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Abstract. The CALIOPE air quality modelling system dustrialized and populated Po Valley and Benelux regions.
is developed and applied to Europe with high spatial res-SIA are dominant in the fine fraction representing up to 80 %
olution (12kmx 12km). The modelled daily-to-seasonal of the aerosol budget in latitudes north of40. In southern
aerosol variability over Europe in 2004 is evaluated and analEurope, high PMg and AOD are linked to the desert dust
ysed. Aerosols are estimated from two models, CMAQv4.5transport from the Sahara which contributes up to 40 % of
(AERO4) and BSC-DREAM8b. CMAQV4.5 calculates the aerosol budget. Maximum seasonal ground-level con-
biogenic, anthropogenic and sea salt aerosol and BSCeentrations (PNo> 30pugnt3) are found between spring
DREAMS8Db provides the natural mineral dust contribution and early autumn. We estimate that desert dust causes daily
from North African deserts. For the evaluation, we useexceedances of the RlIEuropean air quality limit value
daily PMyo, PM> 5 and aerosol components data from 55 sta- (50 pg n13) in large areas south of 45l with more than 75
tions of the EMEP/CREATE network and total, coarse andexceedances per year in the southernmost regions.

fine aerosol optical depth (AOD) data from 35 stations of
the AERONET sun photometer network. Annual correla-
tions between modelled and observed values foidd 1 |ntroduction

PM_5 are 0.55 and 0.47, respectively. Correlations for to-

tal, coarse and fine AOD are 0.51, 0.63, and 0.53, respecAtmospheric aerosols or particulate matter (PM) are highly
tively. The higher correlations of the Rand the coarse variable in space and time due to the variety of their sources
mode AOD are largely due to the accurate representation oénd their fast removal from the atmosphere (from days to
the African dust influence in the forecasting system. Over-weeks). Aerosols contribute to adverse human health effects
all PM and AOD levels are underestimated. The evalua-(\WHO, 2005), including increased morbidity and mortality
tion of the aerosol components highlights underestimationsarising from altered respiratory and cardiovascular function
in the fine fraction of carbonaceous matter (EC and OC) andPope et al., 2009; Medina et al., 2009) and have a signifi-
secondary inorganic aerosols (SIA; i.e. nitrate, sulphate angant, yet uncertain effect on climate from regional to global
ammonium). The scores of the bulk parameters are signifiscales (IPCC, 2007). To understand the wide-ranging effects
cantly improved after applying a simple model bias correc-of aerosols, it is important to characterize them with high
tion based on the observed aerosol composition. The simuspatial and temporal resolution.

lated PMo and AOD present maximum values over the in-
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The European Union (EU) directive on ambient air qual- tions remain systematically underestimated by a factor of 2
ity and cleaner air, which came into force in June 2008 andon average.
was transposed into the national legislation of each Mem- The main objective of the present work is to complement
ber State by June 2010 (European Commission, 2008), inthe results of the PM evaluation presented in Pay et al. (2010)
troduced daily and annual P limit values of 50 ug m3 by (1) providing a detailed quantitative assessment of the
and 40 pg m?3, respectively, from year 2010. Also this di- capabilities of the CALIOPE system to simulate the daily
rective introduces a PMs annual limit value of 25 pg m? aerosol distribution over Europe for year 2004 in terms of PM
to be assumed from year 2015. In this regard, the objectivesevels, aerosol optical depth (AOD) and chemical composi-
proposed by the EU are usually less well attained in southtion; (2) understanding the underestimation of the PM mass;
ern Europe than in northern countries (Yttry and Aas, 2006).(3) estimating and analysing the spatial and seasonal distri-
Reports from countries around the Mediterranean Basin andbution of the different aerosol fractions over Europe based
Eastern Europe show high levels of atmospheric PM com-on model results and observations; and (4) estimating the ex-
pared to Northern regions and some central European regionseedances of the EU limits due to natural desert dust.
(Querol et al., 2009). Both anthropogenic (transport sector, The manuscript is organized as follows. Section 2 de-
industrial processes, power generation and biomass burningcribes the CALIOPE system and the observational datasets
among others) and natural emissions (African dust, resusperused for the model evaluation. In Sect. 3 we use aerosol
sion, sea spray, forest fires, primary biological particles andchemical composition from EMEP/CREATE and AOD from
biogenic secondary organic compounds, windblown dust), athe AERONET network to identify the origin of the discrep-
well as orographic and climatic factors contribute to the ocur-ancies in PM levels. The evaluation of the AOD is partic-
rence of (or cause) those enhanced levels. WherpRMues  ularly useful for validating and analysing the capabilities of
are exceeded due to natural events (such as desert dust otite modelling system to reproduce long-range transport of
breaks or volcano eruptions), Member States shall inform thedesert dust from North Africa. In Sect. 4 we estimate and
Commission, providing the necessary justification to demon-analyse the spatial and seasonal distribution of the different
strate that such exceedances are due to natural events. natural and anthropogenic aerosol fractions over Europe by

Air quality models are useful to understand and predictapplying a simple bias correction to the model based on the
the dynamics and transport of pollutants. In recent yeargesults of the evaluation. African dust transport and its con-
a number of experimental and operational air quality fore-tribution over Europe are analysed in detail. Finally, Sect. 5
cast systems have been developed around the world. Nowaummarizes the main findings of the study.
days, in Europe, 23 modelling systems routinely simulate the
air quality over Europe, 7 systems also operate in forecast-
ing mode (Menut and Bessagnet, 2010): PREV'AIR, EU-2 Methods
CR:QEI’OI;ZD'\IQI.EP-CWF’ MATCH, MOCAGE, CHIMERE, and 2.1 Description of the CALIOPE system

In the frame. of the CALIOPE system (Baldasano et ca| |oPE s a state-of-the-art air quality modelling system
al., 2008a; http://www.bsc.es/caliope the Barcelona Su- o+ integrates an emission-processing model (HERMES-

percomputing Center-Centro Nacional de Supercomputaci EMEP), a meteorological model (WRF-ARW), a chemical

(BSC-CNS) operates an air quality forecasting SystéMyangnort model (CMAQ) and a mineral dust model (BSC-

for Spain (at 4km< 4km horizontal resolution) and Eu- preamsh). The configuration used in this work is de-
rope (at 12kmx 12km horizontal resolution) with WRF-  geribeq in pay et al. (2010). In the sections below, the
ARW/HERMES-EMEP/CMAQ and desert dust forecasts yqels utilized to estimate aerosols (i.e. CMAQ and BSC-

with BSC-DREAMS8b (NiCkOViC et al., 2001, @ez et al., DREAM8b) are described in detail.

20064, b). In contrast to many other European modelling

systems, CALIOPE includes a non-climatic representation2 1.1  Photochemical model: CMAQ

of Saharan dust transport in its forecast mode. The forecasts

are evaluated on a daily and hourly against ground-based antihe Models-3 Community Multiscale Air Quality Modeling

satellite observations to establish confidence in the modellingystem (CMAQ); Byun and Ching, 1999; Binkowski, 1999;

system predictions among users, identify problems and rouByun and Schere, 2006) is used to study the behaviour of

tinely improve the system (Baldasano et al., 2010). air pollutants from regional to local scales. The CMAQ
Pay et al. (2010) presented a full year evaluation of theversion 4.5 used in this study has been extensively evalu-

CALIOPE system for the European domain for gaseousated under various conditions and locations ghee et al.,

pollutants (@, NO, and SQ) and PM levels (PMp and  2003; Roy et al., 2007; Appel et al., 2007, 2008). Follow-

PM;5) against EMEP ground-based measurements. Théng the criteria of Jirdnez et al. (2003) the Carbon Bond

study shows that the skill scores of the system lie within thelV chemical mechanism is applied (CBM-IV, Gery et al.,

range of most European models and that while the dynamic4989). The production of sea salt aerosol (SSA) is imple-

of PMos and PMg are rather well reproduced, concentra- mented as a function of wind speed and relative humidity
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(Gong, 2003; Zhang et al., 2005) through the AERO4 aerosoass (NQ). Organic carbon (OC) is taken as the sum of
module. The AERO4 module distinguishes among differ- all non-light absorbing organic species. Light absorbing car-
ent chemical aerosol components namely nitrate, sulphatdyon is elemental carbon (EC). RM mass is taken as the
ammonium, elemental carbon and organic carbon with threainspeciated portion of Py and the fine fraction of sodium
subcomponents (primary, secondary anthropogenic and se¢Nat) and chloride (Ct), and the PMoarsemass represents
ondary biogenic), sodium and chlorine. Unspecified anthro-all coarse mode aerosols that includes the unspeciated por-
pogenic aerosols and aerosol water are additionally kept aon of PMyg and the coarse fraction of sodium (Naand
separate components. Unspecified aerosols consist of nomhloride (CI). The mass concentration for each of these
carbon atoms associated with organic carbon as well as PMpecies is directly obtained from CMAQ. The relative hu-
emissions that are not explicitly speciated in the HERMES-midity correction factor,f (RH), takes into account that the
EMEP emission model, which includes traces elements, prigrowth and phase change of hygroscopic particles affect their
mary ammonium and other unidentified mass in the spedight-scattering effiency (Malm et al., 1994)/(RH) is pa-
ciation profiles (Appel et al., 2007). Aerosols are repre-rameterized from data published by Tang et al. (1981) as a
sented by three size modes (Aitken, accumulation and coarsteinction of the relative humidity from the WRF-ARW mete-
mode), each of them assumed to have a lognormal distribuerological model and it varies between 1 (at low RH) and 21
tion (Binkowski and Roselle, 2003). Secondary inorganic (at RH= 99 %).

aerosols (SIA) are generated by nucleation processes and

consists of nitrate, ammonium and sulphate aerosols. Se@-1.2 Mineral dust model: BSC-DREAM8b

ondary organic aerosol (SOA) can be formed from aromat-

ics (anthropogenic organic aerosols) and terpenes (biogenit'e Dust REgional Atmospheric Model (DREAM; Nick-

organic aerosols; Schell et al., 2001). An assumption ofovic et al., 2001) was designed to simulate and/or predict

the CMAQV4.5 model is that organics influence neither thethe atmospheric cycle of mineral dust. The updated model
water content nor the ionic strength of the aerosol particles/€rsion BSC-DREAM8b used here is described iereéz
(Binkowski and Roselle, 2003). The aerosol microphysical€t &l- (2006, b). It includes an 8-bins size distribution
description is based on a modal aerosol model (BinkowskiVithin the 0.1-10um radius range according to Tegen and

and Roselle, 2003) using the ISORROPIA thermodynamic-acis (1996). _ _
equilibrium model (Nenes et al., 1998). For a more com- The BSC-DREAMS8b model has demonstrated its capabil-

plete description of the processes implemented in CMAQ ities in a number of validation studies performed so far us-
the reader is referred to Byun and Schere (2006). 'ing data from observation networks such as the European Li-
AOD at 550 nm from CMAQ outputs is calculated us- dar Network EARLINET, the AERONET/PHOTONS sun-

ing a simple approach described by Malm et al. (1994) andPhotometer network, Satelli_t_e _and ground-level PM 'eVG_'"S
Binkowski and Rosselle (2003). The method is known as(©0- Ferez et al., 2006a; Amiridis et al., 2009; Papanastasiou

the “reconstructed mass-extinction method”. The extinction€t & 2010). Such validations outline the good skills of the
coefficient Bex), Which is a function of wavelength{, is model concerning both the horizontal and vertical extent of
a sum of the attenuation by scatteringsX and absorption the dust plume in Europe and the Mediterranean Basin. Ad-

(Ba). The model-predicted AOD is calculated by summing ditionally, the model has been validated and tested against
the product of the extinction and layer thickneas() over measurements at source regigns for SAMUM-I (Haustein et
the number of layers\() in the column: al., 2009) and BODEX campaigns (Todd et al., 2008).

In BSC-DREAMS8b, the AOD is calculated from the col-

N .
umn mass loading by:
AOD =" (Bs+Ba) AZ; (1) By
i—1 8 8
We estimate the model-predicteidy; = Bs+ Ba Using this AOD) = ZAODk \) = Zka Oext(My (4)
semi-empirical approach for extinction calculation which de- k=1 k=1""K
pends on aerosol mass and humidity as follows: where for each size bik: p; is the particle mass density,

_ + _ _ r¢ is the effective radiusy;, is the column mass loading and
ps=0.003f(RH) { [NHZ1+ [SO‘Z‘ ] +[NO; ]] Qext(A)r is the extinction efficiency which is calculated using
+0.004[OC] + 0.001] PMine] + 0.0006 PMcoarsd (2) Mie scattering theory.

Ba=0.01[EC] 3) 2.2 Simulation

where the brackets in the above equations indicate mass con-

centration in mgm? and all coefficients in the equation The CALIOPE system is run at 12 km12 km grid resolu-
represent the specific extinction cross section at 550 nm (irtion covering the European domain (Fig. 1). The simulation
m?mg~1). When implementing the aforementioned equa- consists of 366 daily runs covering an annual cycle (2004).
tion, the term in brackets is determined by adding ammo- CALIOPE uses an inventory of anthropogenic emissions
nium mass (Nlj) plus sulphate mass (ﬁO) plus nitrate  of SO, NOy, NMVOC, CO, PMg, PMy 5, and NH; derived
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Fig. 1. Study domain and spatial distribution of 55 selected EMEP stations (squares) and 35 selected AERONET stations (stars). The
different colours indicate the different regions which are defined as: Western Iberian Peninsula (W.IP); Eastern Iberian Peninsula-Western
Mediterranean (E.IP-W.Med), Central Mediterranean (C.Med), Eastern Mediterranean (E.Med), North of Italy (N.It), Eastern Europe (E.Eu),
Northwestern Europe (NW.Eu), Southern France (S.Fr), Central Europe (C.Eu), Nordic (Nord), Central France (C.Fr) and North Atlantic
(N.Atl).

from the 2004 annual EMEP emission database (EMEPstronger concentration within the PBL. CMAQ boundary
2007). Raw emission data are processed by the Higheoditions for gas-phase species are based on the global cli-
Elective Resolution Modeling Emission System (HERMES, mate chemistry model LMDz-INCA2 (Szopa et al., 2009)
see Baldasano et al., 2008b) in order to include a com-developed by the Laboratoire des Sciences du Climat et
prehensive set of emissions in the air quality model. Thel’Environnement (LSCE). Monthly mean data for the year
inventory distinguishes the source categories following the2004 are interpolated in the horizontal and vertical dimen-
Selected Nomenclature Air Pollution (SNAP). Disaggrega-sions to force the major chemical concentrations (i.e, O
tion of EMEP (50 km resolution) data is performed in space NO, NO,, HNOz, HCHO, H,O2, PAN and CO) at the bound-
(12kmx 12 km) and time (1 h). Natural PM emissions (such aries of the domain (Piot et al., 2008). A detailed descrip-
as wildfire emissions) and primary biogenic emissions (suchtion of the INteractive Chemistry and Aerosol (INCA) model
as pollen, bacteria, fungal, and fern spores, viruses, fragis presented in Hauglustaine et al. (2004) and Folberth et
ments of animals and plants, etc.) containing organic com-al. (2006).
pounds are not included in the emission model. The initial state of dust concentration in the BSC-
The Advanced Research Weather Research and ForecasdREAM8b model is defined by the 24-h forecast from the
ing (WRF-ARW) Model v3.0.1.1 (Michalakes et al., 2004; previous-day model run. The FNL/NCEP (at % 1°) at
Skamarock and Klemp, 2008) is used to provide the meteo©0:00 UTC are used as initial conditions and boundary con-
rology to the chemical transport model. WRF-ARW v3.0.1.1 ditions at intervals of 6 h. The resolution is set to°li8the
is configured with a grid of 479 399 points and 38 verti- horizontal and to 24 layers extending up to approximately
cal levels (11 characterizing the PBL). The model top is de-15 km in the vertical. The domain of simulation covers north-
fined at 50 hPa to resolve properly troposphere-stratospherern Africa, the Mediterranean Sea, southern Europe and Mid-
exchanges. WRF-ARW initial and boundary conditions atdle East. An offline coupling is applied to the calculated con-
intervals of 6 h are based on the Final Analyses of the Na-centrations of PM over the European domain from CMAQ
tional Centers of Environmental Prediction (FNL/NCEP; at outputs (Jinenez-Guerrero et al., 2008).
1° x 1°) at 12:00 UTC.
The CMAQ horizontal grid resolution corresponds to that
of WRF-ARW. Its vertical structure was obtained by a col-
lapse from the 38 WRF-ARW layers to a total of 15 layers
steadily increasing from the surface up to 50 hPa with a
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2.3 Observations pendix Al and their locations are displayed in Fig. 1. The
CALIOPE system is evaluated at 55 stations: 54 for sul-
2.3.1 Surface PM and chemical composition from phate (S@*), 28 for nitrate (NQ), 16 for ammonium
EMEP/CREATE Networks (NH), 10 for sodium (N&), 6 for chloride (Ct) and 3

for carbonaceous matter (EC and OC). The measurements

In this study, simulated PM concentrations are comparedyre well documented and available on the EMEP web page
with ground-based measurements from the European Monttp:/www.emep.int

itoring and Evaluation Programme (EMEP) monitoring net-
work for year 2004. EMEP stations are located at a minimum2.3.2  Aerosol optical depth from AERONET Network
distance of approximately 10 km from large emission sources
(Larssen et al., 1999). EMEP stations are assumed to be refrhe optical properties of the aerosol in the entire atmospheric
resentative of regional background concentrations (Torsetftolumn are routinely observed within the Aerosol Robotic
and Hov, 2003). A total of 17 and 26 stations for Pdand  Network (AERONET, Holben et al., 1998; Smirnov et al.,
PMjo respectively have been used to evaluate the model pre2000). The network imposes standardization of instruments,
dictions. Details on the location of the EMEP stations usedcalibration, processing and distribution.
for this comparison can be found in Appendix Table Al. Sun photometer measurements of the direct (collimated)
Modelled aerosol concentrations of chemical species argolar radiation provide information to calculate the columnar
compared with ground-based measurements provided bBOD. The typical uncertainty in the direct-sun AOD mea-
EMEP and the FP5/GMES project CREATE at 55 rural surements ranges from 0.01 to 0.02 with higher errors in
background stations. The uncertainty of PM measurementgnhe ultraviolet spectral range (Dubovik et al., 2000). Ad-
strongly depends on the method and chemical compositioditionally, direct-sun AOD processing includes the Spec-
of the collected aerosol. Usually the collected filters aretral Deconvolution Algorithm (SDA) retrievals (O’Neill et
weighted at 50 % relative humidity (Tsyro, 2005). Error al., 2003). The SDA algorithm yields fine (sub-micron)
sources leading to a bias are potential losses of semivolatiland coarse (super-micron) AOD at a standard wavelength of
compounds (particularly ammonium nitrate and carbona-500 nm (AODjne and AODkoarse respectively). The ampli-
ceous aerosols) from the filters at temperatures higher thatude of the errors of the derived parameters varies as the in-
20°C as well as gas condensation on filters which could in-verse of the total AOD. In addition to measurement errors,
troduce positive measurements artefacts. SIA componentgere are errors in the AOD retrieval due to the uncertainty
can be measured with an uncertainty of abéiit0% for  in the assumed values of the spectral curvature in each mode
major species (Putaud et al., 2004). In this context, Euro{O’Neill et al., 2001) which are most critical in coarse mode
pean legislation (2008/50/EC) establishes that measuremenfominated conditions.
groups have to demonstrate that the uncertainty ofFavid All operational stations within our target domain that col-
PMz s meets the quality objective of 25 %. However legisla- |ected data on at least 30 h in 2004 have been selected for
tion does not establish any quality objective for uncertaintythe model evaluation. Appendix A2 and Fig. 1 describe
of chemical species yet. SIA components collected withinand show the location and the main characteristics of the
CREATE are measured by ion chromatography in which the3s selected AERONET sites within our study region. Ap-
error is usually within 10 % (Putaud et al., 2000). pendix A2 lists additional information including type of site,
One source of underestimation of SIA components is re-observation periods, percentage of cloud-screened data and
lated to the size fraction of aerosol components in boththe availability of SDA products.
measurements and the model. The observed concentrations Quality-assured direct-sun data in the 440-870 nm wave-
are available as total mass, without any discrimination ofjength range is used to calculate the AOD at 550 nm obtained
size since EMEP sites typically used filter-packs to mea-py the Angstvm’s equation adjustment. The contribution
sure sulphate, nitrate and ammonium and captured particlegf each aerosol fraction is analysed using the SDA retrieval

that are approximately in the P fraction. Conversely, products (AORne and AODkoarsa.
the CMAQV4.5 model considers speciated inorganic aerosol

only in the PM 5 fraction. One exception is marine sulphate

aerosol which is present also in the coarse fraction. The com3 Model evaluation

parison of carbonaceous matter is conducted using thesPM

fraction of the modelled and measured values. There is a number of metrics that can be used to examine
In the present work, measured Pyl PMy5 and their  performances of air quality models (US EPA, 1984, 1991;

chemical aerosol components (i.e. sulphate, nitrate, ammoc€ox and Tikvart, 1990; Weil et al., 1992; Chang and Hanna,

nium, sea salt and carbonaceous matter) are available 02004; Boylan and Russell, 2006; Dennis et al., 2010). Corre-

a daily (except at Birkenes station for EC and OC that islation coefficient £), root mean squared error (RMSE), mean

available on a weekly basis). The main characteristics andias (MB) and mean normalized bias error (MNBE) are com-

location of EMEP/CREATE stations are described in Ap- monly used by the modelling community. For the evaluation
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of PM concentrations, Boylan and Russell (2006) suggesteghroduce the daily variability through the year with correla-
the mean fractional bias (MFB) and the mean fractional errortion of 0.47 and 0.55, respectively (Fig. 2a, b).
(MFE). Additionally, they propose model performance goals The modelled coarse fraction includes the contribution of
(the level of accuracy that is considered to be close to the besinspeciated anthropogenic mass, sea salt and desert dust.
a model can be expected to achieve) and criteria (the level oBne source of uncertainty in the Rylcomparison comes
accuracy that is considered to be acceptable for modellingrom the assumption of dry and inert coarse mode aerosols
applications) that vary as a function of concentration and exin CMAQv4.5 with the AERO4 aerosol module. Several
tinction. A model performance goal is met when both MFE studies in Spain and the Mediterranean (e.g. Rpgz et
and MFB are less than or equal to 50 % ah80 %, respec- al., 2002; Querol et al., 2004, 2009) suggest that between
tively, and a model performance criterion is met when bothmid-spring and mid-autumn most nitrate is present as cal-
MFE and MFB are less than or equal to 75 % and 60 %, recium and/or sodium salts in the 2.5-10 um fraction. Other
spectively. The model-to-data statistics MB, MNBE, RMSE, potential forms of nitrate and sulphate, such as salts linked
MFE and MFB are selected for the present study, togetheto the reaction of acid pollutants with dust (Rayirez et al.,
with the measured and modelled mean and the correlation caq2002; Querol et al., 2004, 2009) are not considered in the
efficient. A description of these statistics is included in Ap- simulated PMo. Higher PMy correlations are observed in
pendix A3. Comparisons are made for annual and monthlysummertime over southern European stations affected by Sa-
basis as well as 4 seasonal periods: winter (DJF) correspondraran dust outbreaks (see Fig. 3). The modelled desert dust
ing to December, January and February, spring (MAM) cor-contributions in the PMs and PMg fractions are on average
responding to March, April and May, summer (JJA) corre- 20 % and 25 %, respectively, increasing to 33 % and 35 % in
sponding to June, July, August and autumn (SON) correthe Mediterranean stations. Although the model calculates a
sponding to September, October and November. Measuredonsiderable contribution of dust on both Piand PMg,
PM10, PMy 5 and their chemical aerosol components (i.e. sul-a higher annual correlation is observed in the;gMaction.
phate, nitrate, ammonium, sea salt and carbonaceous mapay et al. (2011) shows that despite the total dust mass is
ter) from EMEP/CREATE networks are used for the model reasonably well captured by the BSC-DREAM8b model, it
comparison on a daily basis (except Birkenes station for EGends to overestimate the fine dust fractier2(5 um).
and OC). Moreover, since AERONET data are acquired at Qverall, the skills achieved by CALIOPE are in the range
15-min intervals on average, all AERONET measurementsof those shown in other European modelling studies (see
within 30 min of the model outputs have been extractedSect. 4 of the work of Pay et al., 2010). However, the MFE
and used for the model comparison on an hourly and dailyand MFB for PM 5 and PMg do not meet the performance
basis. criteria proposed by Boylan and Russell (2006). Many stud-
Since differences in the comparison between simulationdes have recognized the difficulty of models to simulate the
and observations are rather small among sites located in theass of PM over Europe (e.g. Matthias, 2008; Pay et al.,
same region, statistical indicators have been averaged over010). The underestimation of Rylis, among others, the
the regions indicated in Fig. 1 by colours and defined in Ap-result of a lack of fugitive dust emissions, resuspended mat-

pendix Al and A2. ter, a possible underestimation of primary carbonaceous par-
ticles, the inaccuracy of SOA formation, the difficulty of rep-
3.1 Ground level PM 5 and PMjo concentrations resenting primary PM emission from wood burning and other

sources not considered in the emission inventory as pollu-

Before evaluating PM composition, it is important to ensure tant sources over North Africa (Rdduez et al., 2011) and a
that reactive gases are well reproduced, since a major fracmore general lack of process knowledge on aerosol removal
tion of ambient PM arises from atmospheric gas-to-particleand dispersion and transport processes.
conversion (Meng et al., 1997). In Pay et al. (2010) the
CALIOPE model output for gas and particulate phase con-3.2 PM chemical composition
centrations are compared with ground-based measurements
from the EMEP monitoring network for year 2004 over Eu- Chemical composition measurements can help to identify
rope. The evaluation showed that the modelling system isnodel limitations in simulating the physical and chemical
able to reproduce reasonably well daily variations of gasprocesses leading to the formation of SIA (namely, sulphate,
phase pollutants (SQONO, and @) as well as their spatial nitrate and ammonium), SOA and SSA. For the sake of
distribution and seasonal cycle. comparison with EMEP stations different size modes are

Table 1 and Fig. 2a, b and f, g depict the annual and sealumped to obtain the total sulphate (Aitken, accumulation
sonal statistical results of the evaluation of PM and the all-and coarse modes), nitrate (Aitken, accumulation and coarse
European time series of the model and observations calcunodes), ammonium (Aitken and accumulation modes), chlo-
lated on a daily basis. The model presents a systematic negide and sodium (accumulation and coarse modes) and car-
ative bias for PM s and PMg (annual MB= —6.45 g nr3 bonaceous matter concentration (i.e. organic and elemental
and —10.23 ug n3, respectively), although it is able to re- carbon). Table 1, Fig. 2c—e, Fig. 2h—j and Fig. 3 show the
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Table 1. Seasonal and annual statistics obtained with CALIOPE over Europe for 2004 at the EMEP/CREATE stations for SIA (i.e. sulphate,
nitrate, and ammonium) and SSA (i.e. chloride and sodium). Winter: January, February and December; spring: March, April, May; summer:
June, July, August; autumn: September, October, November. The number of data points indicates the number of pair measurement-mode
used to compute the statistics. The calculated statistics are: measured mean for available data, modelled mean for the whole year, correlatio
coefficient ¢), mean bias (MB), mean normalize bias error (MNBE), root mean square error (RMSE), mean fractional bias (MFB) and mean
fractional error (MFE).

Data Obs. Mean Mod. Mean r MB MNBE RMSE MFB MFE
Points  (ugm3)  (ugnm ) (ugm-3) @) (gnT3) (%) (%)
PM 5 daily Annual 5443 12.5 6.0 047 —-6.45 —-456 112 -72 80
(17 stations) Winter 1258 13.7 5.2 0.62 —-847 475 151 78 86
Spring 1344 12.3 5.4 050 -6.85 -50.1 106 -79 84
Summer 1468 12.4 6.8 049 -559 -454 91 -71 78
Autumn 1373 11.6 6.6 052 506 —39.2 9.3 -62 71
PM; g daily Annual 8722 17.8 7.6 055 -10.23 —49.1 158 -78 84
(26 stations) Winter 2075 17.9 6.8 0.54 —-11.10 -47.1 181 -78 86
Spring 2167 17.6 7.3 0.50 -10.32 -52.2 150 -83 87
Summer 2276 18.7 8.0 0.59 -10.71 -53.9 16.3 -83 85
Autumn 2190 17.1 8.3 0.61 -8.76 —-42.6 13.3 -68 76
Sulphate daily Annual 18391 1.7 14 0.49 -0.30 33.2 13 -8 55
(54 stations) Winter 4552 1.5 1.0 0.30 -0.55 115 16 -24 65
Spring 4708 1.8 1.4 0.50 —0.48 14.5 1.4 -19 54
Summer 4634 1.8 1.7 0.60 —0.08 52.1 1.2 7 47
Autumn 4497 1.6 15 0.58 -0.07 55.0 1.2 5 56
Nitrate daily Annual 9087 2.0 1.0 058 -1.01 -94 23 -86 112
(28 stations) Winter 2227 2.7 15 0.60 -1.17 22.0 31 -67 99
Spring 2299 2.3 11 056 —-1.16 —6.9 26 -76 103
Summer 2288 1.2 0.4 0.29 -0.84 545 1.3 -119 132
Autumn 2273 1.8 0.9 0.53 -0.87 25 20 -83 114
Ammonium daily  Annual 5067 1.2 0.8 0.62 -0.44 325 1.2 -30 71
(16 stations) Winter 1263 14 0.8 0.70 —0.68 28.8 15 -40 80
Spring 1333 15 0.9 0.62 -0.60 21.7 1.3 -37 72
Summer 1239 1.0 0.7 0.48 -0.25 38.2 0.8 -22 62
Autumn 1232 1.0 0.8 0.63 -0.21 42.2 09 -23 70
Chloride daily Annual 1564 0.3 0.3 0.45 0.06 433.2 0.5 53 108
(6 stations) Winter 376 0.4 0.3 0.42 -0.05 313.8 0.6 17 99
Spring 409 0.3 0.3 037 -0.01 298.6 0.6 41 105
Summer 400 0.1 0.3 0.51 0.15 618.3 0.3 82 116
Autumn 379 0.2 0.4 0.63 0.15 500.4 0.5 71 112
Sodium daily Annual 3225 0.7 1.2 0.67 0.50 1715 1.6 16 77
(10 stations) Winter 813 0.9 15 0.70 0.58 175.3 1.9 18 81
Spring 840 0.6 11 0.64 0.46 171.2 1.6 10 78
Summer 839 0.6 0.9 0.67 0.32 122.0 11 9 71
Autumn 833 0.7 14 0.65 0.64 218.1 1.8 27 77

annual and seasonal statistics as well as the average tempeulation at regional scale (Rdduez et al., 2002; Querol et

ral evolution of the model and observations in ground-levelal., 2009). On average, sulphate levels are underestimated
EMEP/CREATE stations for SIA components calculated onby 18 %, less than Py, with winter having the largest

a daily basis. bias. In winter, significant underestimations are present at
stations in Eastern Europe (E.Eu region), where the mean
é:)ias per station ranges fror0.5 to—2.5 pg n3 (Fig. 3). In
contrast, the simulated sulphate exceeds the measurements
by 0.3pgm® and 0.4ugm? at stations in the region of
France (S.Frand C.Fr) and near the Northern Atlantic (N.At),

The overall annual variability of the modelled sulphate
concentrations (Fig. 3) agrees fairly well with measurement
(r =0.49), achieving better results in summer=£ 0.60)
when sulphate concentrations reach maximum levels due t
enhanced photochemistry, low air mass renovation and recir
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Fig. 2. Modelled (black lines), corrected-modelled (red lines) and measured (grey lines) time series (right) and scatter plots (left) of daily
mean concentrations for BM, PM; g, sulphate (SQZ), nitrate (NG ) and ammonium (Nlj,r‘I) at the EMEP/CREATE stations, respectively.

The scatter plots include the 1:1, 1:2, 2:1, 1:5 and 5:1 reference lines. Correction factors of the Table 3 are applied to sulphate, nitrate,
ammonium and EC + OC in the corrected-modelled series.
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Fig. 3. Spatial distribution of mean bias (left panels; in ug?m and correlation coefficient (right panels) at all stations for,RMPM1g,

sulphate (SQZ), nitrate (NG;') and ammonium (Nlj{l). The four columns represent the winter and summer seasons for 2004, respectively,
for each parameter.

respectively (Fig. 3). The highest correlations are found intion of sulpahte is a common issue in most European models
the Iberian Peninsula and the Western Mediterranean Basinmgpresenting a direct couplet of sulfur chemistry with photo-
ranging between 0.48 and 0.81 (Fig. 3). Pay et al. (2010)hemistry and has been previously detected with CMAQv4.5
found a positive mean bias for S@hich suggests that 30 over Europe (Matthias, 2008). This feature may be explained
formation in the model is often limited by oxidant availabil- by a lack of model calculated oxidants or missing reactions
ity and not always by S@availability. Winter underestima- (Kasibhatla et al., 1997).
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Fig. 4. Modelled (black lines) and measured (grey lines) time series (left) and scatter plots (right) of daily mean concentrations for sea salt
chemical species (i.e. chlorine and sodium), at the EMEP/CREATE stations, respectively. The scatter plots include the 1:1, 1:2, 2:1, 1:5 and
5:1 reference lines.

On average, modelled nitrate concentrations reproduce thand the observed values are rather low in summer in Spain
daily variability of the observations through the year< (Fig. 3).

0.58), presenting higher concentrations in winter and lower |, air masses with a continental signature, nitrate and sul-
levels in summer due to its thermal instability (Querol et al., phate are associated with ammonium (Schaap et al., 2004;
2009). Nitrate formation is limited by the availability of ni- Querol et al., 2009). Atmospheric ammonia is first neutral-
tric acid over land. The underestimation of nitrate is around;,q by sulphuric acid to form ammonium sulphate. Re-

. . . . 3 )
50 %, peaking in winter and spring (MB—~1.2ugnm>)and  majning ammonia may then combine with nitric acid to form
may be partly attributed to an underestimation ofNS out-  ammonium nitrate (Seinfeld and Pandis, 1998). 94% of
lined and discussed in Pay et al. (2010). The largest unyp; total emissions are attributed to agriculture and live-
derestimations are located over Eastern Iberian Peninsulasigck (EMEP, 2007). Livestock sources vary during the year
Western Mediterranean (E.IP-W.Med; except at Montsenysjnce volatilization of NH from the animal waste is a func-
station) and the Ce)entral Mediterranean (C.Med) area with &jon of temperature (Gilliland et al, 2003). Seasonality in
MB of —1.8ugnT~ and Eastern Europe (E.Eu region, €x- NHz emission is expected since field application of fertil-
cept at llimitz and Sniezka stations) with MB 6fL.5 ug nv izers occurs during specific seasons (Asman, 2001). In the
(Fig. 3).  As in the case of sulphate, the model presentsc |OPE system over Europe, annual emissions ofsNH
the best correlation coefficients over the Western Iberian, e gerived from the 2004 annual EMEP emission database
Peninsula ranging from 0.40 to 0.65 (Fig. 3), and a MB (EMEP, 2007). However, detailed agricultural registers are
below 1ugm®. In contrast to calcium- and sodium- ot generally available in many countries (e.g. Menut and
nitrate, ammonium-nitrate mostly occurs in Eblwhereas  pessagnet, 2010). The evaluation of ammonium shows that
calcium- and/or sodium-nitrate mostly occur in the coarseéihe annual trend is correctly reproduced=(0.62, see Ta-
PMz5-10 mode which are known to be significant in Spain pje 1, Figs. 2e and 3) and it is underestimated by 37 %, with

from mid-spring to mid-autumn (Rojuez et al., 2002;  the highest bias occurring in winter (M8—0.68 pg nT3).
Querol et al.,, 2004, 2009). The fact that CMAQv.4.5 E it th deli ¢ d the dail
(AERO4) does not consider the formation of coarse calcium- .og_ﬁtea ?a ,d' € moder:?g'dsys etrrr: reprol ;J.ces feo 6? y
and/or sodium-nitrate; it could be related with the under- Varadiiity of sodium anc chioride with corre-ations ot 9.

estimations observed in Eastern Spain, particularly in sum—and 0.45, respectively (Table 1 and_ Fig. 4). It should be
mer (Fig. 3). Moreover, correlations between the Simulatednoted that the results are strongly biased towards measure-
' ments obtained in northern Europe, since 9 out of 11 stations
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are located there (see Appendix Al). There are 4 coastal ste8OA formation from isoprene and sesquiterpenes. The ab-
tions where the model simulates slightly higher chloride andsence of the isoprene-SOA route on SOA may impact signifi-
sodium concentrations than those measured while at contieantly in southern Europe during summer where the predom-
nental areas sea salt tends to be underestimated. Correlatiomant vegetation types favour isoprene as the main biogenic
for sodium is higher than for chloride since sodium is consid- volatile organic compounds (VOC; Keenan et al., 2009).
ered as inert in the atmosphere. One source of uncertainty in As a summary, the modelling system reproduces reason-
AERO4 is the consideration of coarse mode aerosols as drgbly well the daily variability of the main aerosol compo-
and inert. This approach does not allow for several aerosohents in Europe. Their concentrations are in most cases
processes, such as the replacement of chloride by nitrate istrongly underestimated. The most important underestima-
mixed marine/urban air masses (Kelly et al., 2010) especiallytions are observed for total carbonaceous material (i.e. OC
intense in summer when nitric acid is released by the therand EC). The total amount of SIA is on average underesti-
mal instability of ammonium nitrate (Querol et al., 2004). mated by 18-50%. SSA is underestimated inland and over-
Moreover, degassing of Clis notimplemented in the model, estimated at coastal sites of northern Europe.
and heterogeneous reactions are not taken into account. The
coarse mode in the AERO4 module in CMAQv4.5 is imple- 3.3  Aerosol optical depth
mented in a non-interactive way. That is, fine particles do
not coagulate with coarse particles, nor do coarse particledhe evaluation of AOD is particularly useful for evaluating
coagulate with each other. the capabilities of the modelling system to reproduce Euro-
Both OC and EC can contribute significantly to Pdand pean regional transport and the long-range transport of desert
PMyg in urban and kerb sites, and their mass fraction mightdust from North Africa.
be higher than the sum of the inorganic components (Putaud The modelling system is quantitatively compared against
et al., 2004). Unfortunately, a detailed investigation of the direct-sun AOD measurements (AOD) and the AOD mode
organic aerosol cannot be done for the present study sincproducts from the SDA retrieval (AGfe and AODxoarsd-
there are only very few measurements available that coveModelled AODine includes ammonium, sulphate, nitrate,
a longer time. Therefore OC and EC could only be evalu-SSA, OC, EC, unspeciated fine fraction from CMAQ and
ated at three EMEP/CREATE stations: Birkenes (NO0001),desert dust from BSC-DREAM8b. Modelled AQRseis
Melpitz (DE0044) and Montseny (ES1778) in 2004 on anthe sum of the super-micron fraction of desert dust from
annual basis. The results of the carbonaceous aerosol aBSC-DREAM8b and SSA and unspeciated coarse fraction
far from being representative and currently subject to re-from CMAQ. Table 2 and Fig. 5 show the annual and sea-
evaluation by the EUSAAR project. The observed values aresonal statistics, and the temporal evolution of model and
approximately a factor of 4 higher than the modelled values AERONET measurements for AOD, AQR: and AODQyoarse
This factor is higher than that obtained by Matthias (2008) atcalculated on an hourly and daily basis.
Birkenes in 2001 (factor of 3) partly because carbonaceous The model reproduces the AOD hourly and daily variabil-
particles from biomass burning emissions were taken intaity with average correlations of 0.51 and 0.56, respectively
account in the aforementioned study. There are other studfTable 2, Figs. 5a and 6) and underestimates the hourly and
ies that demonstrate that SOA are underestimated by curremtaily AOD by 41 and 38 %, respectively (Table 2, Figs. 5a
models by a factor of 6 (Volkamer et al., 2006). The large un-and 6).
certainties are associated with (1) probable underestimation If we take a closer look to the desert dust component and
of primary carbonaceous emission (Cooke and Wilson, 1996its role on the model skills, its influence is remarkable. When
Bond et al., 2004; Tsyro et al., 2007; Monsk et al., 2009) andconsidering only CMAQ outputs the AOD underestimation
(2) the state-of-the-science concerning SOA formation path+ises up to 61 % for hourly values and 58 % for daily values
ways (Eder and Yu, 2006; Edney et al., 2007; Appel et al.,and the annual correlation decreases to 0.39 for the hourly
2008). values and to 0.40 for daily values. The differences be-
From all anthropogenic emissions used in CALIOPE pri- tween CMAQ-alone and CMAQ+BSC-DREAMS8Db are larger
mary traffic emissions provide the highest contribution of in the Iberian Peninsula and Mediterranean sites due to the
OC and EC (80 % of PMls), followed by combustion in en-  proximity to the African continent. Correlations remark-
ergy and transformation industries (60 % of Pd. Addi- ably improve from 0.16 to 0.59, 0.39 to 0.58, 0.31 to 0.49
tionally, the absence of some natural PM sources (such aand 0.05 to 0.50, for the Western Iberian Peninsula, Eastern
wildfire emissions) and primary biogenic emissions (such adberian Peninsula-Western Mediterranean, Central Mediter-
pollen, bacteria, fungal and fern spores, fragments of animalsanean and Eastern Mediterranean, respectively for hourly
and plants, viruses, etc.) contributes to OC underestimatiorvalues. Averaging over the entire study region, desert dust
Wildfire emissions during 2004 were important in southern contributions represent about 35 % of the AOD and over the
Europe during summer (European Commission, 2005). Ad-berian Peninsula and the Mediterranean about 51 % on av-
ditionally, the traditional 2-product SOA model adopted by erage. These results are consistent with the aerosol charac-
CMAQv4.5 (Binkowski and Roselle, 2003) does not include terization presented in Basart et al. (2009).
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Table 2. Seasonal and annual statistics obtained with CALIOPE over Europe for 2004 at the AERONET stations for AQjge AGMD
AODcoarse Winter: January, February and December; spring: March, April, May; summer: June, July, August; autumn: September,
October, November. The number of data points indicates the number of pair measurement-model used to compute the statistics. The
calculated statistics are: measured mean for available data, modelled mean for the whole year, correlation cogfficgant bias (MB),

mean normalize bias error (MNBE), root mean square error (RMSE), mean fractional bias (MFB) and mean fractional error (MFE).

Data Obs. Mod. r MB MNBE RMSE MFB MFE

Points Mean Mean (%) (%) (%)
AOD hourly Annual 34925 0.18 0.10 0.51-0,07 -31.0 0.15 —53 66
(35 stations) Winter 4175 0.12 0.07 0.36-0,05 -23.1 0.13 —49 69

Spring 9099 0.19 0.11 049 -0,07 -323 0.16 —57 70
Summer 14249  0.19 0.11 0.49-0,08 —34.8 0.16 —56 66
Autumn 7402 0.16 0.10 0.62 -0,06 —26.6 0.13 —45 58

AODjfinehourly  Annual 15914 022 0.0 052-0.13 -48.7 019 -75 80
(16 stations) Winter 1459 0.14 0.06 0.42-009 -459 016 —78 87
Spring 3828 024 011 055-013 -495 019 —77 82
Summer 7250 0.24 0.10 045-0,14 -50.7 020 —77 80
Autumn 3377 021 010 062-012 -449 019 —69 74

AODcoarsehourly  Annual 15914 0.06 0.02 0.63-0.04 -72.9 0.07 -134 139
(16 stations) Winter 1459  0.05 0.02 0.25-0.04 -69.4 0.07 -—133 141
Spring 3828 0.07 0.02 058 -0.04 -733 0.09 -137 142
Summer 7250 0.05 0.02 0.70-0.03 -73.1 0.06 -135 139
Autumn 3377 0.06 0.02 0.71-0.04 -73.6 0.07 -130 133

AOD daily Annual 4920 0.18 0.11 0.56 -0.07 -—-28.2 0.14 —47 60
(35 stations) Winter 792 0.12 0.07 0.41-0.05 -23.6 0.12 —46 63
Spring 1267 0.19 0.12 0.52 -0.07 -—-28.8 0.15 -51 64
Summer 1689 0.20 0.12 0.55-0.08 —-33.3 0.15 —-51 60
Autumn 1172 0.16 0.11 0.67 —0.06 —24.5 0.12 -39 52

AODfine daily Annual 2318 022 010 059-0.12 -451 0.18 —69 74
(16 stations) Winter 304 014 006 045-0.08 -438 014 -71 80
Spring 556 0.25 012 058-013 -459 0.18 —70 75

Summer 919 0.24 0.10 0.53-0.14 -475 0.19 —70 73
Autumn 539 0.21 0.10 0.68 -0.11 -41.0 0.19 —62 69

AODcoarsedaily Annual 2318 0.06 0.02 0.70 -0.04 -74.6 0.07 —-134 -138
(16 stations) Winter 304 0.05 0.01 0.24-0.04 -71.0 0.07 —-132 138
Spring 556 0.07 0.02 0.65-0.05 -72.7 0.08 -134 138
Summer 919 0.05 0.02 0.77-0.03 -76.9 0.06 —139 141
Autumn 539 0.06 0.02 0.80 -0.04 -74.6 0.06 —130 131

Because the evaluation of the aerosol model performance In general, the CALIOPE system reproduces the main sea-
is hampered by the lack of routine data above the sursonal AOD patterns observed in MODIS despite the impor-
face, satellite observations offer new opportunities for modeltant underestimations at hot spots located in Northern Italy,
evaluation. In Fig. 7, the seasonal averages for 2004Eastern and North-western Europe as shown in the compar-
of the collection CO05 AOD data (cloud free) at 550 nm ison with AERONET data. The dust transport from North
from MODIS/Aqua sensor (Levy et al., 2003; Remer et Africa is well captured with maximum AOD values in the
al., 2005) are qualitatively compared with the modelled Eastern Mediterranean in spring shifting to the Central and
aerosol fields. Additionally, superimposed to MODIS values, Western Mediterranean in summer.
the AERONET seasonal mean values are included showing The aerosol fields obtained with CALIOPE are simi-
moderate differences between both observational datasetg 1o those shown in other European modelling studies

Among other causes, this is partly because the satellite prod(e_g_ POLYPHEMUS: Tombette et al.. 2008: CHIMERE
uct is obtained from 2 images per day. in contrast to morepg s et al., 2010). In another study with CMAQ (Matthias,
frequent AERONET measurements during the day. 2008), the modelled AOD was 20 to 70% lower than
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Fig. 5. Modelled (black lines), corrected-modelled (red lines) and measured (grey lines) mean daily time series (right) and scatter plots of
mean hourly values (left) for AOD, AORe and AODxparseat the AERONET stations. The scatter plots include the 1:1, 1:2, 2:1, 1:5 and 5:1

reference lines. Correction factors of Table 3 are applied to sulphate, nitrate and ammonium and EC + OC in the corrected-modelled series.

AERONET observations. In contrast to our results, the bestAODjsine and AODyparse@re presented in Table 2 and Fig. 6
scores in this study were achieved in northern sites wherand the temporal series are shown in Fig. 5b and c, respec-
desert dust contributions are smaller, which again highlightgtively. Desert dust contributions to AGR: and AODQxoarse
the importance of desert dust in southern latitudes. Theare on average 22 % and 88 %, respectively. The largest dis-
evaluation of the POLYPHEMUS system (Tombette et al., crepancies between model and data are associated t@AOD
2008), which also did not consider desert dust, against 14MB = —-0.13 and RMSE=0.19, Table 2), although the
AERONET stations underestimated the hourly AOD aver- hourly variability is reasonably well captured-£ 0.52, see
age from 0.02 to 0.07 and correlations ranged from 0.40Figs. 5b and 6). The best scores are found at SMHI site in the
to 0.87 obtaining the best results in the northern EuropeamNordic region ¢ = 0.70, RMSE=0.04 and MB= —0.03)
sites. In the evaluation of the CHIMERE model against 13where no desert dust is present in the fine mode AOD and
AERONET stations presented iref et al. (2010), correla- where the frequent background situation is associated with
tions lied within the range of 0.50-0.74. The values obtainedow values. The largest error in AGQRk is found for North-
in the present work lie within the range of these studies withern Italy (RMSE=0.29 and MB= —0.20). The correlation
correlations of 0.40-0.72 depending on the region. remains moderately high thougt@.52) indicating that the

We take a closer look now at the fine and coarse com-nodelling system is able to reproduce reasonably well the
ponents of the AOD. The annual and seasonal statistics fobackground AOD and the occurrence of enhanced (or peak)
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Fig. 6. Spatial distribution of mean bias (left panels) and correlation coefficient (right panels) at all stations for AOf,%8DD AOD:oarse
in hourly basis. The four columns represent the winter and summer seasons for 2004 for each parameter.

concentrations (or episodes). Northern Italy includes one ohitrate because high levels of sulphate neutralize ammonium
the most polluted regions in Europe, the Po Valleyé(iv (Querol et al., 2009).

and Zibordi, 2005) and the model indicates almost no con- The ESCOMPTE experiment (Mallet et al., 2003), which
tribution from dust (less than 4 %) in agreement with Gobbi investigated the microphysical and optical properties of
et al. (2007). In this area, the air stagnation in a mountain-aerosols around Marseille in the summer 2001, showed that
surrounded valley favours photochemical reactions that pro90 % of the light extinction was due to anthropogenic aerosol
duce SIA and fine mode growth (Gobbi et al., 2007) togetherand only 10% was due to natural aerosol (SSA and desert
with frequent humid conditions in winter which favours nu- dust). 44 % of the anthropogenic extinction was due to am-
cleation and growth of aerosols. monium sulphate, followed by 20 % from EC and 21 % from
organic matter. Nitrate aerosol had a weak contribution of
about 5%. In our study, the Western Mediterranean sites
(i.e. Avignon, Carpentras, Toulon and Villefrange) in sum-
mer, show a 28 % contribution of natural aerosol (SSA and
desert dust) and a 72 % contribution of anthropogenic aerosol
to the extinction. In our model, 54 % of the anthropogenic
extinction is due to ammonium sulphate followed by nitrate
e(~13 %) and EC £6 %) and OC {9 %). These results re-
veal a significant underestimation of total carbonaceous ma-

0.18, RMSE= 0.10 and MB= —0.06). In general, the high- terial species v_vh|ch can be partly explained t_)y t_he |nflu_ence
of local emissions and natural sources as indicated in the

est AOQyoarsevalues are linked to the presence OfdeserthSt'Sect. 3.2. The uncertainties associated to the emission in-

However, some coarse events of coarse particles in North- .
entory for black carbon may be an important cause for the
Western and Eastern Europe are not captured by the modj.
discrepancy (Baldasano et al., 2008b).

elling system (not shown here). Theses episodes may be
linked to the occurrence of the coarse sodium and calcium

The daily variability of AODQuarse is well reproduced
(r =0.63, see Fig. 5¢). The best scores are found in
the Mediterranean Basin @< r < 0.8, RMSE< 0.09 and
MB ~ —0.04, on average in hourly mean values for the en-
tire Basin) particularly in summertime coinciding with the
maximum AODRQarse Values and maximum activity in the
desert dust sources (Middelton and Goudie, 2001). Th
largest discrepancies are found in Nordic countries (.06,
RMSE=0.03 and MB=—-0.02) and Eastern Europe £
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CMAQ + BSC-~DREAMEDL AOD of 550nm DJF CMAQ + BSC=-DREAMBL corrected AOD at 550nm DJF MODIS fAqua and AERONET AQD at 550nm DJF

CMAQ + BSC-DREAMED AOD of 550nm MAM CMAQ + BSC=-DREAMBDL correcled AOD at 550nm MAM

CMAQ + BSC-DREAMBB AQD at 550nm JJA CMAQ + BSC-DREAMBbL corrected AOD at S550nm JJA MOD S,—”J\cua and AEROMET AOD at 550nm JJA

/QI _ _A_‘L

CMAQ + BSC=-DREAMBBL AOD af 550nm SON CMAQ + BSC-DREAMBE corrected AOD ot 550am SON MODIS/Aque ond AERONET AOD ot 550nm SOM

Fig. 7. Seasonal AOD average (from top to bottom) of CMAQ + BSC-DREAM8b without correction factor (left panels), CMAQ + BSC-
DREAMBS8b with correction factors of Table 3 for sulphate, nitrate and ammonium and EC + OC (central panels) and MODIS/Aqua AOD
(rigth panels) with AERONET seasonal mean values in coloured circles.
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Table 3. Seasonal and annual multiplicative correction factors for the qb_ser\{atlons. Taple 3 shows the _spatlally homogenequs
SIA (sulphate, nitrate and ammonium) and EC + OC obtained min-Multiplicative correction factors obtained for each chemi-

imizing the weighted sum of the squared difference between thecal Species. The bias corrected simulation is then evaluated
modelled and measured chemical aerosol surface concentrations @gainst the bulk PM and AOD observations from EMEP and

a daily basis over Europe for 2004. Winter: January, February andAERONET (Table 4).
December; spring: March, April, May; summer: June, July, Au-  The corrected PMs and PMg results present a much bet-

gust; autumn: September, October, November. ter agreement with the observations if correction factors are
applied (Fig. 2 and Table 4). The annual underestimations are
Sulphate  Nitrate Ammonium OC+EC reduced from 53 to 19 % for PM and from 58 to 35 % for
Winter 17 17 20 4 PMjio. Correlations increase from 0.47 to 0.61 for P4vand

Spring 14 1.8 1.7 4 from 0.57 to 0.62 for PMy. MFE and MFB for the corrected
Summer 1.2 1.9 1.4 4 PMz 5 fall within the performance goal and the corrected
Autumn 1.1 1.5 1.2 4 PMjo within the performance criterion proposed by Boylan
Annual 1.3 1.7 1.6 4 and Russell (2006). Correlation coefficient RMSE, MFB and
MFE of PMp 5 and PMg with correction factors are signifi-
cantly better than those obtained in Pay et al. (2010) by ap-

4  Aerosol distribution over Europe plying a factor of 2 to total PMs and PMo.
Underestimations are reduced from 57 to 32% for the
4.1 Model bias correction hourly AODxine and from 41 to 13 % for the hourly AOD.

Correlation coefficients increase from 0.52 to 0.56 for the
Several studies have demonstrated the benefit of adjustingourly AODrine and from 0.51 to 0.56 for the hourly AOD
site-specific air quality model predictions using observa-(Table 2 and Figs. 5 and 6). Similar results are obtained for
tional data to reduce systematic model error (e.g. Hogrefejaily AOD and AOQine (see Table 4). Finally, Fig. 7 high-
et al., 2006; Djalalova et al., 2010). Bias-adjustment stratedights the closer agreement between the model corrected sea-
gies range from the relatively simple mean bias and multi-sonal AOD distribution and the MODIS/Aqua satellite prod-
plicative ratio adjustments used by McKeen et al. (2005) touct in comparison with the uncorrected model estimates. The
the more complex Kalman filter techniques (Manders et al.,corrected simulation provides more realistic information for
2009; Kang et al., 2010; Sicardi et al., 2011). In this sectionthe analysis of the aerosol spatial and temporal patterns over
we provide an estimation of the spatial and seasonal distriEurope.
bution of the different aerosol components over Europe with
our model results including an a posteriori correction. The4.2 Spatial and seasonal distribution of PM
evaluation consistently reveals a similar degree of underesti- concentrations and AOD
mation of the fine fraction on both surface levels and column-
integrated values (AOD) and the correction applied is basedrigure 8 depicts the corrected-modelled annual mean of
on the results of the evaluation of the chemical aerosol comPMz5, PMjg, AOD and AODjne. The highest mean
position presented in Sect. 2.3.1. aerosol concentrations (AOD0.3 and PMg > 30 ug n3)

We calculate spatially homogeneous multiplicative correc-found over the Po Valley and the Benelux region (Bel-
tion factors per aerosol species and apply it to the mass corgium, The Netherlands, Luxembourg) are dominated by
centrations in the model. The main limitation of this method fine anthropogenic aerosols. A second maximum is found
is the application of a spatially homogeneous correction fac-over South-eastern Europe (AGB0.2) and southern Eu-
tor for a large region such as Europe. However, as showrfope (AOD> 0.2 and PMg > 20 ugnt3). Aerosol con-
in the model evaluation results, the seasonal variability has &entrations decrease towards the North and North-western
stronger impact than the geographical differences in the forEurope reaching the lowest values in the northern region
mation of the secondary atmospheric aerosols. As describe(POD < 0.15) in agreement with the modelling study of
below the modelled bulk parameters (PM and AOD levels)Schaap et al. (2004). Low values are also found over the
significantly improve after correcting the bias of each aerosolmajor European mountain chains, i.e. the Alps, Massif Cen-
species individually. tral, the Pyrenees and the Carpathians with AOD.1 and

For carboneous compounds, a spatially homogeneouPMig < 10ug 3.
mean annual multiplicative correction factor of 4 is esti- We distinguish some common features in the column-
mated. For the SIA (i.e. sulphate, nitrate and ammonium)integrated and surface distributions such as the high values
seasonal correction factors are calculated from the modelledver the North of Italy and the Netherlands. There are also
and observed mean daily values. We employ a weighted sursignificant contrasts as for instance the maritime areas in
of the squared difference between the modelled and observetthe North Atlantic region and Eastern Europe. Differences
values. We minimize this sum to identify the magnitude of over the North Atlantic region are associated to the relatively
the aerosol concentration being in optimal agreement witHow SSA extinction (Dubovik et al., 2002) in comparison
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Table 4. Seasonal and annual statistics obtained with CALIOPE and the seasonal correction factors applied to sulphate, nitrate, ammonium
and EC + OC over Europe for 2004 at the EMEP stations fop BMn pg m*3) and PM_g (in png m*3) and at the AERONET stations for

AODjsine and AOD. Winter: January, February and December; spring: March, April, May; summer: June, July, August; autumn: September,
October, November. The number of data points indicates the number of pair measurement-model used to compute the statistics. The
calculated statistics are: measured mean for available data, modelled mean for the whole year, correlation cogfficgamt bias (MB),

mean normalize bias error (MNBE), root mean square error (RMSE), mean fractional bias (MFB) and mean fractional error (MFE).

Data Obs. Mod. r MB MNBE RMSE MFB MFE

Points Mean Mean (%) (%) (%)
PM 5 daily Annual 5437 12.47 10.10 0.61-2.36 —6.7 881 -22 47
(17 stations) Winter 1252 13.68 10.43 0.67-3.25 —-45 1152 -18 54

Spring 1344 12.28 9.84 0.59 -2.43 -9.8 8.30 -24 45
Summer 1468 1240 10.11 0.55-229 -15.7 749 -28 45

Autumn 1373 11.62 10.05 0.62-1.57 4.3 7.65 -19 44
PM1g daily Annual 8708 17.84 1164 0.62-6.20 —-20.9 12.84 -39 54
(26 stations) Winter 2075 1795 11.82 0.65-6.13 -95 14.04 -32 56

Spring 2167 1764 1191 059-574 -226 11.76 -39 51
Summer 2276 18.67 11.25 0.60-7.42 —-32.3 1425 48 56
Autumn 2190 17.08 1162 0.66-545 —-185 11.02 -35 52

AODjine hourly  Annual 15914 022 0.15 0.55-0.07 63 016 -36 6
(16 stations) Winter 1459 0.14 0.0 056-0.05 155 013 -26 55
Spring 3828 024 018 0.57 —0.06 23 016 -32 50
Summer 7250 024  0.15 0.48-0.08 16 016 -35 50

Autumn 3377 0.21 0.14 0.66 —0.08 15.2 0.16 -36 52

AOD hourly Annual 34925 0.18 0.15 0.56-0.02 -165 0.13 -12 46
(35 stations) Winter 4175 0.12 0.11 0.48-0.00 -13.4 0.01 1 49
Spring 9099 0.19 0.18 0.55-0.010 -19.7 0.14 -12 45
Summer 14249 0.19 0.16 0.53-0.04 -185 0.14 -16 45
Autumn 7402 0.16 0.14 0.66 —0.03 -10.0 0.12 -13 46

AODfinedaily ~ Annual 2318 022 0.6 0.61-0.07 -133 015 -28 46
(16 stations) Winter 304 014 011 0.54-0.03 00 012 -19 48
Spring 556 0.25 019 060-006 -11.9 015 -25 44
Summer 919 024 0.6 0.56-0.08 171 016 -30 46
Autumn 539 021 014 071-007 -161 016 -31 48

AOD daily Annual 4920 0.18 0.14 0.60 —0.04 -1.9 0.12 -15 42
(35 stations) Winter 792 0.12 0.11 057-0.01 -144 010 -3 43
Spring 1267 0.19 0.17 0.55 -0.02 -3.1 0.12 -16 40
Summer 1689 0.20 0.15 0.59-0.05 —7.4 0.12 -20 43
Autumn 1172 0.16 0.13 0.70 —-0.03 -3.8 0.11 -18 44

to its higher impact on Pk values. Over the continent, is observed in the sulphate contribution to RMind AOD

differences between PM surface concentrations and AOD areuring the warm season due to high temperature and low rel-

partly due to the dilution conditions related to the PBL height ative humidity that favour the oxidation of $@nd the for-

due to changes in the vertical mixing and to the moisture conmation of sulphate under the presence of hydroxyl radical

tent affecting the optical properties of aerosols (Gupta ande.g. Querol et al., 2009). In summer, sulphate AOD reaches

Christopher, 2009). On the other hand, aerosols in the fre@verage values above 0.12 in Eastern Europe, with a max-

troposphere are transported from other regions, significantlymum of 0.28 over Romania. High surface concentrations

contributing to the total AOD (e.g. Amiridis et al., 2005). of sulphate are calculated in summer over the Aegean Sea
Figures 9 and 10 present the mean seasonajoRd (~5 g nm3) due to the shipping traffic_emissions and over

AOD together with the respective fractions of anthropogenicthe Balkans (above 5 ugm) due to emissions from power

(nitrate, sulphate, ammonium and OC+EC) and naturalP'ants.

aerosols (SSA and desert dust). Despitg 8Missions are

rather constant throughout the year, a clear seasonal trend
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CMAQ+BSC—DREAMBb PM2.5 (ug/m3) CMAQ+BSC-DREAMBb PM10 (ug/m3)

o SE 10E 15E 20E 25E 30E 5E 10E 15E 20E 25E 30E

CMAQ+BSC—-DREAM8b AQD Fine CMAQ+BSC—-DREAM8b AOD

SE 10E 15€ 20€ 25 30E

Fig. 8. Annual average of PWs (in ug nr3), PMzg (in pug n3), AODjsine and AOD obtained with the corrected CMAQ+BSC-DREAM8b
simulations. Correction factors of Table 3 are applied to nitrate, sulphate, ammonium and EC + OC.

Nitrate levels also present a strong seasonal variabilityand secondary pollutants. Major primary sources of OC in-
with the highest values during the cold months (Figs. 9clude diesel and gasoline-burning engines, biomass burning
and 10). In winter the nitrate contribution to Rpland and some industrial processes, so OC will be found in ur-
AOD reaches up to 40% over the entire European conti-ban and rural background environments. OC +EC are con-
nent. In summer the highest contributions are localised incentrated at hot spot locations where they are found in the
Central Europe. Ammonium concentration shows only vari-fine fraction with maximum PMs values of~6 pg nt2 and
ations throughout the year (Figs. 9 and 10). The highestAODjsine values up to 0.01. Maximum OC + EC contributions
contributions to PMp and AOD (15 % and~20 %, respec-  are observed in summer (Figs. 9 and 10). OC +EC estima-
tively) are observed in winter and the lowest contributionstions should be taken carefully due to the few measurements
(<10%) in summer. Maximum surface concentrations of ni- available over Europe for the model evaluation results as well
trate (~4.6 pg nT3) and ammonium~3pgnt3) are simu-  as the considerable uncertainties associated to the calcula-
lated over most European countries in winter, with the high-tions of EC and OC. Also, SSA contributes weakly to the
est levels over the Po Valley-8 ug m 2 and>5 ug n3 for AOD with an average mean annual value of less than 0.01.
nitrate and ammonium, respectively). Their maximum con-At ground-level, the mean contribution of SSA to PMn
tribution to AOD is found in the Po Valley<0.10) and to a  the Mediterranean Sea reaches up to 46%Qug nT3) and
lesser extent in the Benelux area(.08). up to 80 % (15 pg m3) in the North Atlantic.

EC is a primary pollutant so its spatial variability is rel-  Sulphate and nitrate contribute up to 80 % of the;g&hd
atively high. Major sources of EC include diesel engines,AOD in latitudes beyond #IN (Figs. 9 and 10). Maxima
particulate heavy-duty trucks, and combustion process (inS!A and carbonaceous matter are mainly concentrated at hot
cluding biomass and fossil fuel), thus high levels are associSPot localizations in Europe where they are found in the fine
ated with urban areas and maritime routes. Conversely, odraction.
is emitted directly, or in a large proportion formed, from the
condensation of low-volatility organic compounds. Thus, the
spatial variability of OC is between that of purely primary
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Fig. 9. Seasonal average (from winter to autumn, left to right) of{gNin ugn3) and the seasonal contributions (in %) of sulphate
(SOZZ), nitrate (NG;), ammonium (NH), carboneous matter (EC+OC), sea salt aerosols (SSA) and desert dust (DD} gonRM
correction factors applied to sulphate, nitrate, ammonium and EC + OC.
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Fig. 10. Seasonal average (from winter to autumn, left to right) of AOD and the seasonal contributions (in %) of sulplje%)e (Bate
(NO3), ammonium (NH), carboneous matter (EC +OC), sea salt aerosols (SSA) and desert dust (DD) to AOD with correction factors
applied to nitrate, sulphate, ammonium and EC + OC.
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Table 5. Number of exceedances of the Py/Maily European limit value (50 HgTi$) from EMEP observations, corrected CMAQ+BSC-
DREAMS8 modelled values and BSC-DREAM8b modelled values. Correction factors of Table 3 are applied to nitrate, sulphate, ammonium
and EC+OC.

Number of exceedances of the R/taily limit value
EMEP CMAQ + BSC-DREAM8b BSC-DREAMS8b

Station name

Austrialllmitz _AT0002

Austria Vorhegg AT0005
SwitzerlandPayerneCH0002
SwitzerlandTanikonCH0003
SwitzerlandChaumontCH0004
SwitzerlandRigi_CH0005
GermanyWesterlandDE00O1
GermanyLangenbruggdE0002
GermanySchauinslandE0003
GermanyNeuglobsowDEO0007
GermanySchmuckeDE0O008
GermanyZingst DE0O009
DenmarkKeldsnortDK0O005
SpainViznar.ES0007
SpainNiembra ES0008
SpainCampisabala£S0009
SpainCabade CreusES0010
SpainBarcarrolaES0011
SpainZarraES0012
SpainPenausend&S0013
SpainEls_. Torms ES0014
SpainRiscallamo.ES0015
SpainO_SavinaaES0016
SpainMontsenyES1778
Italy_MontelibrettiITOO01
Italy_IspralTO004
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Fig. 11. Number of the days exceeding the EU RMdaily limit value (>50ug n3) for (a) BSC-DREAMS8b and(b) BSC-
DREAMS8b + CMAQ derived aerosol. Correction factors are applied to sulphate, nitrate, ammonium and EC + OC in CMAQ model outputs.
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In contrast to anthropogenic sources, which are mainly lo-up to about 75 days per year in the southernmost areas. When
cated in the European continent, mineral dust sources affectwve include the other aerosol components (Fig. 11b), a sig-
ing Europe’s PM levels are mostly found in North African nificant number of exceedances appear in well-known Eu-
deserts. One distinct feature of the CALIOPE modelling sys-ropean hot spots. In particular, the limit value is exceeded
tem with respect to other European systems is the inclusiommore than 75 days in the Po Valley, Eastern Europe and in the
of the influence of African dust on a non-climatological basis Benelux regions. Additionally in those regions most affected
by means of the offline coupling with the BSC-DREAM8b by the presence of desert dust (in the North Mediterranean
model. Desert dust exhibits a strong seasonal variabilityarc, <45° N), the number of exceedances notably increases
throughout the year. Maximum desert dust transport to Euwith respect to the desert-dust-alone case achieving up to
rope occurs from spring to early autumn according to the100 days in mountainous areas in the South-Eastern Iberian
model results (Figs. 9 and 10), while minimum desert dustPeninsula. Note that Fig. 11b may only represent a lower end
contributions are found in winter over the entire region. In estimate of the total number of exceedances given that the
spring, an increase of dust outbreaks and high desert dus®M;g mass is significantly underestimated in the modelling
contributions &40 %) are observed in the Central and East- system (about 6 ugn¥ on average).
ern Mediterranean regions. In summer, the maximum desert
dust contribution is shifted towards the Western Mediter-
ranean and the Southern Iberian Peninsula. In the Soutl® Summary and conclusions
eastern Iberian Peninsula, desert dust contributes about 60—

70% of the PMg and AOD levels which reach 40 ugth A detailed aerosol characterization over Europe for year
and 0.2, respectively (Figs. 9 and 10). 2004 using the CALIOPE modelling system has been pre-

The simulated seasonal patterns are in agreement witgented in this work, together with a detailed model evaluation
observational studies using ground-based (e.g. Papayann® PM levels, AOD and chemical composition to quantify the
et al., 2008; Basart et al., 2009) and satellites observamodel skills and analyze the causes for discrepancy.
tions (e.g. Barnaba and Gobbi, 2004; Antoine and No- The evaluation shows that the modelling system can repro-
bileau, 2006). Long-range transport of Saharan dust acrosguce reasonably well the daily variability of the main aerosol
the United Kingdom appears to be much less frequent thaigomponents in Europe. Aerosol levels are in most cases un-
for Southern and Central Europe (Ryall et al., 2002) asderestimated. On the one hand, the larger underestimation in
a consequence of typical atmospheric circulation patternsPMio compared to PMs suggests missing sources of coarse
Dust particles can penetrate Northern Europe reaching th&M in the modelling system. On the other hand, the evalu-
United Kingdom and the North Sea in winter (contributions ation of the chemical composition highlights important un-
to PMig~ 15% in northern United Kingdom in winter see derestimations of the modelled fine fractions particularly for
Fig. 9). carbonaceous matter (200 %) and SIA (18-50 %).

African dust outbreaks have been long recognized to We calculated spatially homogenous multiplicative correc-
cause exceedances of the European air quality limit valuegion factors for carboneous matter and SIA components that
(Rodiiguez et al., 2001; Barnaba and Gobbi, 2004; Querolminimize the differences between the modelled and observed
et al., 2004; Papanastasiou et al., 2010). Table 5 shows thealues. The results of the corrected simulation highlight the
number of exceedances of the daily gMir quality limit fact that besides increasing the total mass budget (underesti-
value established by the European Commission (50ym mations are reduced by 34 % and 23 % for R\nd PMy,
for each EMEP station in 2004 as well as the number ofrespectively), the correction by species and seasons improves
exceedances obtained with the model. The number of exthe simulation of the variability of the bulk parameters with
ceedances is underestimated by the CALIOPE modellingespect to the observed values (the annual correlation in-
system (248 observed days versus 72 simulated days exceetkeases from 0.47 to 0.61 for BN, and 0.57 to 0.62 and
ing the daily PMg limit value). In those stations mostly af- PMjg, respectively). Also the corrected modelled AOD is
fected by desert dust outbreaks such as the Spanish EMESignificantly improved when compared to MODIS.
sites, these differences are reduced (with 87 observed versus Aerosols over Europe are dominated by (1) local anthro-

37 simulated days exceeding the daily RMmit value) in- pogenic emissions, (2) the proximity to the African desert
dicating the improvement from the inclusion of desert dustinand (3) atmospheric dynamics at synoptic scale. The mean
model simulations. annual PM concentration decreases towards the North and

In Fig. 11 we provide a spatial estimate of the numberNorth-Western Europe reaching the lowest values in the
of days in which the daily European air quality limit value northernmost regions. The highest aerosol concentrations are
(50 pug n3) is not met due to natural dust events. Figure 11afound over the industrialized and populated areas of the Po
provides an estimate based only on desert dust levels. Largéalley and the Benelux regions. A second maximum is de-
regions from the Iberian Peninsula to Greece (in the Northtected over Eastern and Southern Europe. High values over
Mediterranean arc:45° N) exceed the limit value while the southern Europe are linked to the transport of large particles
number of daily exceedances increases southwards reachirfgpm the Sahara desert. Maximum values are found in spring
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in the Eastern Mediterranean and in summer over the Iberiamprofiles to speciate primary pollutants from different anthro-

Peninsula and the Central-Western Mediterranean. SIA ar@ogenic activities, in European modelling exercices there is

concentrated in the fine fractions and they are the main connot a common strategy in this issue. There are different

tributors to the PMlp and AOD values in the European con- chemical speciation profiles according to different sources

tinent reaching up to 80 % for latitudes north of4Q of information. Most European emission models (such
We have shown the importance of the desert dust transas Simpson et al., 2012) are based on profiles of Non-

ported from North Africa in the aerosol budget over South- Methane \olatile Organic Carbon (NMVOC) species from

ern European countries. The presence of mineral dust fronfPassant (2002) specifically developed for the United King-

African deserts causes exceedances of the dailyoFBRd- dom. Other European studies such as Bessagnet (2008)

ropean air quality limit value (50 pgmd) in latitudes south  used also the profiles from SPECIATE{{://www.epa.gov/

of 45° N reaching up to more than 75 days per year in thettnchiel/software/speciajethich is the USEPA's repository

southernmost regions. of NMVOC. However, others such as Bieser et al. (2011)
Despite the rather satisfactory performance of the mod-used SPECIATE for PM speciation and Passant (2002) for

elling system, several aspects are now under further impleNMVOC. In this sense, it would be recommendable to work

mentation in the framework of the CALIOPE project. Wind- in a common European methodology for the chemical speci-

blown dust should be taken into account especially in dry andation of primary emissions.

arid regions as well as PM resuspension from paved roads in We expect further progress with the new version of CMAQ

urban areas (Pay et al., 2011). Biomass burning and naturdCMAQV5.0) featuring a new aerosol module, AEROS5, con-

NOy are emissions currently not included in the CALIOPE taining substantial updates in SOA formation and dynamic

modelling system and could contribute to the N@nder- interactions of fine and coarse aerosol.

estimation. Another source of uncertainty comes from the

chemical speciation of primary pollutants in the EMEP emis-

sion inventory. While in the United States, the Environmen-

tal Protection Agency (USEPA) is the common repository of
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Appendix A

Table Al. Coordinates, altitude and the aerosol chemical species measured of the 55 selected EMEP stations are included.

S. Basart et al.: Aerosols in the CALIOPE air quality modelling system

code is composed by 2-letter country code plus 4-digit station code. Zone of location is defined in Fig. 1.

Station Name Code Zone Lat ) Lon.(°E) Alt. (m) Network Nat  ClI- SO;2 NO3 NH44r OoC EC
Anholt DKO0008 Nord 56.717 11.517 40 EMEP X X

Barcarrota ES0011 W.IP 38.476  —6.923 393 EMEP X X

Birkenes NO0001 Nord 58.383 8.250 190 EMEP/CREATE X X X X X X X
Cabo de Creus ES0010 E.IP-W.Med 42.319 3.317 23 EMEP X X
Campigbalos ES0009 W.IP 41.281 —-3.143 1360 EMEP X X

Chopok SK0002 E.Eu 48.933 19.583 2008 EMEP X

Deuselbach DE0004 NW.Eu 49.767 7.050 480 EMEP X

Diabla Gora PLO005 E.Eu 54.150 22.067 157 EMEP X

Donon FR0008 C.Eu 48.500 7.133 775 EMEP X

Els Torms ES0014 E.IP-W.Med 41.400 0.717 470 EMEP X X
Eskdalemuir GB0002 NW.Eu 55.313  —-3.204 243 EMEP X

High Muffles GB0014 NW.Eu 54.334 —0.808 267 EMEP X

Ilimitz AT0002 E.Eu 47.767 16.767 117 EMEP X X X X
Iraty FR0O012 S.Fr 43.033 —1.083 1300 EMEP X

Iskrba S10008 N.It 45.567 14.867 520 EMEP X X X

Ispra ITO004  N.It 45.800 8.633 209 EMEP X X X
Jarczew PLO002 E.Eu 51.817 21.983 180 EMEP X X X
Jungfraujoch CH0001 C.Eu 46.550 7.983 3573 EMEP X X X X
Kollumerwaard NLOO09 NW.Eu 53.334 6.277 1 EMEP X X
Kosetice CZ0003 E.Eu 49.583 15.083 534 EMEP X

K-puszta HU0002 E.Eu 46.967 19.583 125 EMEP X X X
La Tardire FR0015 C.Fr 46.650 0.750 746 EMEP X

Le Casset FRO016 C.Eu 45.000 6.467 746 EMEP X

Leba PLO004  Nord 54.750 17.533 2 EMEP X X X
Liesek SK0005 E.Eu 49.367 19.683 892 EMEP X X

Lough Navar GB0006  N.Atl 54.443 —7.870 126 EMEP X

Melpitz DE0044 NW.Eu 52.53 12.93 86 CREATE X X X X X X X
Montandon FR0014 C.Eu 47.183 6.500 746 EMEP X

Montelibretti ITO001  C.Med 42.100 12.633 48 EMEP X X X
Montseny ES1778  E.IP-W.Med 41.778 2.3778 730 EMEP X X X X X X X
Morvan FR0010 C.Fr 47.267 4.083 620 EMEP X

Niembro ES0008 W.IP 43.442 —4.850 134 EMEP X X

O Saviao ES0016 W.IP 42.653 —7.705 506 EMEP X X

Payerne CHO0002 C.Eu 46.817 6.950 510 EMEP X

Penausende ES0013  W.IP 41.283 —-5.867 985 EMEP X X

Peyrusse Vieille FR0O013  S.Fr 43.375 0.104 236 EMEP X

Preila LT0015 Nord 55.350 21.067 5 EMEP X

R&0 SE0014  Nord 57.400 11.917 5 EMEP X

Revin FRO009 NW.Eu 49.900 4.633 390 EMEP X

Rigi CHO005 C.Eu 47.069 8.466 1030 EMEP X

Risco Llamo ES0015 W.IP 39.517 —4.350 1241 EMEP X X

Rucava LV0010  Nord 56.217 21.217 5 EMEP X X X
Skreadalen NOO0008 Nord 58.817 6.717 475 EMEP X X X X X
Sniezka PLO003 E.Eu 50.733 15.733 1603 EMEP X X X
Starina SK0006 E.Eu 49.050 22.267 345 EMEP X X
Svratouch CZ0001 E.Eu 49.733 16.033 737 EMEP X

Tange DK0003 Nord 56.350 9.600 13 EMEP X X

Topolniky SK0007 E.Eu 47.960 17.861 113 EMEP X X

uto F10009 Nord 59.779 21.377 7 EMEP X X X
Valentina Observatory  IE0001 N.Atl 51.940 -10.244 11 EMEP X X

Vavihill SE0011  Nord 56.017 13.150 175 EMEP X

Viznar ES0007 E.IP-W.Med 37.233  —-3.533 1265 EMEP X X

Yarner Wood GB0013 NW.Eu 50.596 —-3.713 119 EMEP X

Zarra ES0012 E.IP-W.Med 39.086 —-1.102 885 EMEP X X

Zoseni Lv0016  Nord 57.133 25.917 183 EMEP X X X
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Table A2. Description of the 35 AERONET stations. Zone of location is defined in Fig. 1; class of the location: remote (R), urban (U) or
sub-rural (S) areas and in littoral locations (C); coordinates, altitude, number of measurements (N), number of hours (Hr.), number of days
(Dy.) and months (Mo.), percentage of cloud screened data (F) in the observation period and availability of the quality-assured SDA retrieval

products (SDA).
Station name Code Zone Class Lon. Lat. Alt.  Firstdate Last date N Hr. Dy. Mo. F SDA
| CMN) () (%)
Avignon AVI E.IP-W.Med U 4.88 4393 32 01/01/2004 31/12/2004 7131 1998 264 12 3452
Barcelona BCN E.IP-W.Med U/C 212 4139 125 16/12/2004 31/12/2004 201 59 11 1 39.12
Belsk BEL E.Eu R 20.79 51.84 190 10/02/2004 11/12/2004 3173 1039 150 10 41.49 X
Blida BLI E.IP-W.Med S/C 2.88 36.51 230 01/01/2004 27/12/2004 4598 1368 220 12 3355 X
Cabo da Roca ROC W.IP R/C —9.50 38.78 140 04/01/2004 14/10/2004 4179 1259 193 10 39.17
Carpentras CAR E.IP-W.Med R 5.06 44.08 100 02/01/2004 15/11/2004 6905 1979 242 11 37.12 X
Dunkerque DUN NW.EU u/C 2.37 51.04 0 20/07/2004 06/12/2004 871 331 65 6 56.17
El Arenosillo ARE  W.IP R/IC -6.73 37.11 0 01/01/2004 31/12/2004 9235 2437 302 12 23.70
ETNA ETN  C.Med u/C 15.02 37.61 736 01/01/2004 15/04/2004 871 226 40 3 39.25 X
Evora EVO W.IP u —7.91 3857 293 02/01/2004 31/12/2004 7860 2205 266 12 29.75
Fontainebleau FON  NW.EU R 268 48.41 85 28/03/2004 30/11/2004 1411 568 106 9 53.65 X
Forth Crete CRE E.Med S/C 2528 3533 20 01/01/2004 31/12/2004 9634 2352 272 12 24.90 X
Hamburg HAM NW.EU ] 9.97 53.57 105 18/01/2004 29/12/2004 2094 691 115 11 46.59 X
Helgoland HEL NW.EU R/C 7.89 5418 33 28/04/2004 21/10/2004 470 202 40 7 4042 X
IFT-Leipzig LEI C.Eu U 12.44 5135 125 08/01/2004 21/12/2004 1567 642 129 12 49.15 X
ISDGM CNR CNR  N.It R/C 12.33 4544 20 01/01/2004 08/11/2004 5029 1566 209 11 48.26 X
Ispra ISP N.It S 8.63 45.80 235 01/01/2004 31/12/2004 3942 1301 200 12 4450 X
Laegeren LAE C.Eu R 8.35 47.48 735 30/03/2004 25/12/2004 2694 848 125 10 41.24 X
Lampedusa LAM C.Med R/C 12.63 3552 45 01/01/2004 30/12/2004 2561 848 139 8 30.63
Le Fauga FAU  S.Fr R 1.28 43.38 193 04/01/2004 22/12/2004 3736 1131 176 11  40.73
Lecce University LEC  C.Med R 18.11 40.34 30 01/01/2004 07/10/2004 5489 1671 219 10 34.28 X
Lille LIL NW.EU U 3.14 50.61 60 03/01/2004 29/12/2004 943 346 71 8 51.99
Mainz MAI  C.Eu S 8.30 50.00 150 09/01/2004 30/11/2004 3191 1058 172 11 48.94 X
Modena MOD  N.It u 10.95 44.63 56 15/03/2004 24/06/2004 1899 554 70 4 4135
Munich Maisach MUN C.Eu R 11.26 48.21 520 22/03/2004 09/06/2004 153 74 18 4 48.35 X
Nicelli Airport NIC N.It S/C 12.38 4543 13 25/08/2004 06/09/2004 389 94 10 2 2745
Palaiseau PLS NW.EU S 221 48.70 156 30/03/2004 29/12/2004 2725 889 139 10 45.08
Palencia PAL  W.IP U —452 4199 750 21/01/2004 30/12/2004 7389 2010 265 12 32.69
Paris PAR  NW.EU U 233 48.87 50 24/11/2004 28/12/2004 106 34 7 2 3859
Rome Tor Vergata ROM C.Med R 12.65 41.84 130 01/01/2004 31/12/2004 2256 601 106 8 40.05
SMHI SMH  Nord U 16.15 58.58 0 02/06/2004 08/07/2004 493 182 25 2 3473 X
The Hague HAG NW.EU S/iC 433 5211 18 21/03/2004 21/11/2004 1376 476 73 7 49.67
Toulon TUL E.IP-W.Med U/C 6.01 43.14 50 15/11/2004 31/12/2004 430 128 24 2 42.09
Venise VEN  N.It R/IC 1251 4531 10 01/01/2004 30/12/2004 10257 1872 230 12 36.34
Villefranche VIL E.IP-W.Med S/C 7.33 43.68 130 07/01/2004 10/11/2004 7120 1936 235 11 3281
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Table A3. Definitions of the statistics used in the studyandc; are
the observed and the modelled concentrations at time and location
i, respectivelyn: the number of data.

Statistic Parameter Formula
Z (ci—©)-(0i—0)
Correlation coefficient
() JZ@rﬂz/Z@—jZ
Mean bias (MB) MB= 1 0 Z (c; —0;)
n

Root mean square error RMSE= % > (c —a,)2
(RMSE) i=1
Mean normalized bias ~ MNBE = Z C’_O') -100%
error (MNBE) i=1

n
Mean fractionalized MFB=1y (CC' :{‘,”) 100 %
bias (MFB) i=1< 2 )

n
Mean fractionalized MFE=1%" |Cffi:fii| -100%
error (MFE) i=1< 2 )
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