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RESUMEN 
Se presenta la aplicación de un método para combinar las mediciones y los resultados de con-
centraciones de contaminantes atmosféricos obtenidos con el modelo CHIMERE. Este método 
tiene por objeto proporcionar información más realista de la calidad del aire en España en res-
puesta a los requerimientos de la legislación nacional y europea. El método consiste en utilizar 
técnicas de regresión lineal e interpolación kriging para corregir los resultados del modelo ajus-
tándose mejor a las mediciones. Se aplica de forma separada a la contaminación rural y urbana 
obteniendo mapas para cada caso, para luego combinarlos según el grado en que cada zona del 
territorio puede considerarse rural o urbana. Se muestran y discuten los resultados obtenidos 
para la media anual de PM10 en España para 2004.  
Palabras clave: Calidad del aire; PM10; Modelo CHIMERE; Kriging;  regresión lineal. 
 
ABSTRACT 
The use of a method to combine air pollution measurements and CHIMERE model data is pre-
sented. This method is to response to the European and Spanish regulatory requirements to 
provide reliable information about the air quality in Spain. The method consists of using linear 
regression and kriging interpolation to correct the model results improving the fit to the observa-
tions. It was separately applied to the rural and urban air pollution yielding maps for each case, 
which then were combined by taking into account the distribution of rural and urban areas in the 
domain. The results for the annual mean of PM10 for 2004 in Spain are shown and discussed  
Key words: Air quality; PM10; CHIMERE model; kriging; linear regression. 
 
SUMMARY: 1. Introduction. 2. Methodology. 3. Results and discussion. 4. Summary and 
conclusions. 5. Acknowledgements. 6. References 
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1. INTRODUCTION    
 
The atmosphere is an extremely complex reactive system in which numerous 

physical and chemical processes occur simultaneously. Ambient measurements 
only provide information about the atmospheric conditions at a particular time and 
location. Moreover, measurements alone cannot be directly used by policymakers 
to establish an effective strategy for solving air quality problems. Mathematical 
models provide the necessary framework to integrate of all the understanding of 
individual atmospheric processes (chemistry, transport, removal, etc) and study of 
their interactions. However, due to the large number of uncertainties in air quality 
modelling, such as emission data or model parameterizations, the models has to be 
validated and their uncertainties must be determined and reduced. Concerning the 
air quality assessment in a territory, the combination of measurements with vali-
dated models rises as a more adequate approach because more advantage is taken 
from the accuracy of the measurements and the good spatial coverage of the mod-
els results.  

The annual air quality assessment in every EU member state is mandatory due to 
the European directives. The main tool for this assessment is the use of measured 
data in air quality stations. However, the use of supplementary techniques as mod-
elling is allowed to complement the measured data. In Spain, air quality assessment 
has been carried out following the requirements of the European legislation. Mod-
elling is being used to generate more consistent maps of the air quality variables: 
exceedances of limit values and averaged concentrations (Martín et al, 2004, 
Vivanco et al., 2007).   

In this paper, the new method to combine measurements and modelling results 
for air quality assessment is shown. Some preliminary tests are also discussed. 

 
 

2. METHODOLOGY 
 
2.1 Description of the measurements-model combination methodology  

 
Combining model results and observations has been commonly applied in mete-

orological modelling, but several studies have been also done to combine observa-
tions and air quality models. Denby et al. (2005) review different methodologies to 
combine and assimilate observations and models. Tarrason et al. (1998) developed 
a methodology to combine both EMEP monitoring and modeling data. According 
to this, the difference between modelled and monitored concentrations at each 
measurement point is taken to create a difference field by interpolating all the dif-
ference values. Finally, the model and difference field are added together. The 
German system “FLADIS” (Wiegand and Diegmann, 2000) combines interpolated 
measured data and the result of both statistical and physical models, based on emis-
sion, meteorological and topographical data. The combination is carried out using a 
linear weighting factor.  

Martín et al. (2005) proposed to use a methodology based on defining an influ-
ence area for each observation depending on certain factors: the features of the 
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station, the distance between the grid point and the measurement point and the 
wind flow. This is based in the assimilation techniques (Benjamin and Seaman, 
1985) used in meteorological models.   However, this methodology was used in 
some annual air quality assessments in Spain, but it shows to be less efficient be-
cause the correction of models results are done only in areas next to the stations 
giving a less realistic map of the real distribution of pollutants. This was more evi-
dent in areas with very few and scattered observations.  

The methodology used in this study is based on the idea that the real concentra-
tion of an atmospheric pollutant C in a station k can be expressed as  

Ck = Μκ + ek + sk (1) 
where Μκ is a concentration estimate (i.e., by a dispersion model), ek is the sys-

tematic error of the estimate (i.e., modelling error) and sk is the inherent error or 
measurement error. The question is how to reduce the model error ek, that is, how 
to correct the model results to provide a best fit to observations and to get a more 
realistic map of the spatial distribution of pollutant concentrations. Among the 
several options, the linear regression and the kriging interpolation methods are the 
most interesting (Fiala, 2009).  

The linear regression technique assumes that a better estimate of the concentra-
tion '

kC can be obtained by  

kkk rbaMC ++='
 (2) 

where a and b are the regression coefficients and rk is the residual error which 
includes the measurement error and the non-solved part of the modelling error. 
This method corrects the concentration estimates by taking into account any influ-
ence of the concentration values on them. 

The kriging interpolation technique assumes: 

k

n

i
kik rMC += ∑

=1

' λ          1
1

=∑
=

n

i
iλ  (3) 

being λι the weights assumed on the basis of a variogram in order to minimize 
the mean-square-error, they range between 0 and 1. The variogram is a function 
representing how a measured variable varies with distance. In our study, the 
variogram can be computed by plotting the values of the concentration differences 
(or the model residuals) between pairs of stations against the distances between 
them. The resulted scatter plot can be fitted to simple functions, such as logarithm, 
exponentials, etc. This method corrects the concentration estimates by taking into 
account any influence of the distance or spatial representativeness of the air quality 
stations on the concentration estimates. 

In this paper, both methods were applied separately and sequentially; firstly the 
linear regression and then, the kriging method based on a variogram of the concen-
tration residuals resulting from the linear regression method. The results for annual 
PM10 concentrations are discussed in order to determine what method provides 
better results. It is done separately for rural and urban stations obtaining maps of 
pollutant concentrations correcting the model estimates with measured data. Fi-
nally, both maps are merged by computing a weighted average in the every grid 
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cell using weights related to population or land use in order to estimate whether a 
cell is mostly urban or rural. 
 
2.2 Description of the models and model setup 

 
Simulations of photochemical compounds were carried out using a regional ver-

sion of the CHIMERE chemistry-transport model (Bessagnet et al., 2004; Hodzic 
et al., 2005). This model calculates the concentration of 44 gaseous species and 
both inorganic and organic aerosols of primary and secondary origin, including 
primary particulate matter, mineral dust, sulphate, nitrate, ammonium, secondary 
organic species and water. This model is being used for the annual simulations of 
air quality in Spain since 2004 (Martín et al., 2004, Vivanco et al., 2007). It has 
been evaluated using measured data of ambient pollutant concentrations from a 
large number of Spanish stations (Vivanco et al., 2006, Vivanco et al., 2009a and 
b) and compared with other models such as CMAQ (Baldasano et al., 2008). The 
model was shown to be suitable for air quality assessment as the uncertainty statis-
tics were lower than the maxima established by the EU directives and the EPA 
criteria. The impact of the spatial computing resolution was also discussed in 
Vivanco et al. (2008).  

The MM5 model was the meteorological processor used to feed the CHIMERE 
model. The models were run over European domains and then, over Iberian Penin-
sula ones. Domains for MM5 simulations are larger than the CHIMERE ones. The 
spatial resolution for MM5 simulations was 36 and 19 km for the European and 
Iberian Peninsula domains, respectively. MM5 simulations were forced by the Na-
tional Centre for Environmental Prediction model (GFS) analyses at both scales. 
Regarding the CHIMERE simulations, the modelling domains are shown in Fig. 1. 
For the European domain, a 0.5º horizontal resolution and 14 vertical sigma-
pressure levels extending up to 500 hPa were used. And for the Iberian Peninsula 
domain, the horizontal resolution was 0.2º resolution, using a one-way nesting 
procedure where coarse-grid simulations force the fine-grid ones at the boundaries 
without feedback.  

For both domains emissions were derived from the annual totals of the EMEP da-
tabase for 2003 (Vestreng et al., 2005). Original EMEP emissions were disaggre-
gated taking into account the land use information, in order to get higher resolution 
emission data. The spatial emission distribution from the EMEP grid to the CHI-
MERE grid is performed using an intermediate fine-grid at 1 km resolution. This 
high-resolution land use inventory comes from the Global Land Cover Facility 
(GLCF) data set (http://change.gsfc.nasa.gov/create.html). Boundary conditions for 
the coarse domain were provided from monthly climatology from LMDz-INCA 
model (Hauglustaine et al., 2004) for gases concentrations and from GOCART 
model (Chin et al., 2002) for particulate species.  
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Figure 1. Map showing the computing domains used with the CHIMERE model.  
 
 
3. RESULTS AND DISCUSSION 

 
The spatial distribution of annual mean concentrations of PM10 in Spain was 

computed using the CHIMERE model. It is plotted along with the measured PM10 
concentrations in stations in Fig. 2. Differences between observations and model 
results are detected, especially in urban areas. It is due to the spatial representative-
ness of many urban stations (less than 1 km2) which is much less than the spatial 
resolution of the model results (20x20 km2). Hence, the model can hardly fit the 
urban data in some cases. It can be solved by increasing the spatial resolution for 
modelling but the computational load increases a lot, and it is only possible in 
smaller domains unless supercomputers are used. Other option is to correct the 
model results to fit the measured data in stations. This is the common approach in 
air quality assessment in the EU member states based on the use of dispersion 
modelling along with air quality stations data. This is the way to take advantage of 
the accuracy of the measurements and the spatial coverage of the model results. 
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Figure 2. Map showing the annual mean concentrations (μg m-3) of PM10 in Spain for 
2004 computed by models (isolines) and by air quality stations (colour dots). 
 

 
As shown in Fig. 2, there are two main distribution patterns of concentrations. 

One is related to rural background pollution, which has smooth spatial variation. 
The model results fit basically this pattern due to the relatively coarse spatial reso-
lution of 20x20 km2. The other one is related to the urban contribution that is high-
lighted by many of the measured data from monitoring stations which are mostly in 
urban areas. 

Hence, the corrections of the model results must be done separately for rural ar-
eas and for urban areas. Firstly, the relation between modelled and observed con-
centration was investigated. A large set of stations with a percentage of valid data 
higher than 80% was used. Linear regression models (eq. 2) were determined for 
the groups of urban and rural stations. The results show that the correlation coeffi-
cient is very low for urban stations, but not for the rural ones, especially for the 
background rural stations, where correlation is quite good (Fig. 3). It is due that the 
rural background stations have a spatial representativeness quite similar to the spa-
tial resolution of the CHIMERE model estimates (20x20 km2).  
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Figure 3. Scatter plots of model (x) and observed (y) concentration data (μg m-3) for rural 
stations (upper), suburban (middle row) and urban (lower) and for background (left), traffic 
(middle column) and industrial (right) stations.  

 
 
Linear regression equations were applied to correct the CHIMERE model esti-

mates and the residuals for the rural stations and the urban ones were computed. 
These residuals and those of the CHIMERE model were analyzed in order to esti-
mate how the residuals changes against the distance (Fig. 4). This information was 
used to estimate the needed weights for spatial interpolation of the residuals fol-
lowing eq. (3) for the kriging method, which was applied to the residuals of the 
CHIMERE model and to the residuals of the linear regression. Among several 
variograms used (linear, logarithmic, etc), the spherical type seems to provide bet-
ter results. 
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Figure 4. Variation of the CHIMERE (left) and linear regresion (right) residuals of concen-
trations (μg m-3) against the distance for rural (upper) and urban stations (lower). The 
spherical variograms are also plotted (blue lines). 

 
 
The results of these interpolation techniques are shown in Fig. 5. The differences 

between rural and urban maps are very important. In urban maps, the concentra-
tions are higher. The maxima are in several areas of the Mediterranean coast, the 
Ebro Valley, southern areas of the peninsula and some industrial and urban areas. 
When only kriging is used the differences between rural and urban maps are more 
notable. The kriging rural map shows areas in the Pyrenees with very low concen-
trations close to 5 μg m-3, which is much lower than the rural background meas-
urements (Querol et al., 2006). On the other hand, the kriging method with urban 
stations seems to slightly overpredict the concentrations in some grid cells. How-
ever, the maps resulted from linear regression plus kriging show smoother results 
in rural maps. It is due to the correction done in the CHIMERE model results by 
the linear regression as the slope coefficient is clearly lower than 1, which reduces 
the concentration variability. It must be pointed out that linear regression correction 
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is more suitable for rural map because of a nice correlation between observations 
and model data for rural stations, while it was not so for urban ones. Then, it 
should be better to use linear regression correction plus kriging of residuals for the 
rural map, but only kriging for model residuals for the urban map. It must be noted 
that this procedures has been applied only for Spanish territory, not for Portugal. It 
explains the few changes in the rural and urban map for this country. 
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Figure 5. Maps showing the concentration (μg m-3) maps resulted of applying the linear 
regression technique plus the kriging method for the regression residuals (right) and only 
kriging for the model residuals (left) for rural (upper) and urban stations (lower).  

 
 
The final PM10 concentration map must rise from merging both maps (rural and 

urban). The procedure to merge them consists in computing a weighted average of 
the rural and urban concentration in every grid cell. The question is what surro-
gated indicator should be used. Two indicators were proposed: one, based on the 
land use data information from the Global Land Cover Facility (GLCF) data set of 
NASA and the other one was the population data from Spanish Institute of Statistic 
(Instituto Nacional de Estadística, INE).  

In the first case, the percentage of urban land use in every grid cell was used to 
estimate the weight, assuming the value of 1 for the grid cell with the maximum 
percentage of urban areas and 0 for those with the minimum. A linear dependence 
was assumed for the others 

For the second case, the way for obtaining the weights was similar assuming a 
linear dependence with the population but assigning a weight of 1 to cells with 
population higher than 250000 inhabitants and 0 to those with the minimum of 
population. 

In Fig. 6, the resulted PM10 concentration maps obtained with both methods are 
shown. It seems that the urban areas are better represented when population data 
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and kriging method are used rather than land use data and the linear regression plus 
kriging. It should be due to some errors in the land use data. When linear regres-
sion is not used, some unrealistic concentrations are estimated such as Pyrenees 
areas with very low PM10 concentrations and the sea between Murcia-Alicante and 
Algeria coasts with high concentrations.  
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Figure 6. PM10 concentration maps (μg m-3) resulted of using the land use (right) and 
population (left) methods for merging the rural and urban concentrations maps resulted of 
using only the kriging method (upper) and the linear regression plus kriging (lower) shown 
in Fig 5. 

 
 
Statistics (RMSE and Normalized Bias) were computed for checking how good 

the methods are in estimating the PM10 corrected concentration for a set of urban 
and rural stations not used in the described process of combination of measure-
ments and model data (Table 1). Best results were obtained when linear regression 
and kriging were applied to the CHIMERE model data for rural stations and only 
kriging for urban ones and using population as surrogate indicator for merging 
urban and rural maps. The corresponding map is depicted in Fig. 7. It seems to 
correct the shortcomings observed in maps of Fig.6 and be more realistic. The min-
ima values are about 10 μg m-3 in remote areas of mountain areas. The maxima 
(about 40-50 μg m-3) are in the Mediterranean coast and the Ebro and Guadalquivir 
valleys along with some urban and industrial areas. The urban areas are clearly 
remarked with higher values than those in the surroundings. 
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  CHIMERE  
model                   

CHIMERE  
model + kriging 
for urban and 
rural stations 

CHIMERE  
model + linear 
regression and  
kriging for urban 
and rural stations 

CHIMERE  
model + linear 
regression and  
kriging for rural 
and kriging for 
urban stations 

   
Popula-
tion 
criteria     

BIAS   RMSE BIAS   RMSE BIAS  RMSE BIAS   RMSE 

Rural       0.26   5.65 0.23 5.67 0.16 8.26 0.25 7.02 
Urban      -0.17   9.55   -0.12   9.50   -0.20 10.10   -0.12 8.76 
All           -0.01   8.35 0.01 8.31 -0.07 9.48 0.01 8.17 
Land 
use 
criteria     

BIAS   RMSE BIAS   RMSE BIAS  RMSE BIAS   RMSE 

Rural       0.26   5.65 0.23 5.58 0.26 6.95 0.27 6.95 
Urban      -0.17   9.55   -0.12   10.48   -0.15 9.53   -0.13 9.64 
All           -0.01   8.35 0.01 9.01 0.00 8.68 0.01 8.76 

Table 1. Normalized Bias and Root Mean Square Error (RMSE) computed with a set of 
checking urban and rural stations not used for concentration mapping for the CHIMERE 
model results, three types of combination of model and observed data and two methods for 
merging rural and urban maps. 
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Figure 7. Final PM10 concentration map (μg m-3) resulted of merging the rural map re-
sulted of the linear regression plus kriging methods and the urban map from the kriging 
method using the population as surrogate indicator. 
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4. SUMMARY AND CONCLUSIONS 
 
The use of a method to combine air pollution measurements and model data es-

timated with the CHIMERE model are shown in order to provide reliable informa-
tion about the air quality in Spain in response to the European and Spanish regula-
tory requirements. The method consists of using linear regression and kriging in-
terpolation to correct the model results improving the fit to the observations. It was 
separately applied to the rural and urban air pollution yielding maps for each case, 
which then were combined by taking into account the distribution of rural and ur-
ban areas in the domain. The methodology was applied to the annual mean of 
PM10 for 2004 in Spain.   

As expected the differences between rural and urban maps are very important 
with higher concentrations in urban maps. When only kriging is used the differ-
ences between rural and urban maps are more notable. However, the maps resulted 
from linear regression plus kriging show smoother results. Linear regression cor-
rection is more suitable for rural map because of a nice correlation between obser-
vations and model data for rural stations, while it was not so for urban ones.  

Rural and urban maps must be merged to provide final PM10 annual mean con-
centration maps for 2004. The best result was obtained when the rural map resulted 
of the linear regression plus kriging methods and the urban map from the kriging 
method were merged using the population as surrogate indicator. 

However, more studies will be done in the near future for other pollutants and 
more years. Other methods will be tested comparing in order to improve the results 
and mapping as needed for correct reporting on air quality assessment in Spain. An 
important task is to investigate how the spatial distribution of air quality stations 
can influence on the results of applying the proposed methodology in this paper. 
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