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a b s t r a c t

Ground-level ozone concentrations in the atmospheric boundary layer over Spain are still exceeding
thresholds established in EU legislation to protect human health and prevent damage to ecosystems. The
increasing role that air quality models play in air quality management requires comparison between
model results and previous observations in order to determine the capacity of the model to reproduce
past events.
The CHIMERE chemistry-transport model has been used by several research groups to estimate air
pollutant concentrations in different European countries. An evaluation of the model performance of the
CHIMERE air quality model was carried out for the spring and summer periods of 2003–2005 in Spain,
using EMEP emissions. This evaluation has demonstrated a fair agreement between observed and
modelled ozone values for background stations, with a mean normalized absolute error below 15% for
rural background air quality sites. This value lays inside the range proposed in EPA’s guideline for an
acceptable level of model performance. In spite of this acceptable model performance, further studies
need to be carried out to explain some underestimation found over Madrid surroundings.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In spite of the efforts focused on reducing pollutant emissions,
concentrations in excess of European air quality standards have
been recorded in Spain for some air pollutants, such as tropospheric
ozone and particulate matter (Baldasano et al., 2003; EEA, 2006).
Monitoring data indicates that ozone concentrations are above
European standards at many locations, representing a potential risk
to human health.

In Europe, the increasing concern for public health has
motivated a continuous improvement of air quality models.
Together with the increase of the monitoring activity, the
development of regional and local air quality models has allowed,
in the last decade or so, a comprehensive picture of the three-
dimensional distribution of some pollutants like ozone. Computer
power has reached a sufficient power to allow long-term (one or
several years) simulations of air quality at regional scale (Jonson
et al., 2005; Vautard et al., 2006) or city scale (Cuvelier et al., 2007),
with extensive comparisons between simulated and observed

values at ground-level. Simulations of the impact of European
policies on pollutant emissions have also been carried out, within
the Clean Air For Europe (CAFE) programme (Amann et al., 2005;
Cuvelier et al., 2007).

Air quality models have also been applied over the Iberian
Peninsula for short time periods (Jiménez et al., 2006; Pérez et al.,
2006). Long-term simulations of ozone and particulate matter have
been carried out over a smaller area of the Iberian Peninsula
covering Portugal (Monteiro et al., 2005). Presently, a new model-
ling system for high-resolution air quality forecast in Spain is being
developed under the financial support of the Environment Minis-
try. Several Spanish research institutions (BSC, CIEMAT, IJA–CSIC
and CEAM) are participating under the leadership of Barcelona
Supercomputing Center (BSC). This system is called CALIOPE and it
is based on a set of models: HERMES for emissions, WRF for me-
teorology, and the CHIMERE and CMAQ for air quality.

In this article, the skill of a three-dimensional chemistry-
transport model for simulating background photochemical air
quality over Spain is examined by means of multi-year simulations
and systematic comparisons with observations.

Jakeman et al. (2006) have proposed some guidelines for good
modelling practice in a broad range of natural resource modelling
situations. They have outlined 10 steps in model development in
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order to have credible models. Under this framework, the evalua-
tion of the model performance presented in this paper is linked to
the last step (‘Model evaluation or testing’) proposed by Jakeman
et al. The CHIMERE model has been used for some years by research
groups in several European countries. A detailed description of the
model configuration and performances over Europe is presented in
previous studies, using surface observations (Schmidt et al., 2001;
Bessagnet et al., 2004; Vautard et al., 2003; Derognat et al., 2003;
Hodzic et al., 2005) or remote sensed observations (Hodzic et al.,
2004). The results of the evaluation of the CHIMERE model in Spain
will allow to improve model formulations and to determine if the
model is suitable for some air quality management tasks, such as
background air quality assessment and prediction.

The evaluation presented in this study is based on simulations
for the spring and summer seasons of 2003–2005. Section 2
describes the emissions and their evolution in Spain. Details about
the model simulations are included in Section 3. In Section 4 the
evaluation process is described and the results are given in Section
5. Section 6 contains concluding remarks.

2. The evolution of emissions in Spain

NOx and non-methane volatile organic compounds (NMVOC)
play a critical role in ozone formation and constitute the most

important ozone precursors. According to the Spanish Environment
Ministry (http://cdr.eionet.europa.eu/es) NMVOC emissions in
2003 were 3 million tons/year over Spain. They have been relatively
stable during the past 10 years. Natural sources represent 47.2% of
total NMVOC emissions in 2003, with ‘‘solvent use and other
product use’’ (SNAP activity) contributing 18.9%. In spite of the
Solvents’ Emissions Directive 1999, emissions derived from solvent
use have increased significantly, from 377 kt in 1990 to 516 kt in
2003.

Again according to the official Environment Ministry
information, emissions from the other important ozone precursor,
NOx, represent in 2003 1.56 million tons/year, which constitutes
an increment of nearly 21% with respect to 1990. Although
cleaner vehicles lead to a decrease in NOx transport emissions,
mobile emissions are still the main contributor to total NOx

emissions. Considering both ‘‘road transport’’ and ‘‘other mobile
sources and machinery’’ activities, mobile emissions represent
53% of the 2003 total NOx emissions. Emissions from combustion
in manufacturing industry sector (stationary sources) have
increased over the last years. These emissions, added to other
industrial emissions (combustion in energy and transformation
industries, production processes, extraction and distribution of
fossil fuels and geothermal and combustion in manufacturing
industry), represent 38% of NOx emissions to the atmosphere in
2003. Thus, industrial processes and mobile sources contribute
90.8% to 2003 total NOx emissions.

3. Model simulations

Simulations of photochemical compounds were carried out
using a regional version of the CHIMERE chemistry-transport
model. This version (V200603par-rc1) 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.

Six-month periods (from April 1 to September 30) were
simulated with the CHIMERE model for 2003–2005. These periods
were chosen because it is important to have air quality forecast in
these months with highest radiation, when most polluted episodes
take place in Spain. Vingarzan (2004) describes the annual

Table 1
Definition of the metrics used in the evaluation of the CHIMERE model performance

Mean bias

BMB ¼
1
N

X
ðMi � OiÞ ¼ M � O

Mean normalized
bias

BMNB ¼
1
N

X�
Mi � Oi

Oi

�
¼
�

1
N

XMi

Oi
� 1
�

Mean absolute
gross error

EMAGE ¼
1
N

X
jMi � Oij

Mean normalized
absolute error

EMNAE ¼
1
N

X�
jMi � Oij

Oi

�

Correlation
coefficient

Corr: coef : ¼
P
ðMi �MÞðOi � OÞnP

ðMi �MÞ2
P
ðOi � OÞ2

o1
2

Daily ozone profile

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
hours

m
i
c
r
o

g
r
/
m

3
 

Observations - Rural
background stations
Observations -
Urban&suburban
background stations

Model - Urban&suburban
background stations
Model - Rural background
stations

Fig. 1. Daily ozone profile, calculated for the 6-month period, 2003 at rural background
station and urban and suburban background stations. The model estimates a similar
daily profile for rural and urban and suburban sites. Observations show different ozone
profiles for both station types.

Table 2
Analysis of CHIMERE model performance for hourly ozone

Station
type

All available stations Common stations

BMB (mg/m3) BMNB (%) EMNAE (%) NS BMB (mg/m3) BMNB (%) EMNAE (%) NS

2003
RB �9.6 �7.6 14.3 28 �8.1 �6.3 13.5 17
SB �4.2 �2.3 15.2 13 �5.5 �3.4 15.7 9
UB �3.6 �1.8 16.1 17 �2.9 �1.1 15.8 10

2004
RB �9.2 �7.5 13.4 25 �10.1 �8.2 13.5 17
SB �3.2 �1.5 13.4 14 �4.7 �2.8 14.6 9
UB 2.6 �1.1 13.8 16 �0.6 0.7 13.1 10

2005
RB �10.7 �8.6 14.5 47 �11.6 �9.4 14.8 17
SB �5.1 �3.4 13.6 30 �7.8 �5.6 15.2 9
UB �5.1 �3.6 13.0 29 �3.6 �2.2 13.4 10

Statistics were calculated using all the available stations for every year (left side of
the table) and using the same set of stations for the 3 years (‘‘common stations’’,
right side of the table). NS: number of stations; cutoff: 80 mg/m3.
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background ozone cycle over the mid-latitudes of the Northern
Hemisphere being characterized by a spring maximum peaking
during the month of May. In Spain, maximum hourly values at rural
background sites are usually registered in August, July or June.

Because of the possible influence of long range pollutant
transport the model system was first used at European scale over
a domain ranging from 10.5W to 22.5E and from 35N to 57.5N
with a 0.5� horizontal resolution and 14 vertical sigma-pressure
levels extending up to 500 hPa. The focus over the Iberian
Peninsula was achieved by simulations over a fine-scale domain
with a 0.2� 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 database for 2003 (Vestreng et al.,
2005). Original EMEP emissions were disaggregated taking into
account the land use information, in order to get higher resolu-
tion emission data. The spatial emission distribution from the
EMEP grid to the CHIMERE 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). For each
SNAP activity sector, the total NMVOC emission is split into
emissions of 227 real individual NMVOC according to the AEAT
speciation (Passant, 2002), and real species’ emissions are
aggregated into model species’ emissions. Biogenic emissions are
computed according to the methodology described in Simpson
et al. (1995), for alpha-pinene, NO and isoprene. First, they are
computed for standard meteorological conditions, using vegeta-
tion and soil inventories (Simpson et al., 1999); then, these
emissions are tuned according to the meteorological conditions
prevailing during the simulation period.

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, as described in Vautard et al.
(2005).

The MM5 model (Grell et al., 1995) was used to obtain
meteorological input fields. The simulations were carried out for
a coarse domain and a finer one, with respective resolutions of 36
and 19 km. MM5 simulations are forced by the National Centre for
Environmental Prediction model (GFS) analyses at both scales.

4. Description of the evaluation process

In the last decades Spain has made some important progress
regarding the knowledge of air quality. The number of air quality
monitoring stations covers currently the whole territory. Quality of
the measurements has also increased and presently many pollut-
ants are being monitored routinely accordingly to the EU air quality
directives and EMEP requirements.

In order to evaluate the CHIMERE ozone simulations, hourly and
daily ozone concentrations were compared to observations
separately for rural, suburban and urban background stations.
Traditional metrics commonly used in model evaluation (Tesche
et al., 1990; Yu et al., 2006; Chang and Hanna, 2004), such as mean
bias, mean normalized bias, mean absolute gross error, mean
normalized absolute error and correlation coefficient, were
estimated for the three pollutants (O3, NO2 and NO). Definitions of
these metrics are indicated in Table 1.

Due to the different number of available stations for each year,
the evaluation process was done in two ways: (1) using all the
available observations, in order to have the most complete picture
of the quality of model predictions and (2) using a homogeneous
set of stations for all the 3 years (referred as ‘‘common stations’’ in
Table 2). These stations have been used by the Environment
Ministry to report to the European Commission about the air
quality in Spain. A statistical evaluation of the model performance
for nitrogen oxides (NO2 and NOx) was also carried out, for 2003
and 2004.

Bearing in mind the use of CHIMERE model for background air
quality assessment, cutoff levels were set up when computing
the statistics for model performance for ozone and NOx. No cutoff

Table 3
Hourly ozone statistical values for background rural stations

Station code Station name Longitude Latitude BMB (mg/m3) BMNB (%) EMNAE (%)

1016001 IZKI �2.5 42.66 �5.8 �4.4 10.9
1055001 VALDEREJO �3.23 42.84 �2.3 �1.2 10.5
6016999 BARCARROTA �6.92 38.48 �4.5 �3.7 10.4
8298008 BD-VIC 2.24 41.94 �9.9 �7.4 15.6
12099001 SANT_JORDI 0.37 40.56 �4.1 �2.5 12.2
12141002 ZORITA �0.17 40.73 �9.4 �7.7 12.1
17001002 AL-AGULL 2.84 42.39 �8.2 �6.5 14
17032999 CABO_CREUS 3.32 42.32 �6.1 �4.1 14.6
17125001 AK-PARDIÑAS 2.22 42.31 �12.6 �10.5 14.4
18189999 VIZNAR �3.47 37.24 �7.0 �6.1 11.8
19061999 CAMPISÁBALOS �3.14 41.28 �12.7 �11.3 14.1
20016001 PAGOETA �2.15 43.25 �9.3 �7.8 17.2
25051001 AZ-BELLV 1.78 42.37 �13.7 �11.5 14.8
25224999 ELS_TORMS 0.72 41.39 �4.3 �2.7 10.9
27058999 O_SAVIÑAO �7.7 43.23 1.8 2.3 14.1
28027001 BUITRAGO �3.62 40.98 �16.7 �13.6 16.2
28051001 CHAPINERÍA �4.2 40.38 �19.3 �17.6 20.4
28068001 GUADARRAMA �4.1 40.68 �20.7 �17.3 20
28123001 RIVAS-VACIAMADRID �3.5 40.32 1.9 2.7 11.3
28133001 SAN_MARTIN �4.3 40.38 �24.2 �19 20.4
33036999 NIEMBRO �4.85 43.45 1.2 1.8 14.3
39086001 LOS_TOJOS �4.25 43.15 �16.1 �13.7 17.2
41059001 ALJARAFE �6.04 37.34 �16.4 �13 16.8
43064001 AY-GANDESA 0.44 41.06 �1.7 �0.7 13.2
44054001 CAMARENA �0.02 41.1 �20.0 �15.1 17.5
45153998 RISCO_LLANO �4.35 39.52 �11.6 �9.2 12.3
46263999 ZARRA �1.1 39.09 �3.6 �2.5 9.4
49149999 PEÑAUSENDE �5.87 41.29 �13.3 �10.7 14

Cutoff: 80 mg/m3.
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was used for correlation coefficients, in order to have the
complete picture of the temporal behaviour of the model.
Regarding ozone, only statistics for moderate-to-high ozone
concentration cases (more important for human health
protection) were considered by selecting predicted–observed
value pairs when hourly observations were equal to or greater
than the cutoff of 80 mg/m3. For NO2 and NOx a cutoff value of
5 mg/m3 was used. In addition, statistics parameters for daily-
maximum ozone values are included in Section 5.

Time series showing model and observed daily values (O3, NO2)
at some rural stations are also included in order to illustrate the
behaviour of the model in a graphical way.

5. Results

First of all, an analysis of the ozone diurnal cycle was done for
each station type, in order to examine the hourly ozone evolution at
the different sites. Fig. 1 shows the mean diurnal profile for ozone at

2003- BIAS FACTOR AT RURAL BACKGROUND STATIONS 
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Fig. 2. Distribution map of bias for rural background station (top of the figure) and urban and suburban background stations (bottom of the figure).
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rural and urban and suburban background sites, considering all the
observed and modelled ozone hourly values for the 2003 6-month
period. Observations indicate that the diurnal cycle at suburban
and urban stations presents lower ozone values than rural back-
ground stations, especially at nighttime. Nevertheless, the model
tends to show a similar profile at all station types, similar to that at
rural background stations. The mean O3 profile observed at rural
sites is well reproduced by the model. Nevertheless, minimum
values observed at urban and suburban stations are not

reproduced. This fact is likely related to model resolution. As NOx

emissions are being distributed over a 0.2� � 0.2� area, it is hardly
possible to represent the ozone destruction that occurs over urban
or suburban areas with higher NOx concentrations during
nighttime.

Table 2 reports the statistical results for ozone, using hourly
ozone values for the three 6-month periods. Left side of this table
reflects the statistical results when all the available stations were
used (different number of available stations in 2003–2005). Right

2003- CORRELATION COEFFICIENT AT URBAN AND SUBURBAN
BACKGROUND STATIONS

Corr > 0.7
0.5 < Corr < 0.7
Corr < 0.5

2003- CORRELATION COEFFICIENT AT RURAL BACKGROUND STATIONS

Corr > 0.7
0.5 < Corr < 0.7
Corr < 0.5
EMEP sites

Fig. 3. Distribution map of correlation coefficients for rural background station (top map) and urban and suburban background stations (bottom map).
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side of the table shows the statistical results when the same set of
stations is used for the three 6-month periods (‘‘common sta-
tions’’). Statistical values for hourly ozone at the individual rural
background stations are shown in Table 3.

The US EPA (1991) suggested a range of�5–15% as an acceptable
guideline of model performance for normalized bias. When back-
ground rural stations in 2003 are considered (Table 3), just three
stations, all of them located in Madrid area, do not meet the criteria
of acceptable model performance with respect to this guideline.

Palacios et al. (2004) have shown the influence of Madrid on
regions located 100 km away from the city, which could suggest
that these stations are not rigorously measuring background levels.
When averaged overall sites (Table 2), however, mean normalized
bias for rural background stations in 2003 is �8%, well within the
EPA’s criterion. This value indicates that the model tends to under-
predict hourly observed values higher than 80 mg/m3. Also, mean
normalized bias presents acceptable values for the suburban and
urban stations, and for the 3 years considered in this study. The
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EPA’s guideline for mean normalized absolute error is 30–35% for
an acceptable level of model performance. Compared with this
guideline, all the rural background stations in 2003 meet the
criteria (Table 3). When averaged overall monitoring sites, the
criteria are achieved for all the station types and for all the years, as
it can be observed in Table 2. The errors in 2005 for rural
background stations are higher than those in 2004 and 2003, when
we compare error values for ‘‘common stations’’ (right side of Table
2). This small increase in error values could be related to the fact
that emission data correspond to the 2003 EMEP emission
inventory.

Maps in Fig. 2 show the spatial distribution of bias in 2003
for background stations. Bias maps reveal that highest ozone
underestimations are located in Madrid area. In addition, we
evaluated the correlation coefficient in 2003 for rural, urban and
suburban stations, as it is presented in Fig. 3. These maps

indicate that a high number of rural stations are presenting
a very good correlation, with a correlation coefficient higher
than 0.7, generally located in less mountainous areas. Never-
theless, there are also some urban and suburban background
stations presenting a lower correlation, including those located
Southern and Southeastern Spain. This area presents a complex
topography and the model resolution is not adequate to satis-
factorily represent the dominant atmospheric circulations and
transport patterns. Palau et al. (2005) have shown that in
a complex-terrain coastal site, such as Mediterranean area, using
an inadequate scale to solve the meteorology can result in a very
big gap in the simulation of lower-layer pollutant behaviour at
urban scales.

Time series plots for some representative sites, demonstrating
patterns of modelled and observed ozone concentrations over the
entire 6-month period for 2003, are shown in Fig. 4. These pictures

Table 4
Daily-maximum ozone statistical values for background rural stations

Station type Corr. Coeff. BMB (mg/m3) BMNB (%) EMNAE (%)

Ozone peaks 2003 (common stations)
RB 0.67 �10.7 �6.3 14.7
SB 0.74 �15.9 �10.7 15.5
UB 0.65 �4.2 0.1 15.9

Ozone peaks 2004 (common stations)
RB 0.60 �11.6 �6.1 16.7
SB 0.59 �12.6 �7.9 16.1
UB 0.55 2.0 6.9 18.2

Ozone peaks 2005 (common stations)
RB 0.63 �13.5 �8.6 16.3
SB 0.58 �15.1 �6.1 22.0
UB 0.60 �2.5 1.8 15.9
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Fig. 5. Time series showing daily peaks (maximum hourly ozone value/day).

Table 5
Analysis of CHIMERE model performance for NOx and NO2

Station type BMB

(mg/m3)
BMNB

(%)
EMNAE

(%)
NS BMB

(mg/m3)
BMNB

(%)
EMNAE

(%)
NS

NOx – 2003 NO2 – 2003
RB �3.8 �15.8 52.8 20 �1.6 �3.3 52.8 19
SB �21.3 �51.8 64.1 16 �11.8 �36.4 62.4 16
UB �30.3 �47.6 66.6 15 �15.3 �34.9 65.3 16

NOx – 2004 NO2 – 2004
RB �4.4 �24.1 53.2 20 �2.1 �11.5 60.3 19
SB �24.5 �54.9 66.6 16 �13.1 �41.0 62.8 16
UB �25.2 �49.5 69.5 15 �13.6 �35.0 68.4 16

NS: number of stations.
Statistics were calculated for hourly values. The same set of stations was used for the
2 years.
Cutoff: 5 mg/m3.
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show the daily averaged ozone values for some rural background
stations. These stations represent an area similar to that repre-
sented by the model grid point. Graphics indicate that ozone values
predicted by the CHIMERE model are in a fair agreement with
observed values at all rural background sites. Presently, the air
quality modelling group in CIEMAT is carrying out deeper studies in
order to determine the areas where the model is providing the best
and worst results and to identify the reason for the discrepancies.

An evaluation of daily ozone maximum was also carried out.
Table 4 shows statistics calculated for daily ozone peaks for
background stations (urban, suburban and rural station types).
Statistics for the 3 years present acceptable values, with mean

normalized bias values between �10.7 and 6.9%. In spite of these
results, a general underestimation is observed, especially for rural
and suburban background stations, presenting higher ozone
observed values. Fig. 5 includes time series of observed and
modelled hourly maximum ozone values for rural background
stations. This figure illustrates the fact that the model tends to
reproduce time variations, although highest observed values
(higher than 160 mg/m3) are clearly underestimated by the model.
Time series for ‘‘280133001’’ site (a rural background station
located in Madrid surroundings) in Fig. 5 illustrate this behaviour.
Further studies are required to clarify the reasons for this
underestimation, especially over Madrid area, but it seems to be

2003: 6-monthly mean of NOx concentrations.
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Fig. 6. 2003 Six-monthly mean of NOx concentrations for all the background station types. NOx levels for urban background stations present the highest values.
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related to the need of a higher resolution emission inventory. In
addition, parameterizations for dry deposition and biogenic emis-
sions for high temperature must be revised. Also, other aspects,
such as contribution from forest fires in Portugal, temperature
prediction or model performance for upper levels, need to be
evaluated in order to identify the model limitations. Other models
running with a higher resolution (5� 5 km2) were able to fit well
the atmospheric circulations and the photochemical pollution in
the Greater Madrid Area for 1992 and 1995 (Martin et al., 2001;
Palacios et al., 2002).

Table 5 presents statistical results for hourly NOx and NO2

concentrations when the observed value was higher than 5 mg/
m3. The same set of stations was used for both 2003 and 2004.
Chemiluminescence NO/NOx/NO2 analyzers can respond to
other nitrogen containing compounds, such as peroxyacetyl
nitrate (PAN), which might be reduced to NO in the thermal
converter (Winer et al., 1974). Although atmospheric concen-
trations of these potential interferences are generally low
relative to NO2 (especially in urban areas) we added modelled
PAN and HNO3 compounds to modelled NO2, in order to
compare model results to NO2 and NOx observations. Statistical
values in Table 5 indicate an underestimation of NOx and NO2,
especially for urban and suburban stations. Lower errors are
found for rural background stations. According to Carter (1994),
the availability of NOx in the environment is the single most
important factor affecting reactivity rankings. Since the reaction
between OH radicals and NO2 is an important radical termina-
tion process, NOx inhibits ozone under high NOx conditions.
Fig. 6 illustrates the fact that urban and suburban background
stations register higher NOx levels than rural stations due to the
proximity to NOx sources. This figure shows the 6-month mean
of NOx concentration for 2003 and for each station. NOx levels
are significantly higher for suburban and urban stations. The
simulations’ resolution dilutes emissions in large grid cells,
resulting in an underestimation of NOx close to the sources. It is
clear that higher resolution simulations must be carried out. In
Fig. 7, comparisons between observed and predicted NO2

concentrations for some monitoring sites are presented. Model
predictions tend to reproduce the daily NO2 variation at many
rural background stations. In order to understand why negative
bias is observed for both ozone and NO2 close to Madrid city,
a deeper analysis was carried out. Fig. 8 shows hourly observed
and predicted concentrations for both NO2 and ozone at the
urban background ‘‘28092005 Móstoles’’ site on July 30–31,
2004. This station is situated about 24 km southwest of Madrid.
Time series in the figure indicate that ozone underestimation
occurs during daytime, when a good agreement is found
between modelled and observed NO2 concentrations. Never-
theless, underestimation of NO2 takes place between 4:00 and
8:00 in the morning and during the evening. A deeper study is
being conducted in order to determine the reasons for that
behaviour, such as resolution, errors in emission temporal
distribution or problems with MM5 predicted temperature.
Regarding meteorological variables, an underestimation of very
high temperatures is found over Madrid. Fig. 9 contains the
modelled temperature at Getafe station, located 13 km south of
Madrid for July 30–31, 2004.

6. Conclusions

One of the main interests of air quality modelling lies in the
possibility of applying models for forecasting or for scenario
analysis. Predicting air quality has important applications, such as
informing and preventing standards exceedances, protecting
human health or designing strategy plans to reduce air quality
levels.

To be used as a forecasting tool, a system-model must be capable
of reproducing observed values in order to demonstrate that it
described dispersion and chemical processes in the atmosphere
adequately. In this paper we evaluated the performance of the
CHIMERE model, using all the modelled and observed hourly values
available at all the background stations in Spain in 2003–2005, for
the period between April 1 and September 30.

Using a resolution of 0.2� � 0.2� and regridded EMEP
emissions, the CHIMERE model provides ozone results in a fair
agreement with observations for all the background stations and
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Fig. 7. Time series showing daily averaged modelled and observed NO2 for rural
background stations in the period April–September 2003.
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for the 3 years considered and presents statistical results inside
the suggested EPA range (Tesche et al., 1990) for mean bias, mean
normalized bias and mean normalized absolute error. For rural
background stations, best reflecting areas similar to model
resolution, statistics values in 2003 are better than those in 2004
and 2005, possibly due to the use of the 2003 emission
inventory. This study reveals a significant underestimation of
ozone levels over Madrid surrounding areas. This behaviour
indicates that precursor transport to these areas is not being well
represented by the model. As emissions were derived from the
50� 50 km2 resolution EMEP database, simulations which will
require higher resolution emission data are needed to improve
model predictions in the vicinity of a large city as Madrid. Other
potential causes of the underestimation, such as pollutant
transport from forest fires in Portugal, dry deposition and
biogenic emissions’ parameterizations for high temperature,
temperature underestimation, emissions temporal distribution or
model prediction at upper layers, must be analysed.

The evaluating exercise for NOx using rural background stations
indicates that the model is able to reflect background processes. For
suburban and urban background stations, higher errors are
revealed, related to the higher levels of NOx around these
monitoring sites that cannot be represented by the model at this
resolution. Despite the limitations, the results presented in this
study for ozone and NO2/NOx suggest that the CHIMERE model
with a resolution of 0.2� � 0.2� and EMEP emissions in Spain can be
used to predict or reproduce rural background levels, but that
a higher resolution is needed to improve the predictions for
suburban or urban background station.
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Kerschbaumer, A., de Leeuw, F., Minguzzi, E., Moussiopoulos, N., Pertot, C.,
Pirovano, G., Rouil, L., Schaap, M., Stern, R., Tarrason, L., Vignati, E., Volta, M.,
White, L., Wind, P., Zuber, A., 2007. CityDelta: a model intercomparison to
explore the impact of emission reductions in 2010 in European cities in 2010.
Atmos. Environ. 41, 189–207.
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