by the Sunset
field instrument. Using a mechanism for oxidation of primary
SVOC that takes into account the molecular structure of pri-
the suburban SIRTA site. At the LHVP site, OM consists mary and secondary surrogate molecules and, therefore, in-
of aerosols from the boundary conditions of the Europeancludes explicitly the effect of activity coefficients on SVOC
simulation (28 %), POA (23 %), SOA formed from primary gas/particle partitioning, it was found that oxidized organic
SVOC oxidation (19 %), SOA formed by oxidation of bio- aerosols have low affinity with POA and that POA and SOA
genic precursors (29 %), and SOA formed by oxidation ofdo not mix well together. Condensation of primary SVOC
aromatic precursors (1 %). is likely to be overestimated by a model that does not fully
We defined the amount of local aerosol by the differ- account for the non-ideality of the organic condensed phase,
ence between two simulations with or without anthropogenicwhereas SOA is likely to be underestimated. Moreover, treat-
emissions. However, the system is not linear. For exampleing the organic aerosol solution as a one-phase ideal solution
the concentrations of some surrogates are higher over Parir using simple partitioning constants (which do not take into
with anthropogenic emissions due to the increase of the abaccount the affinity of a compound with the liquid aerosol so-
sorbing media even they come from distant sources. 16 % ofutions) probably overestimates the condensation of primary
SOA formed from sesquiterpene oxidation is then found to beSVOC.
local. On the contrary, SOA concentrations from isoprene ox- Organic aerosols in Paris were found to be mainly anthro-
idation increase by 28 % when anthropogenic emissions ovepogenic with 30 to 40 % of OM due to local sources. Accord-
Paris are removed. This is due to lower N€dncentrations:  ing to the model, most of the OM results from the conden-
instead of being oxidized under high-N@onditions, iso-  sation of primary SVOC and their oxidation products. Bio-
prene is oxidized under low-NCronditions and forms SOA  genic VOC form only a small quantity of SOA (29 % of OM)
with higher yields. As the effect of NOconcentrations is not  and are minor precursors in this simulation. Comparisons of

Fig. 13. Averaged composition of OM at the SIRTA (left) and
LHVP (right) sites modeled with “PO-Ref”. Red: POA, pur-
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modeled biogenic SOA concentrations with molecular SOA  atmospheric organic and elemental carbon: the EUSAAR proto-
tracer measurements are needed to confirm this result and col, Atmos. Meas. Tech., 3, 79-880i:10.5194/amt-3-79-2010
evaluate the biogenic emission inventory for Europe. 2010.
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