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Abstract. Air quality over Europe using Models-3 (i.e., air quality planning for more effective adaptation and imple-
CMAQ, MM5, SMOKE) modelling system is performed for mentation guidelines.
winter (i.e., January 2006) and summer (i.e., July 2006) Air pollution is not just a local issue since the pollutants
months with the 2006 TNO gridded anthropogenic emissiongeleased in one country can be transported in the atmosphere,
database. Higher ozone mixing ratios are predicted in southaffecting air quality in the nearby countries. As such several
ern Europe while higher Ngevels are simulated over west- research groups have started simulations of the gaseous and
ern Europe. Elevated Svalues are simulated over eastern particulate matter concentrations over the whole of Europe.
Europe and higher Pp% concentrations over eastern and However, there are a limited number of such studies. In order
western Europe. Regional average results suggest that NCGio explain the European trends in ozone since 1990, Jonson
and PM 5 are underpredicted, $Qs overpredicted, while et al. (2006) have used the EMEP regional photochemistry
Max8hrQ; is overpredicted for low mixing ratios and is un- model for the years 1990 and 1995-2002. The increase in
derpredicted for the higher mixing ratios. However, in a num-winter ozone, partially, and the decrease in the magnitude of
ber of countries observed and predicted values are in gootligh ozone episodes is attributed to the decrease in ozone
agreement for the pollutants examined here. SpeciategsPM precursor emissions while emission reductions have resulted
components suggest that N8 dominant during winter over  in a marked decrease in summer ozone in major parts of Eu-
western Europe and in a few eastern countries due to the higtope. Using the RegCM3/CAMx modelling system for sim-
NO, mixing ratios. During summer Ngs dominantonly in  ulating near surface ozone mixing ratios driven either by the
regions with elevated Nilemissions. For the rest of the do- ERA-40 reanalysis dataset or the global circulation model
main SQ is dominant. Low OC concentrations are simulated ECHAMS5, Zanis et al. (2011) found that on a seasonal basis
mainly due to the uncertain representation of SOA formation.both ECHAMS5 and ERA simulations exhibited a seasonally
dependent bias, with winter and spring ozone values being
generally underestimated; summer and autumn values were
slightly overestimated. However, ozone peak mixing ratios in
1 Introduction summer (i.e., higher than 80 ppbV) could not be captured. A
decadal (i.e., 1991-2000) study also for ozone over Europe
Air quality is a focus of attention because of its important gyggests that the selection of external meteorological forc-
role in many areas including human health, atmospheric rejng can be as important as the selection of adequate chem-
actions, acid deposition, and the Earth’s radiation budgeica| |ateral boundary conditions (Katragkou et al., 2010).
(e.g., Seinfeld and Pandis, 2006; Peng et al., 2005). Althougin, modelling set up for the whole Europe with CALIOPE
air quality management strategies have been applied over regy quality modelling system has been performed by Pay et
cent years to reduce atmospheric pollutant concentrations. (2010) suggesting satisfactory performance for ozone but
ozone and particulate matter pollution are still an issue. Forpoor performance for particles. Largely, this is caused by the

this reason, simulating and forecasting gaseous and particlgapjlity of the models to correctly capture the concentrations
concentrations as accurately as possible is fundamental in
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of organic matter (e.g., Chen and Griffin, 2005). Applying sults obtained by other regional air quality models commonly
the CAMx modelling system over Europe Nopmongcol et used in Europe, noting at the same time, the European coun-
al. (2012) found an underestimation trend for all pollutantstries where the predicted values are in agreement with the
examined (i.e., @ NOx, NO2, CO, PMg) except for SQ. observed values.
Appel et al. (2012), using CMAQ, found that the model over-
estimated winter daytime ozone mixing ratios in Europe by
an average of 8.4 % while in the summer slightly underes-
timated by 1.6 %. PM is underestimated throughout the 2 Methods
entire year. Due to the lack of speciated P¥vtlata for the
EU, they concluded that it is not clear what is driving this 2.1 Modelling setup
bias. Langmann et al. (2008), using the regional scale atmo-
spheric climate chemistry/aerosol model REMOTE, found Meteorological fields are derived using the Penn
that the deviation between modelled and measured organiState/NCAR Mesoscale Model (MM5) (Grell et al.,
carbon concentrations can be mainly explained by missingl994). Since most meteorological models, such as MM5, are
formation of secondary organic aerosols (SOA) and deficiennot built for air quality modelling purposes, it is necessary
cies in emission data. As such, the authors suggest that aio address issues related to data format, unit conversion,
updated emission inventory needs to take into account théemporal and spatial domains, and numerical grids. For this
changing heating practices in Europe. The need for a morg@urpose, the Meteorology Chemistry Interface Processor
detailed treatment of the formation of SOA has also been(MCIP) (Byun et al., 1999) is used to provide the meteoro-
pointed out by Sartelet et al. (2007) who simulated aerosoldogical data from the MM5 outputs needed for the emissions
and gas-phase species over Europe with the POLYPHEMUS®nd air quality models.
system. Although they found that hourly ozone, sulfate, and Gridded yearly averaged anthropogenic emissions for the
ammonium simulation was good, $@nd nitrate concentra- year 2006 over Europe are provided by TNO (Netherlands
tions were overestimated. Modelling carbonaceous aerosdDrganization for Applied Scientific Research) at a 9.0.1
over Europe using the EMEP modelling system, Simpson etlegree resolutionhftp://www.tno.n) in the framework of
al. (2007) found that the contribution of biogenic secondarythe AQMEII exercise lfttp://agmeii.jrc.ec.europa.gu/The
organic aerosol far exceeds that of the anthropogenic onevailable data include annual total emissions of,CHO,
This modelling work confirms the difficulties of modelling NHs, NMVOC, NOy, PM;o, PM2 5, and SQ for both area
SOA in Europe where a severe underestimation of the SOAand point sources in ten (10) Standardized Nomenclature
components was found. The evaluation of the aerosol comfor Air Pollutants (SNAP) categories (i.e., power genera-
ponents in the CALIOPE air quality modelling system over tion, residential-commercial and other combustion, industrial
Europe (Basart et al., 2012) also highlights underestimationgombustion, industrial processes, extraction distribution of
in the fine fraction of carbonaceous matter (EC and OC) andossil fuels, solvent use, road transport, other mobile sources,
secondary inorganic aerosols (i.e., nitrate, sulphate, and anwaste treatment and disposal, agriculture) (Table 1). Accord-
monium). The total amount of secondary inorganic aerosolsng to this emission inventory, the United Kingdom, Spain,
was on average underestimated by 18-50 % in most region&ermany, Ukraine, France, and Italy have the highesi NO
of Europe (Pay et al., 2012). S@vas systematically overes- emissions, while Ukraine, Spain, and Poland have the high-
timated by the CALIOPE system, which suggests thag SO est SGQ emissions (only a part of the Russian Federation and
formation in the modelling system was often limited by oxi- Turkey belongs to the domain examined). In general, road
dant availability and not always by SONOs concentrations  transport and energy sector-utilities-refineries are the ma-
were underestimated in about 60 % in winter and more tharjor sources for NQ emissions, while S@emissions origi-
100 % in summer. Bessagnet et al. (2008) implemented th@ate mainly from the energy sector-utilities-refineries. Emis-
isoprene chemistry for SOA formation over Europe in the sions are processed by the Sparse Matrix Operator Kernel
CHIMERE model. They found a better agreement betweenEmissions (SMOKE v2.6) modelling systerhtt://www.
long series of simulated and observed particulate matter consmoke-model.org/index.cfito convert their resolution to
centrations, but a clear underestimation by the CHIMEREthe resolution needed by the air quality model using monthly,
model was noted in wintertime possibly due to missing woodweekly, and hourly time profiles provided by TNO (2011).
burning emissions. However, TNO has reported that the temporal profiles are a
The objective of this study is to simulate gaseous (i.g,, O generalisation, not regularly updated and not country specific
NO,, SO)) mixing ratios and particle (i.e., PM) concen- and could affect emissions over time for air quality mod-
trations over Europe, assessing the magnitude of disparitglling. The Biogenic Emission Inventory System, version 3
for each country and estimating errors and biases betwee(BEIS3) is used for processing biogenic source emissions.
observed and predicted values for European countries witlGridded land use data at 1 km resolution provided by the US
available monitoring data. The current analysis provides arnGeological Survey (USGShftp://edc2.usgs.gov/glcc/glcc.
opportunity to compare the modelling results with the re- php. BEIS3 default summer and winter emission factors
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Table 1.Anthropogenic emissions (ktyt).

CHy CO NH3 NMVOC NOx PMjg PMys SO
Albania 179 113 25 33 26 9 6 31
Austria 326 652 65 158 209 45 25 25
Belarus 762 532 143 190 162 36 25 77
Belgium 360 784 71 190 269 39 26 128
Bosn. & Herz. 160 182 17 49 53 42 18 420
Bulgaria 460 697 58 149 211 74 47 798
Croatia 153 296 46 88 64 23 16 55
Cyprus 48 37 5 14 17 3 2 11
Czech Rep. 473 470 67 173 256 34 20 184
Denmark 271 646 86 110 172 45 33 22
Estonia 89 173 10 36 34 26 21 61
Finland 211 493 36 132 182 48 32 83
France 2619 4711 727 1246 1109 479 302 415
F.Y.R.O.M. 90 103 7 26 40 18 9 102
Germany 2089 4017 623 1189 1353 192 109 545
Greece 404 569 71 332 271 67 51 533
Hungary 365 568 81 163 184 51 35 366
Ireland 610 199 109 57 107 21 14 53
Italy 1837 3895 431 1198 1094 161 113 413
Latvia 84 316 15 63 41 15 13 11
Lithuania 162 187 36 78 69 21 17 35
Luxembourg 17 41 5 13 13 3 2 3
Malta 19 0 1 8 11 0.6 0.4 8
Moldova 216 140 28 38 65 42 23 120
the Netherlands 776 568 135 167 299 39 20 48
Norway 217 397 23 189 205 50 43 20
Poland 1823 3282 296 915 631 282 134 1216
Portugal 514 585 68 284 237 45 36 186
Romania 1210 1390 198 381 272 138 97 457
Russia 23394 13019 772 2791 2853 1459 918 2810
Serbia 533 315 68 148 166 82 42 342
Slovakia 197 278 27 74 83 24 16 71
Slovenia 100 71 19 40 55 9 7 28
Sweden 254 585 50 191 195 53 33 36
Switzerland 167 300 55 102 80 19 9 15
Spain 1780 2205 454 1035 1459 209 141 1231
Turkey 2484 2825 426 729 888 365 260 1710
Ukraine 5143 2923 555 753 1279 516 311 1294
Un. Kingdom 2256 2127 309 926 1489 150 94 608

and the MM5 meteorological fields are used to create hourly(Fig. 1). Although a finer grid resolution could affect mod-
model-ready biogenic emissions estimates. elling results, other studies have found that it does not al-
The Community Multiscale Air Quality (CMAQ) v4.7 ways enhance model performance (e.g., Queen et al., 2008).
Modelling System with the Carbon Bond mechanism (CB05) The default boundary and initial conditions based on Gipson
is used here for the regional air quality modelling (Byun (1999) for gaseous and particulate species have been used.
et al., 2006; Foley et al., 2010) for winter (i.e., January Boundary conditions have a very minor impact on pollu-
2006) and summer (i.e., July 2006) months. CMAQ is atants concentrations, since European land is far away from
multipollutant, multiscale air quality model for simulat- the domain borders, except along the eastern border. Rus-
ing all atmospheric and land processes that affect transsian Federation, Ukraine, and Turkey are close to the eastern
port, transformation, and deposition of atmospheric pollu-borders, but these countries are not included in our analy-
tants on both regional and urban scales. The modelling dosis. Moreover, a spin up time of 10 days was used to min-
main covers almost all of Europe with 1%7217 grid cells  imise errors due to the initial conditions. In the version of
of 35kmx 35km spatial resolution and 14 vertical layers CMAQ used, several new pathways for secondary organic
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using observation data from AirBase, the European air qual-
ity databaseH(ttp://www.eea.europa.eu/data-and-maps/data/
A e = airbase-the-european-air-quality-databaseARBase is the
o R ; air quality information system maintained by the European
Environment Agency (EEA) through the European topic cen-
tre on Air and Climate Change. It contains air quality data de-
livered annually, offering a reciprocal exchange of informa-
tion and data from networks and individual stations measur-
ing ambient air pollution within the Member States. Model
evaluation is conducted here, for species with sufficient mon-
itoring data all over Europe such as sulfur dioxide (data from
35 countries, in our domain there are 1928 stations for winter
and 1883 for summer months), nitrogen dioxide (data from
, 35 countries, in our domain there are 2591 stations for winter
EURCLZE:H'L;EEGUI:Z:S gfj:::s:;:; ;’;EER R and 2508 for summer months), ozone (data from 35 coun-
SOUTHERN EURGPE tries, in our domain there are 1954 stations for winter and
1977 for summer months) and particulate matter <2.5um
Fig. 1. Modelling domain and the regional European grouping used(data from 30 countries, in our domain there are 266 stations
by the United Nations Statistics Department. for winter and 267 for summer months). Hourly average data
for NO; and SQ as well as daily average data for maximum
8h ozone and Pl are used in our analysis. Unfortunately,
aerosol (SOA) formation have been implemented (Edney ecomparison with observed Bl components could not be
al., 2007; Carlton et al, 2008). The CBO05 is a condensedperformed since speciated BNldata are not readily avail-
mechanism of atmospheric oxidant chemistry that providesable for EU; this has also recently been pointed out by other
a basis for computer modelling studies of ozone, particu-researchers (Appel et al., 2012).
late matter (PM), visibility, acid deposition, and atmospheric
concentrations of toxic gases (Yarwood et al., 2005). The
core CB05 mechanism has 51 species and 156 reactions. Tt®2 Results and discussion
CBO5 has been evaluated against smog chamber data (Jef-
fries et al., 2002; Carter, 2000) and the results are discussedigh ozone mixing ratios are predicted in southern Europe
in detail by Yarwood et al. (2005). where meteorological conditions enhance ozone formation
Since an extensive evaluation and discussion of meteorol(Fig. 2). The daily average maximum 8 h ozone (MaxghO
ogy used has been presented by Vautard et al. (2012), hemixing ratio during July is simulated up to 75 ppbV while a
we focus on discussing the gaseous and particulate pollularge portion of the domain has values higher than 50 ppbV.
tant concentrations. Briefly, Vautard et al. (2012) found thatHigher NO mixing ratios are simulated over western Eu-
the seasonal cycle of the 10m wind speed is well repro-rope (i.e., Belgium, the Netherlands, Germany, and northern
duced although it is overestimated over Europe. The spaFrance), northern Italy and the United Kingdom for both sea-
tial distribution of surface wind speed is fairly well simu- sons. Belgium and the Netherlands have elevated WD
lated. Wind speed is well simulated along the vertical pro-ues since their small area results in a high emission rate per
file, but markedly overestimated at lower altitudes over Eu-acre, however, they are not ranked as one of the countries
rope. It was also found that the Planetary Boundary Layemwith high NO, emission rates. Road transport and industry
(PBL) height at noon is simulated quite well. However, at are responsible for the elevated N@missions in northern
18:00 UTC and particularly in the summer months, the mod-Italy, while road and non-road transport energy sector and
elled PBL height is much lower than the observed. Biases ofindustry are responsible for the high N@mission in the
monthly means of the 2 m temperature are generally smallUnited Kingdom. NQ mixing ratios are higher during Jan-
The diurnal cycle of the 2 m temperature is also fairly well uary compared to July for two reasons: energy sector and in-
reproduced while the typical vertical temperature profile biasdustry emit more N during winter and N@ photolysis is
is betweent+1K. On average, the temperature is slightly unfavourable during winter. Elevated $@ixing ratios are
underestimated while relative humidity above the surface issimulated over eastern Europe, with higher values in Poland

overestimated. and the North Balkan Peninsula. Since power generation and
industry are mainly responsible for 3@missions, S@val-
2.2 Model evaluation ues are very location dependent and also show higher values

during winter. Elevated Pl levels are simulated over east-
Comparison between predicted and observed gas and partern and western Europe (i.e., daily average concentrations up
cle concentrations is performed for January and July 20080 30 pg nT3 during winter). NG is dominant during winter
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the Netherlands and northern Italy). For the rest of the do-
main SQ is dominant. Low OC concentrations are simu-
lated in general. Representation of secondary organic aerosol
(SOA) formation is uncertain (e.g., Chen et al., 2005; Kroll
et al., 2006) and low OC has been noted in the CMAQ ap-
proaches (Foley et al., 2010). NHollows SO, and NG
spatial distribution plots for both seasons, since atmospheric
SO, is oxidized to sulfuric acid which reacts with ammonia
‘ _ R "_ to form ammonium sulfate, while gas-phase N&Xidizes to
T - m = nitric acid which reacts with ammonia to form ammonium
Max8hrO3 nitrate.

Spatial distribution plots presented here for gaseous pol-
lutants and PMs are similar with those presented by an-
other study (Pay et al., 2010). Using the WRF-ARW mete-
orological model, the HERMES-EMEP emission processing
model, a mineral dust dynamic model (BSC-DREAMS8D),
and CMAQ chemical transport model, they provide an-
nual simulations for 2004 over Europe. Both studies have
found high ozone mixing ratios over the Mediterranean and
the nearby land; elevated NOnixing ratios over western
Europe (i.e., Belgium, the Netherlands, Germany, northern
France), southern United Kingdom, and northern lItaly; el-
evated SQ levels over eastern Europe (i.e., Poland) and
northern Balkan Peninsula; higher BM concentrations
over western and eastern countries (i.e., Belgium, northern
France, Poland, southern Romania) and northern Italy.

Model performance for ozone shows a mixed trend:
Max8hQ; is overestimated for low mixing ratios (about
50 ppbV) while it is underestimated for the higher mixing
ratios. This trend is in agreement with the CMAQ appli-
cation performed by Appel et al. (2012) for Europe where
daytime ozone mixing ratio is overestimated in winter and
underestimated in summer months. The overestimation ten-
dency for the lower mixing ratios gives a much higher
mean estimated value during winter compared to the ob-
served one (Table 2), which is diminished during sum-
mer where higher ozone mixing ratios are recorded. Both
observed and predicted ozone mixing ratios are similarly
spread out around mean values during winter (similar simu-
lated standard and mean absolute deviations). During sum-
mer the spread of simulated mixing ratios is less and the
mean simulated mixing ratios are closer to the observation
data; this is related to the overestimation of the lower mix-
ing ratios. At regional scale, according to the grouping used
by the United Nations Statistics Department for northern,
January, 2006 July, 2006 western, eastern, and southern Eurdgép(//unstats.un.org/

: . . unsd/methods/m49/m49regin.htm#eurdgig. 1), the model
Fig. 2. Simulated daily (Max8h@), PMy 5) and hourly (NQ, SC) overestimates ozone mixing ratios in all regions during win-

average concentrations for January (left column) and July (right col-_ ~ . ) . g .
umn) 2006. ter; during summer it overestimates ozone mixing ratios in

northern and southern Europe and underestimates them in
eastern and western Europe where higher mixing ratios have
been recorded (Table 2). A consistent bias forJNGQOp,

over western Europe and in a few eastern countries due tand PM 5 estimations is noted: NDand PM 5 are under-

the high NQ mixing ratios (Fig. 3). During summer N{s estimated while S@is overestimated for both seasons in all

dominant only in regions with elevated Nl¢missions (i.e., regions. The same biases have also been noted by a previous

5.0 M7
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10,0 217
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Fig. 3. Simulated PM 5 component daily average concentrations for January and July 2006.
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January, 2006 July, 2006

5

RMSE Max8hr03 (ppbV) + Monitoring stations
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Fig. 4. Mean Bias and RMSE for daily average Max8h@ixing ratios for the European countries (dots show the distribution pf O
monitoring stations).

study (Pay et al., 2010). The consistent underestimation trendope where higher underestimation in Pdiconcentrations

for PM2 s has been found also by Appel et al. (2012) using is found.

CMAQ modelling system for Europe. At the regional scale, Modelling results averaged over large areas (i.e., Eu-

we underestimate NfOmixing ratios more in southern Eu- rope or European regions) are important for several issues

rope and overestimate S@ixing ratios more in eastern Eu- (e.g., model performance, sensitivity studies, and strategic
plans for pollutants reduction), but of equally importance are
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January, 2006
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Monitoring stations

| no data

January, 2006

July, 2006

RMSE NO2 (ppbV)

Bl <500 ] 5.00-10.00 10.01 - 15.00
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20.00 [l > 20.00

no data

Fig. 5.Mean Bias and RMSE for hourly average pNfixing ratios for the European countries (dots show the distribution of M@nitoring

stations).

outcomes at a country level. In an effort to address this we ashigher positive MB values are calculated for Ireland, Latvia,
sess the disagreement between mean observed and predictéelta, Portugal, and Spain. Spatial distribution plots with the

values for each country based on the r%%ﬁ“fzn

n

along

n
with the Mean BiagMB = 1 3" (P, —O(;)) and the Root-

i=

n
Mean-Square Error (RMSE %Z (P —O(,-))Z) (where

=

P, stands for predicted data ang;{Jfor observed data).

Normalised MB for the daytime ozone mixing ratios are pre-
sented by Appel et al. (2012). Although an exact comparison
with Appel et al. (2012) could not be performed, since we
present MB for Max8h@ mixing ratios averaged per coun-
try for January and July 2006 vs. their Normalised MB for
daytime ozone mixing ratios averaged per monitoring station
for the three winter and the three summer months of 2006, the

Max8hQ; is overestimated for all countries during January general trend is similar: better agreement between observed
since low ozone mixing ratios are observed in winter. Theand predicted mixing ratios during summer and model high
observed to predicted ratio is between 0.6 and 0.8 for almosgverestimation during winter. However, Appel et al. (2012)
all countries (Table 3). During July, the mean observed val-found a tendency to underestimate winter daytime ozone
ues are closer to the mean predicted values for all countriegainly in Czech Republic and Poland. Higher RMSE are cal-
(the ratio is 1.6 0.1 for the majority of the countries). Few cylated for the southern European countries compared to the
countries (i.e., Estonia, Finland, Ireland, Latvia, Norway, andnorthern European countries for both months. Lower RMSE
Romania) show similar disagreement for both months. MBgre calculated in almost all countries for July compared to

for Max8hQ; mixing ratios is positive for all countries for

January. The countries that seem to have the best agreement

January since the model overestimates low mixing ratios thapetween observed and predicted Maxghixing ratios for

recorded during winter (Fig. 4). The calculated MB for the g parameters examined here (i.

bservegean. .
o= 1+0.1, MB:

majority of the countries is more than 10 ppbV. Both nega-( + 5 ppbV, RMSE:< 12 ppbV) in July aré Lithuania, Hun-

tive and positive MB values for Max8h{mixing ratios are

gary, Poland, Bulgaria, Germany, the Netherlands, and Croa-

obtained for July. For many countries (i.e, Bulgaria, Croa-tja, while no country was found to agree well with all the
tia, F.Y.R.O.M.,, Germany, Hungary, Italy, Lithuania, Luxem- previous parameters for January_

bourg, the Netherlands, Poland, and the United Kingdom) the

calculated MB is Gt 5 ppbV for the summer month while
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Table 2. Statistical analysis for hourly average M@nd SQ concentrations and daily average Maxgh@hd PM 5 concentrations over Europe (see Fig. 1 for the definition of th
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Max8hrOs 7 NO, _ SO, PM2s
(ppbV) (ppbV) (ppbV) (pg/m’)
January 2006
Europe Europe Europe Europe
South East West South East West South East South East West
(Total) North (Total) North (Total) North West (Total) North
Observed 195+ 22.7+ 20.9+ 22.3¢ 175+ 19.7+ 16.4+ 19.8+ 18.7+ 20.4+ 4.3+ 2.2+ 3.4+ 9.9+ 3.2+ 27.1+ 14.3+ 23.1+ 444+ 28.3+
concentrations 109 10.4 11.2 1.1 10.3 145 133 16.2 153 129 7.4 3.0 7.2 116 48 20.2 9.6 193 223 183
m.ﬁ_,MM\WﬂHEU Predicted 33.8+ 32.6+ 38.9+ 30.6x 31.3+ 13.4+ 13.4+ 12.3+ 12.8+ 14.4+ 6.6+ 3.7+ 6.6+ 12.9+ 4.6+ 141+ 9.4+ 8.4+ 14.1+ 20.2+
DEVIATION concentrations 113 115 10.1 10.0 111 115 12.7 124 10.3 10.9 15.7 7.0 17.7 25.6 7.0 12.1 6.8 75 85 14.4
MEAN Observed 8.9 8.4 9.3 8.8 8.4 111 10.1 128 113 9.8 3.7 1.6 3.0 74 24 16.1 6.9 14.9 18.0 145
ABSOLUTE | concentrations
DEVIATION Predicted 9.1 8.9 7.8 8.0 8.3 9.3 10.5 9.7 8.2 8.9 6.9 3.6 7.3 134 43 85 4.9 53 6.1 10.0
(MAD) concentrations
ROOT MEAN SQUEAR 18.1 132 21.0 13.6 175 16.3 13.6 18.2 15.4 15.4 15.7 75 18.2 249 79 245 10.4 22.6 36.6 23.7
ERROR (RMSE)
INDEX OF AGREEMENT 05 0.7 0.5 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.3 0.2 0.3 0.4 0.4 0.5 0.6 0.5 0.5 0.4
(loA)
MEAN ABSOLUTE ERROR 153 11.0 185 10.8 14.9 116 94 132 10.4 111 59 33 6.4 111 4.0 17.0 6.8 154 305 16.7
(MAE)
July 2006
Observed 54.0+ 415+ 51.4+ 53.0+ 58.1+ 12.1+ 11.6+ 12.8+ 9.7+ 12.3+ 2.2+ 2.0+ 2.6+ 2.3+ 1.8+ 16.1+ 12.4+ 16.8+ 19.3+ 15.4+
concentrations 171 159 18.9 15.2 14.9 12.0 11.9 122 10.2 12.3 4.8 33 5.6 3.9 4.2 7.7 7.2 8.2 9.3 5.8
m.ﬂ_,hmw_ﬂw_»o Predicted 53.2+ 47.4+ 56.8+ 50.6+ 52.5+ 6.2+ 75+ 6.3+ 5.5+ 6.1+ 4.4+ 3.0+ 4.7+ 7.0+ 3.4+ 6.6+ 5.3+ 5.6+ 6.2+ 8.0x
DEVIATION | concentrations 8.4 75 8.8 6.8 7.6 79 9.3 8.2 7.3 75 10.2 55 10.6 16.6 6.4 4.4 3.2 29 3.0 57
MEAN Observed 135 126 139 123 121 8.6 8.4 9.0 6.9 8.7 19 15 22 17 16 59 57 6.4 74 15 ™
ABSOLUTE | concentrations —
DEVIATION Predicted 65 6.0 6.8 53 59 53 6.4 56 5.0 5.1 28 2.9 29 79 36 29 24 21 23 21 o
(MAD) concentrations N
ROOT MEAN SQUEAR 14.6 132 18.7 11.9 122 14.0 12.7 14.9 112 142 112 59 12.0 17.4 73 121 9.0 134 154 101 B
ERROR (RMSE) %
INDEX OF AGREEMENT 0.6 0.7 0.5 0.7 0.7 0.5 0.6 0.5 0.6 05 0.2 0.3 0.2 0.2 0.3 0.5 0.5 0.5 0.5 0.5
(loA) %
MEAN ABSOLUTE ERROR 112 11.0 139 95 9.9 9.0 8.1 10.0 7.0 9.0 12 26 16 6.4 31 10.1 72 114 133 8.6 o
(MAE) -
™
—
n 2 -
L L 2 P9y Lz _ . o
RMSE= [+ 3 (P — 02 MAE == 3~ [Pg) — Ol loA=1— :T\|}N MAD= 5 3~ [X() — X]| (X stands for either O or P). WJ
i=1 i=1 .MH:_US\OI_OS\OC i=1 o
i= .
()
=
O
%)
o
£
<
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January; 2006 July, 2006

Mean Bias SO2 (ppr) * Monitoring stations

500/ 500-000 |001-500  |501-10.00 I > 10.00 no data

January, 2006 July, 2006

RMSE SO2 (ppbV) * Monitoring stations
Il <500 500-10.00 10.01 - 15.00 | 15.01-20.00 [l > 20.00 | no data

Fig. 6. Mean Bias and RMSE for hourly average $Mixing ratios for the European countries (dots show the distribution gfr8@nitoring
stations).

The mean simulated NOmixing ratios are close to the The mean simulated SOnixing ratios are close to the ob-
observed mixing ratios in Belgium, the Netherlands, Spain,served mixing ratios in F.Y.R.O.M. for both months (Table
and the United Kingdom for both months (Table 3). How- 3). In few countries (i.e., Czech Republic, Greece, Luxem-
ever, the disagreement is greater during July in almost albourg, and Sweden) the average simulated 8fxing ra-
countries. MB for NQ values is negative for all countries tios are close to the observed mixing ratios in January, while
except Belgium for both months as well as for the Nether-for Finland and Serbia the average mixing ratios show good
lands and the United Kingdom in January with values up toagreement in July. Three countries (i.e., Croatia, Latvia, and
4.2 ppbV (Fig. 5). The largest negative MB is estimated for Switzerland) are simulated to have mearp,3fixing ratios
Norway (<—15 ppbV) in January while estimates for Spain, much lower than the mean observed mixing ratios for both
Estonia, Denmark, Portugal, Finland, Luxembourg, Polandmonths. However, in three countries (i.e., Greece, Czech Re-
Germany, and Latvia along with the United Kingdom, the public, and Sweden) although mean observed mixing ratios
Netherlands, and Belgium have MB405ppbV. Austria, are similar to the mean predicted mixing ratios during Jan-
F.Y.R.O.M., and Norway is estimated to have much higheruary they are much lower in July. Estonia shows reverse be-
negative MB in January compared to July, while Serbia, Ger-haviour for the simulated months i.e., mean observed mix-
many, and Luxembourg is estimated to have much higheing ratio is much higher compared to the mean predicted
negative MB in July compared to January. High RMSE is in January and much lower in July. MB in $@nixing ra-
calculated in Romania, Austria, Italy, F.Y.R.O.M., Norway, tios are estimated to have both positive and negatives values
and Bulgaria in January while Serbia is estimated to have thdéor both months (Fig. 6). The highest positive MB are cal-
highest RMSE in July. The Netherlands has the best agreeculated for Norway, Bulgaria, Bosnia and Herzegovina, and
ment between observed and predictedoN@ixing ratios for ~ Romania for both months, while the highest negative MB are
all parameters examined here (i. I%S(ﬁg‘t’gg::: 1+0.1, MB:  calculated for Croatia and Serbia in January and for Croa-
0+ 5ppbV, RMSE:< 12 ppbV) in January. However, model tia in July. More than half of the countries have MB in the
performance for Belgium and the United Kingdom is quite range G+ 2 ppbV for both months. There is no significant
good for the same month. Belgium has the best agreement inhange in the MB between the two seasons with the excep-
July between observed and predictedINfiixing ratios. tion of Serbia. High RMSE is calculated for Spain, Romania,
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Table 3.ObservegeadPredicte¢gheanconcentration ratios for the European countries and the number of monitoring stations (in parenthesis).

| Max8h03 NO, SO, PMys | Max8hQ; NO» SO, PM, 5
Country \ January 2006 \ July 2006
Austria 0.7 (114) 2.1(146) 2.2(115) 4.1(5) 1.1(114) 2.2(147) 1.3(111) 3.2(5)
Belgium 0.6 (39) 0.8(66) 0.5(61) 1.1(11) 1.1(38) 0.9(65) 0.3(61) 1.2(10)
Bosn. & herz. 0.5 (3) 1.9 (3) 0.7 (3) 27(1)| 0.9(3) 1.7 (3) 0.3(3) 1.7 (1)
Bulgaria 0.5 (13) 2.0(14) 05(15) 2.7(4)| 0.9(13) 22(14) 03(15) 2.6(4)
Croatia 0.2 (1) 2.1(7) 2.3(7) - |10@ 3.4(8) 2.2(7) -(-)
Czech rep. 0.8 (60) 1.4(92) 1.1(89) 3.4(27) 1.1(59) 1.4(91) 0.4(88) 3.3(28)
Denmark 0.6 (9) 1.2(12) 0.4(2) 1.5(3)| 0.9(9) 1.5(11) 0.3(2) 2.5 (4)
Estonia 0.8(7) 1.7 (6) 1.9 (7) -(-) | 08(® 1.9 (6) 0.6 (7) -(-)
Finland 0.8 (16) 1.8(30) 0.7(11) 1.1(7)| 0.8(17) 2.0(31) 1.1(10) 2.1(7)
France 0.5(430) 1.6(483) 0.5(335) 0.9(50)1.1(441) 2.1(433) 0.6(306) 1.7 (50)
F.Y.R.O.M. 0.7 (13) 2.8(11) 11(13) -(-) | 1.1(13) 29(13) 1.1(13) -—(-)
Germany 0.6(296) 1.3(425) 0.8(251) 2.2(28)1.1(296) 2.3(422) 0.5(245) 3.0(31)
Greece 0.6 (20) 1.7(19) 09(12) —(-) | 0.9(20) 28(22) 05(12) -(
Hungary 0.6 (17) 15(23) 0.6(22) 2.6(3)] 1.1(17) 25(23) 0.3(23) 3.1(3)
Ireland 0.7 (10) 1.9(11) 15(10) —(-) | 0.8(10) 1.4 (9) 1.5(7) -(-)
Italy 0.5(220) 2.1(409) 0.6(273) 4.8(24)1.1(228) 2.9(398) 0.6(278) 3.1(28)
Latvia 0.7 (6) 1.6 (5) 3.0 (4) -(-) | 06(5) 1.7 (5) 1.8 (4) -(-)
Lithuania 0.7 (12) 24(12) 0.7(9) -(-) | 0.9@13) 34(12) 0.6(9) -(-)
Luxembourg 0.5 (6) 1.4 (6) 1.1 (6) 1.1(1)| 1.1(6) 2.8 (6) 1.4 (6) 1.1 (1)
Malta 0.6 (2) 4.7 (2) 1.3(2) -(-) | 08() 1.5 (4) 0.5 (4) 2.9(2)
the Netherlands | 0.6 (38) 09(51) 06385 -(-) | 1.0@37) 1.4(1) 05(@35) —(-)
Norway 0.7 (8) 55(17) 0.2(1) 2.1 (10) 0.8(8) 40(15) 0.2(1) 2.5 (6)
Poland 0.8 (53) 1.4(93) 0.8(94) 2.2(3)| 1.1(54) 1.6(98) 0.3(93) 2.2(3)
Portugal 0.6 (47) 1.3(59) 0.4(43) 1.9(14) 0.8 (44) 1.6(59) 0.5(43) 2.2(13)
Romania 0.8 (23) 1.6(32) 0.4(31) 1.7(2)| 0.8(25) 21(32) 03(31) 3.3(2
Serbia 0.5 (1) 1.4 (3) 2.1(3) - |- 3.3(3) 1.1(3) -
Slovakia 0.6 (18) 1.9(27) 0.8(26) 5.4(3)| 1.1(17) 25(26) 0.7(25) 3.7(3)
Sweden 0.7 (15) 1.7(14) 1.1(4) 1.6 (7)| 0.9 (15) 1.6(15) 0.5(5) 2.5(8)
Switzerland 0.5(32) 22(33) 19(13) 3.4(5)| 1.2(32) 3.3(33) 1.8(13) 3.5(5)
Spain 0.5(342) 1.1(363) 0.4(357) 1.9(52)0.8(342) 1.3(340) 0.5(349) 3.3(47)
United Kingdom | 0.7 (83) 0.9(106) 0.5(74) 1.1(6)| 0.9 (87) 1.3(92) 0.6(74) 2.1(6)

Poland, F.Y.R.O.M, Serbia, Bulgaria, Bosnia and Herzegov-uary (Fig. 7). The highest (negative) MB and RMSE are cal-
ina, and Norway in January, while Poland, Bulgaria, Bosniaculated for Switzerland, Poland, Bulgaria, Hungary, Czech
and Herzegovina, and Norway are estimated to have higiRepublic, Italy, Austria, Slovakia, and Bosnia and Herze-
RMSE in July. However, results for countries with a very govina in January. However, they are much lower in July.
limited number in monitoring stations (e.g., Norway) may The United Kingdom and Finland in January and Luxem-
not be representative. Czech Republic, Greece, Luxembourdyourg in July are estimated to have the lowest MB (i.e.,
and Sweden seem to have the best agreement between abp to -1pg/m) as well as the lowest RMSE (i.e., up to
served and predicted $Onixing ratios for all parameters 5.4ug/nt). Luxembourg, Finland, and the United Kingdom
examined here (i.eOt’L"e‘a‘"ealn :1+£0.1, MB: 0+ 5ppbV, seem to have the best agreement between observed and pre-

‘Predicte¢hean
RMSE: <12 ppbV) in Januar§/ as well as Finland and Serbiadicted PM s concentrations for all parameters examined
in July. here (i.e.,%:f%]—f‘"zzg: 140.1, MB: 0+5ugnt3, RMSE:

Mean observed Pk concentrations are higher com- <12 ug nm3) in January as well as Luxembourg in July. Spa-
pared to the predicted concentrations for all countries ex+ja| distribution plots of the seasonal Normalised MB for
cept France in January (Table 3). For Belgium and Luxem-pn, 5 concentrations for 2006 are presented by Appel et
bourg mean observed and predicted concentrations are ig|. (2012). Both studies underestimate P\toncentrations,
good agreement for both months while good agreement isind predict lower values of the parameters examined in each

also noted for Finland, France, and the United Klngdom instudy (i.e_, MB and Normalised MB) during summer months.
January. MB for PM s concentrations is estimated to be neg-

ative for all countries for both months except France in Jan-

Atmos. Chem. Phys., 13, 9668673 2013 www.atmos-chem-phys.net/13/9661/2013/



E. Tagaris et al.: Air quality over Europe: modelling gaseous and particulate pollutants 9671

\January, 2006

July, 2006

Mean Bias PM2.5 (pglm3) * Monitoring stations
I - 20.00 I 20.00--15.01 | -15.00--10.01 -10.00--5.01 [0 -5.00-0.00 [ > 0.00 | no data

January, 2006 July, 2006

RMSE PM2.5 (ug/m3) * Monitoring stations
N <500 B 5.00- 10.00 10.01 - 15.00 15.01 - 20.00 | 20.01-25.00 [l > 25.00 | no data

Fig. 7. Mean Bias and RMSE for daily average Pl concentrations for the European countries (dots show the distribution efsPM
monitoring stations).

4 Conclusions ing ratios in July. Czech Republic, Greece, Luxembourg, and
Sweden had the best agreement between observed and pre-
dicted SQ mixing ratios in January as well as Finland and

Application of CMAQ modelling system over Europe for gerpia in July. Luxembourg, Finland, and the United King-

January and July 2006 using the TNO gridded anthropogenigiom are estimated to have the best agreement between ob-

emissions database for the year 2006 shows an overestimaaryed and predicted P concentrations in January as well

tion trend for low ozone mixing ratios (less than 50 ppbV) 54 Luxembourg in July.

while the higher mixing ratios are underestimated. HOW- There are numerous reasons why a bias or an error may

ever, spatial distribution plots are reasonably estimated (€.gexist. This could be related to inaccuracies in emission in-

higher ozone mixing ratios in southern Europe). Simulatedyentories. Emissions of air pollutants originate from a vari-
values for NQ, SO, and PM:s suggest a consistent bias ety of small and large individual sources (e.g., power plants,
using regional average values: 5@ overestimated while  jnqustries, motor vehicles) of varying temporal and spatial

NO; and PMs are underestimated. Speciated BMom-  characteristics. They are subject to significant uncertainties

ponents give low OC concentrations as a result of the unyiyen that they are based on datasets of limited spatiotempo-

certain representation of SOA formation. Statistical analy- 4 coverage and that countries do not always estimate emis-
sis (i.e., mean concentrations, MB, RMSE) for each coun-sjons in a uniform and transparent manner. However, biases
try found that observed and predicted Max8h@ixing ra-  and errors could also be related to discrepancies in the me-
tios are in good agreement in Lithuania, Hungary, Poland egrological data and the source locations; incommensura-

Bulgaria, Germany, the Netherlands, and Croatia in Julyility of grid cell averaged predictions with point measure-

However, no country was found to be in good agreement inments, horizontal grid resolution, topographic effects that

January where low ozone mixing ratios are recorded. Theyre not accounted for in the model; or the lack of detalil

Netherlands has the best agreement between observed apflsome of the model parameterizations. An in depth anal-

predicted NQ mixing ratios in January, although model per- ysis on these issues is required to identify the sources that

formance in Belgium and the United Kingdom is quite good ¢ayse these biases and errors. This will need to consider that

for the same month. Belgium was the only country to havesma)| countries are affected by transported pollutants from
good agreement between observed and predicteg Ni®-
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9672 E. Tagaris et al.: Air quality over Europe: modelling gaseous and particulate pollutants

neighbouring countries. Assessing (i) the effect of precursorChen, J. and Griffin, R. J.: Modeling secondary organic aerosol for-
emissions using inverse modelling techniques, (i) the effect mation from oxidation of a-pinene, b-pinene, and d-limonene,
of a finer resolution domain, iii) the effect of other chemical ~ Atmos. Environ., 39, 7731-7744, 2005.

mechanism or even a different air quality model will provide Edney, E. O, Kleindienst, T. E., Lewandowski, M., and Offenberg,

more information for the sources and the magnitude of the 9 H: Updated SOA chemical mechanism for the Community
uncertainty g Multi-Scale Air Quality model, EPA 600/X-07/025, US EPA, Re-

search Triangle Park, NC, 2007.
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