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Abstract. Simulations with the chemistry transport model

CHIMERE are compared to measurements performed dur-

ing the MEGAPOLI (Megacities: Emissions, urban, regional

and Global Atmospheric POLlution and climate effects,

and Integrated tools for assessment and mitigation) sum-

mer campaign in the Greater Paris region in July 2009. The

volatility-basis-set approach (VBS) is implemented into this

model, taking into account the volatility of primary organic

aerosol (POA) and the chemical aging of semi-volatile or-

ganic species. Organic aerosol is the main focus and is sim-

ulated with three different configurations with a modified

treatment of POA volatility and modified secondary organic

aerosol (SOA) formation schemes. In addition, two types of

emission inventories are used as model input in order to test

the uncertainty related to the emissions. Predictions of ba-

sic meteorological parameters and primary and secondary

pollutant concentrations are evaluated, and four pollution

regimes are defined according to the air mass origin. Pri-

mary pollutants are generally overestimated, while ozone is

consistent with observations. Sulfate is generally overesti-

mated, while ammonium and nitrate levels are well simu-

lated with the refined emission data set. As expected, the

simulation with non-volatile POA and a single-step SOA for-

mation mechanism largely overestimates POA and underes-

timates SOA. Simulation of organic aerosol with the VBS

approach taking into account the aging of semi-volatile or-

ganic compounds (SVOC) shows the best correlation with

measurements. High-concentration events observed mostly
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after long-range transport are well reproduced by the model.

Depending on the emission inventory used, simulated POA

levels are either reasonable or underestimated, while SOA

levels tend to be overestimated. Several uncertainties related

to the VBS scheme (POA volatility, SOA yields, the aging

parameterization), to emission input data, and to simulated

OH levels can be responsible for this behavior. Despite these

uncertainties, the implementation of the VBS scheme into

the CHIMERE model allowed for much more realistic or-

ganic aerosol simulations for Paris during summertime. The

advection of SOA from outside Paris is mostly responsible

for the highest OA concentration levels. During advection of

polluted air masses from northeast (Benelux and Central Eu-

rope), simulations indicate high levels of both anthropogenic

and biogenic SOA fractions, while biogenic SOA dominates

during periods with advection from Southern France and

Spain.

1 Introduction

Human activities in large urban agglomerations cause large

amounts of pollutant emissions, with negative effects on air

quality and human health at the local and regional scale (Gur-

jar et al., 2008; Sicard et al., 2011). Aerosol degrades visibil-

ity and may have negative impacts on ecosystems (Molina

and Molina, 2004). It also affects climate by changing the

radiative balance of the atmosphere (direct and indirect ef-

fects, IPCC, 2007). Organic aerosol makes up a large part of

fine aerosol (PM2.5) (Putaud et al., 2010), but there are still

large gaps in our understanding of its formation pathways,

and there is considerable uncertainty in its representation in

3-D models (Volkamer et al., 2006; Hallquist et al., 2009;

Virtanen et al., 2010).

Models, based on partitioning theory and secondary or-

ganic aerosol (SOA) yields obtained from chamber studies

performed especially in the 1990s, have largely underesti-

mated ambient SOA (Volkamer et al., 2006). The experimen-

tal conditions during these chamber studies may have not

correctly represented ambient conditions. The experiment

duration was often too short to take into account the ongoing

oxidation of semi-volatile organic compounds (SVOC). Im-

portant but unrecognized precursors were neglected (Kroll

and Seinfeld, 2008; Hallquist et al., 2009). Semi-empirical

formulas used for the estimation of vapor pressure and en-

thalpy of surrogate products may also induce additional un-

certainty (Hallquist et al., 2009; Vaden et al., 2010, 2011;

Valorso et al., 2011).

In the Paris region, a previous study (Sciare et al.,

2010) compared SOA modeled with the regional chem-

istry transport model (CTM) CHIMERE using a surrogate-

species-based single-step oxidation SOA scheme described

in Sect. 3.4.1 (Pun et al., 2006) against observations derived

from the “EC-tracer” method (Turpin and Huntzicker, 1995;

Strader et al., 1999; Cabada et al., 2004) at an urban site. The

SOA concentrations simulated with this scheme were on av-

erage underestimated by a factor of three. Even larger errors

were encountered when aged air mass with high SOA levels

arrived at the observation site. This scheme was also evalu-

ated by Bessagnet et al. (2009) for Europe and by Hodzic et

al. (2009) for Mexico City, a megacity dominated by anthro-

pogenic emissions. Bessagnet et al. (2009) concluded that

simulated OA concentrations are systematically underesti-

mated with respect to rural background observations avail-

able from the CARBOSOL campaign and EMEP EC/OC

campaign measurement data (for year 2003, Simpson et al.,

2007). Hodzic et al. (2009) reported an underestimation of

a factor of 2–10 for daytime SOA production in Mexico

City during the MILAGRO field campaign in March 2006.

Recently, a surrogate-species-based SOA formation scheme

taking into account POA volatility and SVOC chemical ag-

ing was used within the POLYPHEMUS model and applied

to the OA formation in the Paris agglomeration (Couvidat et

al., 2013).

Since the semi-volatile nature of primary organic aerosol

(POA) has been recognized (e.g., Robinson et al., 2007), this

feature has started to be taken into account in 3-D models,

where POA had generally been considered as non-volatile.

According to the partitioning theory (Pankow, 1994; Don-

ahue et al., 2006), the fraction of SVOC present in the aerosol

phase is much larger close to emission sources with high OA

levels than under ambient conditions, when OA is diluted.

Thus, POA emissions constructed from measurements per-

formed at high OA loading (typically ranging from 1000 to

10 000 µg m−3) will result in an overestimation of POA con-

centrations at ambient OA levels (typically ranging from 1 to

10 µg m−3), if the POA volatility is not taken into account.

In addition, emissions of organic compounds of intermedi-

ate volatility (IVOC, with saturation concentration ranging

from 104 to 106 µg m−3, Dohanue et al., 2006) are often not

yet included in current air quality simulations (Robinson et

al., 2007; Grieshop et al., 2009, Kukkonen et al., 2012). The

gas phase SVOCs and IVOCs undergo multi-step oxidation

to become less volatile than their parent SVOC or IVOC

and can then condense into the particle phase. This part of

additional SOA, named oxidized primary organic aerosol

(OPOA), (Robinson et al., 2007) may account for a substan-

tial fraction of SOA (Shrivastava et al., 2008; Murphy and

Pandis. 2009; Presto et al., 2009, 2010). These features have

been recently formalized and parameterized in a framework

named volatility-basis-set (VBS) approach (Donahue et al.,

2006; Robinson et al., 2007). Multi-step oxidation of classic

SOA precursors, such as aromatic compounds or terpenes,

has also been included in this framework (Lane et al., 2008a;

Tsimpidi et al., 2010).

The VBS approach has been applied in different models

(WRF-Chem, PMCAMx, CHIMERE and EMEP) in order

to simulate primary and secondary organic aerosol over the

USA (Shrivastava et al., 2008; Murphy and Pandis. 2009),
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Table 1. Description of the three ground-based primary measurement sites during the MEGAPOLI campaigns.

Site Location Type Comments

LHVP (Laboratoire d’Hygiène

de la Ville de Paris)

(2.36◦ E, 48.30◦ N) urban background site located in the downtown of Paris

SIRTA (Site Instrumental de

Recherche par Télédétection

Atmosphérique)

(2.21◦ E, 48.71◦ N) suburban background site located on the southwestern edge

of the Paris agglomeration, about

20 km in the southwest of Paris

downtown

GOLF (GOLF Poudrière) (2.55◦ E, 48.93◦ N) suburban background site located on the northeastern edge

of the Paris agglomeration, about

20 km from the LHVP site

over Mexico City (e.g., Hodzic et al., 2010; Tsimpidi et al.,

2010) and over Europe (Fountoukis et al., 2011; Bergström

et al., 2012). Comparisons between simulated OA compo-

nents with this approach and those derived from positive ma-

trix factorization (PMF) of aerosol mass spectrometer (AMS)

measurements (Lanz et al., 2010; Ulbrich et al., 2009) per-

formed for Mexico City were encouraging (Tsimpidi et al.,

2010; Hodzic et al., 2010). In general, simulations using the

VBS approach in which evaporation of POA emissions, ad-

ditional IVOC emissions, and chemical aging of gas phase

IVOC and SVOC were taken into account gave better agree-

ment in terms of SOA mass when compared to measurement

than simulations using traditional SOA formation schemes.

These studies suggest that OPOA produced from oxidation of

gas phase IVOC and SVOC might represent a non-negligible

fraction of SOA.

In the framework of the European Seventh Framework

Program (EU/FP7) project MEGAPOLI (Megacities: Emis-

sions, urban, regional and Global Atmospheric POLlution

and climate effects, and Integrated tools for assessment and

mitigation) (Baklanov et al., 2008), an intensive measure-

ment campaign was launched in the Greater Paris region

in July 2009. The major objective was to provide new ex-

perimental data in order to better quantify the origin of the

organic aerosol within a megacity and to better understand

secondary aerosol formation in an urban plume. Another

aim of the campaign was to provide a database for detailed

model evaluation. Detailed chemistry measurements for gas

and aerosol were made at three ground-based primary mea-

surement sites across the Paris agglomeration along a SW–

NE axis (Fig. 1): the LHVP (Laboratoire d’Hygiène de la

Ville de Paris) site in Paris 13th arrondissement is an urban

background site, while the GOLF Poudrière site (denoted as

GOLF in the following text) in Livry Gargan and the SIRTA

(Site Instrumental de Recherche par Télédétection Atmo-

sphérique) atmospheric research observatory at Ecole Poly-

technique in Palaiseau (Haeffelin et al., 2005) are suburban

sites on the northeastern and southwestern edge of the ag-

glomeration, respectively. A short description of site charac-

teristics is given in Table 1. The Paris agglomeration is often

influenced either by polluted continental air masses advected

from northeast or by clean oceanic air masses advected from

west or southwest. For each situation, one site was located

upwind, within, and downwind of Paris.

In this study, we focus on the evaluation of the CHIMERE

model performance against the observations during the sum-

mer campaign 2009, in particular for organic aerosol and

for different aerosol schemes and the VBS framework. A

model simulation for the MEGAPOLI campaign has previ-

ously been compared with mobile ground-based lidar mea-

surements around the Paris agglomeration from which PM10

values have been derived (Royer et al., 2011). Wet PM10 ver-

tically integrated between the ground and 1 km above ground

level from lidar and CHIMERE results have been compared

and have shown similar results with a root-mean-square er-

ror (and mean absolute percentage error) of about 5 mg m−2

(22 %). With respect to earlier studies evaluating the VBS

scheme within chemistry transport models cited above, this

work focuses on a European megacity which is subject both

to local emissions of primary organic aerosol and to advec-

tion of secondary organic aerosol during well-defined trans-

port regimes. In Sect. 2.1, a short description of the measure-

ments during the MEGAPOLI summer campaign is given.

Different meteorological and transport regimes are discussed

in Sect. 2.2. In Sect. 3, the reference model configuration and

simulation set-up using the VBS approach to model POA and

SOA are introduced; different alternative model scenarios us-

ing different emission inventories and model configurations

with different OA schemes are presented. A general eval-

uation of model performance is presented in Sect. 4, both

for the ground-based meteorological observations and chem-

ical measurements. A specific evaluation of primary and sec-

ondary OA simulations is performed in Sect. 4.5.

2 Measurements and pollution regimes during the

MEGAPOLI summer campaign

2.1 Measurements

The meteorological parameters such as 2 m height tempera-

ture and relative humidity, wind speed and direction at 10 m

www.atmos-chem-phys.net/13/5767/2013/ Atmos. Chem. Phys., 13, 5767–5790, 2013
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Fig. 1. Location of the urban and the two suburban sites (left) and the simulation domain (right); the European CONT3 domain (in red),

the nested Northern France MEG3 domain (in blue), and the Greater Paris region (indicated by a red rectangle). The yellow dashed line

corresponds to the major SW and NE wind directions prevailing in the region.

Table 2. Meteorological and chemical instruments deployed at the three main measurement sites.

Meteorology/gas/aerosol Instrument type Time resolution Site

Temperature/wind Meteorological station SIRTA

PBL1 height (lidar derived with

scattering intensity)

Elastic backscatter lidar

NOx Chemiluminescence 1 min LHVP, GOLF, SIRTA

O3 UV photometric analyzer 1–5 min LHVP, GOLF, SIRTA,

BC
MAAP2 1–5 min LHVP, GOLF

Aethalometer 5 min SIRTA

Non-refractory PM1 components

Nitrate, sulfate, ammonium and

organic aerosol

HR-ToF-AMS3

C-ToF-AMS4
5–10 min

1 min

LHVP, SIRTA

GOLF

1PBL: planetary boundary layer
2 MAAP: multi-angle absorption photometer;
3 HR-ToF-AMS: high-resolution time-of-flight AMS
4 C-ToF-AMS: compact ToF AMS.

height were provided by the SIRTA observatory. Table 2 lists

information about gas and aerosol measurements deployed

at the three main measurement sites, which are used in this

work for model evaluation. In the agglomeration, NOx and

black carbon (BC) are considered as urban or, more precisely,

as mainly traffic-related emission tracers. Ozone is evalu-

ated as a tracer of past photochemical activity in incoming

air masses. Inorganic and organic aerosol measurements are

sampled by several instruments. Here we only use the mea-

surements with AMS (DeCarlo et al., 2006; Drewnick et al.,

2005).

Freutel et al. (2013) have evaluated the AMS measure-

ments in terms of total mass measurement (including BC

measurements from a multi-angle absorption photometer

(MAAP)) using a PM1 TEOM-FDMS at LHVP and GOLF

and aerosol size distribution measurement from a SMPS at

SIRTA, and found good agreement. The fraction of the to-

tal mass covered by the AMS measurements is about 0.9

for both LHVP and the GOLF site. The overall uncertainty

of AMS measurements of different PM components is esti-

mated as 30 %. Source apportionment from PMF analysis of

AMS measurements was applied to study the origins and the

potential sources of OA (Freutel et al., 2013; Crippa et al.,

2013a, for the SIRTA site). In this paper, focusing on the ur-

ban LHVP site, only the solution from Freutel et al. (2013)

is used. Two factors were attributed to hydrocarbon-like or-

ganic aerosol (HOA) and oxygenated organic aerosol (OOA).

Their concentrations were previously found to be strongly

Atmos. Chem. Phys., 13, 5767–5790, 2013 www.atmos-chem-phys.net/13/5767/2013/
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Fig. 2. Comparison of simulated (blue lines) and observed (black

dots) temperature, boundary layer (PBL) height, wind speed, and

wind direction at SIRTA; the grey bar represents the period R1 dur-

ing a continental regime; the red bar the R2 period during the local

regime; the blue bar the R3 regime with southerly advection; and

the white background indicates the Atlantic regime (R4).

linked to POA and SOA by comparing their spectra with

known sources and their time series with other tracers (Ul-

brich et al., 2009). A third important factor identified was

related to cooking activities (about 36 % of total OA) only at

LHVP (Freutel et al., 2013). As cooking emissions are not

included in our simulations (Junkle and Liousse, 2008), we

rely in this work on the results of HOA from the 3-factor

PMF analysis which can be compared to modeled POA pro-

duced from predominant traffic emissions.

2.2 Pollution regimes

From a combined analysis of meteorology and pollution

characteristics, the MEGAPOLI summer campaign can be

divided into four periods (Fig. 2) with distinct chemical

transport regimes:

– R1: Northeasterly weak winds under anti-cyclonic con-

ditions during two days on 1 and 2 July which led

to advection of pollution from Benelux (Belgium,

the Netherlands, and Luxembourg) and Rhine-Ruhr re-

gion (Germany) to the Paris agglomeration; high tem-

perature above 305 K (32 ◦C).

– R2: Weak winds with variable direction and high tem-

perature above 300 K (27 ◦C) on 4 July, favoring local

accumulation of pollutants.

– R3: Mainly southerly winds, but sometimes weak and

instable, rather high temperatures around 300 K on 16,

21, 26, and 28–29 July.

– R4: Westerly to southwesterly wind-advecting clean

marine air masses, lower temperatures than during the

other regimes, mostly cloudy with rarely rainy condi-

tions; weak rotating wind on 11 July, relatively higher

wind speed from 2–6 m s−1 for the rest of the period.

During this campaign, no important precipitation event oc-

curred in the Ile-de-France region.

3 Simulations

3.1 Model configuration

In this work, we used the CHIMERE v2008b version (see

http://www.lmd.polytechnique.fr/chimere/) (Bessagnet et al.,

2009). It is widely used for operational regional air qual-

ity forecasts (Honoré et al, 2008) and simulations in Europe

(Beekmann and Vautard, 2010; Sciare et al, 2010) and else-

where (including air quality forecasts in Beijing (Zhang et

al., 2012) and simulations in Mexico City (Hodzic et al.,

2009, 2010)). CHIMERE is used as the French national tool

for air quality forecast (http://www.prevair.org/).

Two nested domains are used for simulations in this study:

a continental domain which covers Europe with a resolution

of 0.5◦ (35–57.5◦ N; 10.5◦ W–22.5◦ E) and a regional do-

main over Northern France with a resolution of 3 km (Fig. 1).

Eight hybrid-sigma vertical layers are used, with the first

layer extending from the ground to about 40 m. The model

top is at 500 hPa. Tropospheric gas phase chemistry is repre-

sented using the reduced MELCHIOR chemical mechanism

(Lattuati, 1997; Derognat et al., 2003), including 120 reac-

tions and 44 gaseous species. For the simulation of the par-

ticulate phase, 8 bins with diameters ranging from 0.04 to

10 micrometers are used. A dry deposition velocity for gases

and aerosol is computed by use of a resistance analogy (We-

sely, 1989). Wet removal of gases and aerosol in clouds and

by precipitation is taken into account (Tsyro, 2002; Loos-

more and Cederwall, 2004). The thermodynamic equilib-

rium of the inorganic species (sulfate, nitrate, ammonium

and water) is interpolated from a table precalculated with

the ISORROPIA model (Nenes et al., 1998). The thermo-

dynamic equilibrium of evaporation and condensation pro-

cesses is kinetically controlled by the absorption flux (Sein-

feld and Pandis, 2006). SOA schemes such as the method in

the standard CHIMERE version with single-step oxidation

(denoted here as CSS) and the VBS approach are both used

here. They are respectively described in Sects. 3.3 and 3.4.

www.atmos-chem-phys.net/13/5767/2013/ Atmos. Chem. Phys., 13, 5767–5790, 2013
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POA is considered as non-volatile in a simulation with the

standard version. It is also simulated with the VBS approach

in which its volatility is taken into account (see details in

Sect. 3.3).

Meteorological parameters are input for CHIMERE and

are taken from simulations with the PSU/NCAR MM5 model

(Dudhia, 1993) for two nested domains with 45 km (Euro-

pean domain) and 15 km (Northwest Europe) resolution. In

the vertical direction, 23 sigma layers extend up to 100 hPa.

MM5 is forced by the final analyses from the Global Fore-

cast System (GFS/FNL) operated daily by the American Na-

tional Centers for Environmental Prediction (NCEP), using

the grid nudging (grid FDDA) option implemented within

MM5. MM5 often predicts low nighttime PBL height down

to 70 m in urban regions. This is related to the fact that urban

canopy and urban heating effects are not taken into account

in this model. Therefore, the minimum modeled PBL height

is set to 200 m, which is close to the lowest measurements.

CHIMERE simulations use boundary conditions from

a monthly climatology of the LMDz-INCA2 and LMDz-

AERO general circulation model (Hauglustaine et al., 2004).

The boundary condition for organic aerosol concentrations

over the Atlantic is set to about 0.7 µg m−3 according to long-

term measurements and climatologic analyses (Seinfeld and

Pandis, 2006; Cachier et al., 1986).

3.2 Emissions

Two different anthropogenic emission inventories were used

in this study. For the reference simulations, anthropogenic

gas phase emissions are calculated from EMEP annual to-

tals for the year 2005 with a 50 km resolution (http://www.

ceip.at/emission-data-webdab/), while BC and POA are pre-

scribed from the Laboratoire d’Aérologie (LA) emission in-

ventory also for the year 2005 (Junker and Louisse, 2008)

with a 0.25◦ resolution. This corresponds to the emission

database used in the standard CHIMERE configuration also

used for operational national air quality forecast within the

PREV’AIR system (Honoré et al., 2008). For the nested sim-

ulations, these emissions are downscaled using a land use

distribution as described in Bessagnet et al. (2009). In addi-

tion, an emission inventory (denoted as MPOLI in the fol-

lowing text) has been developed for both the gas and partic-

ulate phases by TNO and Airparif within the MEGAPOLI

project, taking into account specific information for the Paris

agglomeration (Denier van der Gon et al., 2011). In this in-

ventory, the refined Paris emissions are delivered by Airparif

(Airparif, 2010) with a 1 km resolution and were integrated

into a European inventory with 7 km resolution (Pouliot et

al., 2012). POA emissions from the MPOLI inventory are

about three times lower in the Paris region than those from

the LA one (Fig. S1 in the Supplement), while they are

substantially higher in the surroundings. This latter fact is

principally due to the inclusion of a strong OM emission

source in the agricultural sectors in the MPOLI, but not in

the LA inventory. Both of these emissions sets are scaled

to hourly emissions, applying temporal profiles provided by

IER (Friedrich, 1997). Biogenic emissions are calculated on-

line using data from MEGAN (Model of Emissions of Gases

and Aerosols from Nature) and parameterizations by Guen-

ther et al. (2006).

3.3 Volatility-basis-set approach for primary organic

aerosol emissions

We apply the volatility profiles as presented by Robinson et

al. (2007) for each simulated volatility and size of POA and

IVOC species. They are classified into 9 bins represented by

their saturation concentration C∗ (Table S1 in the Supple-

ment), neighboring bins being separated by a factor of 10

in C∗. The additional gas phase IVOC emissions are set as

1.5 times the value of POA emissions as in earlier model-

ing studies (Robinson et al., 2007; Shrivastava et al., 2008;

Murphy and Pandis, 2009; Hodzic et al., 2010; Tsimpidi et

al., 2010). The factor of 1.5 corresponds to the value obtained

from previous chamber studies for emission of diesel exhaust

(Robinson et al., 2007; Shrivastava et al., 2008). The parame-

ters used to simulate the partitioning of POA emissions, such

as the reference saturation concentration C∗ at 298 K, the en-

thalpy and emission factors with respect to the traditional

non-volatile POA emissions for each class of compounds

are presented in Table S1 in the Supplement. Introducing

these SVOC and IVOC species into the VBS approach re-

sults in 136 new species and 17 chemical reactions to be

computed, which roughly doubles the computational time of

CHIMERE.

Assuming a maximum OA ambient concentration of

10 µg m−3 in Paris during summertime, IVOC species in the

volatility bins between 104 and 106 µg m−3 are almost totally

in the gaseous phase. The particulate phase fraction in the bin

for the least volatile IVOCi bin with C∗
= 104 µg m−3 rep-

resents only 0.15 % of the total POA under typical summer

conditions (T = 298 K, OA = 10 µg m−3). Therefore, IVOC

compounds are considered in the model to be present only

in the gas phase in summer. The six less volatile SVOC bins

are considered to be semi-volatile and partitioning between

gas and particle phases. This reduction of semi-volatile bins

and species to be treated results in about 30 % less computa-

tional cost.

The emission factors for calculating diesel-exhaust-related

POA emissions for both the LA and MPOLI inventories are

obtained from laboratory measurements under a low level of

dilution with high OA loading (of the order of 1000 µg m−3

(Pillot et al., 2009)), similar to that described in Robinson

et al. (2007). Under such conditions, about 75 % of SVOC

emissions are expected to occur in the particle phase ac-

cording to the dilution experiments described in Robinson

et al. (2007). No correction is applied in this work to account

for the missing 25 % not captured in the emission factor mea-

surements, because the correction would be much smaller

Atmos. Chem. Phys., 13, 5767–5790, 2013 www.atmos-chem-phys.net/13/5767/2013/
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than the uncertainty related to the emission inventory itself

(see above for differences between the LA and MPOLI in-

ventories). Diesel exhaust emissions are dominant for POA

at least during summer. Thus, POA emissions in the LA and

MPOLI inventories are taken as input for the VBS approach,

and the emission factor profile from Robinson et al. (2007)

for diesel exhaust is applied, like in Shrivastava et al. (2008)

and Murphy and Pandis (2009) for the USA. Note that, for

Mexico City (Hodzic et al., 2010; Tsimpidi et al., 2010),

emission factors for organic aerosol were determined under

ambient pollution conditions. In this case, emission factors

have been multiplied by a factor of three in order to take into

account emitted SVOCs present in the gas phase and not cap-

tured in the POA measurements.

In the VBS scheme, the gas phase oxidation of semi-

volatile POA is taken into account by shifting SVOC

and IVOC species successively to bins with lower volatil-

ity (Robinson et al., 2007). The reaction rate constant

of the SVOC and IVOC reaction with OH is esti-

mated as 4 × 10−11 cm−3 molecules−1 s−1 (Murphy and

Pandis, 2009). Each oxidation reaction increases the species

mass by 7.5 % to account for added oxygen (Robinson et al.,

2007; Shrivastava et al., 2008). The formation of secondary

compounds (OPOA) from oxidized SVOC is again governed

by the gas-particle partitioning theory as a function of the OA

mass loading and ambient temperature.

3.4 SOA in CHIMERE

Two schemes for SOA formation are used here. One is the

single-step oxidation scheme used in the CHIMERE standard

version (Pun et al., 2006; Bessagnet et al., 2009; Hodzic et

al., 2009); the other is the VBS approach (Lane et al., 2008a).

3.4.1 Single-step oxidation

In the single-step oxidation mechanism the formation of

SVOC species is parameterized by a single oxidation step,

which nevertheless can represent several individual oxidation

steps. SVOC species are then considered as chemically inert

for the rest of the simulation. As a function of their volatil-

ity and preexisting OA, SVOC species undergo gas-particle

partitioning to reversibly form SOA. The SVOC yields and

volatilities are derived from previous laboratory experiment

data for several types of precursors (Pun et al., 2006).

Both anthropogenic and biogenic VOC species can act

as SOA precursors. Anthropogenic VOC emissions are

distributed into 266 individual VOC species following

emission-sector-specific emission profiles given by Pas-

sant (2002). These species are aggregated into 9 lumped

VOC classes according to the mass molar weight and the

reactivity of individual species and VOC class representa-

tives (Middleton et al., 1990). Three of these lumped an-

thropogenic VOC classes – a class of alkanes from C4 to

C13, a class of benzene, toluene and other mono-substituted

aromatics, and a class of tri-methylbenzene and other poly-

substituted aromatics – represent SOA precursors. The latter

2 classes are only used for SOA formation, and do not in-

terfere with gas phase chemistry. All classes are oxidized by

OH, ozone and NO3 to produce semi-volatile organic com-

pounds. Oxidation of biogenic VOC species as SOA pre-

cursors (α-pinene, sabinene, β-pinene, δ3-carene, limonene,

ocimene, myrcene and isoprene; Table S2 in the Supplement)

is also taken into account. The SVOC products are presented

as surrogate hydrophobic and hydrophilic species, grouped

according to their hydrophilic character, i.e., water solubility,

acid dissociation and saturation vapor pressure (Bessagnet et

al., 2009).

3.4.2 VBS approach for SOA formation

SOA (or SVOC) produced from precursors of anthropogenic

and biogenic VOC, named ASOA (or anthropogenic SVOC)

and BSOA (or biogenic SVOC), respectively, is simulated

by using four different volatility bins (Lane et al., 2008a;

Murphy and Pandis, 2009) in which the saturation concen-

tration C∗ of SVOC at a temperature of 300 K ranges from 1

to 103 µg m−3 with a factor of ten between two classes. This

scheme was initially developed and used with the gas phase

SAPRC99 mechanism (Carter, 2000). In this mechanism,

VOC species are combined into different lumped species (Ta-

ble S2 in the Supplement). In our work, lumped species from

the SAPRC99 mechanism are only used for SOA formation,

and do not interfere with gas phase chemistry. According to

SAPRC99, anthropogenic VOC (AVOC) emissions used for

the simulation of SOA were regrouped into 6 lumped species

including alkanes with 5 and 6 carbon atoms and more than 7

carbon atoms; a class of terminal alkenes; a class of all inter-

nal and cyclic alkenes; a class of toluene, benzene, and ethyl-

benzene; and a class of xylenes, tri-methylbenzenes, ethyl-

toluene, and higher aromatics. Two types of biogenic VOCs,

monoterpene and isoprene, are taken into account (Table S2

in the Supplement). Parameters for sesquiterpene oxidation

were also developed in Lane et al. (2008a), but this class of

compounds is not accounted for in this study as no emission

estimates are available.

SOA yields for the different VOC groups listed in Ta-

ble S3 in the Supplement and for the four volatility bins have

been obtained by fitting them to a large number of cham-

ber measurements representative for urban (high NOx) and

regional (low NOx) pollution (Lane et al., 2008a and refer-

ences herein).

In this study, we choose to apply the yield parameteri-

zations (Murphy and Pandis, 2009; Lane et al., 2008b) for

SOA simulations under low-NOx conditions (VOC / NOx

>10 ppbC ppb−1) with relatively high yields, though high-

NOx conditions with lower yields were probably expected

for SOA formation from anthropogenic VOCs in the Paris

agglomeration and in its plume. However, under conditions

of long-range transport of SOA to the agglomeration, which
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were prevailing during the campaign (Freutel et al., 2013),

these yields are appropriate. Besides, the larger SOA yields

under low-NOx conditions are still compatible with results of

some of the chamber studies for high-NOx conditions (Ng et

al., 2006; Hildebrandt et al., 2009). Other studies (e.g., Lane

et al., 2008a) have used a higher aging rate, which did not

improve model performance.

The chemical aging of gas phase anthropogenic and bio-

genic SVOCs is implemented in the model in a similar

way as for OPOA (Shrivastava et al., 2011), because avail-

able experimental data suggest that second-generation prod-

ucts may contribute to SOA formation (Ng et al., 2007a).

The chemical aging is applied to each anthropogenic SVOC

regardless of its precursors. The reaction rate is taken as

1 × 10−11 cm3 molecule−1 s−1 like in Murphy and Pandis

(2009). Again, each oxidation reaction increases the species

mass by 7.5 % to account for added oxygen (Shrivastava

et al., 2008; Murphy and Pandis, 2009). Laboratory (Ng

et al., 2007b) and modeling experiments (Valorso et al.,

2011; Cappa and Wilson, 2012) suggest aging processes also

for biogenic SVOC species. Thus a similar chemical ag-

ing scheme (using the same parameters as for anthropogenic

VOC) was included for biogenic VOC precursors (as also

done by Tsimpidi et al., 2010). Other applications of the VBS

(Murphy and Pandis, 2009; Fountoukis et al., 2011) have as-

sumed that the aging of the biogenic VOCs does not lead to

a net increase of the corresponding aerosol because of a bal-

ance between the functionalization and fragmentation pro-

cesses.

3.5 Simulation configurations

In this study, four model configurations have been set up for

evaluation with MEGAPOLI campaign measurements.

1. One standard simulation denoted as CSS (classical sin-

gle step) in which POA is considered as non-volatile,

and the single-step scheme for SOA formation as de-

scribed in Sect. 3.3.

2. The volatility of semi-volatile POA and the chemical

aging of the related SVOC and IVOC are simulated in

VBS-T1. The single-step oxidation SOA scheme is used

for anthropogenic and biogenic VOC precursors. Addi-

tional gas phase IVOC emissions of 1.5 times the POA

emissions are added.

3. In contrast to VBS-T1, the 4-bin VBS approach for

SOA formation is applied in the VBS-T2 simulation. The

chemical aging of anthropogenic and biogenic SVOC is

included.

4. As in (3), but the specific MEGAPOLI project emis-

sion inventory (MPOLI) is used in a simulation with the

VBS-T2 configuration on the regional domain, while

in configurations (1)–(3) EMEP/LA emissions are used.

Simulation (4) is nested into a continental simulation as

in (3), so only emissions over Northern France changed.

This configuration is denoted as VBS-MPOLI.

4 Model evaluation with ground-based measurements

In this section, first a general evaluation of the model per-

formance during the MEGAPOLI summer campaign is pre-

sented by comparing ground-based observations of meteo-

rological parameters, concentrations of the gas phase pollu-

tants as well as primary and secondary PM species with sim-

ulations. The main fine PM components compared here to

measurements (BC, OA, sulfate, nitrate, and ammonium) are

considered to appear in the accumulation mode or at smaller-

size bins. Therefore, the modeled bulk amounts (all size bins

integrated) of these species can be compared to AMS (or BC)

PM1 measurements. The comparison focuses on the eval-

uation of the different organic aerosol schemes presented

above.

All measurements are averaged into hourly data in order to

be comparable to model results. Time series are presented ac-

cording to the above-defined four periods of different trans-

port regimes (R1–4). Special features in time series (and the

model ability to represent them) are highlighted. In addition,

the daily variation of some species is discussed.

Statistical metrics are calculated in order to give objec-

tive scores for the model performance. They are presented as

absolute and relative bias, (relative) root mean square error

(RMSE) and correlation coefficient (R). The detailed statis-

tical results are presented in the Supplement.

Like the modification of OA simulations in CSS, VBS-T1

and VBS-T2 with the same emission inventory affect simu-

lations of other species either only marginally or not at all;

their concentrations are all taken from the VBS-T2 simula-

tion and evaluated together with those from the VBS-MPOLI

run.

4.1 Evaluation of meteorological parameters

Meteorological parameters such as 10 m wind and 2 m tem-

perature from the MM5 simulation are compared to the mea-

surement data obtained from the automatic meteorological

station located at the suburban SIRTA observatory within the

Paris agglomeration. The results are used to evaluate the sim-

ulation of meteorological parameters which are expected to

represent the weather conditions in the Paris agglomeration.

In general, the variation of simulated meteorological pa-

rameters is consistent with observations (Fig. 2). Wind speed

at 10 m height correlates well between the MM5 results

and measurements at SIRTA (R = 0.73); a positive bias (rel-

ative bias) of + 1.07 m s−1 (+ 35 %) and RMSE (relative

RMSE) of 1.64 m s−1 (53 %) is found (Table S4 in the Sup-

plement). A small forest is located at about 100 m north of

the measurement site, which may lead to lower local wind

speed and partly explain the apparent model overestimation
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during period R1 on days with northerly wind, while the sim-

ulated wind speed at 200 m is consistent with the observation

(results not shown). The simulated wind direction from the

MM5 model is also generally consistent with measurements.

Differences in wind direction and speed often occurred when

wind speed was lower than 1 m s−1, such as during R2. Un-

der such conditions, meso-scale meteorological models can-

not be expected to give reliable wind speeds and directions.

The simulated and measured temperatures are well correlated

(R = 0.92); the average simulated temperature is underesti-

mated by 0.86 K. The daily temperature peak is sometimes

underestimated by up to 5 K, which may theoretically cause

an underestimation of biogenic VOC emissions, and thus of

ozone and SOA formation. However, many other uncertain-

ties affect biogenic VOC emissions. Nevertheless, biogenic

VOC levels in the Paris agglomeration are reasonably well

predicted in the model as illustrated in Fig. S4 in the Sup-

plement (see Sect. 4.2). The RMSE for simulated/observed

temperature is 1.93 K. For the three observed periods with

enhanced temperatures over 300 K (R1, R2 and R3 as de-

scribed in Sect. 2), simulations show a negative bias.

The boundary layer height was derived from aerosol lidar

measurements using an algorithm detecting maximal verti-

cal and temporal gradients in the backscatter signal (Haeffe-

lin et al., 2012). The assumption is that the aerosol is mix-

ing in the boundary layer, while the free troposphere above

is nearly particle free. This is particularly true under day-

time convective conditions where the strongest aerosol gra-

dients are found at the top of the boundary layer. The PBL

height diagnosed in the MM5 model with the MRF (medium-

range forecast) scheme (Hong and Pan, 1996) underestimates

this derived boundary layer height by about 300 m on a

monthly average basis. This mainly results from the max-

imum late-afternoon PBL peak height which is underesti-

mated by 600 m (∼30 %) on average (Fig. S2 in the Supple-

ment). On several occasions, the PBL height underestimation

was more pronounced, up to 1000 m for an observed PBL

height of about 3000 m. The transition of the high convec-

tive boundary layer in the evening to a stable lower boundary

layer is on average simulated to occur 2–3 h earlier than ob-

served. These differences lead to a low correlation coefficient

of 0.37 between simulations and observations. The difficulty

in simulating the evening and the nighttime PBL height was

also reported in previous studies in Mexico City with MM5

(Hodzic et al., 2009) and WRF models (Fast et al., 2009),

even if this effect is more pronounced in the current study.

In addition, it was reported that the lidar-derived PBL height

could not unambiguously distinguish the shallow inversion

layer that forms in the late afternoon, when the sensible heat

flux is reduced, from the top of the residual layer. This may

induce a positive bias of 300–1000 m in the PBL height di-

agnosed from lidar observations, as compared to the one de-

duced from radiosonde profiles (Hodzic et al., 2009). Thus,

during late afternoon, both the simulated and observation-

derived boundary layer heights are uncertain. The underes-

timation of the simulated PBL height in the late afternoon

might lead to an overestimation of the pollution level; how-

ever, this is difficult to quantify because of the uncertainty in

the observed boundary layer height.

On the whole, simulations of meteorological parameters

represent the general weather conditions for the Paris ag-

glomeration during the summer MEGAPOLI campaign rea-

sonably well and can serve as an input to the CHIMERE

CTM.

4.2 BC, NOx and VOC evaluation

The concentrations of primary pollutants mainly depend on

their emissions, and on meteorological conditions governing

their dispersion. The model evaluation of NOx and BC at

the three primary sites thus gives insight into the correctness

of emissions and dispersion conditions over the urban area.

Note that for BC additional uncertainty can arise if emission

factors in the inventories have been determined by EC instru-

ments and are compared here to BC measurements, given

the sometimes large differences between the two methods

(Oladoyin Salako et al., 2012).

NOx (NO + NO2) is analyzed as a primary pollutant

family, as freshly emitted NO is quickly oxidized into

NO2 over a city. NOx concentrations modeled in VBS-T2

(with the EMEP emission inventory) and VBS-MPOLI (the

MEGAPOLI emission inventory) at the three principal sites

are reasonably well correlated with the measurements with

correlation coefficients around 0.55 at GOLF and LHVP and

0.65 at SIRTA (Fig. 3). These correlation coefficients are

consistent with previous modeling studies in Europe (e.g.,

Beekmann et al., 2007). Simulated NOx levels are overesti-

mated in VBS-T2 with biases (and relative biases) of + 6.1

(+ 45 %), + 2.7 (+ 15 %) and + 1.7 ppb (+ 21 %) at GOLF,

LHVP and SIRTA, respectively (Table S5 in the Supple-

ment). Use of the MEGAPOLI emission inventory (MPOLI)

results in an even larger overestimation with (relative) biases

of + 10.0 (+ 95 %), + 7.2 (+ 42 %), and + 1.6 ppb (+ 22 %),

respectively (Table S6 in the Supplement). The relative RM-

SEs from VBS-T2 (and VBS-MPOLI) are 86 % (148 %),

80 % (104 %) and 69 % (84 %), respectively, for these three

sites. As differences between total French emissions in both

emission inventories are small (because the same national

emission totals are used as input), these differences in the

comparison to urban observations are probably related to the

spatial downscaling procedure (see Sect. 3.2). The bias at

SIRTA is relatively smaller than at GOLF and LHVP, be-

cause SIRTA is less influenced by Paris emissions during this

summer campaign due to prevailing westerly to southwest-

erly winds. The average daily variation over the month of

both of the simulations and observations shows peaks at these

sites at about 07:00–08:00 local time (LT) (Fig. 3). Morning

peaks are slightly overestimated by 20–30 % in the model

at GOLF and SIRTA in VBS-T2, while they are overesti-

mated up to about 75 % at GOLF in VBS-MPOLI. No clear
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Fig. 3. Comparison of simulated and observed NOx at GOLF, LHVP and SIRTA. On the left side, time series; on the right side, hourly

averages for July 2009.

Fig. 4. As in Fig. 3, but for BC.

evening peaks have been modeled or measured at these sites

(rather a continuous increase during evening and night), indi-

cating that vertical mixing is still active in the late afternoon.

A particular case occurred during 28 and 29 July at LHVP

when NOx concentrations in both VBS-T2 and VBS-MPOLI

are largely, by about 60–100 ppb, underestimated, probably

due to an overestimation of wind speed (see Fig. 2). During

period R2, NOx morning peaks in both VBS-T2 and VBS-

MPOLI are clearly overestimated with respect to observa-

tions at GOLF and LHVP, and to a lesser extent at SIRTA.
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Fig. 5. As for Fig. 4, but for ozone.

This is probably due to relatively weak and variable winds

during this period, which are not correctly reproduced in the

simulation.

In conclusion, both VBS-T2 and VBS-MPOLI simulations

overestimate the observed NOx levels, which could indicate

either underestimated dispersion related to the underestima-

tion of the boundary layer height on certain days, or an over-

estimation of NOx emissions in the Greater Paris region,

more pronounced for the MEGAPOLI inventory than for the

EMEP one. Close to source regions, sink processes (mainly

reaction of NO2 with OH) are probably too slow to affect

NOx levels.

The correlation coefficients for simulated BC in VBS-T2

and VBS-MPOLI and for measured BC are in general around

0.5 at the three principal sites (Fig. 4). This result is coher-

ent with that obtained for NOx. The correlation coefficient is

only 0.36 at SIRTA in the VBS-T2 simulation, probably due

to the difficulty of correctly reproducing the very low level

of BC at this site, which was mostly located upwind of Paris

emissions during this campaign. The biases (and relative bi-

ases) for comparison between simulated BC in VBS-T2 and

measured BC are + 2.07 (+ 180 %), + 2.08 (+ 167 %) and

−0.24 µg m−3 (−38 %) at GOLF, LHVP and SIRTA, respec-

tively (Table S5 in the Supplement). They are much larger

than those for NOx, though NOx and BC are mostly traffic-

related in the city. The biases (relative biases) are + 0.33

(+ 29 %), + 0.52 (+ 41 %) and −0.05 µg m−3 (−7.3 %) for

VBS-MPOLI (Table S6 in the Supplement).

The overestimation in VBS-T2 is most likely a result of

an overestimation of BC emissions from the LA emission

inventory because the underestimation of the PBL height is

too small to explain such large differences present during the

whole day. Such an overestimation is also suggested by the

slope of BC with respect to NOx at LHVP, which is clearly

higher in VBS-T2 (0.18 µg m−3 ppb−1) than in the measure-

ments (0.06 µg m−3 ppb−1), while it is 0.07 µg m−3 ppb−1

from VBS-MPOLI with the MEGAPOLI inventory (Fig. S3

in the Supplement). Thus the latter inventory, into which re-

fined urban BC emission data for the Paris agglomeration

have been integrated (see above), appears to be more ac-

curate for BC. Conversely, BC is slightly underestimated in

the model in both VBS-T2 and VBS-MPOLI simulations at

SIRTA, which was often located upwind of Paris during pe-

riods R3 and R4, inducing a relatively low level of measured

average BC concentration of about 0.64 µg m−3. The average

daily variation of both measured and modeled NOx and BC

are correlated at these three sites with peaks around 08:00 LT.

Predicted major VOC precursors for SOA formation are

evaluated with the GC-FID and PTRMS measurements

(Fig. S4 in the Supplement). The mean concentrations of

isoprene are 0.24, 0.22 and 0.43 ppb in the model and from

GC-FID and PTRMS (m/z 69) measurements, respectively.

The predicted bulk mono-terpenes concentration is on a sim-

ilar level (∼0.06 ppb) as the observed one from PTRMS

(m/z 137). Considering measurement uncertainties, these re-

sults imply a reasonably well simulated average level of bio-

genic VOC in the model. The variability is also well repre-

sented; larger observed and predicted values occur in periods

R1 and R3 when winds are low and temperature enhanced.

Lumped anthropogenic aromatics are compared to the sum

of the measurements of benzene, toluene, xylenes, ethyl-

bezene, n-propylbenzene, 1,3,5-TMB, o-ethyltoluene and
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Fig. 6. Comparison of simulated and observed inorganic aerosol species at LHVP.

1,2,4-TMB from GC-FID, which are the major aromatics

in the urban region, and the sum of m/z 79, 93, 107 and

121 (which correspond to the sum of benzene, toluene, aro-

matic C8 and aromatic C9) from PTRMS (Fig. S4 in the Sup-

plement). The model overestimates the sum of the aromatic

species by about 48 % and 82 % with respect to the measure-

ments from PTRMS and GC-FID, respectively. This is partly

due to an underestimation of dispersion as for NOx and BC.

However, measurements probably do not represent all emit-

ted aromatic species. Thus, the aromatic species are probably

reasonably well predicted.

Higher alkanes grouped in model species are not evaluated

because of a lack of measurements for a large part of the

lumped species in the model.

4.3 Ozone evaluation

Similar to other secondary pollutants, lower-tropospheric

ozone is generally photochemically produced in summer.

Thus, the evaluation of ozone simulations against the mea-

surements may allow assessing the simulated photochem-

ical activity over the agglomeration and in advected air

masses which also affects the formation of secondary or-

ganic aerosol. In addition, ozone is an important oxidant to

react with biogenic VOC precursors to form secondary or-

ganic aerosol. Therefore, it is important to evaluate the per-

formance of ozone simulations in the model.

Modeled ozone concentrations both from VBS-T2 and

VBS-MPOLI at the three primary sites correlate well with

the measured concentrations (R ∼0.75) with small relative

biases below 13 % (Fig. 5, Tables S5 and S6 in the Supple-

ment). Elevated ozone levels are linked both in the model and

in observations to relatively high temperatures, frequently

low winds and sunny conditions during periods R1, R2 and

R3. These conditions are favorable for photochemical ozone

build-up. Modeled concentrations at GOLF and LHVP are

lower in VBS-MPOLI due to higher NOx levels in VBS-

MPOLI than in VBS-T2 and thus enhanced ozone titration

with NO. In the diurnal cycle, predicted and observed max-

imum values occur at about 16:00–17:00 LT as a result of

lower NOx values and more intense photochemical activity

around noon.

4.4 Evaluation of inorganic aerosol species

Although the focus here is on organic aerosol, for com-

pleteness also inorganic aerosol is evaluated because of its

important contribution to fine PM. The modeled secondary

inorganic salt (sulfate, nitrate and ammonium) concentra-

tions from both VBS-T2 and VBS-MPOLI simulations are

generally overestimated with respect to the AMS measure-

ments during the campaign (Fig. 6 and Figs. S5 and S6 in

the Supplement). The modeled monthly average concentra-

tions of the inorganic aerosol (here sum of sulfate, nitrate

and ammonium) in VBS-T2 and VBS-MPOLI are overesti-

mated by about 1.5–2 µg m−3 and 1–1.5 µg m−3, respectively

(Tables S5 and S6 in the Supplement). The correlation coef-

ficients of these inorganic species are almost all above about
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Fig. 7. Comparison of simulated and observed organic aerosol at GOLF. On the left side, time series; on the right side, daily averages for

July 2009.

0.7 at GOLF and LHVP. Those of sulfate and ammonium are

slightly lower at SIRTA.

The measured nitrate concentrations were very low (close

to zero) except for the first two days of continental influ-

ence. This can lead to very large relative biases (Table S5

in the Supplement); therefore here only the absolute differ-

ences are presented. There are often overestimations of ni-

trate peaks in the morning due to local formation in VBS-T2.

Conversely, the peaks in VBS-MPOLI are largely reduced

to a level similar to observed ones; the average bias is re-

duced to around + 0.1 µg m−3. NOx levels are lower in VBS-

T2 than in VBS-MPOLI, thus the overestimation of nitrate

concentrations in VBS-T2 is probably related to higher NH3

emissions in VBS-T2 in the urban region, due to errors in the

spatial redistribution of agricultural NH3 emissions from the

EMEP grid (50 km resolution) to the CHIMERE grid (3 km

resolution). In the MEGAPOLI inventory, a more realistic

spatial distribution of NH3 emissions is achieved through ge-

ographically locating agricultural surfaces. Unfortunately, no

specific NH3 observations were available to evaluate the ur-

ban NH3 concentrations.

Modeled sulfate concentrations in both VBS-T2 and VBS-

MPOLI have similar time series at all three sites, since sul-

fate is mainly formed on a regional scale where the emis-

sions in VBS-T2 and VBS-MPOLI are similar or equal. Sul-

fate levels are higher during R1 when continental air masses

are advected to Paris. Background concentrations and sev-

eral peaks are all overestimated in simulations. This could

be due to overestimated uncertainties related to the forma-

tion process in the simulations (not shown here) with respect

to the measurement at SIRTA (Michoud et al., 2012), which

could increase sulfate formation. However, we cannot con-

clude whether this is representative of the larger domain.

4.5 OA evaluation

Modeled OA concentrations, represented by the sum of back-

ground OA (long-range transported OA from the boundary

limit of the simulation), POA, OPOA, ASOA and BSOA

from the four model configurations described above, are

compared to the AMS measurements at the three sites

(Figs. 7, 8 and 9). At GOLF and LHVP and for the monthly
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Fig. 8. As in Fig. 7, but for LHVP

average, OA simulated in CSS (see Sect. 3.5) overestimated

the morning peaks by about a factor of two, while for the

rest of the day the levels are consistent with the observa-

tions. POA is predicted to contribute about 90 % of the sim-

ulated OA. Conversely, OA is underestimated at SIRTA, es-

pecially the peaks during R3 with southerly wind. This is

because SIRTA is often situated upwind of Paris emissions

during R3 and R4, in contrast to GOLF and LHVP, so it is

less influenced by primary emissions than these sites. The

biases (relative biases) are + 1.17 (+ 33 %), + 1.53 (+ 46 %),

and −1.11 µg m−3 (−49 %) at GOLF, LHVP and SIRTA, re-

spectively (Table S5 in the Supplement). The modeled and

measured OA concentrations are not well correlated, with R

values only reaching 0.22, 0.43 and 0.66, respectively, at the

three sites.

The modeled OA in the VBS-T1 simulation is much lower

than in the CSS simulation, both for the morning peaks and

the rest of the day. This is due to the fact that a substan-

tial fraction of emitted POA is evaporated in this scheme,

which diminishes simulated POA levels by a factor of about

6.5 at GOLF, LHVP and SIRTA. The secondary fraction is

increased by introducing OPOA especially during R1 when

continental pollution is advected to Paris (Figs. 11, 12 and

13), but this does not compensate for the lower POA levels.

As a result, the VBS-T1 simulation underestimates OA by

more than 70 % at the three sites (Table S5 in the Supple-

ment). However, this simulation is better correlated with the

measurements than the CSS one. The correlation coefficients

are 0.58, 0.59 and 0.78 at GOLF, LHVP, and SIRTA, respec-

tively (Table S5 in the Supplement).

The underestimation of modeled OA in the VBS-T2 simu-

lation is smaller than for the VBS-T1 configuration. Average

biases (relative biases) are −0.47 (−13 %), −0.27 (−8.2 %)

and −0.42 µg m−3 (−18 %) at GOLF, LHVP and SIRTA,

respectively (Table S5 in the Supplement). This simulation

captures almost all peaks during the summer campaign, es-

pecially several missing peaks in the CSS and VBS-T1 simu-

lations during periods R1 and R3. Consequently, the correla-

tion coefficients are improved to 0.79, 0.76 and 0.84, respec-

tively.

During R1, observations and simulations show similar OA

levels at all three sites, which again indicates long-range

transport of continental pollution as a major OA source. The

VBS-T2 configuration predicts that the secondary fraction

Atmos. Chem. Phys., 13, 5767–5790, 2013 www.atmos-chem-phys.net/13/5767/2013/
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Fig. 9. As in Fig.7, but for SIRTA.

contribution of OA exceeds 90 % (Figs. 11, 12 and 13).

About half of this can be attributed to biogenic species. Dur-

ing this period starting on 30 June (R1), polluted air masses

from Benelux are transported to Paris, as indicated by retro-

plume calculations (see for example Freutel et al., 2013). The

OA of anthropogenic origin (ASOA and OPOA) is also im-

portant (Fig. 10). In addition, the time evolution of the sim-

ulated OA fields seems to indicate biogenic SOA formation

from BVOCs emitted in the forest zone in the east of France

and in the southwest of Germany, and its transport to Paris

(Fig. 10). Paris is influenced by this polluted air mass during

two days until 2 July.

During R3, the peaks in the Greater Paris region are also

reproduced; in the simulations they are related to advection

of biogenic SOA (>60 % of OA in the VBS-T2 simulations)

(Figs. 11, 12 and 13). This is illustrated for the SOA peak

observed on 21 July. Biogenic SOA is produced from BVOC

emissions in the north of Spain on 20 July and is trans-

ported towards northeast (Fig. 11). During its transport, the

air mass mixes with additional BVOC emissions over SW

France. During further transport to Paris, chemical aging of

SVOC emissions takes place, transforming additional SVOC

to SOA and reducing its volatility. Within the Ile-de-France

region, additional VOC and OA emissions further increase

the OA burden.

The modeled and measured average OA diurnal variations

at SIRTA are very well correlated. The modeled morning

peaks at GOLF and LHVP are close to the measurements,

but the evening peaks are still missing, probably due to the

recently found important emission sources from cooking ac-

tivities (Mohr et al., 2012, and references therein; Freutel et

al., 2013) which are not included in our emission inventory.

When using the MEGAPOLI emission inventory in the

VBS-MPOLI simulation, the biases are −1.15 (−32 %),

−0.95 (−29 %) and + 0.14 µg m−3 (+ 7.9 %) at GOLF,

LHVP and SIRTA, respectively (Table S6 in the Supple-

ment). The correlations are similar to those for VBS-T2, but

the origin of OA is different. The contribution of POA is low,

due to lower emissions in the inventory (Figs. 11, 12 and 13).

OPOA is increased with respect to VBS-T2, especially dur-

ing R4. This is because the POA emissions in the Greater

Paris region are reduced in the MEGAPOLI inventory with

respect to the LA inventory by about a factor of 3, but they

are increased on average by a factor of 3 in the surrounding
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Fig. 10. Spatial OPOA, ASOA and BSOA distributions at surface level at 02:00 LT on 1 July (left) and 15:00 LT on 2 July (right).

areas in the southeast, allowing for POA evaporation and gas

phase oxidation and condensation of lower volatile species to

form OPOA.

4.6 Evaluation of POA and SOA with PMF analysis

atLHVP

In this section, modeled POA and SOA from all four sim-

ulations are compared to a 3-factor PMF analysis (Freutel

et al., 2013) on OA measured by AMS at LHVP (Table 3).

The three factors are traffic-related HOA, aged OA which

is thought to be secondary origin (OOA), and OA related to

cooking activities (see Sect. 2.1). This analysis is restricted

to LHVP because at GOLF and SIRTA only a 2-factor PMF

analysis is available in this PMF solution, in which possible

OA from cooking activities is included in the HOA and OOA

factors. Here, we focus on POA and SOA prediction at one

urban background (LHVP) site, for which the 3-factor PMF

solution was available. The 2-factor PMF available at all 3

sites leads to larger HOA concentrations than the 3-factor

one due to the attribution of a significant part of the cooking

OA to the HOA factor, but this HOA is then not consistent

with the modeled one not taking into account cooking-related

emissions. In the simulations, background OA (BGOA) is

considered as highly aged non-volatile OA, thus contribut-

ing to the predicted SOA. OPOA is considered as OOA, as

done in previous papers comparing simulations with the VBS

approach to AMS observations (Robinson et al., 2007; Shri-

vastava et al., 2008; Murphy and Pandis, 2009; Hodzic et

al., 2010, etc.). However, note that Aumont et al. (2012) and

Cappa and Wilson (2012) argue that OPOA may not be oxi-

dized enough to appear in the OOA fraction.

The modeled POA is correlated with HOA derived from

the 3-factor PMF analysis with correlation coefficients of

around 0.5 from all the simulations (Table S7 in the Sup-

plement; Fig. 12). This correlation coefficient is compara-

ble to that of other primary pollutants (NOx, BC). The sim-

ulated POA slightly overestimates HOA by + 0.01 (+ 2 %)

and + 0.1 µg m−3 (+ 17 %) from VBS-T1 and VBS-T2 simu-

lations, but overestimates it by + 3.42 µg m−3(+55 %) in the

Atmos. Chem. Phys., 13, 5767–5790, 2013 www.atmos-chem-phys.net/13/5767/2013/
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Fig. 11. Spatial OPOA, ASOA and BSOA distributions at surface level on 21 July; OA (left), BSOA (right).

Fig. 12. Comparison of simulated and observed primary and secondary organic aerosol.
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Fig. 13. OOA observed / SOA simulated ratio for clean (R4) and

polluted (R1, R2, R3) periods at LHVP; boxplot for 25, 50 and 75

percentiles, and extreme values.

Table 3. Corresponding OA components in simulations and mea-

surements.

Model Measurement

VBS approach Single-step scheme AMS

POA POA HOA

OPOA Not included OOA

ASOA ASOA

BSOA BSOA

BGOA BGOA

Not included Not included COA

CSS simulation. The morning peak is overestimated by about

0.4 µg m−3 in the VBS-T1 and VBS-T2 simulations, possibly

also due to a problem in dispersion, which is probable also

for NOx and BC. The peak in the evening is underestimated

by about 0.1 µg m−3. Conversely, POA simulated in VBS-

MPOLI underestimates HOA on average by −0.65 µg m−3

(−70 %), corresponding to lower OA emissions.

The observed POA / BC ratio at LHVP is 0.34, while the

predicted one is 1.21, and thus largely overestimated, in the

CSS simulation. It is reduced to about 0.27 in VBS-T1 and

VBS-T2. This indicates that it is important to take into ac-

count the POA volatility. However, the ratio is only 0.10 in

VBS-MPOLI, thus nearly 3 times lower than observed. This

indicates that large uncertainties still exist in the quantity of

OA emissions and/or in their volatility distribution.

For instance, Cappa and Jimenez (2010) suggested that

POA in Mexico City might be less volatile than indicated

by the volatility profile of Robinson et al. (2007). When im-

plementing their revised volatility profile into the VBS-T2

configuration, POA levels increased by 29 % for a test period

of several days during July 2009, which cannot explain the

differences to the observations. Couvidat et al. (2012) pro-

posed using increased POA emissions in order to take into

account SVOC emissions, which might not be included in the

emission inventory. However, at least for traffic emissions,

which are obtained under low-dilution conditions, we think

that the error due to unaccounted SVOC emissions should

not exceed more than about 30 % (see Sect. 3.3). Another

hypothesis recently put forward is that OPOA might not be

oxidized enough to be measured as part of the OOA frac-

tion, but would appear as HOA (Aumont et al., 2012; Cappa

and Wilson, 2012). In this case, the monthly average POA

concentration from VBS-MPOLI would be close to the mea-

sured one with a negative bias of −24 %, but the morning

peak would still be missing (Fig. S7 in the Supplement).

Modeled SOA concentrations are underestimated on av-

erage by about −0.73 (−48 %) and −0.61 µg m−3 (−40 %)

from CSS and VBS-T1, respectively (Table S7 in the Sup-

plement). The underestimation is larger during the polluted

regimes R1, R2 and R3 than during R4 (Fig. 13). Con-

versely, during these regimes SOA is overestimated on av-

erage by + 0.79 (52 %) and + 0.61 µg m−3 (+ 37 %) in VBS-

T2 and VBS-MPOLI, respectively. The simulated SOA lev-

els in VBS-T2 and VBS-MPOLI are similar to the observed

OOA ones during R4. Contrary to the CSS and VBS-T1 sim-

ulations, all major peaks related to biogenic SOA during R3

are found in VBS-T2 and VBS-MPOLI. Modeled SOA is

correlated with the OOA concentrations from 3-factor analy-

sis with correlation coefficients of 0.66, 0.76, 0.87, and 0.91

for CSS, VBS-T1, VBS-T2 and VBS-MPOLI simulations,

respectively. The better correlation for VBS-T2 and VBS-

MPOLI indicates that it is important to take into account

the chemical aging of secondary semi-volatile VOC prod-

ucts. Indeed, VBS-T2 and VBS-MPOLI, having a common

simulation at the continental domain which gives the bound-

ary condition of SOA to the nested regional domain, show

similar time series. This highlights the important process of

the chemical aging of secondary semi-volatile VOC products

which forms SOA on a regional scale, affecting the Paris ag-

glomeration especially during regimes of long-range trans-

ported pollution.

The observed average daily SOA variation is rather flat

with a small afternoon peak. This flat diurnal variation indi-

cates that advection of SOA from outside the agglomeration

is responsible for the major part of SOA in the agglomera-

tion (see also Freutel et al., 2013). The additional afternoon

peak indicates additional locally formed SOA. This peak is

more pronounced in VBS-T2 and VBS-MPOLI simulations.

Conversely, in the CSS and VBS-T1 simulations, afternoon

SOA values are even lower than the daily average.

Despite this encouraging comparison of VBS-T2 and

VBS-MPOLI SOA simulations to OOA, SOA peak values

are often overestimated by up to a factor of two during R1,

R2 and R3 on 21 and 26 July (Fig. 12). This is in contradic-

tion with simulation results reported for Mexico City which

show a slight underestimation of the OOA levels (Hodzic et

al., 2010) due to evaporation of freshly formed SOA with

the Robinson et al. (2007) approach, which is likely too

volatile as previously discussed. This could be related to the

uncertainties in BVOC emissions in the MEGAN inventory,

which often gives the highest biogenic emissions among Eu-

ropean models (Langner et al., 2012) at a continental scale,
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though the predicted and observed biogenic VOC concentra-

tions give good agreement in the Greater Paris region during

the campaign (Fig. S4 in the Supplement). Another possible

reason could be that the chemical aging may overestimate

the SOA production after several days of transport, because

of missing fragmentation processes in the VBS scheme, es-

pecially for biogenic VOC species (Fountoukis et al., 2011),

though some reactions such as polymerization and oligomer-

ization may increase SOA levels with high molecular weight

compounds (Hallquist et al., 2009; Myriokefalitakis et al.,

2011). As fragmentation becomes more important for oxi-

dized SVOCs (Kroll et al., 2009; Donahue at al., 2012), this

simplification affects in particular aged air masses. The cho-

sen yields on the high end of available laboratory values may

also contribute to the overestimation. Just like for sulfate, for

SOA an OH overestimation would lead to an increased for-

mation rate (Fig. S8 in the Supplement). Again, if OPOA was

not oxidized enough to be measured as part of the OOA frac-

tion, this would also lead to an overestimation of simulated

SOA when compared to OOA. Excluding simulated OPOA

from SOA would reduce this overestimation to only 10 % for

the VBS-MPOLI simulation (Fig. S7 in the Supplement).

5 Conclusions

CHIMERE simulations are performed and evaluated with ob-

servations obtained during the MEGAPOLI summer cam-

paign. The VBS approach, which considers POA as semi-

volatile and accounts for gas phase chemical aging of semi-

volatile VOC, has been implemented into CHIMERE. Chem-

ical aging of both anthropogenic and biogenic SVOC is taken

into account in a configuration with both the standard LA in-

ventory and the MPOLI inventory. This is the first evaluation

of the VBS scheme for a European megacity.

The meteorological and pollutant species measurements

allow the division of the summer campaign into four periods

with different wind regimes and pollution levels: a continen-

tal polluted regime with important photochemical activity, a

local regime with stagnant air masses, a regime with trans-

port from Southern France and from Spain and with impor-

tant photochemical activity, and an Atlantic regime during

which Paris was affected by clean marine air masses. This

variety of different regimes makes the results quite represen-

tative for general summer conditions over Western Europe,

even if the Atlantic regime was overrepresented with respect

to the climatologic average. Evaluation of meteorological pa-

rameters shows satisfactory results for temperature and wind.

The simulated transition of the PBL height in the evening

often takes place too early compared to the measurements,

which is a well-known error for MM5 simulations.

Predicted NOx and BC show similar daily profiles with

respect to the measurements, but they are generally over-

estimated. BC is overestimated by more than a factor of

two when the LA inventory is used, while biases are re-

duced when the MPOLI emission inventory is used. Ozone

is well simulated with both emission inventories regardless

of errors in NOx; enhanced concentrations appear during

the three low-wind and cloudless periods. Inorganic aerosol

is mostly overestimated with respect to the measurements.

Only a small local production of nitrate is predicted when

the MPOLI inventory is used, in which agricultural ammonia

emissions are reasonably distributed. Therefore, NH3 mea-

surements will be an important issue in the future for fur-

ther air quality model evaluation, in particular for the in-

organic species. Sulfate peaks are sometimes overestimated

during long-range transport periods, maybe due to errors in

the chemical scheme or an overestimation of OH and possi-

bly H2O2 on the European scale.

Both traffic-related simulated POA and HOA derived from

a 3-factor PMF analysis of AMS measurements at the ur-

ban site show characteristic morning peaks. The simulated

concentrations with the LA inventory substantially overesti-

mate observations when POA is considered as non-volatile,

while they are consistent with the measurements when apply-

ing the VBS approach. This indicates the importance of the

volatility of POA in air quality simulations. However, using

the MPOLI inventory together with the VBS scheme results

in too low POA values. This could be either due to under-

estimated POA emissions in the Greater Paris region in this

inventory or to an overestimated volatility. Further work on

this subject is needed. If some OPOA was measured as part

of HOA, the bias of simulation versus observation would be

reduced. Cooking emissions, which need to be quantified in

the further work, are not yet included in the emission inven-

tories we used for simulations and could not be compared to

observations.

Simulated SOA, defined as the sum of background OA,

OPOA, ASOA and BSOA, is compared to the observed

OOA. The SOA concentrations simulated with the single-

step scheme clearly underestimate OOA by a factor of around

5, especially when aged air masses of rural origin are ad-

vected to the Paris region. While taking into account only the

aged OPOA is still not enough to reproduce SOA peaks with

important biogenic influence advected by southerly winds,

taking into account the chemical aging of anthropogenic and

biogenic SVOC greatly improves the comparison with mea-

surements. In particular the SOA variability is correctly sim-

ulated, and all major peaks are represented. This is an im-

portant result, showing the capacity of the scheme to repre-

sent major SOA formation processes affecting a European

megacity. However, the SOA concentrations are overesti-

mated for peak values related to long-range transport of aged

air masses to the agglomeration. This reflects uncertainties

that still exist in emissions, yields and chemical aging of bio-

genic species, and the choice in this work of yields on the

higher end of the range of available values. Another possi-

ble reason would be overestimated OH concentrations in the

model. Including simulated OPOA within HOA and not in

OOA would significantly reduce this overestimation.
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OA at LHVP is well simulated in VBS-T2 and VBS-

MPOLI, while CSS generally overestimates the morning

peaks and VBS-T1 globally underestimates OA. The evening

peak due to cooking activities is missing. Because of an im-

portant influence of transport from outside the domain on OA

peak values during this campaign, OA levels for the peaks at

GOLF, LHVP and SIRTA are relatively similar both in sim-

ulations and observations. All peaks during polluted-air pe-

riods (R1, R2 and R3) are reproduced only by the VBS-T2

and VBS-MPOLI configuration, including chemical aging of

SVOC species.

Here, we presented a first evaluation study of the VBS

scheme within the CHIMERE model for a European megac-

ity, and demonstrated improved behavior as compared to a

single-step scheme. A detailed comparison with the PMF

based on high-resolution data (Crippa et al., 2013a) as well

as combined AMS-PTRMS data (Crippa et al., 2013b) is cur-

rently in progress. Future studies will also investigate other

periods of the year, like a winter episode, to get a more

complete picture of representativeness and performance of

the VBS approach throughout the year. During winter, larger

biomass burning emissions and lower biogenic emissions are

expected (Crippa et al., 2013c; Sciare et al., 2011; Healy et

al., 2012). While this study addressed a model evaluation

based on ground-based sites within the agglomeration, fur-

ther studies will use airborne measurements that allow ad-

dressing the impact of Paris emissions on aerosol levels in

the surroundings of the Paris agglomeration and the part of

OA levels which are controlled by either biogenic or anthro-

pogenic emissions.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/13/

5767/2013/acp-13-5767-2013-supplement.pdf.
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