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aerosol model inter-comparison exercise using same input data.
• Carbonaceous
evaluation of primary and secondary organic aerosol at European level.
• Multi-model
daily and hourly validation of modelled concentrations against measurements.
• Seasonal,
• Comparison of modelled biogenic and anthropogenic secondary aerosol concentrations.
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The carbonaceous aerosol accounts for an important part of total aerosol mass, aﬀects human health and climate
through its eﬀects on physical and chemical properties of the aerosol, yet the understanding of its atmospheric
sources and sinks is still incomplete. This study shows the state-of-the-art in modelling carbonaceous aerosol
over Europe by comparing simulations performed with seven chemical transport models (CTMs) currently in air
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quality assessments in Europe: CAMx, CHIMERE, CMAQ, EMEP/MSC-W, LOTOS-EUROS, MINNI and RCGC. The
simulations were carried out in the framework of the EURODELTA III modelling exercise and were evaluated
against ﬁeld measurements from intensive campaigns of European Monitoring and Evaluation Programme
(EMEP) and the European Integrated Project on Aerosol Cloud Climate and Air Quality Interactions (EUCAARI).
Model simulations were performed over the same domain, using as much as possible the same input data and
covering four seasons: summer (1–30 June 2006), winter (8 January – 4 February 2007), autumn (17 September15 October 2008) and spring (25 February - 26 March 2009). The analyses of models’ performances in prediction
of elemental carbon (EC) for the four seasons and organic aerosol components (OA) for the last two seasons show
that all models generally underestimate the measured concentrations. The maximum underestimation of EC is
about 60% and up to about 80% for total organic matter (TOM). The underestimation of TOM outside of highly
polluted area is a consequence of an underestimation of secondary organic aerosol (SOA), in particular of its
main contributor: biogenic secondary aerosol (BSOA). This result is independent on the SOA modelling approach
used and season. The concentrations and daily cycles of total primary organic matter (TPOM) are generally
better reproduced by the models since they used the same anthropogenic emissions. However, the combination
of emissions and model formulation leads to overestimate TPOM concentrations in 2009 for most of the models.
All models capture relatively well the SOA daily cycles at rural stations mainly due to the spatial resolution used
in the simulations. For the investigated carbonaceous aerosol compounds, the diﬀerences between the concentrations simulated by diﬀerent models are lower than the diﬀerences between the concentrations simulated
with a model for diﬀerent seasons.

1. Introduction

called TPOM) while the rest, the so-called secondary organic aerosols
(SOA), are formed as a result of organic-aerosol chemistry of volatile
organic compounds (VOCs) emitted by anthropogenic (AVOC) and
biogenic (BVOC) sources. In Europe, SOA is the main contributor to OC
(52 ± 17%) irrespective of aerosol size fraction and site location (Belis
et al., 2013).
SOA is one of the least understood constituent of carbonaceous
aerosols; most of the modelling studies show large underestimation of
its concentrations in almost all environments (Prank et al., 2016;
Simpson et al., 2007; Hodzic et al., 2010; Aksoyoglu et al., 2014;
Tsigaridis et al., 2014); Fountoukis et al., 2014). Part of the uncertainties associated to SOA predictions are related to the modelling
approaches currently in use: two-product model (SORGAM) (Odum
et al., 1996; Schell et al., 2001) and volatility basis set approach (VBS)
(Donahue et al., 2006, 2011). SORGAM, the ﬁrst computational model
of SOA formation based on physical and chemical principles, assumes
speciﬁc compounds and surrogate species for gas precursor classes and
describes their degradation in low-volatility products which subsequently partition between gas and particle phases. The VBS approach
aims to describe the formation of the all OA compounds, therefore,
aggregates them in bins according to their volatility (Donahue et al.,
2006) or their volatility and oxidation state (Donahue et al., 2011). In
addition to this, VBS uses evolving yields (not ﬁxed as in two-product
approach) and evolving volatility due to chemistry processes such as
aging, oligomerization, etc. It also considers more precursor classes,
adding intermediate volatility organic compound (IVOCs) to semi-volatile organic compounds (SVOCs) and the partitioning of POA aerosol
which is treated as a non-volatile compound in two-product approach.
The level of complexity included in the VBS approach such as the
number of volatility bins/species (Shrivastava et al., 2011) and the
parameters used to describe the pathways of organic aerosol (OA)
formation and evolution (Zhao et al., 2016) has an important impact on
SOA predictions.
Intermediate-volatility organic compound emissions, currently not
included in the emissions inventories, can account up to 30 times of
POA emissions and explain, on average, up to 30% of the annual SOA in
urban areas (Zhao et al., 2016; Ots et al., 2016). In Europe, in areas
dominated by isoprene emitted by vegetation, isoprene chemistry has a
strong contribution to SOA concentrations as shown by Bessagnet et al.
(2008).
A recent study over Europe carried out by Prank et al. (2016)
showed that both OC and EC mass concentrations in PM2.5 are underestimated in the range from 40 to 80% and from 20 to 60%, respectively. These results are derived from the comparison of four chemical transport models: CMAQ, EMEP MSC-W, LOTOS-EUROS and

The carbonaceous aerosol accounts for an important part of atmospheric aerosol which causes negative human health eﬀects (WHO,
2015) and inﬂuences regional and global climate (IPCC, 2013). The
understanding of its physical and chemical properties as well as its
spatial distribution and temporal evolution is still incomplete mainly
due to poor knowledge of the emissions of primary carbonaceous particles and gas precursors of secondary carbonaceous aerosols and due to
the large number of species involved in the formation and transformation of the carbonaceous particles.
Carbonaceous aerosols consist of various mixtures of elemental (EC)
and organic carbon (OC) produced as a result of the interactions between meteorological conditions and emissions that control the atmospheric chemistry formation and transformation processes. Over
Europe, the contribution of carbonaceous aerosols to the total atmospheric aerosol mass is accounting for a fraction between 10% and 50%
of the particulate matter with particle diameters smaller than 10 μm
(PM10) (EEA, 2013). Cavalli et al. (2016), based on comparable data
from an action at European scale, conﬁrmed that the carbonaceous
aerosols contained in PM10 range from 15% at a Mediterranean site to
43% at the most polluted continental site included in the study. It also
showed that the contribution to particulate matter with a diameter
smaller than 2.5 μm (PM2.5) is slightly greater at all sites, ranging from
21 to 56%.
EC, or black carbon (BC), the term most often used in the climatescience community (more details on their deﬁnition and relationship
can be found in Petzold et al. (2013), has a globally averaged radiative
forcing comparable to methane (CH4), the second most important
contributor to global warming after the carbon dioxide (CO2) (IPCC
et al., 2013), and it is clearly associated to cardiopulmonary morbidity
and mortality (WHO, 2012). The incomplete combustion of fossil fuels,
biomass and biofuels releases directly in atmosphere high amounts of
EC leading to high pollution in areas with intense road traﬃc, residential heating (burning of biomass such as wood and fossil fuel coal)
and open biomass burning (forest ﬁres and agricultural waste burning).
OC represents the carbon contribution to the organic material (OM)
contained in aerosol particles or to the organic aerosol (OA – here called
TOM) fraction. According to the site, the contributions of OM to PM10
and PM2.5 mass concentrations vary: Putaud et al. (2010) estimated
them in a range from 15 to 25% while Yttri et al. (2007) found contributions up to 40%, with signiﬁcant diﬀerences between urban and
rural sites.
Part of OC aerosol fraction has the same sources as EC being emitted
into the atmosphere as primary organic aerosol particles (POA – here
2
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The models were run in their default conﬁgurations with regard to the
description of atmospheric physical and chemical processes and vertical
grid layers.
The models’ characteristics relevant for carbonaceous aerosol predictions are summarized in Table 1. It can be noted that three CTMs
(CHIMERE, MINNI, CAMx) used the same biogenic emission model
MEGAN v2.04 (The Model of Emissions of Gases and Aerosols from
Nature) (Guenther et al., 2006, 2012), but they used diﬀerent land use
databases (GLOBCOVER, Corine Land Cover 2006, USGS). MEGAN estimates mainly emissions of gaseous organic compounds from urban,
rural and agricultural ecosystems through simple mechanistic algorithms that account for the major known processes controlling biogenic
emissions. The model is run oﬄine in MINNI, CHIMERE and CAMX
coupled to land cover data and using the meteorological conditions
provided by ECMWF IFS (Integrated Forecast System). EMEP, LOTOSEUROS and RCGC used parameterizations derived from Simpson et al.
(1999) for the temporal variations according temperature and light,
with maps of tree species from Koeble and Seufert (2001). LOTOSEUROS and RCGC used the same land use database: Corine Land Cover
2000 and the same number of classes to describe land cover while
EMEP used CCE/SEI for Europe, elsewhere GLC2000 (http://forobs.jrc.
ec.europa.eu/products/glc2000/glc2000.php). CMAQ used the BEIS
3.14 (Biogenic Emission Inventory System: Pierce et al. (2002) or
Vukovich and Pierce, 2002; https://www.elementascience.org/
articles/10.12952/journal.elementa.000111/ Schwede et al., 2005)
module developed by the US EPA. BEIS biogenic model was incorporated into the Sparse Matrix Operational Kernel Emissions
(SMOKE) system and was adapted for the European domain (Bieser
et al., 2011).
Apart from CMAQ and RCGC, all models used the ECMWF IFS
meteorology but in diﬀerent ways. CHIMERE added an urban mixing
parameterization while RCGC used 3D-data for wind, temperature,
humidity and density to produce a diagnostic meteorological analysis.
Precipitation and cloud data, and boundary layer heights were retrieved from the IFS data set. Boundary layer parameters as friction
velocity and Monin-Obukhov-length were calculated applying standard
boundary layer theory. EMEP, LOTOS-EUROS and MINNI also re-processed some ECMWF IFS data. For example, MINNI recomputed with its
own scheme the PBL mixing height and used the estimations delivered
by ECMWF IFS only for a sensitivity test (Bessagnet et al., 2016).
Overall, the meteorological ﬁelds actually used by models were not
identical both horizontally and vertically.
The CMAQ model used meteorological conditions simulated by the
non-hydrostatic operational weather prediction model COSMO
(COnsortium for SMall scale MOdeling) model in CLimate Mode
(COSMO-CLM) version 4.8 clm 11 (Geyer, 2014). SOA formation was
simulated with a two products model SORGAM (Schell et al., 2001) by
three models RCGC, CMAQ and MINNI and VBS was employed by
EMEP, LOTOS-EUROS and CAMx. In CHIMERE, SOA formation was
represented according to a single-step oxidation of the relevant anthropogenic and biogenic precursor (Bessagnet et al., 2009).
The aerosol microphysics was described in CHIMERE by 8 bins
while all the others models use modal approach with 2 modes (EMEP,
LOTOS-EUROS, RCGC, CAMx) and with 3 modes (CMAQ, MINNI). The
aerosol dynamics due to nucleation, condensation and coagulation
processes was considered only by CHIMERE, CMAQ and MINNI.

SILAM. Previous studies with EMEP MSC-W model also showed EC
underestimations (Genberg et al., 2013; Aas et al., 2012; Tsyro et al.,
2007), the fractional bias of EMEP model was less than 20% for most of
the examined sites (Genberg et al., 2013).
This study was carried out within the EURODELTA III (ED-III)
model intercomparison exercise (Bessagnet et al., 2016) as an activity
of EMEP (The European Monitoring and Evaluation Programme) Task
Force on Measurement and Modelling (TFMM), under the UNECE
(United Nations Economic Commission for Europe) Convention on
Long-range Transboundary Air Pollution (LRTAP), and shows an evaluation of the capabilities of state-of-the-art chemical transport models
(CTM) largely used in air quality assessments, to simulate carbonaceous
aerosols in Europe in diﬀerent seasons. The past multi-model intercomparison studies have considered mainly particulate matter, total PM
mass or some PM components (Vautard et al., 2007; Thunis et al., 2007;
Stern et al., 2008; Colette et al., 2011; Prank et al., 2016), addressing
only marginally the carbonaceous aerosols issues mainly due to limited
availability of EC and OC measurements. In addition, they were focused
on speciﬁc environmental conditions (e.g. Stern et al., 2008) or limited
areas (Vautard et al., 2007; Thunis et al., 2007) or used diﬀerent horizontal spatial resolutions (Prank et al., 2016). The current study is
focused on evaluation of modelled EC and OA in PM2.5 based on the
daily measurements for EC and hourly measurements for OA.
The model results were evaluated against EC measurements available from four EMEP intensive campaigns (Bessagnet et al., 2016;
Vivanco et al., 2017) and against OA measurements available from two
intensive measurement ﬁeld campaigns carried out in a joint framework of EMEP (Tørseth et al., 2012) and EUCAARI (the European Integrated Project on Aerosol Cloud Climate and Air Quality Interactions)
project. This is a ﬁrst model inter-comparison which performs models'
validation against hourly OA data obtained with aerosol mass spectrometer (AMS) over whole Europe (Crippa et al., 2014) allowing, thus,
an in-depth investigation of models capacities to reproduce the diurnal
variations. The models conducted simulations over the same period of
time and over the same domain, using the same horizontal spatial resolution and common anthropogenic emission inventory, boundary and
meteorological conditions. Therefore, the diﬀerences between simulated carbonaceous aerosol concentrations may be attributed to the
diﬀerences in models’ formulation (transport, gas and aerosol chemistry, aerosol dynamics, deposition), to the land-use databases included
in the models and due to the biogenic emission precursors independently estimated by every modelling team. The simulations were
performed by several teams using seven chemical transport models
(CTMs): CAMx (CAMX), CHIMERE (CHIM), CMAQ (CMAQ), EMEP/
MSC-W (EMEP), LOTOS-EUROS (LOTOS-EUROS), FARM4 (MINNI) and
RCGC (RCG), largely used in European and national air pollution studies. The models, the simulations and the measurements used for
models validation are described in Section 2 while Section 3 shows the
results of the inter-comparison. The analyses address the measured and
modelled concentrations of EC and of three OA components: total organic matter (TOM) which is mainly the sum of total primary organic
matter (TPOM) and of secondary organic aerosol (SOA).
2. Description of models, simulations and measurements
2.1. Models

2.2. Simulations setup

The models, input data and simulations setup used in ED III exercise
are described in detail in Bessagnet et al. (2016). Apart from CMAQ, all
the models were run on the same domain with a horizontal spatial resolution of 0.25° × 0.25°. CMAQ model used a Lambert conformal conic
projection and its results were interpolated to the prescribed ED-III grid.

The anthropogenic emissions were provided by INERIS gridded over
the simulated domain. The emissions were generated by merging different databases: TNO-MACC 0.125° × 0.0625° emissions for 2007,
EMEP 0.5° × 0.5° emission inventory for 2009 and emission data from
the GAINS database (http://gains.iiasa.ac.at/gains) (Bessagnet et al.,
2016). Emissions were harmonized following the methodology described in Terrenoire et al. (2015). The temporal distributions of

4
MINNI is the Italian integrated modelling system used to support air quality
policies at national and regional levels.
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Table 1
Description of models and input data relevant for carbonaceous aerosol predictions.
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Models used their own split for NOx (nitrogen oxides), SOx (sulphur
oxides) and NMVOC (non methane volatile organic compounds) emissions depending on the gas phase chemical mechanism used.
The country emissions were re-gridded over the whole Europe with
the same methodology for SNAP 2 emissions from non-industrial

emissions were computed by each modelling team using the same
seasonal, weekly and hourly proﬁles. The anthropogenic emissions
were vertically distributed by CTMS on to their own vertical levels
starting from prescribed vertical proﬁles based on Bieser et al. (2011)
for industrial sectors and Mailler et al. (2013) for residential heating.

Fig. 1. Averaged EC concentration (μg m−3) contained in PM2.5 aerosol fraction (EC-25) predicted by the models for 2006, 2007, 2008 and 2009 EMEP campaigns.
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EURODELTA III exercise were carried out for the following periods: 1
June - 30 June 2006, 8 January - 4 February 2007, 17 September - 15
October 2008, 25 February - 26 March 2009. All the data reported from
these intensive periods are available from the EMEP data base (http://
ebas.nilu.no). The EC measurements available from these campaigns,
regular data submitted to EMEP, were used in the present study and
they may be somewhat diﬀerent from those used by Aas et al. (2012).
The 2006 (summer) and 2007 (winter) campaigns are described in
details in Aas et al. (2012). The 2008 (fall) and 2009 (spring) campaigns were carried out jointly with EUCAARI (European Integrated
Project on Aerosol Cloud Climate and Air Quality Interactions) project
(Kulmala et al., 2009; Crippa et al., 2014; Pandolﬁ et al., 2014; Yttri
et al., 2018). These campaigns were used in this study because they
provided signiﬁcantly more OA measurements from aerosol mass
spectrometer (AMS DeCarlo et al., 2006) in comparison to 2006 and
2007 campaigns (Aas et al., 2012).). The data were previously used in
aerosol modelling evaluations by Knote et al. (2011), Mensah et al.
(2012), Tsigaridis et al. (2014), Paglione et al. (2014), Kiendler-Scharr
et al. (2016); Ciarelli et al. (2016, 2017). The OA measurements were
performed at diﬀerent sites (see Table S1), which are classiﬁed as urban
(Barcelona - BCN and Helsinki - HEL), rural (Cabauw - CBW, Payerne PAY, Montseny - MSY, Melpitz - MPZ, Chilbolton - CHL, Harwell - HAR,
K - Puszta - KPO, Puijo - PUI and Vavihill - VAV), remote (Mace Head –
MHD and Hyytiälä - HYY) and high altitude (Puy de Dome - PDD). The
sum of hydrocarbon-like (HOA), biomass burning (BBOA) and cooking
(COA) organic aerosol concentrations was compared to simulated
TPOM (total primary organic matter) concentrations and the sum of
oxygenated components (OOA with both oxygenated semi-volatile - SVOOA and low-volatility - LV-OOA components) concentrations was
compared to simulated SOA. The sum of all these organic components
(TPOM and SOA) was evaluated against simulated TOM (total organic
matter) concentrations. More details on OA compounds and their
naming convention can be found in Murphy et al. (2014).
The lack of EC and OA data in Europe made diﬃcult to address their
spatial and temporal variation in more detail at the regional scale for
the investigated periods. Also, due to rather poor data coverage, the
statistics are partly biased and seasonal variability is only indicative.

combustion, mostly residential emissions from wood burning and from
domestic use of coal in two Polish regions. The domestic combustion
emissions of PM10 and PM2.5 in two Polish regions that use coal were
multiplied by a factor of 4–8 (Bessagnet et al., 2014). In wintertime,
residential emissions of particulate matter are dominant in most of
European countries, with the highest levels of emissions in Romania,
Poland and France and the lowest levels of emissions in Germany,
Sweden, Spain. The speciation of PM2.5 and PM coarse was made with
a PM speciation proﬁle provided by IIASA (Personal Communication
from IIASA) to estimate the fraction of non-carbonaceous species, EC
and OC per activity sectors and country. The SVOCs emissions from
wood burning recently discussed by Denier van der Gon et al. (2015)
were not included. Due to all harmonization eﬀorts described above, no
signiﬁcant diﬀerence is expected between the anthropogenic emissions
used by the models.
Biogenic VOC (BVOC) emissions from the vegetation were calculated by each team using their own models as described in Table 1.
Wildﬁre emissions were provided by the GFASv1.0 database (Kaiser
et al., 2012) only for the 2006 campaign. The Global Fire Assimilation
System (GFASv1.0) calculates biomass burning emissions by assimilating Fire Radiative Power (FRP) observations from the MODIS instruments on-board of the Terra and Aqua satellites. It corrects for gaps
in the observations, which are mostly due to cloud cover, and ﬁlters
spurious FRP observations of volcanoes, gas ﬂares and other industrial
activity. For all models the wildﬁre emissions were assigned in the
whole planetary boundary layer.
The simulations used boundary conditions data from the MACC
reanalysis (Inness et al., 2013; Benedetti et al., 2009, http://www.
gmes-atmosphere.eu/services/gac/reanalysis/). The reanalysis production stream provides analyses and 1-day forecasts of global ﬁelds of
O3, CO, NO2, SO2, HCHO, CO2, CH4 and aerosols such as elemental
carbon, organic carbon, dust and sulphate. Other reactive gases are
available from the coupled chemistry transport model (Bessagnet et al.,
2016).

2.3. Measurements
The four EMEP intensive measurement campaigns simulated in

Fig. 2. Averaged EC emission ﬂuxes (μg m−3 h−1) for 2006, 2007, 2008 and 2009 EMEP campaigns.
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3. Results

ratio between the averaged measured concentration and the maximum
of averaged simulated concentration) (Table S2) allow identifying a
reproducibility range of the observations in this inter-comparison exercise.
The following discussion of the results is taking into account the
diﬀerences in actual meteorology used by each modelling system that
were extensively analysed and discussed in Bessagnet et al. (2016) and
its Supplement.

Apart from RCG, all models performed simulations of the four
campaign periods mentioned in section 2.3. This allowed models’ intercomparison and their evaluation against measurements in diﬀerent
seasons. The analyses were carried out separately for EC and OA since
they have diﬀerent sources and undergo diﬀerent physical and chemical processes in the atmosphere but also due to lack of simultaneous
measurements at stations. Both compounds are considered by CMAQ
and MINNI in the ﬁne fraction of aerosol (PM2.5) while CAMX, CHIM,
EMEP, LOTOS-EUROS and RCG include its presence also in the coarse
fraction contribution thus to PM10 mass. The measurements of EC
concentrations contained in the PM2.5 matrix (EC-25) are more available and, therefore, they are shown here. The EC contained in PM10
(EC-10), including both the ﬁne and coarse aerosol fractions, is shown
in the Supplementary Material. The analysis of EC concentrations includes all seven CTMs while the analysis of OA compounds excludes
LOTOS-EUROS as their implementation of VBS was still in the exploratory phase.
Only for EC, the hourly model predictions were averaged to the
temporal resolution of the observations at stations. For both EC and OA
compounds, several statistical indicators such as mean bias (MB), mean
normalised bias (MNB), mean fractional error (MFE) and mean fractional bias (MFB) were used (Table S2). The last two scores do not
assume that observations are the absolute truth and give indications
about the level of accuracy considered to be close to the best a model
can be expected to achieve (Boylan and Russell, 2006). Other two indicators, Rmin (the ratio between the averaged measured concentration
and the minimum of averaged simulated concentration) and Rmax (the

3.1. Elemental carbon (EC)
The modelled average EC-25 concentrations for summer 2006,
winter 2007, autumn 2008 and spring 2009 campaign periods are
shown in Fig. 1. For a given campaign, all models predict similar spatial
distributions which are closely related to the spatial distribution of
emissions shown in Fig. 2. In wintertime, the residential emissions of
particulate matter and, thus, of EC from wood-burning or coal, are
particularly high in Romania, Poland and France (Bessagnet et al.,
2016). In south of Poland, the high concentrations of EC predicted by
all models during the cold campaigns (January–February 2007 and
February–March 2009) are due the domestic use of coal. High EC
concentrations are also predicted in the Po valley (northern Italy) as a
result of the synergistic action of the relative high residential biomass
burning emissions and stable atmospheric conditions that prevents
pollutant transport and dilution. This feature was also observed in a
recent study by Glasius et al. (2018) who conﬁrmed that wood combustion is a major source to OC and EC in Northern Europe during
winter.
During the warmer periods such as June 2006 and September-

Fig. 3. Daily EC concentrations (μg m−3) contained in PM2.5 aerosol fraction (EC-25) observed (black dots) and predicted by the models (lines) for 2006, 2007, 2008
and 2009 EMEP campaigns at Melpitz station.
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October 2008, the modelled EC concentrations are below 0.5 μg m−3
over a large area of Europe. Higher EC concentrations are still predicted
in the Mediterranean area along the international maritime routes and
the English Channel as well as in the metropolitan areas of London,
Paris, Belgium, in south of Poland and Po valley. These areas are
characterised by high emissions (Fig. 2) related to transport activities.
In spite of using the same anthropogenic emission inventory, the
models simulate the international maritime routes in diﬀerent ways
showing also a seasonal dependency. For example, the main shipping
routes between the eastern and western parts of the Mediterranean
basin are clearly visible in Fig. 1 for all models except CMAQ which
shows them only in the summer 2006. This behaviour may be mainly
due to the models' diﬀerences in meteorological parametrizations employed over water (as it was shown in Bessagnet et al. (2016) for CO
concentrations variability between models) since they used the same EC
anthropogenic emissions, apportioned between ﬁne and coarse aerosol
fractions. However, the overall impact of the models’ diﬀerences in
transport, dispersions and dry/wet deposition schemes as well as of the
diﬀerences in meteorological input data seems limited since, in most
areas over the land, the models predict similar EC concentrations near
surface. This indicates a high dependence of air concentrations on
emission patterns for a primary pollutant, chemically inert such as EC.
The daily measured EC-25 concentrations for all four campaigns
were available only at Melpitz (Fig. 3) and Ispra (Fig. S1) stations. At
Melpitz, all models capture the daily variations as well as the absolute
concentrations reasonably well during the two cold campaigns, 2007
and 2009. However, the modelled EC concentrations are much lower
than the measured ones in autumn 2008 and in June 2006, as already
reported for the EMEP model in Aas et el. (2012). Two hypotheses may
explain the underestimation of concentrations during the warm period
(2006 and 2008): the underestimation of anthropogenic emissions
around the site and the inability of models to capture the aerosol
transport during peak episodes probably due to the adopted horizontal
resolution. This station, located in the eastern part of Germany, is inﬂuenced by long-range transport of anthropogenic emissions during
easterly air mass inﬂow from countries within the European Union
(EU), e.g. Poland, the Czech Republic and Slovakia, etc. According to
Spindler et al. (2013), the winter and summer air mass inﬂow is about
50% of the time from West and about 15% from East. The eastern air
masses are more polluted than the western ones since the emission
reduction measures started later in those countries, resulting in a still
higher level of emissions. In addition to this, the very high levels of EC
measured in June 2006 with respect to other seasons may be due to
technical problems campaign related. However, the models’ predictions
are more similar among them during the warm season (2006, 2008)
than during the cold season (2007, 2009). The latter shows diﬀerences

up to a factor of approximately 3 during peak episodes. On 6 March
2009, RCGC model predicts much higher EC concentrations with respect to the other models, highly overestimating the measurements.
This peak event is reproduced by all models but the simulated concentrations have diﬀerent values. Since the models used the same
emissions and most of the models used the same meteorological data
which implies similar pollutant transport, this variability may be explained by the diﬀerences in the dispersion parametrizations of each
modelling system and/or meteorological conditions actually used by
models and the thickness of the layer near the surface.
The diﬀerent model performances in reproducing wind speeds at
10 m and PBL heights (Bessagnet et al., 2016 and supplementary material) do not have the expected impact on CTMs predictions of EC. The
wind overestimations due to the use of ECMWF data do not lead the
CTMs using it to predict lower concentrations with respect to CMAQ
model which uses other meteorological data and has the lowest absolute bias corresponding to the best performance (Figs. 1 and 2). Besides,
MINNI which generally has the largest underestimation of PBL heights
does not predict the highest EC concentrations with respect to the other
CTMs which use EMWF data, apart for January 2007 at Melpitz (Fig. 2).
This result may be explained not only by the lower PBL height used by
MINNI but also by a more intensive long-range transport of pollutants
as the results of the highest overestimation of wind in this period.
At Ispra, models could reproduce the daily variations of EC-25
concentrations and there is a relatively good agreement between model
predictions and measurements especially at low concentrations (Fig.
S1). As for Melpitz, the diﬀerences between the models' predictions are
larger during the peak episodes (Fig. S1). However, the agreement
between models predictions and measurements is relatively good and it
is interesting to note the models' ability to reproduce the low concentrations observed from 22 to 26 January 2007, from 3 to 5 October
2008 and 18–20 March 2009. Contrary to Melpitz, the EC values observed in summer at Ispra are lower than those observed during the
other seasons and they are captured relatively well by the models. In
Ispra, CMAQ model shows a very distinct pattern with respect to other
models, particularly during cold seasons. Such diﬀerences can probably
be ascribed to diﬀerences in the dispersion condition simulated by
CMAQ meteorological driver, with respect to ECMWF. Of course such
diﬀerences are more inﬂuencing during cold season and particularly in
the Po Valley that is generally characterised by strong atmospheric
stability conditions. In June 2006, at Montelibretti station (Fig. 4), the
models still underestimated the measurements, though much less than
at Melpitz, capturing well their upward tendency. At the same station,
during 2007 winter campaign, all models show the opposite behaviour
overestimating the measured EC: the highest concentrations being
predicted by CHIMERE and LOTOS-EUROS. It is interesting to note that

Fig. 4. Daily EC concentrations (μg m−3) contained in PM2.5 aerosol fraction (EC-25) observed (black dots) and predicted by the models (lines) for 2006 and 2007
EMEP campaigns at Montelibretti station.
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be noted that the correlations are above 0.6 and standard deviations of
models are generally lower than of the observed ones at most of the
stations. CMAQ tends to overestimate the variability of observed concentrations, particularly at Ispra site, as already pointed out by
Bessagnet et al. (2016) and the models’ performances are more dispersed during the cold (2007, 2009) than during the warm (2006,
2008) seasons. This could be related to the model diﬃculties and diversity (e.g. the use of diﬀerent minimum Kz diﬀusion parameter) in the
description of the vertical dispersion process in winter when turbulence
and boundary layer height are lower with respect to summer, and
temperature inversions are frequent and persistent.
Fig. 6 shows the observed and predicted EC concentrations averaged
over all stations for the four campaigns and each model. For each
campaign, Rmin and Rmax indicate the minimum and the maximum of
the averaged measured EC reproduced by the present pool of models.
Variability of data is indicated with 1σ. In warm seasons (2006, 2008),
all models underestimated the measured EC concentrations by about
50–60% while they reproduced those measured in 2009 (Rmax ratio is
close to 1). The winter period (2007) exhibits the largest variability

all models predict the drop of measured concentration on 12 and 24
January 2007. As for Melpitz and Ispra, the diﬀerences between the
models' predictions are higher when the modelled EC concentrations
are higher. Generally, the models show more and higher peaks than
observed that may be explained by the high amount of pollutants
transported from Rome metropolitan area characterised by high emissions which could be overestimated. At all sites, the EMEP model,
having a relatively thick lowest layer of 92 m, shows the tendency to
give the lowest estimation of EC concentrations. Overall, the models’
abilities to reproduce the EC concentrations show seasonal and day-today variations: the former is mainly controlled by the emission inventory and the latter by both emission inventory and meteorology
(transport, dispersion, wet removal, etc.). Another common feature
shared by the models is that they simulate successfully the low EC levels
but systematically underestimate the peak levels. This may be partly
due to the general overestimation of wind speed by all models, except
CMAQ (Bessagnet et al., 2016 and supplementary material).
An inclusive view of the models' performances at EMEP stations is
shown in composite Taylor diagrams for each campaign (Fig. 5). It can

Fig. 5. Taylor diagram for EC concentrations contained in PM2.5 aerosol fraction (EC-25) for 2006, 2007, 2008 and 2009 EMEP campaigns at EMEP stations (see
legend). CAMX –light green, CHIMERE-blue, CMAQ-violet, EMEP-red, LOTOS-EUROS-green, MINNI-orange, RCGC-light blue. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Averaged observed and predicted EC concentrations (μg m−3) contained in PM2.5 aerosol fraction (EC-25) for 2006, 2007, 2008 and 2009 EMEP campaigns.
The whiskers show the ± standard deviation. Grey and black symbols show Rmin and Rmax, respectively (right axis).

highest values, comparable, concentrations to those of TOM. Over the
whole Europe, the anthropogenic SOA (ASOA) (Fig. S4) contribution to
TOM concentrations (Fig. 7) is lower than 0.5 μg m−3 for all models
except CAMx, which predicts concentrations above 1.0 μg m−3. In spite
of the diversity of SOA modelling approaches used, all models predict
the highest ASOA concentrations in the Po valley making evident the
key role of the emissions of ASOA precursors. The EMEP model simulates very high concentrations not only in the Po valley but also over the
Adriatic Sea and the Mediterranean basin in September-October 2008
and, particularly, in June 2006. This may indicate enhanced production
of secondary aerosol from the ASOA precursors related to maritime
transport. Other mechanisms responsible for the transport of pollutants
from land to the sea are excluded since similar patterns are not evident
for the EC concentrations mainly driven by these physical processes. In
case of CAMX, high ASOA concentrations over the sea may be determined by the combination of ASOA production in coastal areas with
a less eﬃciently removal over the sea with respect to the land. The high
concentrations of ASOA and consequently of SOA, predicted by CAMx
and EMEP models may be explained by the fact that their VBS approaches consider IVOC species of anthropogenic emissions. CMAQ has
been shown to underestimate anthropogenic SOA by about an order-ofmagnitude in US studies (Hayes et al., 2015; Baker et al., 2015), which
is consistent with this evaluation. This underestimation has been corrected in very recent versions (Woody et al., 2016; Murphy et al.,
2017), which were not used in this paper. The contribution of biogenic
SOA (BSOA) (Fig. S5) to SOA (Fig. 9) and, consequently to TOM
(Fig. 7), is higher in June 2006 and September-October 2008. The
highest BSOA concentrations over extended areas are predicted by
CHIMERE and EMEP in June 2006, followed by MINNI but only over
the Scandinavian Peninsula. CMAQ, MINNI and RCGC simulated the
highest BSOA concentrations over the Scandinavian Peninsula and this
may be due to the combination of the vegetation land cover data and
biogenic emission model. In fact, in this area, RCGC model predicts the
highest concentrations of α-pinene, a BSOA precursor (Fig. S6).
TPOM (Fig. 8), a primary OA compound by deﬁnition, has high

between model results (also shown by the distance between Rmax and
Rmin). All the models underestimate the measurements except CHIMERE which captures the measured levels quite well and CMAQ which
shows a substantial overestimation. CMAQ also has the highest standard deviation.
All models except CMAQ and MINNI include EC in both ﬁne and
coarse aerosol fractions. As expected, the average EC-25 concentrations
(Fig. 1) are slightly lower than EC-10 (Fig. S2) but their spatial distributions are similar. The EC-10 model performances (Fig. S3) are also
similar to those obtained for EC-25 (Fig. 6). Due to lack of measurements of both size fractions at the same stations, it is impossible to
conduct a direct comparison of EC-25 and EC-10 data.
The evaluation of models against observations for such a limited
number of stations and relatively short periods might not be regarded as
satisfactory. Nevertheless, given the fact that the model runs were
performed with harmonized setup and input information, it provides
unique information on the current state of EC modelling.

3.2. Organic aerosol (OA)
The modelled distributions of OA compounds, TOM (TOM-25),
TPOM (TPOM-25), SOA (SOA-25) averaged concentrations contained in
PM2.5 aerosol fraction for summer 2006, winter 2007, autumn 2008
and spring 2009 campaign periods are shown in Figs. 7–9, respectively.
From TOM patterns may be noted the low concentrations simulated
by CMAQ over large areas of Europe, followed by EMEP and CHIMERE
in 2007, 2008 and 2009 periods (Fig. 7). All models predict the highest
TOM concentrations during the cold periods (2007, 2009), showing
high concentrations in South of Poland, South of Romania and Po
valley. CAMX, CHIMERE and MINNI, in particular, show extended
areas with concentrations above 6 μg m−3 corresponding to intense
anthropogenic emissions (see previous section for EC and Fig. 2).
Moreover, during the cold periods, SOA contribution (Fig. 9) to TOM is
below 1 μg m−3 for all models, except CAMx. TPOM is the main contributor to TOM in these areas (Fig. 8) as evidenced by the overlap of its
10
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Fig. 7. Averaged TOM concentrations (μg m−3) contained in PM2.5 aerosol fraction (TOM-25) predicted by the models for 2006, 2007, 2008 and 2009 EMEP
campaigns.

distribution of emission levels and model formulation can be inferred.
SOA, the secondary OA (sum of ASOA and BSOA), has the opposite
behaviour with respect to TPOM, having high concentrations over extended areas during the warm seasons: June 2006 and SeptemberOctober 2008 (Fig. 9). Its main contributor in these periods is BSOA
(Fig. S5) which concentrations are controlled by BVOC precursors
emitted by vegetation. As for TOM, CMAQ simulates the lowest SOA
concentration, over extended areas of Europe in all periods.
The spatial distribution of the anthropogenic secondary aerosol
(ASOA) formed, according to the SOA modelling approach used, by the
photochemical oxidation of traditional anthropogenic VOC precursors
such aromatics, alkanes, alkenes, etc. and/or the photochemical

concentrations over extended areas in cold seasons: 2007 and 2009, and
similar spatial distribution with EC (Fig. 1) since they undergo similar
transformations in the atmosphere (transport, dispersion, removal), are
of anthropogenic origin and are spatially distributed with the same
proxy. It is interesting to note the resemblance between MINNI and
CAMx patterns and between CHIMERE, CMAQ and EMEP patterns.
Since, apart CMAQ, all models used as input ECMWF-IFS meteorology
and the same anthropogenic emissions, it seems straightforward that
the models’ formulations are responsible for the diﬀerences between
the two groups of models. But given that a similar behaviour is not
observed in EC patterns (Fig. 1), the control of spatial distributions of
primary carbonaceous aerosol, TPOM and EC, by both spatial
11
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Fig. 8. Averaged TPOM concentrations (μg m−3) contained in PM2.5 aerosol fraction (TPOM-25) predicted by the models for 2006, 2007, 2008 and 2009 EMEP
campaigns.

i) EMEP uses a VBS approach as CAMx but it does not show high
concentrations over extended areas except for 2006 and, to a lower
extent, for 2008 campaigns;
ii) CMAQ simulates the lowest concentrations over the whole domain,
much lower than those predicted by MINNI and RCG in spite of the
fact that all three models use SORGAM approach;
iii) the periods have negligible impact on ASOA patterns, in particular
for CHIMERE and MINNI models.

oxidation of anthropogenic S/IVOC precursors, are shown in Fig. S4. As
already mentioned, CAMX has the highest ASOA concentrations during
all campaigns and CMAQ predict the lowest, close to zero over extended
areas which is consistent with the large underestimations observed over
the US and mentioned above. Since the AVOC anthropogenic emissions
used by models as input were the same, the diﬀerences between the
model simulations may be due to SOA modelling approach used (VBS,
SORGAM, etc) as well as due to the way of including emissions (speciation, volatility, etc). The further discussion addresses only the former
factor since the lack of information on the latter in the framework of the
present inter-comparison exercise. The most striking features noticed in
ASOA pattern (Fig. S4) are:

Therefore, for given AVOC emissions, from i) and ii) may be inferred
that the same SOA modelling approach (VBS or SORGAM) can give
opposite results and the use of the VBS approach is not a guaranty for
12
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Fig. 9. Averaged SOA concentrations (μg m−3) contained in PM2.5 aerosol fraction (SOA-25) predicted by the models for 2006, 2007, 2008 and 2009 EMEP
campaigns.

the 2 m temperature and 10 m wind speed: negative bias for temperature and positive bias for wind (Bessagnet et al., 2016 and supplementary material). However, the diﬀerences observed for CAMx and
CMAQ with respect to the predictions of the other models are more
likely due to their ASOA mechanisms than due to their performances in
reproducing the meteorological conditions. This hypothesis is supported by the fact that the impact of average diﬀerences in temperature
(ca. 8 °C in supplementary material of Bessagnet et al. (2016)) between
2008 autumn and 2009 spring is negligible when comparing the ASOA
concentrations while the absolute temperature bias for CAMx and
CMAQ are below 1° and 1.5 °C, respectively. The wind speed bias and
the PBL bias of the two models are quite similar for these periods.

the production of higher ASOA concentrations than SORGAM approach
and from iii) that the ASOA patterns vary more between the models
than with season/period. It can be also noticed that SOA mechanisms of
CAMx and EMEP are more sensitive to temperature with respect to the
other models, predicting higher ASOA concentrations during 2006 and
2008 periods. The role of temperature on ASOA in models implementing VBS could be related also to the previous point, meaning
that during warmer season TPOM can evaporate, then oxidise and ﬁnally contribute to ASOA.
CHIMERE, MINNI and to a large extent, EMEP, show similar results
for spatial distribution of ASOA (Fig. S4) in spite of using diﬀerent
chemical mechanism as a consequence of reproducing in a similar way
13
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if they use diﬀerent BVOC models (MEGAN and KB) and land cover
(USGS, CCE/SEI for Europe, elsewhere GLC2000). They predict extended areas with high SOA concentrations located over Europe but not
over Scandinavian Peninsula as CMAQ, MINNI, RCG.
Both VBS and SORGAM approaches as well as CHIMERE produce
the highest SOA and BSOA concentrations during warm periods (June
2006, September-October 2008). In addition to that, the VBS based
models (CAMx, EMEP) and CHIMERE seem more sensitive to meteorology, temperature and radiation, simulating higher concentrations of
BSOA over large areas in summer 2006 with respect to autumn 2008.
This behaviour is less evident for SORGAM based models, CMAQ and
MINNI which shows higher concentrations in Scandinavian Peninsula
more related to BVOC precursor emissions. The dependence of BSOA on
meteorological conditions cannot be inferred from the present experiment due to its complexity: strong dependence on land cover type due
to BSOA dependence on BVOC precursor's emissions (indirect eﬀect),
and on temperature during formation process (direct eﬀect).
Fig. 10 shows, on average, how the models reproduce the concentrations of TOM, TPOM and SOA retrieved from AMS measurements
during 2008 and 2009 EUCAARI/EMEP campaigns at the stations listed
in Table S1 (Crippa et al., 2014). It can be observed that the models
overestimate TPOM, particularly in 2009, and, in both periods the
underestimation of TOM is due to the underestimation of SOA concentrations. The models reproduce TOM measurements up to 68%
(RCG) in 2008 and to 90% (MINNI) in 2009 (Rmin, Rmax axis) while
SOA measurements up to 48% (RCG) in 2008 and 30% (CAMx) in 2009.
The models' biases vary from −2.47 μg m−3 (CMAQ in 2008) to
−0.29 μg m−3 (MINNI in 2009) for TOM and from −2.64 μg m−3
(CMAQ in 2008) to −1.39 μg m−3 (CAMx in 2009) for SOA. In 2009,
the overestimation of TPOM oﬀsets the underestimation of SOA leading
to lower biases for TOM. EMEP and CMAQ reproduce relatively well
TPOM for this period while CHIMERE, CAMx and RCG overestimate it
within a factor 2. MINNI model highly overestimates TPOM in both
campaigns and consequently reproduce relatively well TOM. Since the
models used the same TPOM emissions, spatial distributed, the diﬀerences in models’ ability to reproduce TPOM concentrations may be due
to model physics, in particular due to diﬀerent representation of the
removal processes, as well as to the inﬂuence of the diﬀerent vertical
dilution strength simulated by the diﬀerent models (e.g. PBL height in
MINNI). However, the large areas with high TPOM concentrations
predicted by MINNI, CHIMERE, CAMx and RCG (Fig. 8) and the overestimation of TPOM at stations also suggest that TPOM emissions may
be too high.
The models capabilities to reproduce TOM, TPOM and SOA measurements at individual stations are shown in Fig. 11. All the statistical
indicators (Table S2) calculated for OA compounds are based on hourly
measurements performed with aerosol mass spectrometer (AMS) and
described in detail in Crippa et al. (2014). Most of the correlations
(CORR) are between 0.3 and 0.9 at stations such as Chilbolton (CHL),
Harwell (HAR), Hyytialae (HYY), K-Pustza (KPO), Mace Head (MHD),

As for ASOA, BSOA concentrations are also controlled by SOA
modelling approach and biogenic emissions. The latter was diﬀerent
among modelling systems being produced by BVOC models in relation
to the land cover database used and the meteorological conditions.
Therefore, the spatial distributions of modelled BSOA concentrations
show more spatial variability (Fig. S5). Fig. S6 shows the α-pinene
(APINEN) concentrations simulated by EMEP, CAMx and RCG. It can be
noted that RCG predicts high α-pinene concentrations in June 2006,
much higher that observed at Birkenes, a rural station, located in the
south of Norway (58.38 lat, 8.25 lon, 219.0 m), where median concentrations of monoterpenes from May to August in 2012 were around
1 μg m−3 (Langebner et al., 2014). Probably for this reason, a clear
relationship between α-pinene (APINEN) (Fig. S6), a precursor monoterpene compound, and BSOA (Fig. S5) can be seen only for RCG: both
species have high concentrations in Scandinavian Peninsula. EMEP and
CHIMERE do not show a similar behaviour; therefore, it can be concluded that the BVOC emissions and SOA modelling approaches for
other precursors than APINEN control the BSOA concentrations. A more
in-depth analysis of impact SOA precursors requires more data that are
not available in the present EURODELTA exercise. A recent study
(Aksoyoglu et al., 2017) conducted with CAMx for June 2006 has
shown that terpenes, both mono- and sesqui-terpens are the main BSOA
precursors using VBS approach.
It can be also noted that the lowest BSOA concentrations are simulated by CAMx which simulates the highest ASOA concentrations
(Fig. S4). This points out too low BVOC emissions or/and unfavourable
setup of VBS approach for BSOA formation and aerosol microphysics
treatment. The BSOA diﬀerences between CMAQ and MINNI in all
seasons except January 2007 (winter season is characterised by the
lowest BVOC emissions) may be due to the fact that BVOC emissions
from BEIS (CMAQ) are lower than those from MEGAN (MINNI) as
shown for isoprene in Pouliot and Pierce (https://www.epa.gov/airemissions-modeling/beis-version-history). On the other hand, the similarity of MINNI and RCGC results are probably due to the insignificant diﬀerences between the CORINE 2006 and 2000 and similar
parametrizations for BVOC species in MEGAN and KB approach for the
species used as SOA precursors in SORGAM. Moreover, the SOA ﬁelds
of MINNI diﬀer from those simulated by the other two models using
MEGAN (CAMx and CHIMERE), but they are similar to those modelled
by RCGC based on KB parametrisation for BVOC emissions. Thus,
comparing the SOA ﬁelds produced by CMAQ, MINNI and RCG that use
SORGAM model, CORINE land use (2006, 2006 and 2000 respectively)
and diﬀerent BVOC emissions (BEIS, MEGAN and KB respectively) results that SOA levels are highly dependent on the combination of BVOC
model and land-use data as it involves various assumptions to couple
the available land cover classes to BVOC emission model requirements.
However, the spatial distributions of SOA and BSOA concentrations
simulated by RCG, CMAQ and MINNI are similar having maxima over
Northern Europe. The models equipped with VBS (CAMx and EMEP)
also exhibit similar distributions of SOA and BSOA concentrations even

Fig. 10. Averaged observed and predicted TOM, TPOM and SOA concentrations (μg m−3) for 2008 and 2009 EMEP/EUCAARI campaigns. The whiskers show ±
standard deviation. Grey and black symbols show Rmin and Rmax, respectively (right axis).
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Fig. 11. Taylor diagram for predicted and measured TPOM, TOM and SOA concentrations (μg m−3) for 2008 and 2009 EUCAARI/EMEP campaigns. CAMX–light
green, CHIMERE-blue, CMAQ-violet, EMEP-red, MINNI-orange, RCGC-light blue. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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models’ input or formulation.
For SOA, at MPZ, the measurements have a well-deﬁned daily cycle
with low concentrations during daytime and high concentrations
during nighttime, which is not well reproduced by models in 2009. This
behaviour of measurements is not observed at the other rural station
PAY, and, also at HYY and PDD where the changes of hourly SOA
concentrations have an indeﬁnite evolution both for measured and
modelled concentrations. The diﬀerences among modelled concentrations and between modelled and measured concentrations for SOA are
larger than for TPOM (within about 2 μg m−3 with respect to about
1 μg m−3, respectively) suggesting that further investigation of the SOA
formation process through combination of models’ formulation (BVOC
and SOA models) in various environmental conditions is necessary. As
shown previously, the daily cycles conﬁrms that the errors in TOM
predictions are mainly due to the errors in SOA predictions at all four
stations investigated. SOA is the major contribution to TOM at all the
sites, independently of their location.

Melpitz (MPZ), Payerne (PAY) as can be seen also in Fig. S7. The difﬁculties of the models to simulate the OA measurements at the high
altitude station Puy de Dome (PDD) are partly due to the coarse spatial
resolution used in the present intercomparison exercise that makes
diﬃcult the horizontal and vertical interpolation, in addition to meteorology, emissions, model formulation that preclude an adequate
description of vertical transport in atmospheric models. In spite of this
limitation, Barcelona (BCN) and Helsinki (HEL) stations are relative
well reproduced by all models (Fig. S7). Fig. 11 also shows that the
spread in models’ performances is higher for TPOM than for TOM and
SOA but this is not conﬁrmed for the other statistical indicators deﬁned
in Table S2 and shown in Figs. S7a,b,c. It can be also noted that in 2009,
the results of CMAQ for SOA diﬀers from those of the other models as
also seen in Fig. 9. Overall, for TOM and SOA, the models have lower
variability than the measurements: SigmaMod/SigmaObs values are
lower than 1 at almost all stations while for TPOM can be also higher
than 1.
As expected, for 2008 period, the mean fractional bias (MFB) values
for SOA are similar to MFB values for TOM conﬁrming that the models
underestimation of TOM may be attributed to the SOA underestimation
(Figs. S7a,b,c). SOA also exhibits the highest diversity in model performances: mean fractional error (MFE) range from 0 to 200, the upper
bound of this statistical index. Overall, the analysis of CORR, MFE and
MFB at stations (Figs. S7a,b,c) shows that:

4. Conclusions
In general, the CTMs' capabilities to reproduce carbonaceous aerosols in Europe are similar, for both EC and OA compounds. The simulated concentrations of EC and TPOM, which are primary anthropogenic compounds, show similar spatial distribution, reﬂecting the
spatial distribution of anthropogenic emissions. For these components,
it can be observed more variability in modelled concentrations due to
meteorological conditions (season) than due to model formulations
(given that the models used the same anthropogenic emissions). On
average, all models calculate for those components the highest concentrations during the cold periods: 2007 and 2009 due to the increase
of domestic combustion (residential heating, in particular). For these
campaign periods, the strong dependency of average concentrations on
the distribution and magnitude of anthropogenic emissions is clearly
observed and explain the fewer diﬀerences between the models' simulations as well as the relatively good reproduction of the averaged
measured concentrations by all models. However, most models have the
tendency to underestimate the average EC concentrations; the maximum underestimation is about 60% as reported also by Prank et al.
(2016). CAMx and EMEP models tend to predict lower EC concentrations for all campaign periods while CHIMERE and CMAQ overestimate
the average EC in 2007 campaign. In case of EMEP, this behaviour
could be explained by a relatively thick lowest layer which implies a
higher dilution of emissions and by accounting EC ageing which lead to
a greater wet scavenging. The dependency of these results on the
measurement dataset (day and/or station) can be clearly observed for
CAMQ which predicts also very low concentrations, underestimating
the ones measured, in 2007 at Melpitz and Montelibretti stations
(Figs. 3 and 4). The results also show that, on daily basis, the models
reproduce well the drops in EC concentrations related mainly to meteorological based processes such as precipitation episodes, but not the
peaks during the episodes caused by the transport of pollutants from
areas with emissions not adequately described in the inventories and/or
stable atmospheric condition that favour pollutants' accumulation.
Since the models used the same emissions and meteorology, the large
diﬀerences between the models' accuracy of the predictions of peak
pollution episodes may be ascribed to diﬀerent models’ physics. In
addition to this, the anthropogenic emissions may play an important
role as demonstrated by TPOM which has a high contribution to TOM in
the cold season (2009) since most of the models overestimate the
measured concentrations (Fig. 10).
These results for primary anthropogenic pollutants point out that a
future models' evaluation has to be carried out at stations representative for diﬀerent environmental conditions (rural vs. urban), on
hourly basis, for a winter and a summer period (a month at least).
Focusing on limited time periods but covered with extensive monitoring
data will allow also to improve the understanding of atmospheric

i) for a given compound, the models have similar values at a given
station: there are stations where the models' performances are relatively good and stations where the models fail to reproduce OA
concentrations;
ii) for a given station, all models show that a good CORR may correspond to high MFE and MFB values proving the models capacity to
capture the main processes contributing to the pollution but not
including enough sources to reach the pollution levels;
iii) for a given station, the models' performances vary with campaign
period (season): the diversity in model results is higher in 2009 with
respect to 2008 for TPOM and SOA (Figs. S7b and c);
iv) for all models, MFB and MFE values do not show any sensitivity to
the magnitude of measured concentration for any OA compound:
the models have similar performances in predicting both low and
high concentrations, at least for the range of concentrations investigated;
The curves in Figs. S7a,b,c show the statistical indicators of each
model sorted in ascending order to better evidence the diﬀerences between the models, irrespective to the measurement station. As expected, the diﬀerences between the models’ performances are higher
for SOA, followed by TOM and TPOM. It can be also observed that
CMAQ has the highest MFB and MFE values for SOA as already shown
in Fig. 10, but its CORR is similar with the other models.
Figure S8a,b,c,d shows the daily cycles measured and simulated of
TOM, TPOM and SOA at stations with data for both seasons: Melpitz
(MPZ), Payerne (PAY), Hyytiala (HYY) and Puy de Dome (PDD). The
ﬁrst two are classiﬁed as rural, the third as remote and the fourth is a
high altitude station. At MPZ (Fig. 8a), the models capture relatively
well the hourly evolution of all three OA and underestimate the measured concentrations at any time of the day or night, regardless of
season, except for TPOM in 2009. TPOM is overestimated in 2009 at all
the stations by most of models, while, in 2008, is underestimated only
at the rural stations MPZ and PAY. In both seasons, at MPZ and PAY,
TPOM has a well-deﬁned daily cycle, with maxima in the morning and
in the evening. This is not observed at HYY and PDD, both stations
being located far from anthropogenic emissions sources. The behaviour
of the hourly concentration at MPZ indicates a direct relationship with
the antrophogenic emission daily cycle for traﬃc and domestic combustions while other transport and/or chemical reaction pathways
seems relevant at the other stations and are not adequately included in
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conditions on SOA model predictions with respect to local emissions.
Moreover, a substantial enhancement of the understanding in the differences of models' predictions requires more sensitivity tests with
diﬀerent models' conﬁgurations (activating or not aerosol dynamics,
dry and wet deposition processes, etc.) in addition of using the same
input data (emissions, meteorology and boundary conditions) as in EDIII. The models’ predictions of OA compounds conﬁrmed that SOA is the
main contributor to TOM in all seasons as shown by measurements.
Therefore, TOM uncertainties are comparable and mainly due to SOA
uncertainties, except the areas with high anthropogenic pollution. All
models, at most stations (except high altitude and urban stations), have
relatively good correlations, above 0.5, for hourly predicted concentrations of TOM, TPOM and SOA. SOA, and consequently TOM,
concentrations are underestimated by all models. This result conﬁrms
that there missing processes and/or emissions that characterize SOA
concentrations, underestimated more in winter than summer.
SOA is more underestimated in 2009 than in 2008 and the opposite
is true for TOM. The overestimations of TPOM concentrations in 2009
compensate for SOA underestimation reducing, thus, the underestimation of TOM concentrations. The daily cycles of TOM, TPOM and
SOA are relatively well simulated at rural stations, MPZ and PAY, and,
generally, show high underestimations of measured SOA and TOM
concentrations. The lack of a well-deﬁned measured daily cycle of SOA
at the other stations prevents models based on algorithms that follow
daily temperature and radiation cycles from reproducing it.
The simulations show that the models predict comparable levels of
SOA, independently of the SOA approach used (VBS: CAMx, EMEP,
SORGAM: MINNI, RCG and CHIMERE). The similar performance
showed by VBS and SORGAM models suggests that there are relevant
processes outside the SOA algorithm that are missing, particularly
concerning missing precursors emissions (e.g IVOC) and processes (e.g
heterogeneous SOA chemistry). Apart from CAMx and CMAQ, all
models show spatial distributions of SOA concentrations highly similar
with those of BSOA, which is its main contributor. The diﬀerences of
modelled BSOA patterns are due to the fact that the models used different approaches to calculate BVOC emissions (MEGAN, BEIS and KB)
and diﬀerent land cover databases (USGS, CCE/SEI for Europe, elsewhere GLC2000, and CORINE 2000) and addition to diﬀerent approaches for SOA. The comparison of CMAQ and MINNI results point
out to the fact that the BVOC emissions from BEIS (CMAQ) may be
lower than those from MEGAN (MINNI) leading to less BSOA formed
with SORGAM approach. The VBS approaches of CAMx and EMEP
produce diﬀerent spatial distributions of SOA due to diﬀerent BVOC
approaches and land cover databases. Moreover, the VBS approach
seems more sensitive to meteorological conditions than SORGAM approach, since the spatial distribution of BSOA varies more from one
season to another. The variation is not only due to SOA approach used
but also due to variation of BVOC emissions. However, a more accurate
evaluation of the SOA contribution and the role of BVOC models and
land cover databases to the diﬀerences in SOA concentrations cannot be
made with the present simulations.
The high variability in SOA model predictions in relation to the
season and the location of station requires further investigations with
both air quality models and ﬁeld campaigns. Simultaneous measurements of SOA components and BVOC (SOA precursors) are necessary to
better understand and describe SOA and BVOC processes in models for
eliminating the OA underestimations. Future modelling exercises need
to perform in deep investigations at European scale in order to elucidate
the underlying complexity of OA production through sensitivity tests to
both input data and changes in model formulation.

This work was supported by the Co-operative Programme for
Monitoring and Evaluation of the Long-range Transmission of Air
Pollutants in Europe (EMEP) under UNECE and EU 6th Framework
programmes EUCAARI (Contract No. 34684). We would like to express
our thanks to all those who are involved in the EMEP monitoring eﬀorts
and have contributed through operating sites, performing chemical
analysis and by submissions of data.
INERIS was ﬁnanced by the French Ministry of the Environment,
Energy and Marine Aﬀairs. RSE contribution to this work has been ﬁnanced by the research fund for the Italian Electrical System under the
contract agreement between RSE S.p.A. and the Ministry of Economic
Development – General Directorate for Nuclear Energy, Renewable
Energy and Energy Eﬃciency in compliance with the decree of 8 March
2006. PSI contribution in this work was funded by the Swiss Federal
Oﬃce for the Environment (FOEN).
ENEA work was funded by the Italian Ministry for Environment and
Territory and Sea and the computing resources and the related technical support used for this work have been provided by CRESCO/
ENEAGRID High Performance Computing infrastructure and its staﬀ
(http://www.cresco.enea.it/english).
Jose L. Jiminez was supported by US EPA STAR 83587701-0. EPA
has not reviewed this manuscript and thus no endorsement should be
inferred.
Samara Carbone was supported by TEKES CLEEN MMEA - programme, and the Graduate School in Physics, Chemistry, Biology, and
Meteorology of Atmospheric Composition and Climate Change
(University of Helsinki).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.aeaoa.2019.100018.
References
Aas, W., Tsyro, S., Bieber, E., Bergström, R., Ceburnis, D., Ellermann, T., Fagerli, H.,
Frölich, M., Gehrig, R., Makkonen, U., Nemitz, E., Otjes, R., Perez, N., Perrino, C.,
Prévôt, A.S.H., Putaud, J.-P., Simpson, D., Spindler, G., Vana, M., Yttri, K.E., 2012.
Lessons learnt from the ﬁrst EMEP intensive measurement periods. Atmos. Chem.
Phys. 12, 8073–8094. https://doi.org/10.5194/acp-12-8073-2012.
Aksoyoglu, S., Keller, J., Ciarelli, G., Prévôt, A.S.H., Baltensperger, U., 2014. A model
study on changes of European and Swiss particulate matter, ozone and nitrogen deposition between 1990 and 2020 due to the revised Gothenburg protocol. Atmos.
Chem. Phys. 14, 13081–13095. https://doi.org/10.5194/acp-14-13081-2014.
Aksoyoglu, S., Ciarelli, G., El-Haddad, I., Baltensperger, U., Prévôt, A.S.H., 2017.
Secondary inorganic aerosols in Europe: sources and the signiﬁcant inﬂuence of
biogenic VOC emissions, especially on ammonium nitrate. Atmos. Chem. Phys. 17,
7757–7773. https://doi.org/10.5194/acp-17-7757-2017.
Baker, K.R., Carlton, A.G., Kleindienst, T.E., Oﬀenberg, J.H., Beaver, M.R., Gentner, D.R.,
Goldstein, A.H., Hayes, P.L., Jimenez, J.L., Gilman, J.B., de Gouw, J.A., Woody, M.C.,
Pye, H.O.T., Kelly, J.T., Lewandowski, M., Jaoui, M., Stevens, P.S., Brune, W.H., Lin,
Y.-H., Rubitschun, C.L., Surratt, J.D., 2015. Gas and aerosol carbon in California:
comparison of measurements and model predictions in Pasadena and Bakersﬁeld.
Atmos. Chem. Phys. 15, 5243–5258. https://doi.org/10.5194/acp-15-5243-2015.
Belis, C.A., Karagulian, F., Larsen, B.R., Hopke, P.K., 2013. Critical review and metaanalysis of ambient particulate matter source apportionment using receptor models in
Europe. Atmos. Environ. 69, 94–108. https://doi.org/10.1016/j.atmosenv.2012.11.
009.
Beltman, J.B., Hendriks, C., Tum, M., Schaap, M., 2013. The impact of large scale biomass
production on ozone air pollution in Europe. Atmos. Environ. 71, 352–363.
Benedetti, A., Morcrette, J.-J., Boucher, O., Dethof, A., Engelen, R.J., Fisher, M., Flentje,
H., Huneeus, N., Jones, L., Kaiser, J.W., Kinne, S., Mangold, A., Razinger, M.,
Simmons, A.J., Suttie, M., the GEMS-AER team, 2009. Aerosol analysis and forecast
in the European Centre for medium-rangeweather forecasts integrated forecast
system: 2. Data assimilation. J. Geophys. Res. 114, D13205. https://doi.org/10.
1029/2008JD011115.
Bergström, R., Denier van der Gon, H.A.C., Prévôt, A.S.H., Yttri, K.E., Simpson, D., 2012.
Modelling of organic aerosols over Europe (2002–2007) using a volatility basis set
(VBS) framework: application of diﬀerent assumptions regarding the formation of
secondary organic aerosol. Atmos. Chem. Phys. 12, 8499–8527. https://doi.org/10.
5194/acp-12-8499-2012.
Bessagnet, B., Menut, L., Curci, G., Hodzic, A., Guillaume, B., Liousse, C., Moukhtar, S.,

Declaration of interest
None.

17

Atmospheric Environment: X 2 (2019) 100018

M. Mircea, et al.

Simpson, D., Visschedijk, A.J.H., 2015. Particulate emissions from residential wood
combustion in Europe – revised estimates and an evaluation. Atmos. Chem. Phys. 15,
6503–6519. https://doi.org/10.5194/acp-15-6503-2015.
Donahue, N.M., Robinson, A.L., Stanier, C.O., Pandis, S.N., 2006. Coupled partitioning,
dilution, and chemical aging of semivolatile organics. Environ. Sci. Technol. 40,
2635–2643.
Donahue, N.M., Epstein, S.A., Pandis, S.N., Robinson, A.L., 2011. A two-dimensional
volatility basis set: 1. organic-aerosol mixing thermodynamics. Atmos. Chem. Phys.
11, 3303–3318. https://doi.org/10.5194/acp-11-3303-2011.
EEA, 2013. Air Quality in Europe — 2013 Report, EEA Report No 9/2013. European
Environment Agency ISSN 1725-9177.
EMEP, 2003. Transboundary Acidiﬁcation, Eutrophication and Ground Level Ozone in
Europe. Part I: Uniﬁed EMEP Model Description. EMEP Status Report 1/2003.
Fountoukis, C., Nenes, A., 2007. ISORROPIA II: a computationally eﬃcient thermodynamic equilibrium model for K+-Ca2+-Mg2+-NH4+-Na+-SO42-NO3–Cl-H2O
aerosols. Atmos. Chem. Phys. 7 (17), 4639–4659.
Fountoukis, C., Megaritis, A.G., Skyllakou, K., Charalampidis, P.E., Pilinis, C., Denier van
der Gon, H.A.C., Crippa, M., Canonaco, F., Mohr, C., Prévôt, A.S.H., Allan, J.D.,
Poulain, L., Petäjä, T., Tiitta, P., 2014. Organic aerosol concentration and composition over Europe: insights from comparison of regional model predictions with
aerosol mass spectrometer factor analysis. Atmos. Chem. Phys. 14, 9061–9076.
Genberg, J., Denier van der Gon, H.A.C., Simpson, D., Swietlicki, E., Areskoug, H.,
Beddows, D., Ceburnis, D., Fiebig, M., Hansson, H.C., Harrison, R.M., Jennings, S.G.,
Saarikoski, S., Spindler, G., Visschedijk, A.J.H., Wiedensohler, A., Yttri, K.E.,
Bergström, R., 2013. Light-absorbing carbon in Europe – measurement and modelling, with a focus on residential wood combustion emissions. Atmos. Chem. Phys. 13,
8719–8738. https://doi.org/10.5194/acp-13-8719-2013.
Geyer, B., 2014. High-resolution atmospheric reconstruction for Europe 1948–2012:
coastDat2. Earth Syst. Sci. Data 6, 147–164. https://doi.org/10.5194/essd-6-1472014.
Glasius, M., Hansen, A.M.K., Claeys, M., Henzing, J.S., Jedynska, A.D., Kasper-Giebl, A.,
Kistler, M., Kristensen, K., Martinsson, J., Maenhaut, W., Nøjgaard, J.K., Spindler, G.,
Stenström, K.E., Swietlicki, E., Szidat, S., Simpson, D., Yttri, K.E., 2018. Composition
and sources of carbonaceous aerosols in Northern Europe during winter. Atmos.
Environ. 173, 127–141. ISSN 1352-2310. https://doi.org/10.1016/j.atmosenv.2017.
11.005.
Guenther, A., Geron, C., Pierce, T., Lamb, B., Harley, P., Fall, R., 2000. Natural emissions
of non-methane volatile organic compounds, carbon monoxide, and oxides of nitrogen from North America. Atmos. Environ. 34, 2205–2230.
Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.I., Geron, C., 2006. Estimates
of global terrestrial isoprene emissions using MEGAN (model of emissions of gases
and aerosols from nature). Atmos. Chem. Phys. 6, 3181–3210. https://doi.org/10.
5194/acp-6- 3181-2006.
Guenther, A.B., Jiang, X., Heald, C.L., Sakulyanontvittaya, T., Duhl, T., Emmons, L.K.,
andWang, X., 2012. The Model of Emissions of Gases and Aerosols from Nature
version 2.1 (MEGAN2.1): an extended and updated framework for modeling biogenic
emissions. Geosci. Model Dev. (GMD) 5, 1471–1492. https://doi.org/10.5194/gmd5- 1471-2012.
Hayes, P.L., Carlton, A.G., Baker, K.R., Ahmadov, R., Washenfelder, R.A., Alvarez, S.,
Rappenglück, B., Gilman, J.B., Kuster, W.C., de Gouw, J.A., Zotter, P., Prévôt, A.S.H.,
Szidat, S., Kleindienst, T.E., Oﬀenberg, J.H., Jimenez, J.L., 2015. Modeling the formation and aging of secondary organic aerosols in Los Angeles during CalNex 2010.
Atmos. Chem. Phys. 15, 5773–5801. https://doi.org/10.5194/acp-15-5773-2015.
Hodzic, A., Jimenez, J.L., Madronich, S., Canagaratna, M.R., DeCarlo, P.F., Kleinman, L.,
Fast, J., 2010. Modeling organic aerosols in a megacity: potential contribution of
semi-volatile and intermediate volatility primary organic compounds to secondary
organic aerosol formation. Atmos. Chem. Phys. 10, 5491–5514. https://doi.org/10.
5194/acp-10-5491-2010.
Inness, A., Baier, F., Benedetti, A., Bouarar, I., Chabrillat, S., Clark, H., Clerbaux, C.,
Coheur, P., Engelen, R.J., Errera, Q., Flemming, J., George, M., Granier, C., HadjiLazaro, J., Huijnen, V., Hurtmans, D., Jones, L., Kaiser, J.W., Kapsomenakis, J.,
Lefever, K., Leitão, J., Razinger, M., Richter, A., Schultz, M.G., Simmons, A.J., Suttie,
M., Stein, O., Thépaut, J.-N., Thouret, V., Vrekoussis, M., Zerefos, C., the MACC team,
2013. The MACC reanalysis: an 8 yr data set of atmospheric composition. Atmos.
Chem. Phys. 13, 4073–4109. https://doi.org/10.5194/acp-13-4073-2013.
IPCC, 2013. Summary for policymakers. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.),
Climate Change 2013: the Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.
Kaiser, J.W., Heil, A., Andreae, M.O., Benedetti, A., Chubarova, N., Jones, L., Morcrette,
J.-J., Razinger, M., Schultz, M.G., Suttie, M., van der Werf, G.R., 2012. Biomass
burning emissions estimated with a global ﬁre assimilation system based on observed
ﬁre radiative power. Biogeosciences 9, 527–554.
Kiendler-Scharr, A., et al., 2016. Ubiquity of organic nitrates from nighttime chemistry in
the European submicron aerosol. Geophys. Res. Lett. 43, 7735–7744. https://doi.org/
10.1002/2016GL069239.
Knote, C., Brunner, D., Vogel, H., Allan, J., Asmi, A., Äijälä, M., Carbone, S., van der Gon,
H.D., Jimenez, J.L., Kiendler-Scharr, A., Mohr, C., Poulain, L., Prévôt, A.S.H.,
Swietlicki, E., Vogel, B., 2011. Towards an online-coupled chemistry-climate model:
evaluation of trace gases and aerosols in COSMO-ART. Geosci. Model Dev. 4,
1077–1102. 2011. https://doi.org/10.5194/gmd-4-1077-2011.
Koeble, R., Seufert, G., 2001. Novel maps for forest tree species in Europe. In: A Changing
Atmosphere, 8th European Symposium on the Physico-Chemical Behaviour of
Atmospheric Pollutants, Torino, Italy, 17–20 September 2001.
Koo, B., Knipping, E., Yarwood, G., 2014. 1.5-Dimensional volatility basis set approach

Pun, B., Seigneur, C., Schulz, M., 2008. Regional modelling of carbonaceous aerosols
over Europe—focus on secondary organic aerosols. J. Atmos. Chem. 61, 175–202.
https://doi.org/10.1007/s10874-009-9129-2.
Bessagnet, B., Menut, L., Curci, G., Hodzic, A., Guillaume, B., Liousse, C., Moukhtar, S.,
Pun, B., Seigneur, C., Schulz, M., 2009. Regional modelling of carbonaceous aerosols
over Europe – focus on secondary organic aerosols. J. Atmos. Chem. 61, 175–202.
Bessagnet, B., Colette, A., Meleux, F., Rouïl, L., Ung, A., Favez, O., Thunis, P., Cuvelier, C.,
Tsyro, S., Stern, R., Manders, A., Kranenburg, R., Aulinger, A., Bieser, J., Mircea, M.,
Briganti, G., Cappelletti, A., Calori, G., Finardi, S., Silibello, C., Ciarelli, G.,
Aksoyoglu, S., Prévot, A., Pay, M.-T., Baldasano, J., García Vivanco, M., Garrido, J.L.,
Palomino, I., Martín, F., Pirovano, G., Roberts, P., Gonzalez, L., White, L., Menut, L.,
Dupont, J.-C., Carnevale, C., Pederzoli, A., 2014. The EURODELTA III Exercise–
Model Evaluation with Observations Issued from the 2009 EMEP Intensive Period
and Standard Measurements in Feb/Mar 2009, Technical EMEP Report 1/2014.
Bessagnet, B., Pirovano, G., Mircea, M., Cuvelier, C., Aulinger, A., Calori, G., Ciarelli, G.,
Manders, A., Stern, R., Tsyro, S., García Vivanco, M., Thunis, P., Pay, M.-T., Colette,
A., Couvidat, F., Meleux, F., Rouïl, L., Ung, A., Aksoyoglu, S., Baldasano, J.M., Bieser,
J., Briganti, G., Cappelletti, A., D'Isidoro, M., Finardi, S., Kranenburg, R., Silibello, C.,
Carnevale, C., Aas, W., Dupont, J.-C., Fagerli, H., Gonzalez, L., Menut, L., Prévôt,
A.S.H., Roberts, P., White, L., 2016. Presentation of the EURODELTA III intercomparison exercise – evaluation of the chemistry transport models' performance on
criteria pollutants and joint analysis with meteorology. Atmos. Chem. Phys. 16,
12667–12701. https://doi.org/10.5194/acp-16-12667-2016.
Bieser, J., Aulinger, A., Matthias, V., Quante, M., Builtjes, P., 2011. SMOKE for Europe –
adaptation, modiﬁcation and evaluation of a comprehensive emission model for
Europe. Geosci. Model Dev. (GMD) 4, 47–68. https://doi.org/10.5194/gmd-4-472011.
Binkowski, F.S., 1999. The aerosol portion of Models-3 CMAQ. EPA-600/R- 99/030 In:
Byun, D.W., Ching, J.K.S. (Eds.), Science Algorithms of the EPA Models-3 Community
Multiscale Air Quality (CMAQ) Modeling System. Part II, Chaps. 9–18. National
Exposure Research Laboratory, U.S. Environmental Protection Agency, Research
Triangle Park, NC 10-1-10- 16.
Binkowski, F.S., Roselle, S.J., 2003. Models-3 community multiscale Air quality (CMAQ)
model aerosol component 1: model description. J. Geophys. Res. 108, 4183. https://
doi.org/10.1029/2001JD001409.
Binkowski, F., Shankar, U., 1995. The regional particulate matter model .1. Model description and preliminary results. J. Geophys. Res. 100, 26191–26209.
Boylan, J., Russell, A., 2006. PM and light extinction model performance metrics, goals,
and criteria for three-dimensional air quality models. Atmos. Environ. 40,
4946–4959.
Byun, D., Schere, K.L., 2006. Review of the governing equations, computational algorithms, and other components of the models- 3 Community Multiscale Air Quality
(CMAQ) modeling system. Appl. Mech. Rev. 59, 51–77.
Carlton, A.G., Bhave, P.V., Napelenok, S.L., Edney, E.O., Sarwar, G., Pinder, R.W., Pouliot,
G.A., Houyoux, M., 2010. Model rep resentation of secondary organic aerosol in
CMAQv4.7. Environ. Sci. Technol. 44, 8553–8560.
Carter, W.P.L., 2000. Implementation of the SAPRC-99 chemical mechanism into the
models-3 framework, report to the United States environmental protection agency,
29 January. available at: http://www.cert.ucr.edu/∼carter/absts.htm#s99mod3,
Accessed date: 8 October 2016.
Cavalli, F., Alastuey, A., Areskoug, H., Ceburnis, D., Cech, J., Genberg, Harrison, R.M.,
Jaﬀrezo, J.L., Kiss, G., Mihalopoulos, P.,N., Perez, N., Quincey, P., Schwarz, J.,
Sellegri, K., Spindler, G., Swietlicki, E., Theodosi, C., Yttri, K.E., Aas, W., Putaud, J.P.,
2016. A European aerosol phenomenology -4: harmonized concentrations of carbonaceous aerosol at 10 regional background sites across Europe. Atmos. Environ. 144,
133–145.
Ciarelli, G., Aksoyoglu, S., Crippa, M., Jimenez, J.-L., Nemitz, E., Sellegri, K., Äijälä, M.,
Carbone, S., Mohr, C., O'Dowd, C., Poulain, L., Baltensperger, U., Prévôt, A.S.H.,
2016. Evaluation of European air quality modelled by CAMx including the volatility
basis set scheme. Atmos. Chem. Phys. 16, 10313–10332. https://doi.org/10.5194/
acp-16-10313-2016.
Ciarelli, G., Aksoyoglu, S., El Haddad, I., Bruns, E.A., Crippa, M., Poulain, L., Äijälä, M.,
Carbone, S., Freney, E., O'Dowd, C., Baltensperger, U., Prévôt, A.S.H., 2017.
Modelling winter organic aerosol at the European scale with CAMx: evaluation and
source apportionment with a VBS parameterization based on novel wood burning
smog chamber experiments. Atmos. Chem. Phys. 17, 7653–7669. https://doi.org/10.
5194/acp-17-7653-2017.
Colette, A., Granier, C., Hodnebrog, Ø., Jakobs, H., Maurizi, A., Nyiri, A., Bessagnet, B.,
D'Angiola, A., D'Isidoro, M., Gauss, M., Meleux, F., Memmesheimer, M., Mieville, A.,
Rouïl, L., Russo, F., Solberg, S., Stordal, F., Tampieri, F., 2011. Air quality trends in
Europe over the past decade: a ﬁrst multi-model assessment. Atmos. Chem. Phys. 11,
11657–11678. https://doi.org/10.5194/acp-11-11657-2011.
Crippa, M., Canonaco, F., Lanz, V.A., Äijälä, M., Allan, J.D., Carbone, S., Capes, G.,
Ceburnis, D., Dall'Osto, M., Day, D.A., DeCarlo, P.F., Ehn, M., Eriksson, A., Freney, E.,
Hildebrandt Ruiz, L., Hillamo, R., Jimenez, J.L., Junninen, H., Kiendler-Scharr, A.,
Kortelainen, A.-M., Kulmala, M., Laaksonen, A., Mensah, A.A., Mohr, C., Nemitz, E.,
O'Dowd, C., Ovadnevaite, J., Pandis, S.N., Petäjä, T., Poulain, L., Saarikoski, S.,
Sellegri, K., Swietlicki, E., Tiitta, P., Worsnop, D.R., Baltensperger, U., Prévôt, A.S.H.,
2014. Organic aerosol components derived from 25 AMS data sets across Europe
using a consistent ME-2 based source apportionment approach. Atmos. Chem. Phys.
14, 6159–6176. https://doi.org/10.5194/acp-14-6159-2014.
DeCarlo, P.F., Kimmel, J.R., Trimborn, A., Northway, M.J., Jayne, J.T., Aiken, A.C.,
Gonin, M., Fuhrer, K., Horvath, T., Docherty, K., Worsnop, D.R., Jimenez, J.L., 2006.
Field-deployable, high-resolution, time-of-ﬂight aerosol mass spectrometer. Anal.
Chem. 78, 8281–8289.
Denier van der Gon, H.A.C., Bergström, R., Fountoukis, C., Johansson, C., Pandis, S.N.,

18

Atmospheric Environment: X 2 (2019) 100018

M. Mircea, et al.

Schell, B., Ackermann, I.J., Hass, H., Binkowski, F.S., Ebel, A., 2001. Modelling the formation of secondary organic within a comprehensive air quality model system. J.
Geophys. Res. 106, 28275–28293.
Schwede, D., Pouliot, G., Pierce, T., 2005. Changes to the biogenic emissions inventory
system version 3 (BEIS3). In: Proceedings of the 4th CMAS Models-3 Users'
Conference 26–28 September 2005 . Chapel Hill, NC.
Scott, B.C., 1979. Parameterization of sulphate removal by precipitation. J. Appl.
Meteorol. 17 11275e11389.
Seinfeld, J.H., Pandis, S.N., 1988. Atmospheric Chemistry and Physics: from Air Pollution
to Climate Change, second ed. ISBN 978-0-471-72018-8.
Shrivastava, M., Fast, J., Easter, R., Gustafson Jr., W.I., Zaveri, R.A., Jimenez, J.L., Saide,
P., Hodzic, A., 2011. Modeling organic aerosols in a megacity: comparison of simple
and complex representations of the volatility basis set approach. Atmos. Chem. Phys.
11, 6639–6662. https://doi.org/10.5194/acp-11-6639-2011.
Simpson, D., Winiwarter, W., Börjesson, G., Cinderby, S., Ferreiro, A., Guenther, A.,
Hewitt, C.N., Janson, R., Khalil, M.A.K., Owen, S., Pierce, T.E., Puxbaum, H., Shearer,
M., Skiba, U., Steinbrecher, R., Tarrason, L., Öquist, M.G., 1999. Inventorying
emissions from nature in Europe. J. Geophys. Res. 104, 8113–8152.
Simpson, D., Yttri, K.E., Klimont, Z., Kupiainen, K., Caseiro, A., Gelencse´r, A., Pio, C.,
Puxbaum, H., Legrand, M., 2007. Modeling carbonaceous aerosol over Europe: analysis of the CARBOSOL and EMEP EC/OC campaigns. J. Geophys. Res. 112, D23S14.
https://doi.org/10.1029/2006JD008158.
Simpson, D., Benedictow, A., Berge, H., Bergström, R., Emberson, L.D., Fagerli, H.,
Flechard, C.R., Hayman, G.D., Gauss, M., Jonson, J.E., Jenkin, M.E., Nyíri, A.,
Richter, C., Semeena, V.S., Tsyro, S., Tuovinen, J.-P., Valdebenito, Á., Wind, P., 2012.
The EMEP MSC-W chemical transport model – technical description. Atmos. Chem.
Phys. 12, 7825–7865. https://doi.org/10.5194/acp-12-7825-2012.
Smiatek, G., 1998. Mapping land use for modelling biogenic and anthropogenic emissions. In: Borrell, P.M., Borrell, P. (Eds.), The Proceedings of the EUROTRAC2
Symposium ’98, Boston Southampton 2000. WIT Press, UK ISBN 1-85312-7434,1765 pp.
Spindler, G., Grüner, A., Müller, K., Schlimper, S., Herrmann, H., 2013. Long-term sizesegregated particle (PM10, PM2.5, PM1) characterization study at Melpitz – inﬂuence
of air mass inﬂow, weather conditions and season. J. Atmos. Chem. 70, 165–195.
https://doi.org/10.1007/s10874-013-9263-8.
Stern, R., Builtjes, P., Schaap, M., Timmermans, R., Vautard, R., Hodzic, a.,
Memmesheimer, M., Feldmann, H., Renner, E., Wolke, R., 2008. A model intercomparison study focussing on episodes with elevated PM10 concentrations. Atmos.
Environ. 42, 4567–4588. https://doi.org/10.1016/j.atmosenv.2008.01.068.
Terrenoire, E., Bessagnet, B., Rouïl, L., Tognet, F., Pirovano, G., Létinois, L., Beauchamp,
M., Colette, A., Thunis, P., Amann, M., Menut, L., 2015. High-resolution air quality
simulation over Europe with the chemistry transport model CHIMERE. Geosci. Model
Dev. (GMD) 8, 21–42. https://doi.org/10.5194/gmd-8-21-2015.
Thunis, P., Rouïl, L., Cuvelier, C., Stern, R., Kerschbaumer, A., Bessagnet, B., Schaap, M.,
Builtjes, P., Tarrason, L., Douros, J., Moussiopoulos, N., Pirovano, G., Bedogni, 2007.
M. Analysis of model responses to emission-reduction scenarios within the CityDelta
project. Atmos. Environ. 41, 208–220.
Tørseth, K., Aas, W., Breivik, K., Fjæraa, A.M., Fiebig, M., Hjellbrekke, A.G., Lund Myhre,
C., Solberg, S., Yttri, K.E., 2012. Introduction to the European monitoring and evaluation programme (EMEP) and observed atmospheric composition change during
1972–2009. Atmos. Chem. Phys. 12, 5447–5481. https://doi.org/10.5194/acp-125447-2012.
Tsigaridis, K., Daskalakis, N., Kanakidou, M., Adams, P.J., Artaxo, P., Bahadur, R.,
Balkanski, Y., Bauer, S.E., Bellouin, N., Benedetti, A., Bergman, T., Berntsen, T.K.,
Beukes, J.P., Bian, H., Carslaw, K.S., Chin, M., Curci, G., Diehl, T., Easter, R.C., Ghan,
S.J., Gong, S.L., Hodzic, A., Hoyle, C.R., Iversen, T., Jathar, S., Jimenez, J.L., Kaiser,
J.W., Kirkevåg, A., Koch, D., Kokkola, H., Lee, Y.H., Lin, G., Liu, X., Luo, G., Ma, X.,
Mann, G.W., Mihalopoulos, N., Morcrette, J.-J., Müller, J.-F., Myhre, G.,
Myriokefalitakis, S., Ng, N.L., O'Donnell, D., Penner, J.E., Pozzoli, L., Pringle, K.J.,
Russell, L.M., Schulz, M., Sciare, J., Seland, Ø., Shindell, D.T., Sillman, S., Skeie, R.B.,
Spracklen, D., Stavrakou, T., Steenrod, S.D., Takemura, T., Tiitta, P., Tilmes, S., Tost,
H., van Noije, T., van Zyl, P.G., von Salzen, K., Yu, F., Wang, Z., Wang, Z., Zaveri,
R.A., Zhang, H., Zhang, K., Zhang, Q., Zhang, X., 2014. The AeroCom evaluation and
intercomparison of organic aerosol in global models. Atmos. Chem. Phys. 14,
10845–10895. https://doi.org/10.5194/acp-14-10845-2014.
Tsyro, S., Simpson, D., Tarraso´n, L., Klimont, Z., Kupiainen, K., Pio, C., Yttri, K.E., 2007.
Modeling of elemental carbon over Europe. J. Geophys. Res. 112, D23S19. https://
doi.org/10.1029/2006JD008164.
Vautard, R., Builtjes, P.H.J., Thunis, P., Cuvelier, C., Bedogni, M., Bessagnet, B., Honoré,
C., Moussiopoulos, N., Pirovano, G., Schaap, M., Stern, R., Tarrason, L., Wind, P.,
2007. Evaluation and intercomparison of Ozone and PM10 simulations by several
chemistry transport models over four European cities within the CityDelta project.
Atmos. Environ. 41, 173–188. https://doi.org/10.1016/j.atmosenv.2006.07.039.
Vivanco, M.G., Bessagnet, B., Cuvelier, C., Theobald, M.R., Tsyro, S., Pirovano, G.,
Aulinger, A., Bieser, J., Calori, G., Ciarelli, G., Manders, A., Mircea, M., Aksoyoglu, S.,
Briganti, G., Cappelletti, A., Colette, A., Couvidat, F., D'Isidoro, M., Kranenburg, R.,
Meleux, F., Menut, L., Pay, M.T., Rouïl, L., Silibello, C., Thunis, P., Ung, A., 2017.
Joint analysis of deposition ﬂuxes and atmospheric concentrations of inorganic nitrogen and sulphur compounds predicted by six chemistry transport models in the
frame of the EURODELTAIII project. Atmos. Environ. 151, 152–175 2017.
Vukovich, J., Pierce, T., 2002. The implementation of BEIS3 within the SMOKE modeling
framework. In: Proceedings of the 11th International Emissions Inventory Conference
. Atlanta, Georgia. April 15-18, 2002.
WHO, 2012. Health Eﬀects of Black Carbon, Joint WHO/UNECE Task Force on Health
Aspects of Air Pollutants under UNECE's Long-Range Transboundary Air Pollution
Convention (LRTAP), World Health Organization. Regional Oﬃce for Europe,

for modeling organic aerosol in CAMx and CMAQ. Atmos. Environ. 95, 158–164.
Kulmala, M., Asmi, A., Lappalainen, H.K., Carslaw, K.S., Poschl, U., Baltensperger, U.,
Hov, O., Brenquier, J.L., Pandis, S.N., Facchini, M.C., Hansson, H.C., Wiedensohler,
A., O'Dowd, C.D., 2009. Introduction: European integrated project on aerosol cloud
climate and air quality interactions (EUCAARI) – integrating aerosol research from
nano to global scales. Atmos. Chem. Phys. 9, 2825–2841. https://doi.org/10.5194/
acp-5-1053-2005.
Langebner, S., Mikoviny, T., Müller, M., Wisthaler, A., 2014. VOC measurements by PTRToF-MS at the Birkenes Observatory. A summary report (NILU OR, 01/2014). Kjeller:
NILU. https://www.nilu.no/DesktopModules/NiluWeb.UserControls/Resources/File.
ashx?ﬁlename=01-2014-AW-NFR-prosjekt.pdf&ﬁletype=ﬁle.
Lattuati, M., 1997. Contribution a l'etude du bilan de l'ozone tropospherique a l'interface
de l'Europe et de l'Atlantique Nord: modelisation lagrangienne et mesures en altitude
(Ph.D. thesis). Universite P.M.Curie, Paris, France.
Mailler, S., Khvorostyanov, D., Menut, L., 2013. Impact of the vertical emission proﬁles
on background gas-phase pollution simulated from the EMEP emissions over Europe.
Atmos. Chem. Phys. 13, 5987–5998. https://doi.org/10.5194/acp-13-5987-2013.
Mensah, A.A., Holzinger, R., Otjes, R., Trimborn, A., Mentel, T.F., ten Brink, H., Henzing,
B., Kiendler-Scharr, A., 2012. Aerosol chemical composition at Cabauw, The
Netherlands as observed in two intensive periods in May 2008 and March 2009.
Atmos. Chem. Phys. 12 (10), 4723–4742. https://doi.org/10.5194/acp-12-47232012.
Murphy, B.N., Donahue, N.M., Robinson, A.L., Pandis, S.N., 2014. A naming convention
for atmospheric organic aerosol. Atmos. Chem. Phys. 14, 5825–5839. https://doi.
org/10.5194/acp-14-5825-2014.
Murphy, B.N., Woody, M.C., Jimenez, J.L., Carlton, A.G., Hayes, P.L., Liu, S., Ng, N.L.,
Russell, L.M., Setyan, A., Xu, L., Young, J., Zaveri, R.A., Zhang, Q., Pye, H.O.T., 2017.
Semivolatile POA and parameterized total combustion SOA in CMAQv5.2: impacts on
source strength and partitioning. Atmos. Chem. Phys. 17, 11107–11133. https://doi.
org/10.5194/acp-17-11107-2017.
Nenes, A., Pilinis, C., Pandis, S.N., 1998. ISORROPIA: a new thermodynamic model for
multiphase multicomponent inorganic aerosols. Aquat. Geochem. 4, 123–152.
Nenes, A., Pilinis, C., Pandis, S.N., 1999. Continued development and testing of a new
thermodynamic aerosol module for urban and regional air quality models. Atmos.
Environ. 33, 1553–1560.
Odum, J.R., Hoﬀmann, T., Bowman, F., Collins, D., Flagan, R.C., Seinfeld, J.H., 1996.
Gas/particle partitioning and secondary aerosol formation. Environ. Sci. Technol. 30,
2580–2585.
Ots, R., Young, D.E., Vieno, M., Xu, L., Dunmore, R.E., Allan, J.D., Coe, H., Williams, L.R.,
Herndon, S.C., Ng, N.L., Hamilton, J.F., Bergström, R., Di Marco, C., Nemitz, E.,
Mackenzie, I.A., Kuenen, J.J.P., Green, D.C., Reis, S., Heal, M.R., 2016. Simulating
secondary organic aerosol from missing diesel-related intermediate-volatility organic
compound emissions during the Clean Air for London (ClearfLo) campaign. Atmos.
Chem. Phys. 16, 6453–6473. https://doi.org/10.5194/acp-16-6453-2016.
Paglione, M., Kiendler-Scharr, A., Mensah, A.A., Finessi, E., Giulianelli, L., Sandrini, S.,
Facchini, M.C., Fuzzi, S., Schlag, P., Piazzalunga, A., Tagliavini, E., Hensing, J.S.,
Secesari, S., 2014. Identiﬁcation of humic-like substances (HULIS) in oxygenated
organic aerosols using NMR and AMS factor analyses and liquid chromatographic
techniques. Atmos. Chem. Phys. 14 (1), 25–45. https://doi.org/10.5194/acp-14-252014.
Pandolﬁ, M., Querol, X., Alastuey, A., Jimenez, J.L., Jorba, O., Day, D., Ortega, A.,
Cubison, M.J., Comerón, A., Sicard, M., Mohr, C., Prévôt, A.S.H., Minguillón, M.C.,
Pey, J., Baldasano, J.M., Burkhart, J.F., Seco, R., Peñuelas, J., van Drooge, B.L.,
Artiñano, B., Di Marco, C., Nemitz, E., Schallhart, S., Metzger, A., Hansel, A.,
Llorente, J., Ng, S., Jayne, J., Szidat, S., 2014. Eﬀects of sources and meteorology on
particulate matter in the western Mediterranean basin: an overview of the DAURE
campaign. J. Geophys. Res. Atmos. 119, 4978–5010. https://doi.org/10.1002/
2013JD021079.
Petzold, A., Ogren, J.A., Fiebig, M., Laj, P., Li, S.-M., Baltensperger, U., Holzer-Popp, T.,
Kinne, S., Pappalardo, G., Sugimoto, N., Wehrli, C., Wiedensohler, A., Zhang, X.-Y.,
2013. Recommendations for reporting “black carbon” measurements. Atmos. Chem.
Phys. 13, 8365–8379. https://doi.org/10.5194/acp-13-8365-2013.
Pierce, T., Geron, C., Pouliot, G., Kinnee, E., Vukovich, J., 2002. Integration of the biogenic emissions inventory system (BEIS3) into the community multiscale Air quality
(CMAQ) modeling system. In: Proceedings of the AMS 4th Urban Environment
Symposium. May 20-23, 2002 . Norfolk, Virginia, . ams.confex.com/ams/
AFMAPUE/12AirPoll/abstracts/37962.htm.
Prank, M., Soﬁev, M., Tsyro, S., Hendriks, C., Semeena, V., Vazhappilly Francis, X., Butler,
T., Denier van der Gon, H., Friedrich, R., Hendricks, J., Kong, X., Lawrence, M., Righi,
M., Samaras, Z., Sausen, R., Kukkonen, J., Sokhi, R., 2016. Evaluation of the performance of four chemical transport models in predicting the aerosol chemical
composition in Europe in 2005. Atmos. Chem. Phys. 16, 6041–6070. https://doi.org/
10.5194/acp-16-6041-2016.
Putaud, J.P., Van Dingenen, R., Alastuey, A., Bauer, H., Birmili, W., Cyrys, J., Flentje, H.,
Fuzzi, S., Gehrig, R., Hansson, H.C., Harrison, R.M., Hermann, H., Hitzenberger, R.,
Hüglin, C., Jones, A.M., Kasper-Giebl, A., Kiss, G., Kousa, A., Kuhlbusch, T.A.J., L
€oschau, G., Maenhaut, W., Molnar, A., Moreno, T., Pekkanen, J., Perrino, C., Pitz,
M., Puxbaum, H., Querol, X., Rodriguez, S., Salma, I., Schwarz, J., Smolik, J.,
Schneider, J., Spindler, G., ten Brink, H., Tursic, J., Viana, M., Wiedensohler, A.,
Raes, F., 2010. A European aerosol phenomenology d 3: physical and chemical
characteristics of particulate matter from 60 rural, urban, and kerbside sites across
Europe. Atmos. Environ. 44, 1308–1320.
Sauter, F., van der Swaluw, E., Manders-Groot, A., Wichink Kruit, R., Segers, A., Eskes, H.,
2014. LOTOS-EUROS v1.8 Reference Guide, TNO-060-UT-2012-01451, TNO report,
The Netherlands. available at: http://www.lotos-euros.nl/doc/LOTOS-EUROS-v18reference-guide.pdf, Accessed date: 8 October 2016.

19

Atmospheric Environment: X 2 (2019) 100018

M. Mircea, et al.

W., Putaud, J.P., Tørseth, K., 2007. Elemental and organic carbon in PM10: a one
year measurement campaign within the European Monitoring and Evaluation
Programme EMEP. Atmos. Chem. Phys. 7, 5711–5725. https://doi.org/10.5194/acp7-5711-2007.
Yttri, K.E., Simpson, D., Bergström, R., Ceburnis, D., Eckhardt, S., Hueglin, C., Kiss, G.,
Noeygaard, J.K., Perrino, C., Prevot, A., Putaud, J.-P., Spindler, G., Szidat, S., Vanan,
M., Zhang, Y.L., Aas, W., 2018. Source Apportionment of the Carbonaceous Aerosol at
European Rural Background Sites. (In preparation).
Zhao, B., Wang, S., Donahue, N.M., Jathar, S.H., Huang, X., Wu1, W., Hao, J., Robinson,
A.L., 2016. Quantifying the eﬀect of organic aerosol aging and intermediate volatility
emissions on regional-scale aerosol pollution in China. Sci. Rep. 6, 28815. https://
doi.org/10.1038/srep28815.

Copenhagen ISBN 978 92 890 0265 3.
WHO, 2015. WHO Regional Oﬃce for Europe, OECD. Economic Cost of the Health Impact
of Air Pollution in Europe: Clean Air, Health and Wealth. WHO Regional Oﬃce for
Europe, Copenhagen, Denmark.
Woody, M.C., Baker, K.R., Hayes, P.L., Jimenez, J.L., Koo, B., Pye, H.O.T., 2016.
Understanding sources of organic aerosol during CalNex-2010 using the CMAQ-VBS.
Atmos. Chem. Phys. 16, 4081–4100. https://doi.org/10.5194/acp-16-4081-2016.
Yarwood, G., Rao, S., Yocke, M., Whitten, G.Z., 2005. Updates to the carbon Bond chemical mechanism: CB05, ﬁnal report prepared for US EPA. available at: http://www.
camx.com/publ/pdfs/CB05_Final_Report_120805.pdf , Accessed date: 8 October
2016.
Yttri, K.E., Aas, W., Bjerke, A., Cape, J.N., Cavalli, F., Ceburnis, D., Dye, C., Emblico, L.,
Facchini, M.C., Forster, C., Hanssen, J.E., Hansson, H.C., Jennings, S.G., Maenhaut,

20

