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ABSTRACT 13 

A high resolution air quality simulation (0.125°×0.0625° resolution) performed over Europe for the 14 
year 2009has been evaluated using both rural and urban background stations available over most of 15 
the domain. Using seasonal and yearly mean statistical indicators such as the correlation index, the 16 
fractional bias and the root mean squared error, we interpret objectively the performance of the 17 
simulation. Positive outcomes are: a very good reproduction of the daily variability at UB sites for O3 18 
(R=0.73) as well as for NO2 (R=0.61); a very low bias calculated at UB stations for PM2.5 (FB=-6.4%) 19 
and PM10 concentrations (FB=-20.1%). Conversely, main weaknesses in model performance include: 20 
the underestimation of the NO2 daily maxima at UB site (FB=-53.6); a slight overestimation of O3 21 
concentrations especially at UB sites, lower during summer than winter; an overall underestimation of 22 
PM10 and PM2.5 concentrations, that is observed mainly over Eastern European countries (e.g. Poland); 23 
the overestimation of sulphates concentrations  at spring time (FB=53.7%); finally, over the year, total 24 
nitrate and ammonia concentrations are better reproduced than nitrate and ammonium aerosol phase 25 
compounds. Obtained results suggest that, in order to improve the model performances, efforts should 26 
focus on the improvement of the emission inventory quality for Eastern Europeans countries and the 27 
urbanisation of CHIMERE to better account for the urban effect on meteorology and air pollutants 28 
concentrations.  29 
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1. Introduction 32 
 33 

Chemistry-Transport Models (CTMs) were initially designed to simulate ozone concentrations in the 34 
lower troposphere and a low horizontal resolution was sufficient to reach this objective. During the 35 
last decade, the air quality legislation has focussed more and more on particulate matter (PM) 36 
concentrations and CTMs had been equipped with aerosol modules. High PM concentrations are 37 
usually observed in urban areas (EEA, 2012) implying the increase of CTMs applications at urban 38 
scale. 39 
The application field of CTMs is very large and includes: physico-chemical processes understanding 40 
(Bessagnet et al.(2010), Hodzic et al (2010), Jiménez-Guerrero (2011), Pirovano et al., 2012), 41 
assessment of emission control scenarios (Coll et al., 2010), past and future global air pollution trends 42 
(re)production (Colette et al. (2011)), chemical weather forecast (Balk et al. (2011), Kukkonen et al. 43 
(2011)), GEMS (http://www.gmes.info), GMES-MACC (http://www.gmes-promote.org) as well as 44 
natural hazard emergency response (Colette et al. (2011), Matthias et al. (2012)). Both constant 45 
evolution of model parameterisations and increased quality of input data, including meteorology and 46 
emissions, should foster frequent CTMs assessments. The evaluation process should be performed 47 
over comprehensive  spatial and temporal data set in order to effectively quantify the model accuracy. 48 
A list of European model evaluation studies that took place during the last decade can be found in Pay 49 



et al. (2011). The CHIMERE model itself has undergone several extensive evaluations (Vautard et al. 50 
(2007a); Van Loon et al. (2007)).  51 
 52 
However, we note that CTMs are usually applied to wide domains at coarse resolution or at high 53 
resolution over small domains. The aim of the study is twofold: (i) have an accurate picture of air 54 
quality in Europe, and (ii) to comprehensively evaluate a fine resolution (0.0625x0.125°) CHIMERE 55 
simulation throughout the Europe using the largest set of monitoring stations available in 2009. In this 56 
study, the CHIMERE model has been improved in order to simulate the air quality at the urban scale. 57 
The analysis is performed for ozone (O3), nitrogen dioxide (NO2), PM10 (Particles with an 58 
aerodynamic diameter < 10 µm), PM2.5 (Particles with an aerodynamic diameter < 2.5 µm) and PM 59 
(Particulate Matter) compounds such as sulphate (SO4

2-), nitrate (NO3
-), total nitrate (HNO3+ NO3

-), 60 
ammonium (NH4

+) and total ammonia (NH3+NH4
+).  61 

Hence, the paper is organized as follow: section 2 is devoted to the description of CHIMERE, the 62 
methodology used to prepare the anthropogenic emissions and the set of observations used for the 63 
evaluation. Then, section 3 describes and analyses comprehensively the ability of the model to 64 
reproduce the different selected pollutants and finally, section 4 summarizes the main findings raised 65 
by the study and gives hints for further research related to high resolution regional modelling. 66 

2. Tools and methodology 67 
 68 

2.1 Model description  69 

CHIMERE calculates the concentrations of the main chemical species that are involved in the physico-70 
chemistry of the low troposphere. CHIMERE has been described in detail in several papers: Schmidt 71 
et al. (2001) for the dynamics and the gas phase module; Bessagnet et al. (2008, 2009) for the aerosol 72 
module; Vautard et al. (2005, 2007b) for the latest substantial model improvements. The aerosol 73 
model species are the Primary Particle Material (PPM), sulphates, nitrates, ammonium, secondary 74 
organic aerosols, sea-salts and dust. The particles size distribution ranges from 40 nm to 10 µm and 75 
the particles are distributed into 8 bins (0.039, 0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10 µm). For 76 
more detail about latest developments one can refer to the online documentation 77 
(http://www.lmd.polytechnique.fr/chimere). For the study, we defined a nested fine resolution domain 78 
(328x416 grid boxes) that covers the whole Europe from 10.4375°W to 30.4375°E in longitude and 79 
35.9062°N to 61.83375°N in latitude with a resolution of 0.125x0.0625° (Figure 7). Boundary 80 
conditions are based on monthly mean climatological profiles taken from the LMDz-INCA model for 81 
gaseous species (Hauglustaine et al. (2004)) and from the GOCART model for aerosols (Ginoux et al. 82 
(2001)). Data for comparison with observations are extracted from the lowest vertical level (20m). A 83 
complete and high resolution set of both biogenic and anthropogenic emissions are needed in order to 84 
perform CHIMERE computations. Six biogenic species (isoprene, α-pinene, β-pinene, limonene, 85 
ocimene, and NO) are calculated using the MEGAN model (Guenther et al. (2006)). We also account 86 
for wildfire emissions issued from the GFED3 (Kaiser et al. (2011)).  87 

2.2 Meteorology 88 

Meteorological data needed by CHIMERE were derived from ECMWF-IFS fields.  The choice of 89 
feeding CHIMERE directly with ECMWF-IFS stems from the results of a sensitivity analysis 90 
performed comparing, for the studied are, the performance of WRF limited area model and the 91 
ECMWF-IFS  (http://www.ecmwf.int/research/ifsdocs) against observed data. The analysis put in 92 
evidence a systematic overestimation of the wind speed by WRF, a feature confirmed also by other 93 
authors (Mass and Ovens. (2011); Jimenez and Dudhia. (2012)) As an example we draw the scatter 94 
plot of observed wind speeds (m/s) against IFS (red dots) and GFS/WRF (green dots) modeled values 95 
for European regional stations (Figure 1) and it clearly shows that WRF enhances the wind speeds by 96 
25 % on average on the selected period (January 2009). Furthermore the direct use of ECMWF-IFS 97 
fields allows to avoid an ad-hoc meteorological Numerical Weather Calculation. 98 

 99 



The IFS model has a 0.25° horizontal grid spacing (T799) from surface to 0.1 hPa (91 levels in total). 100 
It delivers typical meteorological variables (temperature, wind components, specific humidity, 101 
pressure, sensible and latent heat fluxes) that need to be vertically and horizontally interpolated on the 102 
CHIMERE grid (8 levels). Some additional variables are also diagnosed from the available fields, such 103 
as friction velocity and vertical wind speed, used to complete the description of vertical transport  and 104 
turbulent diffusion. 105 
However, the main limitation of such data is that the IFS regional scale data cannot represent correctly 106 
the urban scale meteorology observed in the urban canopy layer and the urban sub-layer. This is 107 
crucial as the urban canopy is affecting the wind circulation and the urban energy balance (Sarrat et al. 108 
(2006)) that will directly impact the transport and the vertical diffusion of primary pollutant over cities 109 
(e.g. O3, NO2 and PM). In order to integrate the influence of the urban canopy on meteorology, the 110 
wind speed and the vertical diffusion (Kz coefficient) are modified in the CHIMERE version used for 111 
this study. Usually, operational meteorological observations are performed outside urban areas (e.g. 112 
airport) for representativeness reasons. Some study reveals large differences between urban and rural 113 
winds (Fisher et al. (2005)) showing a wind speed ratio (rural/urban) up to a factor two. Another study 114 
shows that within the modeling case of Lisbon the ratio between wind speed inside the canopy and at 115 
the top of the urban sub-layer was within the range 0.1 to 0.6 (Solazzo et al. (2010)). For those 116 
reasons, we decided arbitrary to multiply the wind speed in the first CHIMERE layer by a factor 0.5 to 117 
limit the advection and diffusion of primary emitted pollutants. 118 

In order, to estimate the potential impact of the wind and dispersion coefficient (Kz) urban correction, 119 
we performed a sensitivity test over January 2009. Figure 2 shows the difference in concentration 120 
between the simulation using the urban correction and the simulation which is not using any correction 121 
over urban areas for four main pollutants: NO2, O3, PM10 and PM2.5. For all examined pollutants, we 122 
note a rather strong impact over all major European cities. For NO2, we observe an increase in 123 
concentrations ranging from a few ppb (suburban areas) to 12-15 ppb (e.g. Paris, London, Madrid and 124 
Milan). Consecutively to the NO2 concentrations increase over cities, we note a decrease of O3 (NO2 125 
titration essentially), not only over the main cities (5 ppb on average up to 7 ppb in the city centre), but 126 
also over medium size cities (1 to 2 ppb). However the strongest impact is observed for the PM10 and 127 
PM2.5 and especially for PM10 where an increase from a few to 40 µg/m3 for cities such as Milan or 128 
Paris is seen but up to 70 µg/m3 for the region of Katowice in south Poland.     129 

2.3 Anthropogenic emissions 130 

The anthropogenic emission pre-processor transforms raw yearly anthropogenic emissions 131 
(ton/year/cells) into a CHIMERE compliant spatialised emission dataset. The raw emission data of the 132 
main air pollutants (Non Methanic Volatile Organic Compound (NMVOC), NOx, CO, SO2, NH3, 133 
PPM) comes from the annual inventory that is delivered by the European Monitoring and Evaluation 134 
Program (EMEP) (Vestreng (2003)). Emissions are provided per activity sector, according to the level 135 
1 of SNAP sectors classification: 136 
 137 
1. Combustion in energy and transformation industries 138 
2. Non-industrial combustion plants 139 
3. Combustion in manufacturing industry 140 
4. Production processes 141 
5. Extraction and distribution of fossil fuels and geothermal energy 142 
6. Solvent and other product use 143 
7 Road transport 144 
8. Other mobile sources and machinery 145 
9. Waste treatment and disposal 146 
10. Agriculture 147 
11. Other sources and sinks 148 

Figure 3 displays the five main steps that can be identified in the anthropogenic emission pre-149 
processing (1) the spatial regridding of the raw emission to comply with the CHIMERE grid, (2) the 150 



temporal disaggregation, (3) the chemical speciation, (4) the hourly disaggregation and (5) the surface 151 
flux calculation within CHIMERE. 152 

2.3.1 Spatial reggriding and vertical allocation of anthropogenic emissions 153 

The first step of emission processing consists in regridding the EMEP anthropogenic emission 154 
inventory available over a 0.5°x0.5° resolution grid onto the CHIMERE computational grid using a set 155 
of suitable proxy variables. We derived most of these variables from the USGS Land Uses database, 156 
whose high resolution (1km) preserves accuracy on emission spatialisation. Twenty height landuse 157 
categories exist in the USGS database but only “crops”, “grasslands”, “urbanized area” and “forest” 158 
categories are used to downscale the emissions. 159 
For this study, the emission pre-processor has been modified to allow emissions from SNAP2 to be 160 
disaggregated according to the population density. The goal of this approach is to better capture the 161 
spatial variability of the SNAP2 emissions sector. The population data were provided by the Joint 162 
Research Centre (JRC) over a regular grid at 0.083x0.083° horizontal resolution. For the elaboration 163 
of the SNAP2 emissions, we also made a distinction between gaseous and PPM species to better 164 
reallocate the anthropogenic biomass burning emissions (SNAP 2) over the rural areas. Indeed, 165 
according to the French national spatialised emission inventory, available at municipality level and 166 
derived using the bottom-up approach (MEDDTL, Ministère de l’Ecologie et du Développement 167 
Durable, 2004), there is clear evidence that PPM2.5 emissions per inhabitant sharply decrease when the 168 
population density increases (Figure 4). This is due to the increase of the relative contribution of wood 169 
burning in the fuel mixture moving from urban centres to rural areas (e.g. due to increase in domestic 170 
fireplaces). This effect is noticeable only for PPM2.5, because biomass burning emissions are less 171 
influent on gas phase pollutant than particulate matter. 172 

Finally, total emissions used in CHIMERE are computed by simply averaging the emission fluxes of 173 
each landuse/population cell belonging to the same “mother” CHIMERE cell.   174 

As an illustration, Figure 5 shows the spatial distribution of the PPM2.5 emissions from the SNAP2 175 
sector derived from the EMEP emission inventory. The picture shows the total annual primary particle 176 
emission <2.5µm obtained using the pre-described modifications. Compared to the original method, 177 
we observed that around the medium and great size cities SNAP2 emissions using the population 178 
proxy are increased. This is due to the fact that when using the landuse proxy, emissions from each 179 
kind of Land Use (LU) cells have the same weight, thus giving rise to a flatter distribution than using 180 
population. Considering for example an EMEP cell including a big city as well as a small town, 181 
following the LU approach, emissions are modulated in the same way over urban cells of both areas, 182 
whereas using population, most of the emissions are allocated just in the big city. 183 

The vertical reparation of the emission into the different levels of the CTM is known to be of great 184 
importance (Bieser et al. (2011)). It is calculated according to the SNAP sector for each primary 185 
pollutant of the inventory following the calculation of Bieser et al. (2011) (Table 1). We also add a 186 
new layer (0-40m) compared to the original EMEP setting. Note that for S2, S6, S7, S8 and S10 all the 187 
emissions are released into the first level of the model. 188 

 189 
2.3.2 Chemical speciation 190 

 191 
Annual NOx emissions were speciated into NO, NO2 and HNO2 using the coefficients recommended 192 
by IIASA (personal communication, Table 2). For NMVOC, a speciation was performed over 32 193 
NMVOC NAPAP classes (Middleton et al. (1990)). In a second time, an aggregation step is performed 194 
for the lumping of NMVOCs into model species following Middleton et al. (1990). Time 195 
disaggregation was done on the basis of GENEMIS data using monthly, weekly and hourly 196 
coefficients depending on the activity sector (Society et al. (1994)). Finally,	hourly values of surface 197 
anthropogenic emissions are available for PPM and 15 primary gaseous pollutants: NO, NO2, CO, 198 
SO2, CH4, and the ten following non-methane volatile organic compounds (NMVOC): Ethane, n-199 



butane, ethene, propene, o-xylene, formaldehyde, acetaldehyde, methyl, ethyl-ketone, ethanol and 200 
ethanol.		201 

2.3.3 SNAP 2 emission temporal modulation  202 
	203 
For SNAP 2, we also propose a new temporal profile derived according to the daily “degree day” 204 
(degdays) concept. The degree day is an indicator used as a proxy variable to express the daily energy 205 
demand for heating. The degree day for a day “j” is defined as: Dj = max(0, 20-TD) where TD is the 206 
daily mean 2m temperature. Therefore, a first guess daily modulation factor could be defined as: 207 

/  with 	the annual averaged “degree day”. Considering that SNAP 2 emissions are not only 208 
related to the air temperature (e.g. emissions due to production of hot tap water), a second term is 209 
introduced in the formula by means of a constant offset C. To better assess the influence of this offset, 210 
C can be expressed as a fraction of  (degree day annual average). Considering:  211 
 212 
 213 

C = A.  where A = 0.1 (defined by user), 214 
 215 
the daily modulation factor (Fj) is therefore defined as: 216 
  217 

		 ′ / ′ where ′ 	.  and ′ 1 .   218 
 219 

Note that F is mass conservative over the year and replaces the original monthly and daily modulation 220 
factors.  221 
As an illustration, Figure 6 shows the 2009 daily modulation factor applied to the SNAP 2 emissions 222 
at three different locations both geographically and climatically: Katowice (Poland), Paris (France) 223 
and Madrid (Spain). We observe that the highest factors for the three locations are logically seen 224 
during the winter period and the lowest ones during the summer. This means, for example, that during 225 
the cold periods the emission from SNAP 2 can be up to three times more intense (e.g. beginning of 226 
January for Madrid or end of February for Paris) than during the spring or the autumn periods. 227 
Interestingly, we note that in Katowice during the beginning of the year the factors are relatively lower 228 
than at the two other locations meaning that over this period the different between the daily mean 229 
temperature and the annual mean is lower in Katowice than the one at the two other locations. In other 230 
word, Madrid and Paris experienced a cold period in January and at the end of February, respectively, 231 
whose the intensity was higher than in Katowice. Inversely, at the end of the year, all the locations 232 
experienced a cold outbreak of the same intensity relatively to their local annual mean temperature. 233 
 234 

2.4 Observation data 235 

Observed data come from two different databases. The first one is Airbase 236 
(http://acm.eionet.europa.eu/databases) gathering regulatory data reported by Member States 237 
according to the air quality. The second one is related to the EMEP network (http://www.emep.int/). 238 
Only stations below 750 m in altitude with 75% over the year are selected. Figure 7 displays the 239 
spatial distribution of the AIRBASE (green for Rural Background (RB) and blue for Urban 240 
Background (UB)) and the EMEP stations (red) used for the evaluation. The stations spatial repartition 241 
is homogenous over the populated regions of Western Europe, while several gaps are noted in Eastern 242 
European and for Balkans countries. Table 3 shows that a high number of stations is available for most 243 
of the pollutants in which we are interested in (NO2, O3 and PM10). Differently fewer stations are 244 
available for PM2.5 both at UB sites (267) and especially at RB sites (92). The EMEP database includes 245 
less sites than Airbase, but it is the only European network providing PM speciation data, that are 246 
crucial to investigate in deeper detail the model performance. Details about the station type 247 
classifications and the different measurements techniques are available through the previously quoted 248 
Airbase and EMEP websites. 249 
 250 
In this paper, we perform an “operational evaluation” (Dennis et al. 2010). The evaluation is based on 251 
the comparison of observation and modelled values using statistical indicators and graphic methods. 252 
We have selected different statistical indicators for their ability to diagnose the model performance 253 



from different perspective including temporal correlation, bias, absolute error, agreement between 254 
observation and modelled values. Therefore, along with the observed (OM) and  modelled (MM) 255 
meanconcentration, we calculate: the observed (σ_obs) and modelled (σ_mod) standard deviation, the 256 
correlation index (R), the root mean square error (RMSE), the fractional bias (FB), the fractional error 257 
(FE) and the index of agreement (IA). Details about the calculation of the statistics, performed using 258 
the Atmospheric Model Evaluation Tool software (AMET) can be found in Appel et al. (2011) and in 259 
the APPENDIX  A. The performance evaluation is based on yearly and seasonal statistics using the 260 
daily values of all stations available for the given typology (UB and RB). 261 
 262 

3. Model results 263 

Table 4 and Table 5 display the yearly and seasonal statistical scores for NO2, O3, PM10, and PM2.5 at 264 
RB and UB Airbase stations, respectively. Table 6 displays the same metrics computed at EMEP sites, 265 
thus including also sulphate (SO4

2-), nitrate (NO3
-), total nitrate (HNO3+ NO3

-), ammonium (NH4
+) and 266 

total ammonia (NH3+NH4
+). Figure 8 and Figure 9 show the daily box-whisker plots time series of 267 

NO2, O3, PM10 and PM2.5  computed at RB and UB stations respectively. Figure 10 shows the box-268 
whisker plots time series for sulphate (SO4

2-), total nitrate (HNO3+ NO3
-), total ammonia (NH3+NH4

+) 269 
calculated at EMEP stations. 270 
 271 

3.1 Nitrogen dioxide 272 
 273 

Figure 9 and Figure 10 show that along the year, CHIMERE catches nicely the temporal variability of 274 
NO2 both at RB (R=0.68) and UB (R=0.61) sites. At UB stations, it underestimates significantly the 275 
concentrations over the year (FB=-53.6%) and especially during the winter season (FB=-63.9). This 276 
behaviour is also observed at RB sites with however a lower bias (FB=-46.5% in winter) than UB 277 
sites. The calculation of the quantiles allow to conclude that at RB sites, the lowest values are the best 278 
reproduced while at UB sites the maxima are slightly better caught by the model than the minima. For 279 
UB sites, the dissatisfied performance can be explained by the general tendency to underestimate NOx 280 
urban emissions (e.g. Eastern European cities) whose impact is magnified by the winter stagnant 281 
conditions that increase the NO2 observed concentrations at ground level (e.g. 5-20 January).  Further 282 
investigation of the model behaviour over urban areas performed using the DELTA tool (Thunis et al., 283 
2012), pointed out that the performance was significantly higher over the main European cities (e.g. 284 
capitals) UB stations than over the UB stations of medium and small cities. Figure 11 shows the 285 
scatter plot of the modelled versus then observed NO2 concentrations (µg/m3) at the UB stations 286 
(N=105) of 30 major cities across Europe. The blue dot represents the mean of the 105 UB stations. 287 
We note that the use of those selected stations reduces significantly the bias between observed and 288 
modelled concentrations from 4.58 ppb when using all UB available stations to 1.31 ppb when using 289 
only major cities UB stations (factor 3.5). This indicates that the urban correction is not sufficient to 290 
correctly capture the NO2 concentrations which are underestimated over small cities. At this point of 291 
the study, the reasons for this underestimation remain unclear and could be due to the horizontal 292 
resolution not enough fine to correctly simulate the urban meteorology on small cities as well as the 293 
spatial gradient of the emissions. 294 
Nevertheless, at RB sites the interpretation of the negative bias is more difficult to explain. A possible 295 
explanation could be inferred noting that CHIMERE usually performs better in reproducing the 296 
temporal variability of the observed concentrations (e.g. standard deviation and correlation index) than 297 
the mean values. This result seems to indicate a lack in the oxidised nitrogen burden, due to an 298 
underestimation of the NOX emissions. 299 

3.2 Ozone 300 
 301 

Overall, daily temporal variability of O3 concentrations is very well simulated both at rural (r=0.77) 302 
and UB sites (R=0.73). The comparison of the quantiles of the modelled and observed concentrations 303 
(Figure 8 and Figure 9 respectively) show that the highest values are well reproduced at both RB and 304 
UB stations, while lower quantiles are overestimated. Indeed, the modelled values show a systematic 305 
positive bias which is higher at UB (FB=25.2%) than at RB sites (20.1%). At urban sites, this 306 
tendency can be related to the lack of titration by NO2 of the O3 due to the previously described 307 
underestimation of NO2 especially during the winter. The bias has a seasonal variation with low 308 



positive FB that is observed at UB sites in the summer (14.9%) and a high one during the winter 309 
(35.6%). Similar tendency is seen at RB sites but with a lower magnitude. The RMSE indicator also 310 
confirms the fact that at UB sites during the winter the model has a tendency to overshoot the maxima. 311 
However, at RB sites, the RMSE stays rather constant over the entire year (8.5 ppb in mean). The 312 
tendency is likely to be related to the overestimation of the background concentrations by CHIMERE 313 
previously described in Chen et al., 2003 and Szopa, 2009.  314 
 315 
 316 

3.3 PM10 and PM2.5 317 
 318 

At UB stations, R gets its highest value during the autumn (0.56) and its lowest value during the 319 
summer and the winter (0.47). Conversely, the FB is lower during the warm season (-12.2% at spring 320 
time) than in winter (-36.6%). At RB site, over the year, the model agrees better in terms of correlation 321 
compared to the UB sites (0.62 against 0.52 at UB sites), especially during winter (0.67 against 0.47 at 322 
UB stations) than summer (0.50 against 0.47 at UB sites). It is worth noting that the RMSE is 323 
increasing by a factor two on average in the winter compared to the other seasons during which it stays 324 
rather constant (e.g. 34.8 µg/m3 during winter and 17.33 µg/m3 in spring at UB sites).  325 
The behaviour of PM2.5 is comparable to PM10 in terms of statistical indicators. However, we note for 326 
PM2.5 a yearly R value higher than PM10 at both UB  (0.65) and RB sites (0.71) indicating that, on a 327 
yearly basis, CHIMERE reproduces better the temporal variability across Europe of PM2.5 than PM10. 328 
At UB sites, CHIMERE performs better in autumn (0.69) than in summer (0.46). The highest 329 
correlation index is observed at RB sites during the winter (0.74). The FB is very low during the 330 
autumn at UB stations (-4%) but higher during the winter (-24.6%). We underline that CHIMERE 331 
gives in terms of bias, over the year, a good performance concerning the PM2.5 concentrations at UB 332 
stations (FB=-6.4%). At RB sites the FB is always positive except during the winter (-8.7%) and the 333 
maximum is observed during the autumn (14.2%) and the minimum during the summer (0.4%). Note 334 
that the overestimation of PM2.5 at RB sites, as shown by the low quantile of the modelled 335 
concentrations is limited to the lowest values. In both cases, CHIMERE performed better in 336 
reproducing the low PM10 and PM2.5 concentrations as shown by the quantiles. 337 
 338 
 339 
PM10, PM2.5 and PM speciation data are available on several EMEP sites. As previously observed at 340 
the Airbase RB stations, CHIMERE overestimates the PM2.5 concentrations at the EMEP RB stations 341 
(Table 6). By opposition to the Airbase RB stations, the PM10 are overestimated at EMEP stations 342 
(FB=2.9%). A strong inter-seasonal variability is observed with the lowest FB noted during the 343 
summer for PM10 (-2.3%) and PM2.5 (5.8%) and the highest during the winter for PM10 (-14.4%) and 344 
during the autumn for PM2.5 (15.7%). As observed by the Airbase station, the highest correlation 345 
coefficient is found during the winter for both PM10 (0.68) and PM2.5 (0.77). Similarly, the highest 346 
RMSE error is found during the winter for PM10 (12.3 ppb) and PM2.5 (10.7 ppb). As the model 347 
performance for PM10 is reflected by the quality of the reproduction of its different components, we 348 
look at the capacity of the model to reproduce three main PM compounds: sulphate, nitrate and 349 
ammonium species. 350 
 351 

3.4 Sulphate 352 
 353 
Sulphuric acid is produced from the oxidation of sulphur oxides, which in turn form sulphate particle. 354 
Secondary sulphate aerosol occurs predominantly in the accumulation mode; diameter between 0.1 355 
and 1.0 μm (Altshuller, 1982). Both oxidants and SO2 availability are the limiting factors for sulphate 356 
formation.  In 2009, the 37 stations available over Europe indicate that the highest concentrations are 357 
measured during winter and spring (Figure 10 and Table 6). This tendency is reproduced by the model 358 
(R=0.57 during spring and 0.52 during the winter) but some maxima are overestimated especially 359 
during spring. Consequently, the FB is rather low during the summer (FB=20.1%) but indicates a 360 
strong overestimation during spring time (FB=53.7%). This tendency is in opposition with the one 361 
calculated by CALIOPE (Pay et al., 2012) and CMAQ (Matthias et al. 2008). Conversely to 362 



CHIMERE, CALIOPE and CMAQ tend to underestimate the sulphate surface concentrations over 363 
Europe along the year.  364 
If we look at the seasonal trend, the one simulated by CHIMERE over Europe is in agreement with the 365 
study of Baker and Scheff, 2007 in north America but it is in opposition with what is observed over 366 
Spain using CMAQ model (Pay et al. (2011)). In this case, the highest sulphate concentrations are 367 
noted in the summer due to high oxidation of SO2 during this period. Some missing processes 368 
concerning the dry deposition of SO2 could be the main reason that explains the general 369 
overestimation of sulphate by CHIMERE (Baker and Scheff, 2007).  370 
 371 

3.5 Particulate nitrate and total nitrate 372 
 373 

Nitrogen dioxide (NO2) and nitric acid (HNO3) are the two main gas precursors than can react together 374 
to form ammonium nitrate (NH4NO3) depending on the temperature and the relative humidity (RH) 375 
(Ansari and Pandis, 1998). Nitric acid can be produced through either homogeneous reaction of NO2 376 
with OH radical (daytime), reaction of NO3 with aldehydes or hydrocarbons (daytime) or hydrolysis of 377 
N2O5 in the troposphere (night time) (Richards, 1983; Russell et al. 1986). Note that during cold 378 
temperatures, the equilibrium of the NH4NO3 system shifts toward aerosol phase. At low RH, 379 
ammonium nitrate is solid but if RH overcomes the deliquescence threshold it turns to aqueous phase 380 
(NH4

+ + NO3-) (Bauer et al. 2011).  381 
Sulphuric acid plays a crucial role in the formation of nitrate and ammonium. Sulphate tends 382 
preferentially to react with ammonia to form (NH4)2SO4. Two regimes can be identified: the ammonia 383 
poor and the ammonia rich regime (Bauer et al. 2011). In the first case, there is not enough NH3 to 384 
neutralize the available sulphate. In the second case, sufficient ammonia is present to neutralize the 385 
sulphate and the remaining ammonia is available to react with nitrate to produce NH4NO3 which will 386 
be in aqueous phase to form nitrate and ammonium if meteorological conditions are favourable. 387 
Using the 17 EMEP stations, we show that the nitrates are strongly underestimated along the year 388 
(FB= -103.5%) but rather high R value is noted during the winter (0.67) indicating the good 389 
reproduction of the temporal variability of nitrate concentrations by CHIMERE during this period 390 
(Table 6). The lowest FB is observed during the winter (-68.4%). Winter is also linked to the highest 391 
measured and modelled nitrate concentrations. During cold periods, the formation of NH4NO3 is 392 
favoured and the associated low dispersive conditions enhance the increase of nitrate during these 393 
periods. Different explanations concerning the general underestimation of nitrate can be considered. 394 
First, where ammonia limits the formation of nitrate, the underestimation could be explained by the 395 
previously described overestimation of sulphate. Secondly, the coarse nitrate chemistry is not 396 
represented in CHIMERE in the operational version leading to an underestimation of the coarse mode 397 
nitrate aerosol. This process was implemented in a research project in CHIMERE (Hodzic et al., 398 
2006). Typical reactions involved in the coarse nitrate chemistry include the neutralisation of acidic 399 
aerosol particle (NO3

-) by different basic positive ions such as Ca2+ and Mg2+. Na+ and Cl- are also 400 
involved along coastal areas where high sea salt (NaCl) concentrations are observed. Differently, the 401 
total nitrate concentrations (Figure 10) is much better reproduced than the nitrate alone (r=0.66 during 402 
the winter) except during the summer (0.16). The order of magnitude of the FB indicates an 403 
underestimation by a factor 2 over the year. 404 
 405 

3.6 Particulate ammonium and total ammonia 406 
 407 

Along with sulphate, ammonium appears to be the best SIA compound reproduced by CHIMERE 408 
(Table 6). The FB is rather low (27.1% over the year) and shows the lowest overestimation during the 409 
summer (7.5%). Associated to a good correlation index (0.77), winter is the season during which 410 
CHIMERE reproduces the best the observations. A similar tendency is also noted when using the 411 
CMAQ model over Spain and the U.K (Pay et al. 2012; Chemel et al. 2010). 412 

Similarly, the total ammonia (Figure 10) is nicely reproduced by CHIMERE with a very low bias 413 
observed during the winter (FB=-1.8%). The performance is decreasing during the summer where the 414 
model is underestimating the most the observations (FB=-10.7%). As ammonium is overestimated 415 
most of the year, the underestimation of total ammonia would lead to the fact that ammonia 416 
concentrations are underestimated except during spring and autumn. Recent work concerning the 417 



improvement of the magnitude, the temporal variability and spatial distribution of NH3 emissions from 418 
the agricultural sector had been done for France (Hamaoui-Laguel et al. 2012). Unfortunately, a robust 419 
monthly time-profile for the NH3 emission from fertilizer is yet to be finalized for Europe (Menut and 420 
Bessagnet, 2010) before its implementation in the model. 421 
 422 
 423 

3.7 Spatio-temporal variability of the modelled concentration fields 424 

In this section, we analyse the 2D annual mean concentrations maps of NO2, O3, PM10 and PM2.5 425 
(Figure 12). On each map, the observed values for each station are represented by a coloured dot. We 426 
also draw the winter (December-January-February) and the summer (June-July-August) seasonal 427 
means to analyse the inter-seasonal variability of the modelled concentrations for NO2 and O3 (Figure 428 
13), PM10 and PM2.5 (Figure 14) and the SIA species (Figure 15 and Figure 16). For NO2, O3, PM2.5 429 
and PM10, we include the observed concentrations (dots) for both types of stations (RB and UB).  430 
 431 
For NO2, the concentrations are directly linked to the emissions mainly from SNAP 2 (non-industrial 432 
combustion plants), 7 (road traffic) and 8 (other mobile source). Therefore, as expected, Figure 12 433 
shows that the highest annual mean concentrations are located over urban area and along ship tracks 434 
(Atlantic, Channel, and Mediterranean Sea). We identify specific areas with high concentrations: the 435 
Pô-Valley, Paris, Benelux, London, south of Poland (e.g. Katowice), Athens, Madrid and Barcelona. 436 
For those specific areas and generally over Europe the concentrations are much higher during the 437 
winter and than during the summer due to higher emissions and low vertical dispersion (e.g. shallow 438 
boundary layer height, low dispersion conditions, thermal inversion). Ship tracks in the Mediterranean 439 
Sea, the coast of Portugal and especially the Channel are characterised by rather high NO2 annual 440 
modelled concentrations between 2 and 12 ppb. The observation values represented by the dots show 441 
overall a slight underestimation of the NO2 concentrations. However two main areas located over the 442 
south of Poland (Katowice) and some parts of Romania (industrial hot spots) show a stronger 443 
underestimation (10-20 ppb). We also note some areas where the observations are overestimated: 444 
Paris, London, Madrid, Barcelona and Athens. For those areas, the methodology used to downscale 445 
the national annual emission could be the reasons of such a feature. 446 
 447 
Generally we note that CHIMERE slightly overestimates the O3 concentrations over Europe. Figure 12 448 
shows that the highest annual mean concentrations are located below the 45° line of latitude where the 449 
strongest photolysis over Europe occurs (from 30 ppb over the coasts to 48 ppb over the sea). The 450 
maximum of O3 is modelled during the summer while the winter seasonal mean is bellow 30 ppb over 451 
most of Europe reaching near zero values in the Benelux, the Pô Valley, Germany and Poland. The 452 
highest summer concentrations are calculated over and around the Mediterranean Sea where low 453 
boundary layer height compared to continental PBL height and strong photolysis are favourable 454 
conditions to high ozone concentrations (up to 56 ppb). Note that during the warm period most of the 455 
capitals across Europe are characterised by ozone decrements due to the ozone titration by NOx in 456 
those urbanised areas. 457 
 458 
For PM10, the overall picture shows that the highest concentrations (from 20 to 30 µg/m3) are located 459 
at the south of a line which goes from the south of Portugal to the north of Poland (Figure 12). The 460 
annual mean concentrations are nicely modelled (slight underestimation) over the continent except 461 
over cities such as Milan, Paris and Krakow where CHIMERE overestimates the observations. In 462 
winter, the calculated concentrations are maximal over the continent (between 10 and 30 µg/m3) with 463 
lower concentrations over central Spain (10 µg/m3). Hot spots are located over the main European 464 
cities and over industrial primary emissions areas (e.g. Romania and Bulgaria). In summer, the 465 
concentrations are strongly influenced by the dust level at the boundary condition in the south part of 466 
the domain (up to 40 µg/m3) and the city signal is really low except for Katowice, Milan and Paris (up 467 
to 40 µg/m3). Over the continent the concentrations are lower by a factor of two. In winter, much 468 
lower concentrations are modelled over the Mediterranean Sea (16-18 µg/m3) where the influence of 469 
dust at the boundary condition is the lowest. Primary emissions from the main cities and industrial 470 
areas have its strongest intensity. Three hot spots can be identified: the Po valley, the south of Poland 471 



(Katowice region) and the south of Romania (area of Bucharest). Indeed, very high PM10 472 
concentrations are modelled all over the year over those areas. The strong primary emissions (both 473 
SNAP 2 and 7) are the main reasons for this critical situation as well as favourable meteorological 474 
conditions for SIA formation (low vertical and horizontal dispersion, high level of humidity during the 475 
cold seasons) that play also a major role in the build up of high PM10 concentrations especially in the 476 
Pô valley.  477 
 478 
For PM2.5 (Figure 12), the pattern is similar to the one described for PM10 (Figure 14). The highest 479 
concentrations are calculated all along the year over the Pô valley (30 to 60 µg/m3) except in summer 480 
(16 to 20 µg/m3). Note that, at spring, high concentrations are calculated over the east of the 481 
Mediterranean Sea and are partially linked to the production of sulphate in the fine aerosol mode. The 482 
observations show a good agreement with the modelled concentrations fields but a general 483 
underestimation is clearly identified over some Eastern Europe countries such as Poland and Bulgaria. 484 
 485 
For sulphate (Figure 15), during the winter, a sharp zonal gradient is observed with minima observed 486 
in Western Europe (2 µg/m3 on average) and the maxima on Eastern Europe (up to 8 µg/m3). The 487 
highest concentrations are located near the main SO2 emission areas which correspond to the industrial 488 
area in Romania, Bulgaria, Bosnia, Serbia, Hungary and south Poland that used sulphur-rich coal (e.g. 489 
in the Katowice region). In summer, the gradient is meridional with a maximum in the south of the 490 
domain along the coast of northern Africa. In summer, sulphate results from the gas oxidation of SO2, 491 
it is mainly produced in the Mediterranean Sea where emissions from ships are high and intense 492 
photolysis allows the production of oxidant radicals (e.g. OH radical). 493 
 494 
For ammonium and nitrate (Figure 16) a strong seasonal variability is modelled with a low modelled 495 
concentrations observed in the summer and high one during the winter. Nitrate is less influenced by its 496 
emissions precursors compared to sulphate. However, we note that highest modelled concentrations 497 
are seen during the winter over the Pô valley (up to 15 µg/m3), over the Benelux (6 µg/m3) and the 498 
south of Germany (8 µg/m3). High ammonium concentrations are also modelled over the Pô valley (up 499 
to 5.2 µg/3) and other countries such as the Benelux, south of Germany, Poland, Hungary and the 500 
south of Romania where concentrations can reach 3 µg/m3. 501 
 502 

 503 
4. CONCLUSIONS 504 

A high resolution simulation of air quality with CHIMERE (0.125°×0.0625°) over most of Europe has 505 
been evaluated using both at rural and urban background stations for the year 2009. In this CHIMERE 506 
version, the main updates and model developments include: 507 

 The use of the population density proxy to downscale the SNAP2 emissions, 508 

 The update of the emission layers depths and vertical emission injection heights, 509 

 A new NOx speciation, 510 

 The modulation of the SNAP2 emission according the 2 m air temperature, 511 

 The urban correction of Kz and wind speed variables. 512 

First, different seasonal and yearly mean statistical indicators have been calculated to interpret 513 
objectively the performances of the CHIMERE model. Positive outcomes are: 514 

 A very good reproduction of the NO2 day to day variability at UB sites (R=0.61) and 515 
especially O3 (R=0.73). 516 

 A good reproduction of the PM2.5 day to day variability both at RB (R =0.71) and UB (R 517 
=0.65) stations 518 

 A very good performance concerning the reproduction of PM
10 

concentrations (FB=-5.5%) 519 

and for PM2.5 concentrations (FB=-6.4) at UB stations on an annual basis. 520 



 For sulphates, the model performs rather well during the summer (FB=20.1%)  521 
 The total nitrate concentrations variability is much better reproduced than nitrate stand-alone 522 

with a high R over the year (R >0.56).  523 
 Finally, the total ammonia is better reproduced during winter (FB=-1.8%) than the other 524 

seasons.  525 
 526 

However, difficulties concerning the model performances have been identified: 527 

 An underestimation of the daily maxima for NO2 especially at UB sites (FB=-53.6%), 528 

 A systematic but rather low overestimation of O3 concentrations lower during the summer 529 
than during the winter especially at UB sites, 530 

 An underestimation of PM2.5 concentrations over Eastern European countries (e.g. Poland and 531 
Bulgaria), 532 

 An overestimation of the sulphate concentrations at spring (FB=53.7%), 533 

 An underestimation of total nitrate by a factor 2 over the year mainly caused by the strong 534 
summer underestimation due to the missing coarse nitrate formation in CHIMERE. 535 

Therefore, three main areas of work in order to improve the CHIMERE performance have been 536 
identified: 537 

 The urbanisation of CHIMERE to account for the urban effect on meteorology and therefore 538 
on both the primary and secondary air pollutants concentrations, 539 

 The introduction of the coarse nitrate chemistry and a advanced parameterisation accounting 540 
for the wind-blow dust emissions, 541 

 The introduction of existing national bottom-up approach emission databases (e.g. France, 542 
Spain) into the existing European emission inventory (e.g. MACC) for major cities and 543 
eastern European countries. 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
 552 
 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
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Table 1: Vertical emissions profiles (%) for each SNAP (S) sector 566 

Injection height (m) 20 92 184 324 522 781 1106 

S1 0 0 0.25 51 45.3 3.25 0.2 
S2 100 0 0 0 0 0 0 
S3 6 16 75 3 0 0 0 
S4 5 15 70 10 0 0 0 
S5 2 8 60 30 0 0 0 
S6 100 0 0 0 0 0 0 
S7 100 0 0 0 0 0 0 
S8 100 0 0 0 0 0 0 
S9 0 0 41 57 2 0 0 
S10 100 0 0 0 0 0 0 
S11 100 0 0 0 0 0 0 

 567 

Table 2: NOx speciation used in CHIMERE for the simulation 568 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S11 
NO 95.0 95.0 95.0 95.0 95.0 95.0 83.5 90.0 95.0 95.0 
NO2 4.5 4.5 4.5 4.5 4.5 4.5 15.0 9.2 4.5 4.5 

HNO2 0.5 0.5 0.5 0.5 0.5 0.5 1.5 0.8 0.5 0.5 
 569 

Table 3: Number of stations available per species and network over the domain of simulation 570 

NUMBER OF 
STATIONS UNIT 

UB RB 

AIRBASE 

NO2 770 300 ppb 
O3 586 361 ppb 

PM10 677 238 µg/m3 
PM2.5 267 92 µg/m3 
EMEP 

NO2 X 24 ppb 
PM10 X 21 µg/m3 
PM2.5 X 17 µg/m3 
SO4

2- X 37 µgSg/m3 

NO3
-  X 17 µgN/m3 

TNO3  X 26 µgN/m3 

NH4
+ X 17 µgN/m3 

TNH3  X 14 µgN/m3 
 571 
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Table 4: Annual and seasonal scores calculated using the whole RB Airbase set of stations. The 573 
statistics are: the Observed Mean (OM), the Modelled Mean (MM), the standard deviation of the 574 
observations (σ_obs) and modelled values (σ_mod), the correlation index (R), the Root Mean Squared 575 
Error (RMSE), the Fractional Bias (FB in %) and the Fractional Error (FE in %) and the Index of 576 
Agreement (IA). NOBS is the number of observations. Units for each pollutant are reported in Table 3, 577 
R and IA are unit less. A description of statistics is given in Appendix A. 578 

NOBS OM MM σ_obs σ_mod R RMSE FB FE IA 

NO2 

Annual 98833 6.55 4.63 5.75 4.37 0.68 4.67 -33.90 53.40 0.77

Spring 25173 5.66 3.94 4.41 3.50 0.63 3.90 -37.90 56.10 0.74

Summer 24168 4.22 3.27 3.15 2.60 0.53 2.97 -26.00 50.40 0.70

Automn 24929 6.58 5.04 4.97 4.56 0.67 4.20 -29.50 50.40 0.79

Winter 16105 10.23 6.22 8.36 5.59 0.69 7.26 -46.50 59.30 0.74

O3 

Annual 122518 28.60 33.45 11.13 8.65 0.77 8.59 20.10 26.30 0.81

Spring 31787 35.12 38.71 9.19 6.35 0.59 8.29 11.90 19.40 0.71

Summer 31865 33.91 37.77 9.30 6.28 0.65 8.05 13.10 19.50 0.73

Automn 30074 23.50 30.26 9.74 7.12 0.71 9.64 30.60 34.90 0.72

Winter 18941 21.65 27.56 8.68 8.08 0.70 8.82 27.40 33.10 0.75

PM10 

Annual 77828 20.67 17.90 14.93 9.65 0.62 12.02 -5.50 37.70 0.73

Spring 19656 21.41 20.01 14.25 9.54 0.60 11.49 2.10 36.00 0.73

Summer 19639 17.17 14.41 8.63 6.54 0.50 8.26 -13.30 35.70 0.68

Automn 19459 19.28 18.19 12.36 10.16 0.64 9.77 0.30 37.30 0.79

Winter 12374 27.20 18.94 22.45 11.11 0.67 18.95 -20.30 43.60 0.68

PM25 

Annual 27574 13.69 12.78 12.59 7.96 0.71 8.99 7.50 40.40 0.79

Spring 6737 14.80 14.71 12.05 7.44 0.67 8.95 13.20 39.10 0.76

Summer 7043 9.87 9.11 5.50 3.74 0.53 4.80 0.40 36.90 0.69

Automn 7151 12.29 12.44 10.29 7.68 0.71 7.31 14.20 42.10 0.81

Winter 4186 20.05 15.16 19.78 10.70 0.74 14.73 -8.70 43.50 0.75
 579 

 580 

 581 
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Table 5: Annual and seasonal scores calculated using the whole UB Airbase set of stations. The 586 
scores and the associated units are identical to the ones available on Table 4. 587 

nb_dly_obs OM MM σ_obs σ_mod R RMSE FB FE IA 

NO2 

Annual 264005 13.15 8.57 8.14 8.09 0.61 8.48 -53.60 66.60 0.73 
Spring 67205 12.34 7.91 6.93 7.71 0.59 8.02 -57.80 70.40 0.71 

Summer 65960 8.97 6.64 5.14 6.53 0.51 6.34 -44.00 63.70 0.68 
Autumn 65665 13.39 9.13 7.52 8.40 0.64 8.05 -51.70 64.00 0.74 
Winter 42984 18.65 10.77 9.98 9.15 0.64 11.37 -63.90 70.50 0.70 

O3 

Annual 190716 24.90 30.71 10.95 9.43 0.73 9.62 25.20 33.40 0.79 
Spring 51219 30.31 35.30 9.21 7.91 0.56 9.54 16.90 25.90 0.69 

Summer 51195 31.08 35.29 9.36 7.28 0.62 8.60 14.90 22.70 0.73 
Autumn 46215 19.80 27.46 9.07 7.90 0.64 10.60 36.90 43.00 0.68 
Winter 28040 17.02 24.18 7.91 8.83 0.62 10.28 35.60 45.50 0.68 

PM10 

Annual 226954 29.27 22.56 22.98 16.61 0.52 21.29 -20.10 40.80 0.66 
Spring 57618 28.65 24.03 18.59 13.89 0.50 17.33 -12.20 37.50 0.67 

Summer 56778 21.50 16.62 11.05 7.81 0.47 11.18 -22.40 38.60 0.63 
Autumn 57100 28.47 23.09 21.05 16.34 0.56 18.78 -16.80 39.80 0.71 
Winter 36494 41.45 26.59 34.55 23.83 0.47 34.88 -36.60 50.80 0.62 

PM25 

Annual 79664 17.52 15.07 14.65 10.29 0.65 11.39 -6.40 37.80 0.76 
Spring 20200 17.28 16.59 12.53 8.36 0.59 10.16 5.20 36.10 0.72 

Summer 20093 11.91 10.05 6.13 4.28 0.46 5.94 -11.50 36.80 0.64 
Autumn 20932 16.46 14.65 12.43 9.74 0.69 9.26 -4.00 37.50 0.81 
Winter 11344 27.53 19.67 23.01 14.97 0.61 19.87 -24.60 43.30 0.70 

 588 
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 590 
 591 
 592 
 593 
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 596 
 597 
 598 
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Table 6: Annual and seasonal scores calculated using the RB EMEP stations. The scores and the 602 
associated units are identical to the ones available on Table 4. 603 

nb_dly_obs OM MM  σ_obs σ_mod R RMSE FB FE IA 

PM10 

Annual 6579 16.72 15.91 11.03 7.56 0.56 9.29 2.90 35.40 0.70 
Spring 1697 18.26 18.11 12.08 8.47 0.49 10.83 7.20 35.20 0.66 

Summer 1648 14.66 13.86 7.46 6.42 0.46 7.31 -2.30 32.10 0.67 
Autumn 1620 15.25 15.93 8.80 7.75 0.65 6.98 9.80 35.30 0.80 
Winter 1056 20.48 15.47 14.88 7.12 0.68 12.33 -14.40 39.40 0.68 

PM2.5 

Annual 4858 11.69 10.90 9.62 5.35 0.68 7.22 8.60 42.00 0.74 
Spring 1242 13.27 12.71 10.48 5.74 0.62 8.28 12.30 41.60 0.70 

Summer 1202 8.69 8.60 4.55 3.39 0.36 4.58 5.80 39.10 0.59 
Autumn 1217 10.00 10.32 7.12 4.78 0.67 5.30 15.70 42.70 0.78 
Winter 767 16.32 11.78 13.76 6.43 0.77 10.72 -11.60 45.70 0.72 

SO4
2- 

Annual 10596 0.73 1.07 0.62 0.67 0.50 0.72 42.40 55.30 0.65 
Spring 2830 0.75 1.19 0.54 0.56 0.57 0.67 53.70 60.80 0.66 

Summer 2576 0.69 0.79 0.42 0.39 0.46 0.44 20.10 42.50 0.66 
Autumn 2461 0.67 1.02 0.50 0.69 0.51 0.71 45.20 56.60 0.62 
Winter 1872 0.88 1.22 0.96 0.84 0.52 0.95 43.40 57.60 0.68 

NO3- 

Annual 4647 0.64 0.32 1.49 0.53 0.28 1.47 -103.50 116.20 0.34 
Spring 1201 0.88 0.38 2.38 0.62 0.24 2.36 -95.00 107.80 0.26 

Summer 1148 0.46 0.08 1.47 0.19 0.13 1.50 -156.10 157.10 0.12 
Autumn 1141 0.49 0.28 0.59 0.44 0.48 0.58 -99.40 113.30 0.63 
Winter 763 0.76 0.54 0.72 0.68 0.67 0.61 -68.40 90.20 0.79 

TNO3 

Annual 7327 0.60 0.37 0.62 0.40 0.56 0.56 -55.10 71.60 0.67 
Spring 1907 0.68 0.43 0.65 0.42 0.67 0.54 -50.70 66.80 0.74 

Summer 1844 0.46 0.23 0.62 0.21 0.16 0.66 -66.50 75.10 0.30 
Autumn 1742 0.55 0.35 0.42 0.35 0.62 0.39 -56.80 72.30 0.73 
Winter 1209 0.77 0.51 0.73 0.55 0.66 0.62 -49.50 73.50 0.76 

NH4+ 

Annual 5427 1.01 1.14 1.63 0.81 0.43 1.47 27.10 50.60 0.53 
Spring 1409 1.25 1.31 2.45 0.81 0.35 2.30 31.90 51.60 0.37 

Summer 1373 0.71 0.67 1.37 0.40 0.24 1.33 7.50 42.50 0.25 
Autumn 1287 0.80 1.11 0.81 0.75 0.59 0.77 39.70 56.00 0.73 
Winter 902 1.37 1.47 1.29 0.97 0.77 0.83 21.10 49.30 0.85 

 



TNH4 

Annual 4036 1.49 1.55 1.29 1.06 0.60 1.07 6.00 43.70 0.76 
Spring 1036 1.66 1.91 1.30 1.26 0.58 1.20 14.30 43.20 0.74 

Summer 1027 1.50 1.30 1.30 0.84 0.58 1.08 -10.70 35.90 0.70 
Autumn 1005 1.43 1.54 1.34 1.02 0.61 1.08 10.80 44.90 0.76 
Winter 629 1.47 1.41 1.28 0.96 0.69 0.93 -1.80 48.20 0.81 
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 606 

Figure 1: Observed wind speeds (m/s) against IFS (red dots) and GFS/WRF (green dots) modelled 607 
values for rural background stations in January 2009 608 

 609 

 610 

 611 
Figure 2: Difference in concentrations for four main pollutants between the simulation using the 612 
urban correction and the simulation not using the urban correction for NO2 in ppb (top left), O3 in ppb 613 
(top right), PM10 in µg/m3 (bottom left) and PM2.5 µg/m3 (bottom right). 614 
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 620 
 621 
 622 



 623 

 624 
Figure 3: The EMEP to CHIMERE emission converter (adapted from Menut et al. 2012) 625 

 626 

 627 
Figure 4: Evolution of PM2.5 residential emissions per inhabitant (kg/inh/year) as a function of 628 
population density (source: French National Emission Inventory). The red curve is the corresponding 629 
logarithmic regression used in the CHIMERE emission pre-processor. 630 
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 640 
Figure 5: Total annual primary particle emission with diameter below 2.5µm from SNAP2 (g/km2) 641 

 642 
 643 

 644 
Figure 6: Daily modulation factor (Fj) apply for the SNAP 2 emission over the city of Katowice, Paris 645 

and Madrid for the year 2009 646 
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 649 

Figure 7: Airbase RB (green), Airbase UB (blue) and EMEP stations (orange) projected on the 650 
simulation domain used for the evaluation 651 
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 670 
Figure 8: Daily box-whisker plots time series of the NO2, O3, PM10 and PM2.5 observed and calculated 671 
concentrations averaged over all RB Airbase stations. The continuous lines represent the medians and 672 
the bars show the 25th -75th quantile interval. The yearly 25th, 50th, 75th, and 95th quantiles are 673 
reported on the top right corner of the plots 674 
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 685 
Figure 9: Same as Figure 7 but averaged over all UB Airbase stations 686 
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 700 

 701 
Figure 10: Same as Figure 9 but for sulphate, total nitrate (HNO3+NO3

-) and total ammonia 702 
(NH3+NH4

+) averaged over all RB EMEP stations 703 
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 705 

 706 
Figure 11: Scatter plot of the modelled versus observed NO2 concentrations (µg/m3) at the UB stations 707 
(N=105) of 30 major cities across Europe. The blue dot represents the mean of the 105 UB stations 708 
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 715 

PM10      PM2.5 716 

   717 
Figure 12: Observed (dots) and modelled annual mean concentrations (µg/m3) for NO2 in ppb (top 718 
left), O3 in ppb (top right), PM10 (bottom left) and PM2.5 in µg/m3 (bottom right). 719 
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Figure 13: Modelled NO2 and O3 (ppb) concentrations fields calculated for the summer (left) and the 751 
winter (right). 752 
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Figure 14: Modelled PM10 and PM2.5 (µg/m3) concentrations fields calculated for the summer (left) 783 
and the winter (right). 784 
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Figure 15: Modelled SO2 (ppb) and SO4

2- (µg/m3) concentrations fields calculated for the summer 814 
(left) and the winter (right). 815 
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Figure 16: Modelled NO3

- and NH4
+ (µg/m3) concentrations fields calculated for the summer (left) and 846 

the winter (right). 847 
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 872 
The statistical indicators selected for the operational evaluation are described below: 873 
 874 

    OM = ∑ 	      (A1)875 

        876 

MM = ∑       (A2) 877 

 878 

σ_obs = ∑ obs x, t obs x ²    (A3) 879 

 880 
 881 

σ_mod = ∑ mod x, t mod x ²    (A4) 882 

 883 
 884 

FB = ∑ , ,

, , /
     (A5) 885 

 886 
 887 

FE = ∑ | , , |

, , /
     (A6) 888 

 889 
 890 

R = 
∑ , ,

∑ , ². ∑ , ²
   (A7) 891 

 892 

IA = 1-
∑ , , ²

∑ , 	 , ²
    (A8) 893 

 894 
 895 

RMSE = ∑ mod x, t obs x, t ²    (A9) 896 

 897 
 898 

mod(x,t) – computed concentration; obs(x,t) – observed concentration; N – number of pairs. 899 

A cut-off threshold has been applied to the observed concentrations to avoid numerical problems due 900 
to unrealistic observations. Thresholds have been defined as follows: 901 

NO2 = 0.5 ppb; O3 = 5 ppb; PM10 = 1 μg m−3; PM2.5 = 1 μg m−3. 902 

SO4
2- = 0.01 μg m−3; NO3

- = 0.01 μg m−3; NH4
+ = 0.01 μg m−3. 903 

TNO3
- = 0.01 μg m−3; TNH4

+ = 0.01 μg m−3. 904 

 905 
 906 
 907 
 908 
 909 
 910 
 911 
 912 
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