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Abstract

The CALIOPE-EU high-resolution air quality modeling systenamely WRF-
ARW/HERMES-EMEP/CMAQ/BSC-DREAMSD, is developed and apglto Eu-

rope (12 kmx 12 km, 1hr). The model performances are tested in terms of air

guality levels and dynamics reproducibility on a yearlyibag he present work
describes a quantitative evaluation of gas phase spdgigNO, andSO,) and
particulate matter (PM2.5 and PM10) against ground-bassmsaorements from
the EMEP (European Monitoring and Evaluation Programméyork for the
year 2004. The evaluation is based on statistics. Simulaieathieves satisfac-
tory performances for both daily mean and daily maximum eot@tions, espe-
cially in summer, with annual mean correlations of 0.66 ar@@0respectively.
Mean normalized errors are comprised within the recomméntaproposed by
the United States Environmental Protection Agency (USEPAe general trends
and daily variations of primary pollutantyQO, andSO,) are satisfactory. Daily
mean concentrations O, correlate well with observations (annual correlation
r=0.67) but tend to be underestimated. BS¢r;, mean concentrations are well
simulated (mean biag0.5 g m~?3) with relatively high annual mean correlation
(r=0.60), although peaks are generally overestimated. Thardis of PM2.5
PM2.5 and PM10 is well reproduced (0.49r < 0.62), but mean concentrations
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1 INTRODUCTION 2

remain systematically underestimated. Deficiencies itiquaate matter source
characterization are discussed. Also, the spatiallyibigied statistics and the
general patterns for each pollutant over Europe are examiftee model perfor-
mances are compared with other European studies. Whilatistics generally
remain lower than those obtained by the other consideratiestustatistics for
NO,, SO,, PM2.5 and PM10 present higher scores than most models.

Keywords: Air quality, Model evaluation, Europe, High resolution, @e,
Particulate matter

1. Introduction

Atmospheric pollutants have significant impact on many nfalls. One
of the major areas impacted is human health. High correlatletween long-
term exposure to fine particles and human health issues resre dietected in
population-based studies for several decades (Lave akihS&970; Thibodeau
et al., 1980; Lipfert, 1994; Pénard-Morand et al., 2009)e Tatest studies even
guantify the effects of aerosols on human lifespan. It igested that a decrease
of 10 ug m~3 in the concentration of fine particles may lead to an incréase
life expectancy of 0.61 years (Pope et al., 2009). Anothgoneaea impacted
by atmospheric pollutants is climate change. Particlegescand absorb solar
and infrared radiation in the atmosphere. In addition, @désr the formation and
precipitation efficiency of liquid-water, ice and mixedg#e clouds (Ramanathan
et al., 2001). Radiative forcing associated with theseupleations affects climate
(Chylek and Wong, 1995; Jacobson, 2001). A third area ingabloy air quality
pollutants is atmospheric visibility. Since the size of asipheric aerosols is sim-
ilar to the wavelength of visible light, light is scattereadesabsorbed as it travels
through the atmosphere (Japar et al., 1986; Adams et al0) 199 brief, atmo-
spheric pollutants are part of a highly complex system tlffaces the physics,
chemistry, and life on the planet.

The European Commission (EC) and the US-EPA, among othars,shown
great interest in the transport and dynamics of pollutantsé atmosphere. Ac-
cording to the European directives (European Commissi@®6,12008), air qual-
ity modeling is a useful tool to understand the dynamics opallutants, to an-
alyze and forecast the air quality, and to develop plansaieduemissions and
alert the population when health-related issues occurh Bave set ambient air
quality standards for acceptable levelsf(European Commission, 2002J0,
andSO, (European Commission, 1999, 2001), PM2.5 and PM10 in arhhien
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1 INTRODUCTION 3

(European Commission, 1999, 2001, 2008).

The CALIOPE project, funded by the Spanish Ministry of theviEznment
and Rural and Marine Affairs (Ministerio de Medio AmbienteMedio Rural
y Marino), has the main objective to establish an air qudbtgcasting system
for Spain (Baldasano et al., 2008b). In this framework, ahhigsolution air
quality forecasting system, namely WRF-ARW/HERMES-EMEMAQ/BSC-
DREAMS8D, has been developed and applied to Europe (1Zkm2 km, 1hr) as
well as to Spain (4 kmx 4 km, 1hr). The simulation of such a high-resolution
model system has been made possible by its implementatitiredviareNostrum
supercomputer hosted by the Barcelona SupercomputingC€entro Nacional
de Supercomputacion (BSC-CNS). In order to reduce unoéds, the model
system is evaluated with observational data to assesspigbitily of reproducing
air quality levels and the related dynamics.

A partnership of four Spanish research institutes comptse<CALIOPE
project: the BSC-CNS, the “Centro de Investigaciones Eetargs, Medioambi-
entales y Tecnolbgicas” (CIEMAT), the Institute of Earttifices Jaume Almera
of the “Centro Superior de Investigaciones Cientifica3A{CSIC) and the “Cen-
tro de Estudios Ambientales del Mediterraneo” (CEAM). Ttdssortium deals
with both operational and scientific aspects related to @ity monitoring and
forecasting. BSC-CNS and CIEMAT lead the model developsiehthe project
while IJA-CSIC and CEAM are in charge of retrieving obseimaal data for eval-
uation processes. Current experimental forecasts arkablaihrough
http://mww.bsc.es/caliope.

Several operational air quality forecasting systems direaxist in Europe
(seehttp://gems.ecnmwi.int or http://mwww.chemicalweather.eu, Hewitt and Griggs,
2004; COST, 2009). CALIOPE advances our understandingnobsgppheric dy-
namics in Europe as follows. First, CALIOPE includes a higkelution compu-
tational grid. Most models use a horizontal cell resolutidrat least 25 kmx
25 km for domains covering continental Europe. CALIOPE wsd2 km x 12
km cell resolution to simulate the European domain. SecGad,|IOPE includes
a complex description of the processes involved in the nioglalf particulate
matter. Both are important factors to obtain accurate tesilair pollutant con-
centrations in a complex region such as southern Europef@met al., 2006).
Moreover, to date, none of the existing European operdteysiems include the
influence of Saharan dust on a non-climatic basis. Dust peatsot be repre-
sented by introducing boundary conditions derived front dlisyatological data
due to the highly episodic nature of the events in the reglenq 4-day average
duration) (Jiménez-Guerrero et al., 2008). When consigernly anthropogenic
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2 METHODS 4

emissions, chemical transport model simulations undemast the PM10 con-
centrations by 30-50%, using the current knowledge abowtsaé physics and
chemistry (Vautard et al., 2005a).

The purpose of the present paper is to provide a quantitasgessment of
the capabilities of the WRF-ARW/HERMES-EMEP/CMAQ/BSC-BRM8Db air
guality modeling system to simulate background conceptratof gas and par-
ticulate phase in the European domain. In the rest of therpdps model sys-
tem will be named “CALIOPE-EU". This evaluation intends t@amant the use
of such simulation for further nested calculations on thalgn domain of the
Iberian Peninsula (principal goal of the CALIOPE projedhe results are eval-
uated statistically and dynamically, compared to perforoeagoals and criteria,
and to other model performances.

In this paper, Sect. 2 describes the models, the obserahtiataset and the
statistical parameters calculated. Section 3 analysesntitel results against
available measurement data for the year 2004 and the modehadal distribu-
tion of O3, NO,, SO, PM2.5 and PM10. A thorough comparison with other
European studies is presented in Sect. 4. Conclusionsandin Sect. 5.

2. Methods

2.1. Model Description

CALIOPE is a state-of-the-art modeling framework currgnthder further de-
velopment. As shown in Fig. 1, CALIOPE-EU is a complex systkat integrates
a meteorological model (WRF-ARW), an emission processingeh(HERMES-
EMEP), a mineral dust dynamic model (BSC-DREAMS8b), and awhal trans-
port model (CMAQ) together in an air quality model system.

2.1.1. Meteorology

The Advanced Research Weather Research and Forecastirigt ARR/) Model
v3.0.1.1 (Michalakes et al., 2004; Skamarock and Klemp82&0used to provide
the meteorology to the chemical transport model. WRF is lg tdmpressible,
Eulerian non-hydrostatic model that solves the equatibas govern the atmo-
spheric motions. Microphysical processes are treatedjubi@ single-moment
3-class scheme as described in Hong et al. (2004). The stiscale effects of
convective and shallow clouds are resolved by a modifiediaersf the Kain-
Fritsch scheme based on Kain and Fritsch (1990) and Kain atsth (1993).
The surface layer scheme uses stability functions fromgeau|1970), Dyer and
Hicks (1970), and Webb (1970) to compute surface exchangféaents for heat,
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(lobal 119 Emission data
.................... BC+/Cmet o
WRF-ARW wamton [ HERMES EMEP
(Europe-12km x 12km) (Europe-12km x 12km)
| meteorology emissions |
BC+IC-chem CMAQ

(Europe-12km x 12km)

BSC-DREAMS8b

LMDz INCA2 E Mineral dust (.Europ.e+N0rth
(global-3.75%2.5%) Africa+Middle East-
B USSR OSSR . 50km x 50km)

Figure 1. Modular structure of the CALIOPE-EU modeling gystused to simulate air quality
dynamics in Europe. Squared boxes with solid lines repteeermain models of the framework.
Boxes with dashed lines represent input/output datasetes.connecting boxes represent the
information flow.

moisture, and momentum. The Noah Land-Surface schemedsapeovide heat
and moisture fluxes over land points and sea-ice points. dtddayer soil tem-

perature and moisture model with canopy and snow covergdiedi The vertical

sub-grid-scale fluxes caused by eddy transport in the atineogpcolumn are re-
solved by the Yonsei University planetary boundary layeBL(Pscheme (Noh

et al., 2003). Finally, long-wave radiative processes amapeterized with the
Rapid Radiative Transfer Model (Mlawer et al., 1997) while short-wave radia-
tive scheme is based on Dudhia (1989).

2.1.2. Emissions

The emission model is the High-Elective Resolution ModegllEmission Sys-
tem (HERMES, see Baldasano et al.,, 2008a). HERMES usesmat@n and
state-of-the-art methodologies for emission estimatidh€alculates emissions
by sector-specific sources or by individual installationd atacks. Raw emission
data are processed by HERMES in order to provide a comprefesssscription
of the emissions to the air quality model. Emissions usedHerEuropean do-
main are derived from the 2004 annual EMEP emission datgEMEP, 2007).
Disaggregation of EMEP (50 km resolution) data is perfornmespace (12 km
x 12 km) and time (1h). The spatial and temporal top-down djsaggtion is
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2 METHODS 6

sector-dependent. A Geographical Information System @& $ised to remap
the data to the finer grid applying different criteria throubree datasets: a high-
resolution land use map (EEA, 2000), coordinates of intalstites (European
Pollutant Emission Register (EPER), Pulles et al., 200, \eectorized road car-
tography of Europe (ESRI, 2003). In the vertical dimenstbe,sector dependent
emission distribution for gases is applied following the ERImodel (widely used
for regional air quality studies in Europe, Simpson et &03). Distinct distri-
butions are used for aerosols, leading in most cases to laverage emission
heights than for gas phase emissions (De Meij et al., 20@gyder and Friedrich,
2009). In the time dimension, data are mapped from annuallutésn to an hourly
basis using the temporal factors of EMEP/MSC-W (MeteorigiagSynthesizing
Centre-West).

2.1.3. Chemistry
The selected chemical transport model is the Models-3 Caomitsniviulti-

scale Air Quality Modeling System (Models-3/CMAQ, Byun a@ting, 1999;
Binkowski, 1999; Byun and Schere, 2006). CMAQ is used toythd behavior of
air pollutants from regional to local scales due to its galised coordinate system
and its advanced nesting grid capability. CMAQ version 4ged in this study,
has been extensively evaluated under various conditiosh$omations (Wyat Ap-
pel et al., 2007, 2008; Roy et al., 2007). Following the cid®f Jiménez et al.
(2003) the Carbon Bond IV chemical mechanism is applied (GBMGery et al.,
1989). It includes aerosol and heterogeneous chemistrg. pfoduction of sea
salt aerosol (SSA) is implemented as a function of wind setirelative hu-
midity (Gong, 2003; Zhang et al., 2005) through the AERO%ser module.
The AERO4 module distinguishes among different chemicadsa components
namely nitrate, sulfate, ammonium, elemental carbon,recgearbon with three
subcomponents (primary, secondary anthropogenic anehdanpbiogenic), soil,
sodium, and chlorine. Unspecified anthropogenic aerosulsaarosol water are
additionally kept as separate components. Aerosols aresepted by three size
modes (Aitken, accumulation and coarse mode), each of tlssomaed to have
a lognormal distribution (Binkowski and Roselle, 2003). c&adary inorganic
aerosols (SIA) are generated by nucleation processes freinprecursors to form
nitrate ammonium and sulfate aerosols. Secondary orgamsal (SOA) can be
formed from aromatics (anthropogenic organic aerosold)tarpenes (biogenic
organic aerosols, Schell et al., 2001). The aerosol migrsiphl description is
based on a modal aerosol model (Binkowski and Roselle, 20618) the ISOR-
ROPIA thermodynamic equilibrium model (Nenes et al., 199®r a more com-
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2 METHODS 7

plete description of the processes implemented in CMAQrehder is referred to
Byun and Schere (2006).

2.1.4. Mineral Dust

The Dust REgional Atmospheric Model (BSC-DREAMS8b) was daed to
simulate and/or predict the atmospheric cycle of minerait dNickovic et al.,
2001; Pérez et al., 2006a,b). The simulations cover the-Elediterranean and
East-Asia areas. The aerosol description was improved #dm8 bins to al-
low a finer description of dust aerosols. In this version dasiation interactions
are included. The partial differential nonlinear equationdust mass continuity
is resolved in the Eulerian mode. BSC-DREAMSD is forced by NCEP/Eta
meteorological driver (Janjic, 1977, 1979, 1984, 1990,49BSC-DREAM8b
simulates the long-range transport of mineral dust at a 5&ks0 km resolution
using 24 vertical layers extending up to 15 km, every one .htuthis version
dust-radiation interactions are included. An offline cangls applied to the cal-
culated concentrations of particulate matter from CMA@@nez-Guerrero et al.,
2008).

2.2. Moddl Setup

The model system is initially run on a regional scale (12krh2 km in space
and 1 hour in time) to model the European domain. WRF is cordajwith a
grid of 479x 399 points and 38 vertical levels (11 characterizing the PBL). The
model top is defined at 50 hPa to resolve properly the tropergpstratosphere
exchanges.

The simulation consists of 366 daily runs to simulate thé&eyear of 2004.
The choice for this specific year is based on the direct awiitlaof the HERMES-
EMEP emission model for this year. The first 12 hours of eactearelogical run
are treated as cold start, and the next 23 hours are prowodée themical trans-
port model. The Final Analyses of the National Centers ofifémmental Predic-
tion (FNL/NCEP) at 12 hours UTC are used as initial condgiomhe boundary
conditions are provided at intervals of 6 hours. The FNL/NWCIata have a spatial
resolution of * x 1°.

The CMAQ horizontal grid resolution corresponds to that dR®/Its vertical
structure was obtained by a collapse from the 38 WRF layarsdtal of 15 layers
steadily increasing from the surface up to 50 hPa with a ggproncentration
within the PBL.

Due to uncertain external influence, the definition of adégjileteral bound-
ary conditions for gas phase chemistry in a regional modetismplex issue and
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2 METHODS 8

an important source of errors. Variable intercontinemahsgport of pollutants
substantially influences the levels of pollution in Europeq e.g., Li et al., 2002;
Guerova et al., 2006). This air quality issue has been exEgsstudied. Re-
cent works addressed the use of global chemical models éstigate the impact
of chemical boundary conditions on regional sc@lgconcentrations. Various
studies were performed over the U.S. (Tang et al., 2007, ;2808g et al., 2008;
Reidmiller et al., 2009), whereas investigations over [pan@main scarce (Szopa
et al., 2009). In a previous assessment of the model perfareseof CALIOPE-
EU (Jiménez-Guerrero et al., 2008), static chemical banndonditions, adapted
from Byun and Ching (1999), were used. In the present workinbary con-
ditions are based on the global climate chemistry model LNIDZA2 (96 x
72 grid cells, namely 3.75x 2.5 in longitude and latitude, with 18-p hybrid
vertical levels, Szopa et al., 2009) developed by the Laboeades Sciences du
Climat et 'Environnement (LSCE). Monthly mean data for ylear 2004 are in-
terpolated in the horizontal and vertical dimensions tedothe major chemical
concentrations at the boundaries of the domain (Piot e2@08). A detailed de-
scription of the INteractive Chemistry and Aerosol (INCApdel is presented in
Hauglustaine et al. (2004) and Folberth et al. (2006).

2.3. Air Quality Network

Model output for gas and particulate phase concentratimms@mpared with
ground-based measurements from the EMEP monitoring nktfoorthe year
2004. According to the criteria proposed by the EuropearirBnment Agency
(EEA, Larssen et al., 1999), EMEP stations are located atrénmim distance
of approximately 10 km from large emission sources. Consetly all EMEP
stations are assumed to be representative of regional lagkd) concentrations
(Torseth and Hov, 2003). Therefore, the authors wish testigat the model per-
formances presented in this paper are evaluated only fdwgbaend concentra-
tions. The measurements are well documented and freellableaon the EMEP
web pageffttp://mww.emep.int).

Before comparing the model results with EMEP data, the alskélmeasure-
ments were filtered, and uncertain data (before and afteragunement interrup-
tion or a calibration of equipment) were removed. After filtering, only obser-
vational sites with a temporal coverage greater than 85% se&lected. Note that
the final coverage of the dataset is rather disperse wherne&r#aly and south-
eastern Europe only include several stations. Measuresia¢mtsed in this paper
are given on a daily average. As a result, 60 stations weeeteel to evaluate
O3, 43 for NO,, 31 for SO,, 16 for PM2.5 and 25 for PM10, respectively. The
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Figure 2: Grey shaded area: modeling domain used in thig sttt white filled circles represent
the selected subset of EMEP data collection sites. Chaistate of each station are listed in
Table 1.

selected EMEP stations and measured pollutants that addarglis comparison
are briefly described in Table 1 and their locations are diggd in Fig. 2.

As EMEP aerosol measurements supposedly remove all watéerdadrom
samples to consider only dry aerosols, the simulated alen@der was not taken
into account in the model-to-data comparisons. Howevemasd by Tsyro
(2005), residual water persisting in sampled aerosols fEMiEP may induce
a substantial underprediction by the simulated dry aerosotentrations. More-
over, although the aerodynamic diameter is used for PM1@®Pa#2l5 in measure-
ment techniques, the model only considers the Stokes deatoetharacterize the
aerosol geometry. For more details on this issue, see Jiaig(2006).
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Table 1: Location and characteristics of selected EMERosisfor 2004 on a daily basis.

Station Latitudé Longitud® Altitude Station Total  Total
code® (m) name O3 NO2 SO2 PM10 PM2.5
1 AT02 +47.767 +16.767 117 llimitz X X X¢ X X
2 AT04 +47.650 +13.200 851 St. Koloman
3 AT0O5 +46.678 +12.972 1020 \Vorhegg € X X
4 AT30 +48.721 +15.942 315 Pillersdorf bei Retz¢ x
5 AT32 +47.529  +9.927 1020 Sulzberg € X
6 AT33 +47.129 +14.204 1302 Stolzalpe bei Murad x
7 AT34 +47.054 +12.958 3106 Sonnblick € X
8 AT37 +47.137 +11.870 1970 Zillertaler Alpen € x
9 AT38 +46.694 +13.915 1895 Gerlitzen X
10 AT40 +47.348 +15.882 1170 Masenberg € X
11 AT41 +47.973 +13.016 730 Haunsberg € X
12 AT48 +47.833 +14.433 899 Zoebelboden ¢ x
13 BG53 +41.700 +24.733 1750 Rojen peak ¢ X
14 CHO2 +46.817  +6.950 510 Payerne
15 CHO3 +47.483 +8.900 540 Tanikon
16 CHO4 +47.051 +6.981 1130 Chaumont € XX X X X
17 CHO5 +47.069  +8.466 1030 Rigi X X X X
18 Cz01 +49.733 +16.033 737 Svratouch € XX X
19 CzZ03 +49.583 +15.083 534 Kosetice € XX X
20 DEO1 +54.926  +8.310 12 Westerland
21 DEO2 +52.800 +10.750 74 Langenbrgge
22 DEO3 +47.915 +7.909 1205 Schauinsland € X X X
23 DEO7 +53.167 +13.033 62 Neuglobsow
24 DEO8 +50.650 +10.767 937 Schmiicke
25 DEO9 +54.433 +12.733 1 Zingst X X
26 DE26 +53.750 +14.067 1 Ueckermiinde ¢ X
27 DE35 +50.833 +14.767 490 Luckendorf ¢ X
28 DKO3 +56.350  +9.600 13 Tange
29 DKO5 +54.733 +10.733 10 Keldsnor
30 DKO08 +56.717 +11.517 40 Anholt
31 DK31 +56.283  +8.433 10 Ulborg X
32 ES07 +37.233 -3.533 1265 Viznar € X Xx°¢ X X
33 ES08 +43.442 -4.850 134 Niembro € X X¢ X¢ X X
34 ES09 +41.281 -3.143 1360 Campisabalos ¢ xe X¢ X X
35 ES10 +42.319 +3.317 23 Cabo de Creus ¢ x° X X
36 ES11 +38.476 -6.923 393 Barcarrota ¢ x¢ X X
37 ES12 +39.086 -1.102 885 Zarra € X x° x¢ X X
38 ES13 +41.283 -5.867 985 Penausende ¢ x© x¢ X X
39 ES14 +41.400 +0.717 470 Els Torms ¢ XX¢ X¢ X X
40 ES15 +39.517 -4.350 1241 Risco Llano € xx© x¢ X X
41 ES16 +42.653 -7.705 506 O Savifiao ¢ XX¢ X¢ X X
42 FR0O8 +48.500 +7.133 775 Donon € X X¢ X
43 FR0O9 +49.900 +4.633 390 Revin ¢ x X
44 FR12 +43.033 -1.083 1300 Iraty €x X
45 FR13 +43.375 +0.104 236 Peyrusse Vieille ¢ xx¢ X
46 FR16 +45.000 +6.467 746 Le Casset ¢ X
47 GB13 +50.596 -3.713 119 Yarner Wood ¢ X
48 GB14 +54.334 -0.808 267 High Muffles €x
49 GB15 +57.734 -4.774 270 Strath Vaich Dam ¢ x
50 GB31 +52.504 -3.033 370 Aston Hill °X
51 GB33 +55.859 -3.205 180 Bush cx
52 GB35 +54.684 -2.435 847 Great Dun Fell ¢ X
53 GB36 +51.573 -1.317 137 Harwell X X¢
54 GB37 +53.399 -1.753 420 Ladybower Res. ¢ xx°¢
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Table 2: Continued.

Station Latitude Longitud® Altitude Station Total Total
code® (m) name O3 NO2 SOz PM10 PM2.5

55 GB38 +50.793  +0.179 120 Lullington Heath € XX

56 GB44 +51.231 -3.048 55 Somerton ¢ X

57 HU02 +46.967  19.583 125 K-puszta X

58 I[EO1 +51.940 -10.244 11 Valentina Observator§ xx

59 IE31  +53.167 -9.500 15 Mace Head € X

60 ITO1  +42.100 +12.633 48 Montelibretti X X X

61 ITO4  +45.800 +8.633 209 Ispra X X X

62 LT15 +55.350 +21.067 5 Preilla X X X

63 LV10 +56.217 +21.217 5 Rucava € X X X

64 LV16 +57.133 +25.917 183 Zoseni X X

65 NLO9 +53.334  +6.277 1 Kullumerwaard € X

66 MTO1 +36.100 +14.200 160 Giordan lighthouse ¢ x

67 NO43 +59.000 +11.533 160 Prestebakke ¢ X

68 NO52 +59.200 +5.200 15 Sandve ¢ X

69 PLO2 +51.817 +21.983 180 Jarczew ¢ XX X

70 PLO3 +50.733 +15.733 1603 Sniezka € XX X

71 PLO4 +54.750 +17.533 2 Leba X X X

72 PLO5 +54.150 +22.067 157 Diabla Gora X

73 SE11 +56.017 +13.150 175 Vavihill X X X

74 SE14 +57.400 +11.917 5 aR X¢ X

75 SE32 +57.817 +15.567 261 Norra-Kuvill °x

76 SI31  +46.429 +15.003 770 Zarodnje ¢ X

77 SI32  +46.299 +14.539 1740 Krvavec X

78 SK02 +48.933 +19.583 2008 Chopok X
79 SKO5 +49.367 +19.683 892 Liesek X
80 SKO6 +49.050 +22.267 345 Starina X X
81 SKO7 +47.960 +17.861 113 Topolniky X
82 TRO1 +40.500 +33.000 1169 Cubuk 11 X

@ 2-letter country code plus 2-digit station code.

b A positive value indicates northern latitudes or eastengitnides. A negative
value indicates southern latitudes or western longitudes.

¢ Daily concentration calculated from hourly data.
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2.4. Satistical Indicators

There are a number of metrics that can be used to examinerpenfces of
air quality models (U.S. EPA, 1984, 1991; Cox and Tikvart9o@9Weil et al.,
1992; Chang and Hanna, 2004; Boylan and Russell, 2006). riicplar, mean
normalized bias error (MNBE) and mean normalized grossr §MINGE) nor-
malizing the bias and error for each model-observed paihbyobservation are
useful parameters. Correlation coefficient (r), root megumase errors (RMSE)
and mean bias (MB) values are also commonly used by the nmgdadimmunity.
For the evaluation of particulate matter concentratiomsy|& and Russell (2006)
indicated that MNBE and MNGE may not be appropriate and sstggehe mean
fractional bias (MFB) and the mean fractional error (MFE)gmaeters instead.

The US-EPA suggested several performance criteria forlatediO3, such
as MNBE < + 15% and MNGE< 35% (U.S. EPA, 1991, 2007) whereas the
EC proposes a maximum uncertainty between measured andedadecentra-
tions of 50% and 30% fo©);/NO,/SO, daily mean andNO,/SO, annual mean,
respectively (European Commission, 2008). For partieutaatter, Boylan and
Russell (2006) proposed that the model performance goaldtevimen both the
MFE and MFB are less than or equal to 50% an®0%, respectively, and the
model performance criterion be met when both MEE5% and MFB< 60%.
All these criteria and goals are selected to provide metoicthe CALIOPE-EU
model performances.

The model-to-data statistics MB, RMSE, MNBE, MNGE, MFB an&®&are
selected for the present study, together with the measmedadeled mean and
the correlation coefficient. Annual and seasonal meansstatiare computed,
with seasons corresponding to winter (January, FebruatyDetember), spring
(March, April and May), summer (June, July and August) arid(&eptember,
October and November).

It is important to note that, unless explicitly stated ottise, the statistical
norms are calculated without any minimum threshold whersictaning the mea-
surement data. However, in the present work, statisticsanfial means using
thresholds are also computed. In that case we chogg 892 for O3 (according
to recommendations of the US-EPA, U.S. EPA, 1991; RussdlDCennis, 2000),
1.5 g m~3 for NO,, 0.2 ug m—3 for SO,, 1.5ug m—3 for PM10 and 3.5:g m—3
for PM2.5, respectively.
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3. Resultsand Discussion

As CALIOPE-EU is a fundamental model system the authors wos$tress
that, apart from the discussion of the Fig. 6 and its relatatissics (Table 4),
neither correction factors nor any adjusting model parangztion were applied
to the model output or the original model codes. First, intS&éd, a thorough
model evaluation is performed through statistical and dyinal performances.
Later, in Sect. 3.2, a general description of the annual ndéstribution of each
pollutant is provided to determine each pattern througBEauope.

3.1. Modd evaluation

Fig. 3 represents (left) the temporal series of the modatfblines) and daily
measured EMEP data (grey lines) as an average of all therstdtr each pol-
lutant over the complete year 2004, together with (righ® $leatterplot of the
modeled-measured daily data. Table 3 shows annual andredatatistics cal-
culated at the location of all EMEP stations. Statistics @leulated for daily
averages 003, NO,, SO,, PM2.5 and PM10. In the case Of, the daily peak of
hourly mearO; is also computed as it is one of the most important paramegers
be considered.

3.1.1. Ozone

A total of 60 EMEP stations constitute thig measurement dataset to be com-
pared to the simulation (see Table 1). In Fig. 3a, the timeseaf both simulated
and observe®; concentrations are presented. The annual trend is wellieapt
with an annual correlation of daily mean and daily peak catregions of 0.66
and 0.69, respectively (see Table 3). Although the annubl deean bias is null,
the inter-annual variability leads to an annual RMSE of ugQd6 ;i,g m=3. An-
nual and seasonal MNBE and MNGE values for daily mean ang dalximum
concentrations show relatively good performances whiehraaccordance with
the recommendations of the EC and the US-EPA (see Sect. 2.4).

Results show distinct inter-seasonal behaviors betweétecand warmer
months. From January to March and from October to Decentembdel tends
to underestimate the mean concentrations (in winter,-M&.8 g m—3), while
it slightly overestimates concentrations in summer mo@t8 = 7.5 ug m—3).
Correlation values are lowest for both daily mean and daglgkpcorrelations in
the winter (r= 0.54 and 0.50, respectively). This inter-seasonal vdiials at-
tributed to the model sensitivity to boundary conditionamé&e surface in winter.
During decreases of photochemical reactions in fall andewithe concentrations
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Table 3: Seasonal and annual statistics obtained with CRE®&U over Europe for 2004 at the
EMEP stations. Winter: January, February and Decembem&p¥arch, April, May; Summer:
June, July, August; Fall: September, October, Novembez.nmber of data points indicates the
number of pair measurement-model used to compute thetsmtiThe calculated statistics are:
measured mean for available data (m=2), modeled mean for the whole yeargm~3), correla-
tion (r), Mean Bias (MBug m~3), Root Mean Square Error (RMSEg m—2), Mean Normalized
Bias Error (MNBE, %), Mean Normalized Gross Error (MNGE, ¥gan Fractional Bias (MFB,
%) and Mean Fractional Error (MFE, %). For the annual meacutaied with threshold, we used
80 g m—3 for O3, 1.5ug m—3 for NOg, 0.2 ug m—3 for SOz, 1.5ug m—3 for PM2.5 and 3.5.g
m~3 for PM10, respectively. Seasonal statistics are computtbut threshold.

Period Data Measured Modeled r MB RMSE MNBE MNGE MFB MFE
points  mean mean

O3 daily Winter 5257 60.8 548 054 -58 214 -1 34 -11 32
(60 stations)  Spring 5466 84.5 826 055 -1.8 208 0 21 4 22
Summer 5443 79.5 869 064 7.5 1938 15 23 11 20
Fall 5197 60.7 60.1 058 -0.3 20.3 9 34 -1 30
Annual (no threshold) 21363  71.6 712 066 0.0 20.6 6 28 -1 26
Annual (threshold) 7299 96.9 91.1 044 -59 205 -6 17 -8 19
O3 daily peak Winter 5257 73.7 673 050 -6.2 241 -5 28 -2 29
(60 stations)  Spring 5466 101.9 97.3 055 -45 215 -4 18 -6 19
Summer 5443 101.1 100.5 0.65 -05 20.2 3 16 1 16
Fall 5197 77.2 70.2 065 -6.6 21.2 -6 25 -11 26
Annual (no threshold) 21363  88.7 839 069 -44 2138 -3 22 72 2
Annual (threshold) 12891 104.2 975 054 -6.7 224 -6 18 -9 19
NO2 daily ~ Winter 3600 121 8.0 067 -42 127 3 57 -21 55
(43 stations)  Spring 3787 9.4 4.8 0.66 -45 10.6 -27 53 51 67
Summer 3843 6.2 35 059 -2.7 57 -29 54 -53 69
Fall 3725 9.4 6.0 066 -34 10.1 -15 48 -34 56
Annual (no threshold) 15035 9.3 5.6 0.67 -3.7 10.1 -17 53 -402 6
Annual (threshold) 14138 9.8 5.8 0.66 -40 104 -20 51 -42 61
SO9 daily  Winter 2629 2.2 2.6 0.62 0.5 2.9 80 122 8 70
(31 stations)  Spring 2749 1.6 20 063 04 19 62 96 13 62
Summer 2707 1.2 16 049 04 18 86 121 14 65
Fall 2604 1.4 2.0 0.56 0.7 2.3 105 134 25 68
Annual (no threshold) 10689 1.6 21 060 05 22 83 118 15 66
Annual (threshold) 10384 1.7 2.2 0.60 0.5 2.3 72 108 13 65
PM2.5 daily ~ Winter 1171 13.7 48 062 -84 153 -47 59 -78 86
(16 stations)  Spring 1264 12.2 5.2 0.50 -6.7 10.6 -50 59 -79 84
Summer 1396 12.2 6.8 049 -54 9.1 -45 56 -71 78
Fall 1287 115 6.2 052 -50 93 -39 53 -62 72
Annual (no threshold) 5118 12.3 5.7 0.47 -6.3 11.2 -45 56 -720 8
Annual (threshold) 4756 13.0 6.3 045 -6.7 116 -46 57 -74 81
PM10 daily ~ Winter 1994 18.0 6.6 054 -11.2 182 -47 60 -78 86
(25 stations) ~ Spring 2087  17.7 71 054 -105 150 -54 59  -847 8
Summer 2204 18.5 82 0.60 -10.5 16.1 -54 58 -83 86
Fall 2104 17.0 8.1 0.62 -9.0 135 -44 55 -70 77

Annual (no threshold) 8389 17.8 75 057 -10.3 15.8 -50 58 -784
Annual (threshold) 7918 18.7 7.8 0.55 -10.9 16.2 -53 57 -82 85
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defined at the boundaries proportionally acquire an inanga®sle in the control

of the concentration levels simulated within the domairsdithe large concentra-
tions of O3 in the highest layers of the boundary profile (reaching treasphere)
was found to be responsible for episodic inaccurate sppagre-troposphere ex-
changes during colder months (not shown here; also seeteisal., 1999; Cristo-
fanelli and Bonasoni, 2009). Such finding was highlightexvecently by Lam
and Fu (2009) who pointed the inaccurate treatment of thpppause in CMAQ
as the issue causing such artifact. On the other hand, the loneses for daily and
daily peak concentrations are positive during warmer mentih lowest RMSE
values (19.8 and 20.,2g m~3 in summer, respectively). Model-observations cor-
relations, MNBE and MNGE values also reach the best valugaglthis period.
This performance demonstrates the greater ability of theéaito accurately sim-
ulate ozone during its intense photochemical formationannaer months. Daily
variations are satisfactorily reproduced (see scatteimpkig. 3b with nearly 95%

of the data points falling within the 1:2 and 2:1 factor rand¢owever, due to un-
certainties in the modeled nocturi@0D, cycle, theO; chemistry at night tends to
overpredict the observed concentrations. Such behasqartly reflected by the
difference between the annual mean biases calculated withtloout the mini-
mum threshold of 8(kg m~2 on the measured data. By implementing this thresh-
old a part of overestimated nocturnal measured values isa@tidered which
induces a negative value of -5.4 m~2 compared to 0.0 using no threshold. For
extreme values (above 15@) m~3) the observed concentrations are systemati-
cally underestimated by the model (see Fig. 3b). This benasi most likely
caused by high local pollution transported to rural sitetsna captured with the
current horizontal resolution of the model (see Ching et28106).

Fig. 4 and Fig. 5 present the spatial distributions in wirfkeft) and summer
(right) of the correlation and mean bias, respectivelyhautt threshold on mea-
surements. In the case Of two different spatial regimes can be distinguished:
seasonal correlations are highest in England, central amiharn Europe, while
Ireland and the countries along the North and Baltic Seaseptdower perfor-
mances. We attribute these lower performances of the modkéese locations
mostly to their relative proximity with the northern boumgaf the domain. The
most remote sites with low levels 6f; display the lowest seasonal correlations
(see Irish and northern stations; from -0.2 to 0.2 in wirfrern 0 to 0.4 in sum-
mer). The model skills improve notably from winter to sumrasra result of the
increasing importance of the photochemical productiorzohe. In summer most
of the seasonal correlations are comprised between 0.4.8ndl8o, statistics are
surprisingly satisfactory in complex regions such as thard (stations CHO2 to
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CHO5 and FR16) or the Pyrenean chains (FR12). As mentionedeah this
section the model tends to underestimate the mean contensga winter and
overestimate in summer (Fig. 5). It is noted that mean biasssuthern Europe
have an inter-seasonal variability less pronounced thémeimest of Europe with
values rather positive. In summer, the lowest MB values avad in regions of
low meanOj; levels such as the Alpine chain, Ireland and some Spanisbrsta

3.1.2. Nitrogen Dioxide

As shown in Table 1, 43 stations were used to provide, measurements
throughout Europe. The temporal and spatial variabilityhef simulatedNO,
in Europe is larger than foDs, reflecting its higher sensitivity to meteorology
and model resolution (Vautard et al., 2009). The model-alag®ns comparison,
presented in Fig. 3c and Fig. 3d highlights a correct anmmaabt but with a sys-
tematic negative bias throughout the year. The dynamicfies avell captured
but the amplitude of daily variations is underestimatedeSehlow variations have
a direct impact on the daily variations of ozone in the PBL.

The annual average correlation is highQ:.67, see Table 3), with better per-
formances in winter than in summer. Chemical processes,desiinant com-
pared to transport in winter, could explain such differen{@essagnet et al.,
2004). Annual and seasonal mean biases are relatively ragiging from -4.5
to -2.7 ng m3, leading to mean normalized error values rather near thdé-max
mum uncertainty proposed by the EC. High measured condiemsaabove 70
ng m~3) are particularly underestimated (see Fig. 3d). When coimgpanodeled
results versus measured data, 59.1% of the correspondiagpdias fall within a
factor of 2 of each other, and 92.9% within a factor of 5.

The statistics of the model are spatially displayed in Fignd Fig. 5.NO,
concentrations are mostly driven by local to regional emiss Therefore, re-
mote and clean boundary conditions are not significant darors to the sim-
ulated concentrations afO, in Europe. Correlations are highest in winter for
the areas including UK, northern countries and some spatasions. In these re-
gions emissions dX O, are generally either high or very low (also see Sect. 3.2.2).
Low correlations are mainly concentrated in central Eur@pefficients between
-0.2 and 0.4). Numerous stations located in 8-, areas display satisfactory
seasonal mean biases (see northern and central Europe aimdviih seasonal
MB= 4 2 ug m~3), while stations substantially affected by transport fremarce
regions display the highest seasonal mean biases (Fig. Ig.aforementioned
large underestimations of high measured concentrati@samly caused by the
three stations from Great Britain (GB36, GB37 and GB38, sadelrl). These
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stations frequently undergo high pollution events causeeérbissions from road
traffic and combustion processes. To a lesser extent, thgisky polluted plumes
from the United Kingdom (UK) also affect the measuring statin The Nether-
lands (NLO9) under westerly winds and contribute to theease in mean bias
values when the transport is not accurately simulated. éde¢hocations, negative
mean biases reaching up to 2§ m—3 on annual average are noted with highest
biases in winter. Such differences are most likely causethéynderestimation
of emission sources in these areas. Altogether, the asayshe spatial distri-
bution of the model skills shows that the lewéD, concentrations at very rural
stations is well captured but with low correlation coeffitig while mean biases
and correlation coefficients are greatest at pollutedostati

Apart from sources unaccounted for in the emission datahaszertainties
may also arise in the spatial and temporal distribution efdburces (Stern et al.,
2008). In the PBLNO, concentrations are dominated by emissions near the sur-
face, such as traffic and domestic heating, which are sutgesttong spatial and
temporal variations.

3.1.3. Sulfur Dioxide

For SO,, the model results were evaluated against 31 EMEP stati@as m
suring daily mean concentrations 90, at background sites. The stations are
located across the Iberian Peninsula, central and nostemeEurope. It is worth
noting that the daily mean concentrations are low and psoiritbrmation about
the background levels &fO, across Europe only. Fig. 3e shows the time series
of the daily mean concentrations 0, at the EMEP stations together with the
model simulation at these stations. Results show3batconcentrations are well
captured by the model, although some observed peaks arestivested. During
the cold months (January, February, March, October, Noeghbe model agrees
well with observations, and monthly variationsSfd, are well captured. On the
other hand, during the warm period (April, May, June, JulygAst and Septem-
ber) results present an overall positive bias pfim=3. September and December
months are characterized by some episodes of large oveetsins. Overall, the
dynamical evolution of the model is in good agreement withdhservations. For
instance, January undergoes two major episodes of enh&tetthat the model
reproduces well. Although there is a clear overestimationnd some periods,
the model is able to reproduce the variations of the dailymoeecentrations.

As regard to the scatter plot (Fig. 3f), 54.3% of the modeliitssnatch with
observations within a factor of 2, and 90.1% within a factb60The model re-
sults match the main tendency of the daily observationsavitannual correlation
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factor =0.60.

The annual mean MNGE and MNBE values reach up to 118% and 83% re
spectively (Table 3). Such rather high normalized erroesumual when evaluat-
ing background stations that measure very low value&®f The annual RMSE
is 2.2 ug m~3, much lower than for the other pollutants analyzed in thesgmé
work. The seasonal statistics show better results for gpwinth mean MNGE
value of 96%. The MNBE values increase for summer and falhaglaily mean
observations remain below;2y m=3.

The spatial distribution of the correlation coefficient pgls a large variabil-
ity per station. For instance, during winter while some hernh stations have
high correlations (0.6 r < 0.9), various low correlations are observed in central
and southern Europe. During summertime the correlatiomongs in stations lo-
cated over central Europe. In Spain, the model performsvelghomogeneously
across the year, with a variation of the correlation betweeenmer and winter less
pronounced than in central Europe. However, the correlgier station in Spain
is slightly lower than in the rest of Europe, especially dgrsummer.

Considering the mean bias for winter and summer (Fig. SWlteshow a low
bias across all stations. Only one station located in eagteland displays a high
positive bias & 5 ng m—? in summer). This station may largely contribute to the
seasonal and annual average positive bias mentioned ia Jalbhe uncertainties
of the emission inventory in eastern Europe may be assddatte higher bias
observed in some stations of Poland and the Czech Repudyhecrlly in winter.
Also, the top-down disaggregation from 50 to 12 km is a soofagncertainties
to be considered.

3.1.4. Particulate matter

A total of 16 and 25 stations are used to evaluate the sintuk2.5 and
PM10 concentrations, respectively. Although the modek@nés a clear sys-
tematic negative bias, it has noticeable capabilities pyaguce the dynamics
of PM2.5 for the whole year (Fig. 3g). The modeling systemwates the most
important PM2.5 episodes across the whole year. The ctioelaoefficients
for winter and fall seasons are 0.62 and 0.52, respectigaly,0.50 and 0.49 for
spring and summer (Table 3). The MFE and MFB for PM2.5 do nbwfighin the
performance criteria or performance goal proposed by Bogial Russell (2006).

In order to evaluate the annual variability of PM in compamniso measure-
ment data, Fig. 6 displays the annual time series of PM2.5Pa#i0 multiplied
by a correction factor of 2. Such correction is not meant talifiydhe statistics
but rather to evaluate the annual dynamics of the model apaimate the un-
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Table 4: Seasonal and annual statistics obtained with CRE®&U over Europe for 2004 (see
Table 3). For quantification purposes, the simulated canagons of PM are multiplied by a
correction factor of 2 at the EMEP stations.

Period Data Measured Modeled r MB RMSE MNBE MNGE MFB MFE
points  mean mean
PM2.5 daily Winter 1171 13.7 9.6 0.62 -3.3 124 6 60 -20 58
adapted x2) Spring 1264 12.2 104 050 -1.3 10.0 1 49 -19 47
(16 stations) Summer 1396 12.2 136 049 1.3 13.0 10 52 -10 45
Fall 1287 11.5 123 052 15 114 22 58 -1 47
Annual (no threshold) 5118 12.3 115 047 -03 118 10 54 -129 4
Annual (threshold) 4756 13.0 126 045 -04 122 7 53 -14 49
PM10 daily Winter 1994 18.0 13.3 054 -43 147 6 61 21 57
adapted x2) Spring 2087 17.7 142 054 -34 124 -7 46 -25 48
(25 stations) Summer 2204 18.5 16.3 0.60 -2.4 1438 -7 46 23 49
Fall 2104 17.0 16.1 0.62 -09 121 13 56 -10 49
Annual (no threshold) 8389 17.8 150 0.57 -2.7 136 1 52 20 51

Annual (threshold) 7918 18.7 156 055 -311 13.9 -5 48 -23 50

derestimation of PM mass. By multiplying the model resuitsbch a factor, the
results of the model system are in very good agreement wikrghtions. The
model is able to reproduce the daily evolution of PM2.5 agthe year. Neverthe-
less, the model tends to underestimate the peaks duringrvimée, while during
summertime the model overestimates some episodes. Bylatahguthe annual
MFE and MFB with the adapted model output, the results nolwféhin the
performance goal recommended by Boylan and Russell (2006 piMFE=49%
and MFB=-12% (Table 4). It is important to note that the statistios biased
towards measurements obtained in Spain, since 10 out of 1IBHE8Mations are
located there (Fig. 4 and Fig. 5). Overall, the MFB and MFEramogeneous at
most stations (not shown).

For PM10, annual correlations are higher than for PM2.5§ahmean cor-
relation =0.57). The model is able to reproduce most of the particuteéer
events, although the model hardly reproduces the amplitddbe events and
presents a systematic underestimation. Concerning thabuay of the results
(Fig. 3j), 69.4% of the data match with observations withfactor 2, and 96.6%
within a factor 5. As for PM2.5, PM10 results present a vergdyagreement with
the observations if a factor of 2 is applied to the resultg.(Bb). The adapted re-
sults for PM10 match consistently with the observationsepkdor the Saharan
dust outbreak event on July 24{26vhich affected southern, central and eastern
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Spain but was not captured by BSC-DREAMS8D.

The annual mean MFB and MFE of the adapted results amoun086 #hd
51%, respectively (Table 4). These results are in accoedanth the recom-
mendations for particulate matter mentioned in Sect. 2dfalh within the per-
formance criteria of Boylan and Russell (2006). The spatistribution of the
correlation coefficient and the mean bias for winter and sempoint out that
the model performs better in southern than in northern Eyrtiy PM10 (Fig. 4
and Fig. 5). Stations located between the Baltic and theliN®&et (DEO1, DEQ9,
DKO5; see Table 1) display weak seasonal correlation casffi¢-0.1< r < 0.3).
However, continental stations of central Europe (Germ&mytzerland and Aus-
tria) mainly affected by anthropogenic emissions preseontgerformances for
PM10. Correlations are in the range of 0.3-0.7 during wiated improves in
summer. From all coastal sites affected by SSA, the statio8pain display the
highest correlations (Niembro and Cabo de Creus with<04< 0.6). At the
south European stations affected by Saharan dust outhreakeely Spain and
Italy, correlations are high across the year (&5 < 0.9, except ES13). The
inclusion of BSC-DREAM8b model results largely contribaite the improve-
ment of the model performances at such southern station®ei®psly noted by
Jiménez-Guerrero et al. (2008).

Many studies have recognized the difficulty of models to $ateuthe mass
of particulate matter over Europe (van Loon et al., 2004;tMas, 2008). The
underestimation of total particulate mass is, among otlieesesult from the lack
of fugitive dust emissions, resuspended matter (Vautaadl €2005a), a possible
underestimation of primary carbonaceous particles (Srieaal., 2004; Tsyro,
2005), the inaccuracy of SOA formation (Simpson et al., 200 difficulty of
representing primary PM emission from wood burning and roslo@irces (Tsyro
et al., 2007) and a more general lack of process knowledgen &t al., 2008).
While multiplying the model results of CALIOPE-EU by a factof 2, it was
shown that the dynamics of particulate matter (both PM2dbRIM10) can be well
captured. Using such methodology the levels generally Isited by CALIOPE-
EU were quantified to be approximately half of the observédes

3.2. Pattern Description

In the following section, it is important to note that the ddstion of the
simulated chemical patterns does not take into account thadehkobservations
discrepancies highlighted in Sect. 3.1.
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3.2.1. Ozone

ModeledO; average concentrations over Europe (Fig. 7a) show an isiagea
gradient from the northern and western boundaries to thes roomntinental and
Mediterranean areas, resulting from large variationsimate patterns (Beck and
Grennfeld, 1993; Lelieveld et al., 2002; EEA, 2005; Jingaeal., 2006). In the
tropospheré); has a residence time of several days to a week which permiits it
transport on regional scales (Seinfeld and Pandis, 199&).highest concentra-
tions are found in the Mediterranean basin and southerndeyreearly 90-10ng
m~3), as this region is particularly affected by intense phbesoical production
of O3 (EEA, 2005; Vautard et al., 2005b). Detailed descriptioh®zmone for-
mation and transport over the Mediterranean area can bel flouGerasopoulos
et al. (2005) or Cristofanelli and Bonasoni (2009). Othepamant factor for the
land-sea difference is the slow dry depositiorigfon water and also the low pho-
tochemical formation due to the low precursors concemngiiVesely and Hicks,
2000) . In central and eastern Europe, simulated angi@oncentrations range
from 70 to 85,9 m—3, with a slight west-to-east gradual build-up caused by the
association of precursor emissions and predominant vistards. Northwest-
ern areas show rather low concentrationggf(60-67 ug m—3) due to reduced
solar radiation and the influence of the clean marine air. ©uUdgherO; con-
centrations in elevated terrains, the major mountainagisns such as the Alpine
and Pyrennean chains as well as the Carpathian mountaimnslyrimaRumania)
display meanO; concentrations in the range of 85-@§ m—3. The minimum
values ofO3 (50-55..g m~3) are found in regions of chemically-driven higfo,,
regime such as large polluted cities or within the shippiogtes, Great Britain
and The Netherlands, and in northernmost Europe due to fueiason of low
precursor emissions and polar-like weather types. @hdistribution described
in this section is in accordance with the EMEP model reswitdlie year 2005
presented by Tarrason et al. (2007). However, the rathesearesolution used
by the EMEP model (50 knx 50 km) led to a less accurate simulation of the
chemical transition between urban and background areas.

3.2.2. Nitrogen dioxide

High concentrations oNO, within the PBL are directly related to anthro-
pogenic emissions (EEA, 2007). The largest contributordl@p atmospheric
concentrations are the emissions from road transport (4Q%g total emission)
followed by power plants and other fuel converters (229 06X, total emission,
Tarrason et al., 2006). High modelédD, concentrations~ 20-30 ug m—3)
are reported in The Netherlands and Belgium, the indudgaV/alley (northern
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Italy), central and eastern England, and the Ruhr regiostegme Germany). Var-
ious important European cities even red¢b, levels up to 30-4Qug m—3 on
annual average (e.g., Milan, London, Paris). Suburbarsa@aounding the ma-
jor cities often undergo advections of polluted air masselstsplay mean annual
values near 10-2bg m~2 while clean regions unaffected by emissions rather have
concentrations below bg m—3. Also note that the major shipping routes originat-
ing from the North Sea, passing by the English Channel, gitrdRortugal, Spain
and northern Africa toward the Suez Canal substantiallgcafthe coastaNO,
concentrations with a maximum of 18 m—3 for the annual mean concentra-
tions. Qualitative comparisons between the simulatecgpatif annuaNO, and
satellite-derivedNO, tropospheric column densities from GOME (Beirle et al.,
2004), SCIAMACHY and OMI (Boersma et al., 2007) revealed djagreement
(not shown). Such finding demonstrates the relative acgurathe spatial de-
scription of the source regions and various European hatissp

3.2.3. Sulfur dioxide

SimulatedSO, annual average concentrations over Europe (Fig. 7c) show
highest levels over northwestern Spain, eastern Europar(@dSerbia, Rumania,
Bulgaria and Greece), and over UK, Belgium and the soutlemegiart of The
Netherlands. Combustion emissions from power plants am$tormation indus-
tries are the main responsible for such high concentratdi$$), over Europe.
64% of SO, total emissions are attributed to these sectors (Tarreséh, 2006).
The highest annual concentrations70-90 ;g m~3) are observed in northern
Spain due to the presence of two large power plant instatiatiHowever, back-
ground regions in Spain remain below mean concentratioBs.0f m—3. On the
other hand, east European countries are affected by higle&glound concentra-
tions ofSO, (~8 to 2019 m~3) with various punctual emissions contributing to an
increase of the regional concentratiors3Q to 50ug m—3). Over sea, the highest
concentrations are found along the main shipping routesmassions from ships
largely contribute to th80, concentrations due to combustion of fuels with high
sulfur content (Corbett and Fischbeck, 1997; Corbett anehiter, 2003).

The distribution of mean annud, concentrations for 2004 shows the same
pattern as that presented by Tarrason et al. (2007) for.200&ever, note that the
SO, levels have decreased according to the pattern shown ireSdtal. (2004)
for the year 1995. Indeed, from the mid-1990s to 2(¥4; concentrations in air
have strongly decreased due to reductiornsin emissionsSO, emissions have
reduced up to 50% mainly in the sectors of power and heat ggaerthrough
a combination of using fuels with lower sulfur content (sashswitching from



586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

3 RESULTS AND DISCUSSION 23

coal and oil to natural gas) and implementing emission aaité strategies in the
energy supply and industry sectors (EEA, 2007; Internatibtaritime Organiza-
tion and Marine Environment Protection Committee, 2001).

3.2.4. Particulate matter

The simulated spatial distribution of annual mean PM2.5.(F¥d) shows av-
erage background levels around 34im~2 in northwestern, central and eastern
Europe. Very low concentrations correspond to remote raaainand the ma-
jor European mountain chains (e.g., the Alps, Massif Céntina Pyrenees and
the Carpathians). The concentration levels are dominat&iA, namely sulfate,
nitrate and ammonium (not shown here). SSA does not substarmontribute
to the PM2.5 fraction. The most polluted European regiomésRo Valley with
annual mean values near 14-28 m—3. To a lesser extent, in the Benelux re-
gion (Belgium, The Netherlands, Luxembourg) high conadrmins of PM2.5 are
found (~8-12 g m~3). Such concentrations are mainly associated with primary
anthropogenic emissions from road traffic and secondansats. As mentioned
in Sect. 3.2.3 Bulgaria, Rumania and Poland are importamiriboitors ofSO,.

At the hot-spot locations, the large sulfate formation arichary PM emissions
lead to annual mean concentrations of up to 2Q:@21~2. Interestingly, the large
sources 050, located in eastern UK and northwestern Spain do not coné&ibu
efficiently to the PM2.5 formation. Such low sulfate fornmatiis most likely
caused by high dispersion and strong removal by wet depaositithese regions.
The north African continent constitutes a very large po&rsource of PM for
the rest of the domain. During episodes of Saharan dusteakbr mineral dust
largely contributes to the levels of PM2.5 in southern Eetop

Fig. 8a and Fig. 8b present the annual mean and 1-hour maxioftriv10
concentrations in Europe, respectively. PM10 includesRNE.5 fraction, the
primary anthropogenic coarse fractidAM,,_»5), as well as the contribution of
coarse SSA and Saharan dust. Among other uncertainties-iamvn or re-
suspended dust emissions (coarse fraction) are not takeadoount yet. Such
sources contribute to the underestimation of the total entrations of PM10,
especially in dry regions or in urban areas (see Amato e2@09a,b).

High mean and maximum values of annual PM10 concentratmunsdfin the
North Sea and the nearshore Atlantic result from SSA praeoiicThe mean con-
tribution of SSA in the Mediterranean Sea reaches arounedyi@—3. The annual
mean contribution of the anthropogenic coarse fractioraiasilow (5 ;g m—3)
and is located at or in the vicinity of important emission®mas (not shown). Sa-
haran dust is responsible for the very high levels of PM irthremn Africa and
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also regularly affects the Mediterranean basin and soutBerope. Spain, south-
ern France, Italy, and Greece are particularly affecteduay £pisodes. Fig. 8b
reflects well the importance of including Saharan dust ma@a (on a non-
climatic basis) since dust outbreaks lead to annual maxirmomecentrations of
PM10 greater than 300g m—2 in most of the territories surrounding the Mediter-
ranean Sea.

Quialitatively, the spatial distributions of PM2.5 and PMslbw similar pat-
terns to distributions found in other European modelingligsiincluding sea salt
and Saharan dust emissions (see, e.g., POLYPHEMUS and tifiedJEMEP
model, Sartelet et al., 2007; Tarrason et al., 2006). Gniisi differences arise
in concentrations over southern Europe when comparingespédtributions with
models not taking dust from the African continent into agtuo{see Bessagnet
et al., 2004).

4. Comparison with Other Evaluation Studies

There are several air pollution modeling systems on the [igan scale op-
erated routinely in Europe. Evaluations of these regiomajw@ality models with
ground-based measurements were carried out either in@iNydor in compari-
son to other models. The following discussion presents apeoative analysis
between various European model evaluations and CALIOPETH$ analysis
does not attempt to be an intercomparison study becausduties were per-
formed under different conditions (simulated year, meikgical data, boundary
conditions, emissions, etc.). However, it provides a goasidfor assessing the
reliability of the results obtained in the context of the &uean evaluation mod-
els. Table 5 shows a chronological list of published evabumadtudies, which are
presented along with CALIOPE-EU evaluation results.

The presented evaluation studies have several chargictenscommon. First,
they were carried out over Europe on a regional scale witlzbtal resolutions
in the range of 25-55 knx km. Second, the simulations were run over a long
period, mainly a year. The given models were evaluated aggiound-based ob-
servations at rural locations from EMEP or AIRBASE datalsagdso note that
these evaluation studies were performed using statistiegthods.

Most of the studies presented here, evaluated indepegderitevious pub-
lications, focused on both gas and particulate phases. eT$teslies comprise:
LOTOS-EUROS (Schaap et al., 2008), POLYPHEMUS (Sarteleatl.et2007),
Unified EMEP (Tarrason et al., 2006; Yttri et al., 2006), &HdIMERE (Bessag-
net et al., 2004; Schmidt et al., 2001). In the case of the emhiEMEP model,
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Table 5: List of published European model evaluation stwdied their main characteristics to

25

be compared with CALIOPE-EU evaluation results (this sjudy study code for each model is
specified to ease the discussion in this paper.

Reference Modeled Model Horizontal resolution  Study code
year name Nlayers

This study 2004 CALIOPE-EU 12 km12 km/15 CALIOPE-EU04

Matthias (2008) 2001 CMAQ 54 km54 km/20 CMAQ2

Schaap et al. (2008) 1999 LOTOS-EUROS 255 km LOTOS-EUROS3

Sartelet et al. (2007) 2001 POLYPHEMUS  ©60.5°/5 POLYPHEMUS4

van Loon et al. (2007) 1999 Unified EMEP 50 kB0 km/20 EMEP5

van Loon et al. (2007) 1999 RCG 0.5 0.5°/5 RCG5

van Loon etal. (2007) 1999 LOTOS-EUROS  ©0:60.5°/4 LOTOS-EUROS5

van Loon et al. (2007) 1999 CHIMERE 0.5 0.5°/8 CHIMERES

van Loon et al. (2007) 1999 MATCH 4 0.4°/14 MATCH5

Tarrason et al. (2006) 2004 Unified EMEP 50 kB0 km/20 EMEP6

Yttri et al. (2005) 2004 Unified EMEP 50 kr50 km/20 EMEP7

Bessagnet et al. (2004) 1999 CHIMERE 0:50.5°/8 CHIMERES

van Loon et al. (2004)  1999/2001 CHIMERE 060.5°/8 CHIMERE9

van Loon etal. (2004)  1999/2001 DEHM 50 kB0 km/20 DEHM9

van Loon et al. (2004)  1999/2001  Unified EMEP 5080 km/20 EMEP9

van Loon etal. (2004)  1999/2001  MATCH 55 knd5 km/10 MATCH9

van Loon et al. (2004)  1999/2001 LOTOS 0°260.5°/3 LOTOS9

van Loon etal. (2004)  1999/2001 CMAQ 36 k6 km/21 CMAQ9

van Loon etal. (2004)  1999/2001 REM-CALGRID 026 0.5° REM-CALGRID9

Schaap et al. (2004) 1995 LOTOS 25 k25 km/3 LOTOS10

Hass et al. (2003) 1995 DEHM 50 ka0 km/10 DEHM11

Hass et al. (2003) 1995 EURAD 27 k27 km/15 EURAD11

Hass et al. (2003) 1995 EUROS 0%560.55°/4 EUROS11

Hass et al. (2003) 1995 LOTOS 026 0.5°/3 LOTOS11

Hass et al. (2003) 1995 MATCH 55 kab5 km/10 MATCH11

Hass et al. (2003) 1995 REM3 028 0.5° REM11

Schmidt et al. (2001) 1998 CHIMERE 0.5% 0.5°/5 CHIMERE12
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evaluation studies are being processed every year sind@ (T@8rason et al.,
2005). For the purpose of this paper, we only exploited thealuation of the
year 2004, since it is the reference year modeled by CALIGRE-The single
evaluations of both CMAQ (Matthias, 2008) and LOTOS (Schaggpl., 2004)
only focused on particulate matter results.

In addition to the models evaluated independently anddisteove, three
model intercomparisons were also carried out and are pegbém Table 5. In
the framework of EUROTRAC (Hass et al., 2003) the authorfuewed the abil-
ity of six models to simulate inorganic aerosol compoundsthk review of the
Unified EMEP model (van Loon et al., 2004) the gas and padteyphases from
seven models were compared. More recently, an intercosgrawas performed
in order to study the response of five models to different simmsscenarios in
terms ofO; levels (EURODELTA project, van Loon et al., 2007).

Table 6 and Table 7 present the statistics of each reviewely stvailable for
the gas O3, NO, andSO,) and particulate (PM10 and PM2.5) phases, respec-
tively. Three statistical parameters are considered, hatime annual daily means
of MNBE, r, and RMSE. These parameters were calculated witthweshold on
the measurement data, except for the MNBE valu®g¢fin POLYPHEMUS4
which is calculated using a threshold of 8§ m—2 as pointed out by Sartelet
et al. (2007). The displayed results represent the annuahsnat all considered
stations. Values in parentheses, when available, comelsfmothe minimum and
maximum performances at individual stations.

For theO5 daily mean CALIOPE-EU presents satisfactory annual MNBE va
ues in comparison to the other studies; (@ m—3 versus 2-29ug m~3). The
annual daily mean correlation is rather low (0.66 versu8-0.83). Nevertheless,
the RMSE obtained with CALIOPE-EU is in the range of other eled20.6..9
m~3 for CALIOPE-EU versus 18.4-28.4g m~3). Values for the annual daily
peak mean correlations for CALIOPE-EU are slightly below tiange of the
other studies. Note that the CMAQ9 model obtained the sameamlaily peak
mean correlation as CALIOPE-EU, namely 0.69 versus 0.84;Qvhich is lower
than in the other studies. However, for individual stati@d@d&LIOPE-EU remains
within the same range of EMEPG6 for the year 2004 (0.28-0.82us0.10-0.84).
This large range of values reflects the high variability & thodel performances
depending on the region of the domain (see Fig. 4 and dismusgsiSect. 3.1.1).
RMSE and MNBE values for annual daily peak mearigflie within the range
of the other models.

Overall, the CALIOPE-EU performances fiiO, are superior to other mod-
els. The annual daily mean correlation obtained in thisystadhe highest from



Table 6: Comparison of the statistics Mean Normalized Biast§MNBE, %), correlation (r), and Root Mean Squared E(RMSE,
g m—3) between CALIOPE-EU and other European motiél®or gas phase(s, NO, andSO, daily andO3 daily peak). The statistics
do not consider thresholds on measurement data excepefdNBE value {) provided by the POLYPHEMUS study.

Study Number O3 daily average O3 daily peak average NO daily average SO daily average

MNBE r RMSE MNBE r RMSE MNBE r RMSE MNBE r RMSE
CALIOPE-EU04 6 0.66 20.6 -3 0.69 21.8 -17 0.67 10.1 83 0.60 2.2

(-22,43) (0.06,0.81) (15.8,29.2) (-23,23) (0.28,0.82)7.%130.7) (-74,77) (0.02,0.84) (1.4,36.3) (-28,370) 80(80) (0.8, 6.4)
LOTOS-EUROS3 0.65 25.2 0.75 20.4 0.40 11.4 0.40 34
POLYPHEMUS4 -14* 0.72 214 0.33 10.0 0.47 5.0
EMEP5 10 0.72 1 0.75
RCG5 3 0.71 7 0.76
LOTOS-EUROS5 2 0.7 7 0.76
CHIMERES 29 0.76 10 0.84
MATCH5 6 0.8 2 0.81
EMEP6 10 0.72 1 0.75 0.67

(0.10, 0.84)

CHIMERES (-78,349) (-0.30,0.70) (1.0, 28.0)
CHIMERE9 0.78/0.83  18.4/18.1 0.78/0.83  18.4/18.1 0.4/40. 12.6/13.9 0.37/0.47 10.9/10.1
DEHM9 0.66/0.66  24.2/23.1 0.78/0.78  22.1/21.7 0.45/0.461.1M1.7 0.43/0.49  4.8/3.9
EMEP9 0.63/0.65  23.6/23.0 0.75/0.76  19.1/19.5 0.43/0.451.2/12.1 0.40/0.42  4.7/3.9
MATCH9 0.65/0.68  24.7/24.5 0.79/0.80  18.3/18.8 0.42/0.441.8/12.5 0.43/0.48  4.4/3.2
LOTOS9 0.53/0.54  27.7/28.1 0.74/0.73  21.7/22.0 0.25/0.302.9/13.6 0.24/0.45 5.9/4.6
CMAQ9 0.55/- 32.6/- 0.69/- 25.5/- 0.52/- 10.8/- 0.44/- 6.0/
REM-CALGRID9 0.61/0.64  26.4/25.7 0.71/0.74  21.9/22.0 0442 11.9/12.6 0.35/0.39  4.7/13.5
LOTOS10 0.48 4.1
DEHM11 0.23 8.7 0.43 2.8
EURAD11 0.16 8.9 0.39 5.6
EUROS11 0.07 9.4 0.39 3.9
LOTOS11 0.03 9.2 0.39 3.1
MATCH11 0.23 8.5 0.45 2.7
REM311 0.13 9.3 0.35 3.3
CHIMERE12 (0.51,0.88) (13.4,44.6) (-0.05,0.77) (1.0, 10.0)

@ Value reported without parenthesis represents the anwveahge in the entire domain. The first and second values iengfasis
represent the minimum and maximum values respectivelyimddaamong all stations in the entire domdin/alues reported before and
after a slash correspond to the year 1999 and 2001, resplgctiv
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Table 7: Comparison of the statistics MNBE (%), r and RM$E (n3) between CALIOPE-
EU and other European modefsfor particulate matter PM2.5 and PM10. The statistics do not
consider thresholds on measurement data.

Study Number PM2.5 daily average PM10 daily average
MNBE r RMSE MNBE r RMSE
CALIOPE-EU04 -45 0.47 11.2 -50 0.57 15.8
(-68,-13) (0.46,0.79) (5.5,25.3) (-72,12) (0.10,0.77) .7(81.4)
CMAQ2 (0.35,0.69)
POLYPHEMUS4 0.54 8.6 0.54 12.6
EMEP7 0.44 10.6 0.48 141
(0.28,0.7) (0.24, 0.66)
CHIMERES (-80,20) (0.50,0.70) (0.8, 30.0)
CHIMERE9 0.55/0.55 14.4/13.8
DEHM9 0.50/0.49 16.0/14.5
EMEP9 0.52/0.48 15.7/14.9
MATCH9 0.44/0.49 14.9/12.9
LOTOS9 0.45/0.38 16.6/15.2
CMAQ9 0.54/- 15.0/-
REM-CALGRID9 0.57/0.49 13.2/12.4
LOTOS10 (0.35, 0.69)

“ Value reported without parentheses represents the anverage in the entire
domain. The first and second values in parenthesis représ2minimum and
maximum values respectively obtained among all statiorisérentire domain®
Values reported before and after a slash correspond to #rel@99 and 2001,
respectively.
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all considered models (0.67 versus 0.03-0.47). The anmaibl thean RMSE
value is among the lowest (10/& m~3 versus 8.5-13.9,g m~?). MNBE val-
ues for CALIOPE-EU are similar to CHIMERES, the only studyyiding NO,
annual daily mean values. Such a broad range of MNBE valueaused by
the sensitivity to low observed concentrations, inducirapfems of inflation and
asymmetry (Yu et al., 2006). Therefore, we encourage funwdeling studies to
use threshold-filtered MNBE faNO, or else use fractional errors instead. The
high performances of CALIOPE-EU witNO, is attributed mostly to the high
resolution of the model system which enables a well-defipatial and temporal
description ofNO, sources throughout Europe.

As with NO,, the CALIOPE-EU evaluation results 80, show very satis-
factory performances in comparison to the other studieg cétculated RMSE
is the lowest from all models (2.2g m~2 against 2.7-10.9g m~3). Addition-
ally the annual daily mean correlation obtained for CALIOGEH is the second
highest value after the EMEP6 study with(0.60 against 0.67, respectively. The
other studies calculated lower correlation coefficientsvben 0.24 and 0.49. No
annual daily mean MNBE values were provided by the otheruatains. Also,
the SO, model performances are mainly attributed to the high re&wiwf the
CALIOPE-EU system enhancing the simulation accuracy. Aameackground
concentrations of observé®d, in Europe are low{2 g m—3, see Table 3), mean
normalized errors may not adequately represent the peafoces of a model at
rural sites. In that case, the use of thresholds on obsenadtiiata or rather MFE
and MFB should be considered.

Considering PM2.5, the model performance on the annual roeaelation
coefficient is comparable with the two other studies POLY RHES4 and EMEP7
(0.49 versus 0.44 and 0.54). Such correlation is rather lovraflects the high
uncertainties in the sources of fine particles (see disonssiSect. 3.1.4). The
annual daily mean RMSE obtained by CALIOPE-EU is slightlgher than the
values obtained by the two other studies (1Ag@m—3 versus 8.6 and 10.6g
m=—3).

Statistics for PM10 are in the same range as for the otherestudh\s with
all other models, CALIOPE-EU tends to underestimate the @ktincentrations,
with the calculation of PM2.5 concentrations being a sufisthsource of un-
derestimation. Per individual stations, the MNBE range G#&LIOPE-EU is
similar to that of CHIMERES8 (from -72% to 12% compared to -8®8620%
for CHIMERES). The calculated annual daily mean correlatomefficient of
this work is the highest value from all other studies, togetwith the REM-
CALGRID9 study for the year 1999. The annual daily mean RM&Bains in
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the range of other studies (15:9 m—3 versus 12.4-16.6g m—?)

Overall, the performances on the levels and variabilityatipulate matter are
relatively poor, but this intercomparison shows that theéarastimated mean con-
centrations and the lack of understanding on the formationgsses is a general
feature affecting most models.

The results of this intercomparison suggest that CALIOREpgErforms rel-
atively well for the simulation ofD; concentrations while high scores were ob-
tained forNO, andSO,. In general, performances on particulate matter (PM2.5
and PM10) are satisfactory in comparison to the other ssutHewever, substan-
tial efforts should be made in the chemical description of #8kmhation and the
accuracy of PM sources.

From this model inter-comparison it was noticed that mogstesms based
on the CMAQ chemical model (CALIOPE-EU and CMAQ?9) perfornttbefor
daily meanNO, andSO, than forO; daily average and daily peak averages when
compared to the other systems. While most European mod&sah; annual
mean daily peak correlations between 0.7 and 0.8 for the3@@4, both CMAQ
models reach a maximum of 0.69. However, note that this lzdiwe obtained
by CALIOPE-EU is higher than values reported by other stidising CMAQ
and representing the US domain (see, e.g., Zhang et al., 2006t al., 2006;
Eder and Yu, 2006). On the other hand, the correlations\fos and SO, are
notably higher for CMAQ models than for the other chemicabtels. All models
are based on the same emissions from the EMEP databaseg loigdlggregation
techniques or additional integrated modules may differesehresults indicate
some potential limitations with the chemical mechanisndusihin this version
of CMAQ (CBM-IV) when applied to the EMEP emissions over Eugo(also
see Emmerson and Evans, 2009). The Carbond Bond mechanssredently
been updated (Yarwood et al., 2005) and evaluated (Luedakah, 2008). It is
expected that the latest mechanism, namely CBO05, couldowepthe behaviour
of the CMAQ model over rural European areas considering ffogte done to
improve the simulations under IoWO,, conditions.

Another relevant issue that arises from the model compaiisdhe impact
of horizontal resolution. As stated before in the text, atidels are forced with
EMEP emissions. These emissions have a spatial resoluti®n km x 50 km.
After different spatial disaggregation techniques mostei® perform similarly
regardless of the target horizontal resolution. This tesuhot surprising if one
considers that this evaluation focuses on rural environsilenited by NOx. The
horizontal resolution may impact urban and industrial sraaa higher degree
than rural areas. In this sense, the higher horizontal uésal of CALIOPE-
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EU system may be responsible for the better scores obtamB@i and SO,.
It is reasonable to think that a detailed emission invengdrg finer horizontal
resolution could further improve the air quality model peniances.

Finally, the vertical resolution of the models presenteithis evaluation ranges
from 3 to 20 vertical layers. It is expected that models witdhler vertical lev-
els are able to simulate the vertical mixing better. Howethex statistics do not
show a direct relationship with the model vertical resalnti That implies that
various systems are strongly driven by surface emissionsyartical exchange
is not directly resolved though strongly parameterized.

5. Conclusions

This paper presented the evaluation results of the mod&trsy€ALIOPE-
EU (namely WRF-ARW/HERMES-EMEP/CMAQ/BSC-DREAMS8D) usiadull
year simulation for 2004 over a European domain. The evaludbcused on
the capability of the model to reproduce the temporal andiapdistribution of
pollutants, estimating their uncertainty and compariregritwith other European
evaluation studies. This article evaluated gag, (NO, andSO-) and particulate
phase (PM10 and PM2.5) simulations with EMEP ground-bassasorements. It
is noteworthy mentioning that neither correction factooss any adjusting model
parameterization were applied to the model output or thgiral model codes.
Only in the case of particulate matter, adjusted levels wieseussed in order to
guantify the missing source apportionment.

CALIOPE-EU was able to reproduce the obser¢edannual cycle. More-
over, CALIOPE-EU simulated the general feature$gffields over Europe, es-
pecially the differences between urban and backgroundsieve general, daily
maxima were better simulated than daily averages, and suimmeeconcentra-
tions were better simulated than wintertime concentratidine conditions at the
lateral boundaries of the model domain were shown to styoafféct the evo-
lution of O3 throughout the year, especially at the stations near thedsoies
and during wintertime. These conditions should be handlgd @are, as they
occasionally lead to excessi@g concentrations near the surface. In CMAQ, the
construction of boundary profiles from global chemistry misdin that case the
LMDz-INCAZ2, should integrate the information of the tromase in the down-
scaling process to avoid strong downdraft€)gfenriched air masses down to the
surface.

ConcerningNO,, the annual trend was moderately well simulated with a sys-
tematic negative bias. High correlations were obtained eiteer very clean or
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highly polluted areas (stations around the Baltic Sea or.Uk) average, the
model underestimated both background levels and peaksciefip during win-
ter and over high polluted areas where transport dominatepared to chemical
processes. From the results of the annual pattern, CALIEBEvas able to sim-
ulate maximum concentrations over most important emissaumces in Europe,
since concentrations sharply decrease from urban-subtolaral areas.

The model system was able to reproduce the annual varnjabildaily mean
concentrations for backgrourttD, throughout Europe. Monthly variations of
SO, were well captured, especially from January to March, bisefpeaks were
reported. Vertical mixing characteristics and the way eioiss are distributed
within the grid are potential key issues which may explaie tdverestimation
detected in simulateslO,. The spatial distribution of statistics showed low mean
bias values with heterogeneous correlation coefficiente SpatialSO, pattern
successfully represented the main European sources (uicihéy of energy and
transformation industries and shipping routes).

By comparing model results with measurements of PM2.5 and(Piviwas
found that CALIOPE-EU reproduces most of the pollution éseiowever, the
model underestimated the observed values of PM2.5 and PMI0der to iden-
tify the origin of such discrepancies and to determine the@as of uncertainty,
the aerosol chemical composition should be evaluated. Anotimer sources not
accounted for, particulate matter emissions from paved reasuspension and
wind blown dust should be included in order to reduce theesyatic biases.
When a multiplying factor of 2 was applied to both simulatédZ? and PM10,
MFE and MFB statistics lied within the performance goal deditby Boylan and
Russell (2006). Moreover, the contribution of seasonalin@tparticulate mat-
ter, marine and Saharan mineral dust, was well characteritéroducing dust
aerosol outbreaks on a non-climatic basis with BSC-DREAM®&b essential for
the simulation of hourly peaks during dust outbreaks, @aflgén southern Eu-
rope.

When compared to other European models CALIOPE-EU perfoneason-
ably well for ozone annual daily mean and daily peak conegiotns. O3 statis-
tics lie within the US-EPA guidelines although annual ctatiens are rather low
compared to other European models. On the other hand tisgfie NO,, SO,
PM10 and PM2.5 present higher scores than most models. Ve mosimilar
behaviour with the other CMAQ-based modelling system; lsytftems present
lower annual correlations fdp; while results ofNO,, SO,, PM2.5 and PM10 are
higher than other systems.

The horizontal resolution of CALIOPE-EU provided high dktan the spa-
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tial distribution and temporal evolution of most relevaasephase and particulate
matter pollutants. Sharp and concentrated plumes and stifregrid scale pro-
cesses were represented correctly. Although emissionadathased on the dis-
aggregation from the EMEP inventory (emissions at 50>kiB0 km), the results
are within the range of most European models.

This study warrants the use of the CALIOPE-EU system oveogeirand
results will be used as boundary conditions for the higloltg®n air quality sim-
ulation over the Iberian peninsula at a 4 knd km resolution.
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Figure 3: Modeled (black lines) and measured (grey lines series of daily mean concentrations
(left) and scatter plots (right) foDs;, NO2, SO2, PM2.5 and PM10, respectively, at the EMEP
stations. The scatter plots include the 1:1, 1:2, 2:1, 1cb5ah reference lines.
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Figure 4: Spatial distribution of the correlation coeffitiat all stations foO3, NO2, SO,, PM2.5
and PM10. The two columns represent the winter and summsossdor 2004, respectively.
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Figure 5: Spatial distribution of mean bias at all statioaomsd3, NO-, SO», PM2.5 and PM10 (in
g m—3). The two columns represent the winter and summer seasp@6@d, respectively.
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Figure 7: Simulated annual average concentratipigsni—2) of (a) O3, (b) NOs, (c) SO, (d)
PM2.5 at ground level modeled with the CALIOPE-EU air quatitodeling system for Europe
with a 12 kmx 12 km spatial resolution in 2004.
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Figure 8: Simulated annual (a) average and (b) maximum carat@ns for PM10 in:g m—3 in
2004.



