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Abstract
The CityDelta project Cuvelier et al. [2006. CityDelta: a model intercomparison study to explore the impact of emission
reductions in European cities in 2010. Atmospheric Environment] is designed to evaluate the air quality response of several
emission abatement scenarios for 2010 at the scale of the European continent, and speciﬁcally in the areas where most
people live: the cities. Before evaluating this response, the model simulations in a control case must be evaluated against
observations in order to understand their main strengths and weaknesses. In this article six different models are used to
simulate a full year (1999) of air quality pollutant concentrations over domains encompassing a large area around four
major European cities: Berlin, Milan, Paris and Prague. Three models are used both at large-scale (typically 50 km) and
small-scale resolution (5 km). The intercomparison of the simulation results for ozone and particles smaller than 10
microns (PM10) leads to the following conclusions:
(i) Models capture fairly well the mean, daily maxima and variability of ozone concentrations, as well as the time and intercity
variability. However, a signiﬁcant overestimation of ozone in city centres is found especially for large-scale models.
(ii) PM10 simulation skill is generally poor, and large-scale models underestimate their mass. The difference between
Milan (highly polluted) and the other cities is not reproduced. All models have difﬁculties in capturing the observed
seasonal variations.
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(iii) The ﬁne scale models show higher PM10 and lower ozone concentrations in urban areas, which are closer to the
observations than are the large-scale models.
r 2006 Elsevier Ltd. All rights reserved.
Keywords: Air quality; Ozone; PM; Model intercomparison; Emission–reduction scenarios

1. Introduction
Despite the important efforts in reducing pollutant emissions in Europe in the last decades,
especially in road transports and in the industry,
there are still only modest signs of improving
concentration levels for some pollutants like ozone
and ﬁne particulate matter. The nonlinearity of
atmospheric chemistry, together with the multiplicity of diffuse pollutant sources, including biogenic sources which can amplify concentrations,
may partly explain this behaviour. The rising
background levels, of ozone in particular (Simmonds et al., 2005), associated with intercontinental
transport (Derwent et al., 2004) also have a
potentially signiﬁcant role, and are a major concern
since they increase the part of pollution that cannot
be regulated at the European scale.
Nevertheless the regional emission contribution
to air quality in Europe will remain dominant
within the next decade and countries must carry
on their efforts in reducing primary pollutant
emission in a cost-effective manner. The clean air
for Europe (CAFE) programme of the European
Commission aims at developing the technical
knowledge and tools for a long-term strategy and
integrated policy on emission regulation in order to
prevent signiﬁcant negative effects of air pollution
on the human health and the environment. As
ozone, particulate matter and NO2 have adverse
effects on health and ecosystems, the decrease of the
levels for these pollutants is of particular emphasis
in CAFE.
The only way to evaluate the impacts of air
quality policies at the scale of Europe in detail is
through numerical air quality modelling. During the
last two decades or so several chemistry-transport
models have been developed in Europe and elsewhere. Given hourly emissions, meteorological
ﬁelds and chemical boundary conditions, these
models describe the time evolution of several tens
of chemical compounds and aerosols. Today the
increase in computer power and memory make

models able to perform long simulations of several
months or a year in a reasonable time.
There is a wide spectrum of options when
building a model: the horizontal and vertical
resolutions, the chemical mechanism, the method
of resolution, the aerosol description and physics, as
well as many other physical and chemical processes.
While all these options are generally based on
validated and published individual processes, parameterizations and methods, their integration into a
chemistry-transport model leads to possible accumulation or compensation of errors. These problems may spoil the simulation of air quality as well
as the numerical evaluation of the impact of
emission changes on air quality.
Modelling uncertainty can hardly be handled
using one single model. That is why within CAFE it
has been recognized that the spectrum of responses
of several models to given emission scenarios has a
clear added value relative to the response of a single
model. The basic underlying hypothesis is that the
spread of responses provides the uncertainty of
these responses. The CityDelta project, whose
overview is given in Cuvelier et al. (2006), aims at
giving the range of model responses to realistic
emission scenarios for 2010. It is an open project in
which 16 models participated. Since long-range
transboundary pollution problems in Europe are
usually tackled with regional scale models such as
the EMEP Eulerian model (http://www.emep.int),
with resolution of the order of 50 km, another key
objective of CityDelta was to determine the
amplitude and sign of the simulation errors
generated by the lack of resolution in and around
cities, where concentration gradients are expected to
be large. Several models were therefore used at
different resolutions and simulated a long-term
period, the Year 1999 over several European cities
and their neighbourhood.
Before being used for the evaluation of the impact
of emission scenarios, the participating models or
model versions have to be evaluated against
observations. The main purpose of this article is
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to assess the ability of the ensemble of models used
in CityDelta to represent the actual present concentrations of pollutants. This validation stage is
part of the CityDelta project but is not its main
purpose. Several questions are addressed in this
article:
(1) What is the skill of state-of-the art models in
simulating air quality within European cities
and in their vicinity?
(2) How is model skill dependent on the city and
how large is its variability among models?
(3) How poorer is the skill of regional models, with
a typical resolution of 50 km, as compared to
city-scale models, with a typical resolution of
5 km.
(4) Do models have sufﬁcient skill to be used for the
evaluation of emission regulation policies at the
scale of the continent and its main cities?
In order to answer these questions we perform a
statistical analysis of the comparison between model
simulations and observations over the validation
year (1999) over four city areas: Berlin, Milan, Paris
and Prague. Only results from models participating
to the so-called second phase of the CityDelta
project were considered, where the main focus was
on PM, which was not considered in the ﬁrst phase
of City Delta. This choice is motivated by the more
complete and homogeneous model results available.
Some models participating to the ﬁrst phase
(Cuvelier et al., 2006) did not participate to the
second phase because they could not be operated
over very long periods or were in a too early
development stage especially concerning the ability
to calculate PM10 concentrations and its chemical
composition. In this article, for the sake of
concision we only evaluate ozone and particulate
matter.
Model intercomparisons have already been carried out with various objectives. In the course of the
EUROTRAC European programme, a regionalscale model intercomparison for ozone simulation
has been carried out over the year 1995 and the
responses to emission changes (Roemer et al., 2003).
The evaluation of the ability of models to simulate
inorganic aerosol compounds has also been evaluated in the framework of EUROTRAC (Hass
et al., 2003). A group of regional models have also
been evaluated over a season in the context of daily
forecast of ozone (Tilmes et al., 2002). Recently, a
model intercomparison has been performed in the
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framework of the Uniﬁed EMEP model (van Loon
et al., 2004). However, an intercomparison over
several cities with several models and resolutions,
over one full year has never been performed. The
completeness of the intercomparison study in
CityDelta is therefore unique.
Section 2 describes the experimental setup:
models, input data, observations and simulations.
Section 3 gives the results obtained for ozone and
Section 4 the results for particulate matter smaller
than 10 mm (PM10). Section 5 contains a synthesis
and a brief discussion.
2. Experimental setup
This section gives technical details about the
numerical experiments that were performed in the
second phase of CityDelta. Since this article focuses
on the model validation, only the control simulation
is considered, the analysis of the scenario results
being left for another article (Thunis et al., 2006).
2.1. Cities and model horizontal grids
Four cities were retained in the second phase of
CityDelta: Berlin, Milan, Paris and Prague. This
choice was motivated by the large size of the cities,
therefore subject to a signiﬁcant pollution, the
representativeness of various European climates,
the availability of emission inventories, and also the
experience of the modelling teams.
For each city a minimal model simulation domain
of 300 km  300 km around the city was imposed on
modelling groups. These domains are among those
represented in Fig. 1 of Cuvelier et al. (2006). For
each city, modelling teams were asked to provide
results on a 5 km  5 km grid, whatever the model
resolution actually was. The model resolutions
differ from one case to another, but can be basically
classiﬁed into two categories: large-scale (LS)
models with a resolution of about 50 km and ﬁnescale (FS) models with resolutions in the order of
5 km. Some models are used at both resolutions.
Table 1 summarizes the characteristics of each city
urban area, the emission annual totals, the model
simulations that were performed for that city and
the actual model resolution used.
2.2. Emissions
The model emissions used in CityDelta are
described in Cuvelier et al. (2006) to which the
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Fig. 1. Top panel (a): Observed (central gray bar) grand mean ozone concentrations for each city, together with the values for each model
of CityDelta (coloured bars). Left (resp. right) to the observations are the results for large-scale (resp. small scale) models. The colour is
kept the same for a given model and different resolutions. Concentrations are in ppb. Middle panel (b) shows the same as (a) for the Ox
concentrations instead of ozone. Bottom panel (c) shows the same as top panel (a) for the selected rural stations.

reader is referred for further details. Here we brieﬂy
recall the main characteristics of the inventories.
All models used the same emission inventories,
adapted to their case. For model simulations at
continental scale, emissions are based on EMEP/
TNO (Vestreng, 2003). This inventory is provided
by EMEP and contains annual totals for Year 2000
on a 50 km  50 km grid covering Europe. Emissions for 2000 were used despite model simulations
used 1999 as the meteorological year, because 1999
summer climate was more representative than
summer 2000 (windy and cool, with only a few
ozone episodes).

The EMEP inventory cannot be used as such in
chemistry-transport models. Several operations
have to be performed beforehand. The annual
emissions have to be transformed into hourly
emissions. That is done by applying, for each SNAP
level 1 activity sector, seasonal, weakly and daily
time proﬁles provided by the University of Stuttgart. Then emissions have to be distributed into
model species. For NOx this generally consists in
assuming a fraction f NOx of emissions as NO and
the rest as NO2. LOTOS uses f NOx ¼ 0:95, REM
uses f NOx ¼ 0:95, In CHIMERE, f NOx ¼ 0:90, the
remaining 10% are distributed as 9.2% of NO2 and
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Table 1
Some characteristics for each city population (source: www.demographia.com), annual total of NOx (in thousands of tons of equivalent
NO2), non methanic volatile organic compound (NMVOC), and effective model resolutions used, in km or degree
City

Berlin

Milan

Paris

Prague

Population of area (M)
Inventory resolution (km)
NOx annual
NMVOC annual
PM10 annual
CHIMERE-LS
EMEP
LOTOS-LS
REM3-LS
CHIMERE-FS (km)
CAMx (km)
LOTOS-CITY
REM3-CITY (km)
# of O3urban sites
# of O3 suburban sites
# of O3rural sites
# of PM10 sites

3.9
2
301
298
67
1
2degree
50 km
0.25  0.5 latlong
0.25  0.5 latlong
4
—
5  5 km2
4
13
0
2
3

3.7
5
453
656
92
Same
Same
Same
Same
5
5
Same
4
7
3
3
4

9.6
3
377
477
96
Same
Same
Same
Same
6
—
Same
4
10
3
1
4

1.2
5
341
263
68
Same
Same
Same
Same
5
—
Same
4
0
3
1
8

Note: These are the numbers for all stations we received data for (excepted street canyon ones).

0.8% of HONO. EMEP uses f NOx ¼ 0:95, for
CAMx f NOx ¼ 0:96 and for OFIS f NOx ¼ 0:90.
The non-methane volatile organic compound
(NMVOC) emissions need to be adapted to the
different chemical schemes used by the models.
Models using CBIV-based mechanisms directly
apply a speciation matrix allocating the speciﬁc
VOC-species based on their carbon bonds to the
CB-species. Other models using the chemical
schemes EMEP (Hov et al., 1985), MELCHIOR
(Lattuati, 1997), generally proceed in two steps: (i)
Total NMVOC mass is speciated into a certain
number of real individual compounds. This was
done by using the Passant (2002) speciation, which
depends on SNAP level 1 activity categories, and
(ii) real NMVOCs are distributed in model
NMVOC lumped classes using the Middleton
et al. (1990) procedure. Finally the emissions are
projected onto the model grid.
For city-scale emissions, high resolution inventories were prepared by local participants. Milan
emissions, based on the Regione Lombardia inventory, gridded by TERRARIA cover the whole
Lombardy region with a resolution of 5 km. PM2.5
and PM10 estimates are based on three different
sets of emission factors sources (TNO-CEPMEIP,
IIASA, Lombardy region). Paris emissions are
described in Vautard et al. (2003) and were prepared
by the AIRPARIF air quality monitoring organiza-

tion. Initially PM10 and PM2.5 emissions were not
available in the inventory. As a ﬁrst guess both
species emissions were estimated by using the SNAP
level1-detailed EMEP/TNO PM10/NOx emission
ratios averaged over the emission area, and applying
these ratios to city-scale NOx emissions in order to
have spatially and temporally distributed emissions
for PM10 and PM2.5. The Berlin emission inventory covers Berlin, Brandenburg, Sachsen and
Sachsen-Anhalt with a spatial resolution of approximately 2 km whereas the Prague inventory was
constructed from the data provided over the entire
Czech Republic with a spatial resolution of 5 km.
For Berlin, simple scaling factors were used between
PM10 and PM2.5 or TSP depending on the activity
sector while, for Prague, PM estimates have been
scaled to EMEP values and spatially allocated
according to NOx. For some cities the inventory
did not cover the whole 300 km  300 km required
simulation area. In such cases EMEP emissions
were used as a complement. Double counting of the
emissions was avoided by subtracting city emissions
from EMEP cell totals.
For some species and some cities, city-scale and
regional-scale were not consistent (Maffeis et al.,
2006, manuscript in preparation), especially for
NMVOC and particulate matter, due to differences
in the building methodologies. In this second
phase of the CityDelta project, this problem was

ARTICLE IN PRESS
178

R. Vautard et al. / Atmospheric Environment 41 (2007) 173–188

circumvented by scaling the local inventories to
their EMEP counterparts (see Cuvelier et al., 2006
for more details). The scaled emission annual totals
are given for each city in Table 1.
2.3. Observations
Air quality observations come from surface
monitoring automatic stations operated by local
air quality organizations (Berlin: German Federal
Environment Agency; Milan: Regione Lombardia;
Paris: AIRPARIF; Prague: Czech Hydrometeorological Institute). Monitoring sites used in this
model validation are classiﬁed as background
urban, suburban or rural sites. Trafﬁc monitoring
stations are not considered here due to their poor
representativeness at the models resolution. Monitoring data are available for the whole year 1999 on
an hourly basis for O3, NO, NO2 and PM10.
For ozone simulation evaluation, we perform all
statistical analysis over two types of sites: rural sites
and urban (urban background or suburban types)
sites. All available rural monitoring sites where
ozone is measured are used, while we select urban
sites to lie within the central area of the considered
city, and not in the suburbs. The number of sites of
each set for each city is given in Table 1. Averages
and other statistics are calculated separately over
each set of sites in order to distinguish model skill
close to emissions and in the city plume. This
distinction was not possible for PM10 due to the
lack of rural monitoring stations. Only urban sites
are considered. For each city and for each group of
stations, skill statistics are calculated over all
stations data taken together. As there is a large
spread in the number of stations in each group,
statistics themselves have uncertainties varying from
one city to another.
2.4. Models and input data
There are six participating models in the second
phase of CityDelta, and on total nine different
model conﬁgurations. These models are CHIMERE
(Schmidt et al., 2001; Bessagnet et al., 2004), EMEP
(http://www.emep.int), LOTOS (Schaap et al., 2004
and references therein), REM-CALGRID (Stern
et al., 2003), OFIS (Moussiopoulos and Douros,
2005) and CAMx (ENVIRON, 2004). CHIMERE,
LOTOS and REM were used at the two spatial
scales, while EMEP was used only at regional scale
and both CAMx and OFIS only at city scale. Note

that the CAMx simulations only covered the city of
Milan. All participating models simulate both gas
phase and aerosol phase chemistry and physical
processes with state-of-the art parameterizations at
the time of the project (most runs were carried out
in 2004. Both the number of gas-phase species and
the description of aerosols are of the same order of
magnitude, with a few tens of gas species, a few
aerosol modes or sections and 5–7 aerosol chemical
compounds (see Cuvelier et al., 2006). However,both the chemical mechanisms and aerosol processes differ from one model to another, and the
reader is referred to the model description articles
for details.
Vertical resolutions vary from 4 to 6 layers
for models describing the lower troposphere
(CHIMERE, LOTOS, REM3) to 20 layers for
EMEP. This leads to an equivalent boundary-layer
resolution in all cases.
There are signiﬁcant differences in meteorological
forcing: unlike in subsequent studies, in CityDelta
CHIMERE uses the ECMWF 3-hourly short-term
(3–6 h) forecasts with time and space interpolations,
as explained in Schmidt et al. (2001). EMEP uses
the Norwegian meteorological analyses. LOTOS
and REM use the diagnostic meteorological ﬁelds
provided by the Free University of Berlin based on
analysis and optimal interpolation of the ECMWF
observations.
It should be noted that most models used, for the
city calculations, only interpolated meteorological
data from the LS information (REM used meteorological data based on available local land use and
topographical information). This severely hampers
the possible increase in performance of the FS
versus the LS-models. Meteorlogical forcing for
CAMx is an analysis of meteorological variables
was carried out using the ALADIN ﬁelds as
background together with about 40 ground level
stations and 1 radiosounding, using the CALMET
interpolator.
Boundary conditions of the LS models are given
by observed Logan climatological data base for
ozone for EMEP. LOTOS and REM use the Logan
climatologies. CHIMERE uses the monthly climatologies of the global-scale MOZART model
(Horowitz et al., 2003).
At city scale, CHIMERE, LOTOS and REM are
using their own regional-scale concentrations at the
boundaries while CAMx and OFIS are forced at
the boundaries by gas phase and aerosol species
of the EMEP model. In each case a one-way nesting
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2.5. Simulations and procedure
Model simulations are carried out over the full
1999 year. For ozone only the summer season
(April–September) and for PM10 the whole year are
considered in the statistical analysis of skill. The
enormous amount of data produced by the modelling groups was ﬁrst processed before being sent to
Ispra Joint Research Centre. Whatever the model
resolution, concentrations ﬁelds were all interpolated to a 5 km  5 km grid for each city. Then
concentrations in a grid were simply compared to
the station lying in that grid. In order for simulated
values to be comparable to observations the
LOTOS model assumes a concentration proﬁle near
the surface based on the constant ﬂux-approach/
deposition which enables to calculate concentrations at a speciﬁc height above the surface (3.9 m in
this case, the height of the monitoring stations)
while other models directly provide the value as
averaged over the lowest layer.
3. Simulation of ozone
3.1. Model biases
As shown in Fig. 1a, models generally capture the
right order of magnitude of the ozone grand mean
for each city in the city centres, but most of them
have a positive bias. The bias is observed along the
diurnal cycle for most models (not shown). Only for
Prague, LOTOS and CHIMERE FS versions
exhibit a signiﬁcant negative bias. Despite the
general positive ozone overestimations models
exhibit small bias for the Ox ¼ O3+NO2 mean
concentrations. Nitrogen dioxide concentrations are
therefore generally underestimated in the city
centres, and the two biases generally compensate
each other, which is a strong indication that ozone
titration is insufﬁcient in models.
This behaviour could result from a systematic
overestimation of model turbulent mixing near the
ground, or a too thick lowest layer and a too coarse
resolution near the sources, leading to too much
diluted NOx concentrations. However, models use
different meteorological drivers for dispersion in the
boundary layer and ozone bias occurs all day long
(not shown).

For Milan city, CHIMERE has a markedly
different behaviour with a signiﬁcant overestimation of ozone and Ox. Photochemical ozone
production is exaggerated. One explanation is that
LS ECMWF analyses and short-term forecasts have
too weak winds and therefore dispersion in the Po
valley, as also shown by Minguzzi et al. (2005). The
meteorological origin of this problem is corroborated by its disappearance when CHIMERE was
later forced by another model as the MM5
mesoscale model (experiments performed later than
the exercise).
Note that model biases are larger than intercity
means differences, even for Ox. Models therefore
are not accurate enough to simulate the small
intercity differences in city centres for mean
concentrations. Finally ozone overestimations are
absent when rural stations are considered, conﬁrming the sensitivity of model errors to titration in city
centres only.
LS models have a too coarse horizontal resolution to represent the city-scale high nitrogen oxides.
As shown in Fig. 2 ozone LS model biases are all
positive and larger than the biases of their ﬁne scale
versions, except for the REM model which may
result from the different meteorology used in the FS
case. For Ox there is no such difference between FS
and LS models showing that the lower ozone
produced by FS models is speciﬁcally due to ozone
titration, and not to the lack of ozone production
due to the presence of high NOx. Thus the increase
30
Large Scale O3 and OX Mean

(no feedback from ﬁne-scale to LS models) procedure is used.
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Fig. 2. Grand mean ozone and Ox biases (in ppb) of the largescale model versions versus biases of their ﬁne-scale versions, for
the three models with simulations at the two resolutions:
CHIMERE, LOTOS and REM. Each point of the graph
represents stands for a city and a model.
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of resolution generally helps improving the representation of ozone titration, the distribution of Ox
between ozone and NO2 being biased toward ozone
in the LS case.
3.2. Daily average variability
The ability of models to simulate the day-to-day
ozone variability is examined using Taylor diagrams
(Taylor, 2001). In these diagrams time correlation C
between observations and simulations is represented
together with the standard deviation smod of simulations in polar coordinates. The angle from horizontal axis is the arccosine of the correlation
and the radius is the standard deviation. The exact

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
plot represents y ¼ smod 1  C 2 as a function of
x ¼ smod C. The nice property of this graph type is
that the standard deviation of the error, serr, is
the distance between the point (x, y) and the
point (sobs, 0), sobs being the standard deviation
of the observations. Therefore, in the absence of
model bias Taylor diagrams simultaneously show
root mean square error (RMSE), correlation and
standard deviations.
In Fig. 3 Taylor plots of the daily ozone averages
in city centres are shown, all stations being
considered together for the calculation of statistics.
Correlations range between 0.3 and 0.8. There is no
particular superiority of any model for all cities
in terms of correlations. In Berlin LOTOS (LS),
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Fig. 3. Taylor diagrams of the daily ozone averages for all cities. Each graph stands for a city, and each point in a graph represents a
model variability skill measure. Values along the axes are in ppb. The plot represents, for each model, the standard deviation of simulated
values (radius) and the time correlation between simulated and observed values (cosine of the angle to the horizontal axis). For each city
the standard deviation of the observations is shown as the point on the horizontal axis. According to the Taylor plot property circles
centred on this point represent points of equal simulation error standard deviation (or RMSE in the absence of bias). As shown by Fig. 3
error standard deviations are smallest for models which exhibit highest correlations, and range between 5 and 10 ppb.
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0.8
0.7
Correlation (OX)

CHIMERE and REM correlations are leading, with
very similar values near 0.6. CHIMERE has highest
correlations in Paris together with OFIS (about
0.65–0.7). In Prague REM clearly leads (0.7). In
Milan LOTOS correlations are highest but other
models compete with similar correlations around
0.6: CAMx, REM and CHIMERE.
LS simulated standard deviations are usually
smaller than their observed counterparts, showing
that models generally underestimate the daily
average variability. This deﬁciency results at least
partly from lack of resolution since it is much less
pronounced in ﬁne scale models. Variability underprediction occurs along the day and night (not
shown). CHIMERE variability in Milan is much
higher than observed. Again, the excessive stagnation of ECMWF winds in the Po valley can explain
the exaggerated contrast between overestimated
concentrations in sunny episode days and cloudy
days, enhancing the model variability.
Although variability is improved in ﬁne-scale
models, the disappointing result here is that these
latter do not exhibit systematic higher correlations
than their LS counterparts for CHIMERE, LOTOS
and REM. As shown in the Taylor diagrams, a
spatial resolution increase enhances the variability
of the concentrations, but also the amplitude of the
errors due to meteorology, vertical resolution, land
use or other factors.
For all cities but Milan, the correlation coefﬁcient
obtained for Ox is very similar to, and in most cases
slightly greater than, that of ozone (Fig. 4). In
northern cities ventilation makes the daily average
variability of Ox essentially driven by the daily
average variability of ozone advected into the city.
Thus, the skill of models to predict Ox, and to a
large extent ozone, is largely dominated by the skill
of simulated boundary conditions. This is consistent
with a previous analysis of forecast skill over Paris
(Vautard et al., 2001). The slight superiority of Ox
correlation to ozone correlation is an indication of
the difﬁculty of models to correctly simulate local
titration.
For Milan the Ox correlation is always poorer
than the ozone correlation for all models but
CAMx. Due to the Alps dynamical barrier, the city
is less inﬂuenced by regional-scale advection, and
undergoes frequent stagnation. Therefore, Ox variability is due to local meteorological ﬂuctuations and
the skill strongly relies on the model ability to
simulate complex-terrain ﬂows. The bad skill of Ox
daily averages is hard to explain, and may come
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Fig. 4. Model-observation daily average time correlations for Ox
vs. correlations for ozone. Each symbol represents a different city
but all models use the same symbol for each city.

from a difﬁculty in simulating NO2 and other
primary species.
For rural stations the Taylor diagrams (not
shown) display relatively similar structures, but the
differences between large and ﬁne scale models
becomes smaller. Except for a few models in Milan,
the simulated variability is weaker than the observed variability.
3.3. Daily maxima
As shown by Fig. 5, ozone daily maxima
simulations in city centres are also overestimated,
but less than ozone daily averages for Berlin, Paris
and Prague. The ﬁrst reason is that models have a
slightly lower bias during daytime than during
nighttime. Another reason may be that observed
hourly concentrations result from the sum of a
signal representative of the 5 km  5 km resolution,
plus a non representative noise mostly due to
subgridscale heterogeneities. Observed daily maxima are maxima of the sum of the two signals, while
simulated maxima only stand for the ﬁrst representative signal. Therefore there is an inherent methodological bias, due to ﬁnite resolution, when
comparing simulated and observed daily maxima:
ﬁnite-resolution unbiased models should in principle underestimate observed individual-station daily
maxima. Even though this effect remains to be
quantiﬁed, the reduction of bias found here could
therefore result from error compensation. For
Milan most models overestimate the daily maxima.
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Fig. 5. Same as Fig. 1a for the ozone daily maxima instead of daily averages, for city centre stations (top panel) and rural stations (bottom
panel).

As for daily averages CHIMERE has a large
positive bias, and CAMx a negative bias. The
concentration difference between Milan and the
other cities is reproduced by the models. In rural
areas (Fig. 5, bottom panel), biases are less
pronounced, and the differences between LS and
FS models are small.
Taylor diagrams for the daily maxima are shown
in Fig. 6. Correlations between observations and
simulations are generally higher than for daily
averages, meaning that models generally better
capture the daytime variability of ozone than its
nighttime one. Correlations rise to about 0.75–0.85
for CHIMERE in Berlin, for OFIS, CHIMERE and
EMEP in Paris, for REM in Prague. LOTOS and
CAMx have the highest correlation in Milan. The
correlation is not systematically higher in FS models
than in LS models. For Prague the LS correlation is
even systematically higher than the FS one.
Standard deviations are generally underestimated
in all cities, as for daily averages. However, they are
not systematically higher for FS models than for LS
models unlike for daily averages. This is an
indication of the smaller effect of downscaling for
ozone during daytime than during nighttime, due to
a larger nighttime titration.

The ability of models to simulate ozone episodes
is evaluated by the comparison between simulated
and observed 95th percentile of ozone daily
maxima (Fig. 7). In general, models faithfully
reproduce the 95th percentile, for Berlin, Paris and
Prague. In Berlin the largest difference is the
OFIS overestimation (about 20 ppb) and in Prague
the LOTOS underestimation (about 20 ppb also).
In Milan, CHIMERE again signiﬁcantly overestimates the percentile and CAMx underestimates
it. There is a large degree of variability between
models, especially at ﬁne scale, showing that
the ability of models to simulate acute episodes
is strongly variable in the Po valley. The differ
ence between Milan and the other cities is well
reproduced.
We do not observe any systematic improvement
from LS to FS models in the 95th percentile. By
contrast, the ﬁfth ozone percentile (Fig. 7, bottom)
is systematically overestimated by LS models, while
FS models better simulate these values.
In rural areas (not shown) the 95th percentile is
also generally well reproduced, with slight underestimation for most models. Ozone largest
maxima generally correspond to sharp ozone
pollution plume developing downwind of the
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Fig. 6. Taylor diagrams as in Fig. 3 but for ozone daily maxima.

city. The expected improvement due to higher
resolution in such cases is not found in the results.
The ﬁfth percentiles are mostly unbiased for all
models, unlike in the city centres. This conﬁrms
the exclusive role of titration in the city centre
biases, NOx inhibition being much lower in rural
areas.
3.4. The SOMO35 indicator
The statistical link between acute ozone episodes
and short-term premature mortality was established
in several studies (Bell et al., 2004; Gryparis et al.,
2004). One critical parameter relating ozone to
mortality is the daily maximal 8 h-average concentration. As no effect could signiﬁcantly be detected
for values of this average below 35 ppb IIASA
decided to use the integrated daily excess of ozone
8 h-average to 35 ppb as a health indicator, called
SOMO35 (Amann et al., 2005). Here SOMO35 is

calculated over the six summer months only and is
expressed in ppb.day.
As for other ozone statistics, LS models overestimate the SOMO35 indicator in city centres
(Fig. 8). The overestimation factor can be quite as
large as 2–3, such as for Paris. The overestimation is
less systematic in FS models where titration can be
better taken into account. REM exhibits a systematic overestimation with a minor improvement for
the FS version. For Milan CHIMERE exhibits a
strong overestimation by a factor of 2. The error in
the SOMO35 behaves as that in the ozone grand
mean, with ampliﬁcation of the relative overestimation as only excesses to 35 ppb are considered. In
rural areas of northern cities both LS and FS
models but LOTOS simulate the SOMO35 to within
20%. This latter model systematically underestimates SOMO35. For Milan CHIMERE exhibits a
large overestimation while the other models behave
successfully.
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Fig. 8. Comparison of the simulated and observed SOMO35 indicator (in ppb.day) values averaged over the city-centre stations (top
panel) and the rural stations (bottom panel). Colours are as in Fig. 1.

4. Simulation of PM10
For PM10 we only consider daily averages as
health criteria are based on average quantities. As

PM10 measurements are often missing in rural areas
we only consider here city-centre stations. Statistics
are now carried out over the whole 1999 year. In the
analysis of PM10, some model outputs are missing,
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PM10 Grand Mean

such as for LOTOS in Paris and Prague. Not all
aerosol compounds are included in PM10. In
general models include primary and inorganic
particulate matter, but not all models have organic
compounds. In the CityDelta project models do not
include mineral dust.
Except for CHIMERE in Milan, LS models
underestimate the city-centre concentrations of
PM10 by factors sometimes quite large (Fig. 9).
FS models exhibit concentrations 20–100% larger,
because the higher resolution allows a better
account of larger concentrations near the sources.
In Northern cities PM10 mass concentration lies
in the 20–30 mg m3 while for Milan it is twice
larger. This intercity variability is poorly represented by the models: Except for CHIMERE for
which the contrast between Milan and the other
cities is overestimated, the other models show small
intercity variability. In particular the Milan concentrations are too small.
The difference between the behaviour of CHIMERE and other models is difﬁcult to explain
without a careful examination of simulated meteorology, which is beyond the scope of this article.
Nevertheless, the overstagnation of air masses in
ECMWF analyses in the Po valley, as mentioned
earlier, may explain the very large values obtained
for CHIMERE.
The skill of models in simulating the day-to-day
variability of PM10 is examined using Taylor plots
(Fig. 10). Correlations are generally weaker than for
ozone daily averages or maxima (Figs. 3 and 6).
Largest values are obtained for Paris and Berlin,
cities having least stagnant weather conditions.
Models have difﬁculties in correctly simulating the
PM10 variability in Milan, as correlations do not
exceed 0.5.
Quite surprisingly FS model versions have
systematically poorer correlation and larger stan100
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dard deviation than their LS counterpart. The
higher variability in FS models is due to better
resolution of local gradients, which also leads to
errors of larger amplitude and a decrease in
correlation.
For REM the variance is generally underestimated, with an improvement in the FS cases. For
CHIMERE the LS variability is closer to reality
than the FS variability, which is generally too high.
In this model version the processing of ECMWF
analyses, which do not account for urbanization
effects in the surface forcing produced at times very
thin boundary layers in the winter leading to very
high PM10 values. Similar problems were also
found later with MM5 forcing and were tentatively
attributed to the lack of anthropogenic heat ﬂuxes
leading to overestimated atmospheric stability
(Hodzic et al., 2005). Hence the fair standard
deviations for the LS version are due to error
compensation between low resolution, which decreases variability and underestimated dispersion
which increases variability. This problem is particularly acute in Milan where PM10 concentrations
are unrealistically high during some winter days.
Other models behave in an opposite manner, with a
fairly underestimated variability in this city.
The seasonality of PM10 concentrations is not
well reproduced (not shown). In city centres models
exhibit higher average concentrations in winter than
in summer, while this seasonal difference is only
found for Milan in simulations. Again, this could
result for the unrealistic wintertime stability due to
the lack of anthropogenic heat ﬂuxes in meteorological models.
5. Conclusion and discussion
The skill of several models for the simulation of
the concentrations of ozone and particulate matter

PM10 Urban Stations

Paris

Prague

Milan

Fig. 9. Yearly average of PM10 as observed and simulated by all models, in mg m3. Colours and plot settings are as in Fig. 1.
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Fig. 10. Taylor plots of PM10 daily averages for the four cities under study. Symbols as in Figs. 3 and 6.

over 4 European cities has been evaluated and
intercompared, within the framework of the CityDelta project, as a part of the DG Environment
CAFE programme.
For ozone in the three northern cities, it is quite
clear that all models have reasonable skill in the
simulation of concentrations in both city centres
and rural areas located nearby. They also simulate
with success the ozone daily maximal concentration,
95% percentile and SOMO35 differences between
Milan and the Northern-Europe cities. The ozone in
rural areas is simulated with better skill than in
urban areas where rapid ozone inhibition due to
NOx makes it very sensitive to the representation of
mixing near sources and to errors in the meteorological parameters such as boundary layer height
or wind. Most models overestimate ozone mean
concentrations in city centres while no speciﬁc bias
is observed for Ox ¼ O3+NO2 concentrations. This
difference between Ox results and ozone results

shows that ozone titration, insufﬁciently strong in
LS models, having resolutions of about 50 km.
LOTOS and CHIMERE ﬁne scale versions better
capture this titration effect than their LS counterparts.
The bias is also present in ozone daily maxima, to
a smaller extent, but part of this improvement may
be due to error compensation between representativeness of peaks calculated over individual stations
and model bias.
The variability of both simulated daily averages
and maxima is generally underestimated but models
capture well the relative variations, as the time
correlations can be as high as 0.8. The ability of
models to simulate extremes is evaluated by
comparing predicted and observed ﬁfth and 95th
percentiles of daily maxima. The simulation of high
extremes is generally unbiased but the lowest values
are overestimated in city centres. The general
overestimation of daily averages and maxima is

ARTICLE IN PRESS
R. Vautard et al. / Atmospheric Environment 41 (2007) 173–188

therefore due to the difﬁculty of models to simulate
the lowest ozone values, occurring during cloudy or
rainy days when lack of mixing leads to high NOx
concentrations. Finally the simulation of the healtheffect indicator SOMO35 has the same strengths
and weaknesses as the average ozone but the 35 ppb
threshold effect ampliﬁes the deﬁciencies.
The simulation of PM10 concentrations by the
models is poor. LS models largely underestimate
the ﬁne particles total mass, a bias that is reduced in
the FS models, which shows the importance of
resolution in correctly simulating particle levels. The
strong PM10 mean concentration differences between Milan and the Northern-Europe cities is not
reproduced. The skill in the simulation of variability
is poorer than for ozone, with correlations of 0.7 at
best.
A clear overall conclusion from this study is that
the models used in the CityDelta project are skilful
for the simulation of ozone but fail to provide an
accurate prediction of PM10 levels. Whether this
failure is due to uncertainty in our knowledge of the
sources, dynamical or chemical processes is not
yet known. PM10 concentrations are more sensitive to urban boundary layer dynamical processes
than ozone concentrations. Our knowledge in
emission processes is yet very lacunar, especially
concerning suspension and resuspension of deposited particles.
Another conclusion of this study is that ﬁne-scale
models show better performance for PM10 in the
cities, and treat the titration effect better than LS
models. However, these improvements are limited
because models do not generally use small-scale
meteorology, and still have limited vertical resolution. A further increase in horizontal resolution,
down to 1 km  1 km instead of 5 km  5 km may be
necessary to increase further the skill.
No given model is superior to the others. The
spread of simulated mean values, variabilities is
relatively large, presumably encompassing the range
of response to the range of uncertainties in input
model parameters, chemistry, physics or numerics.
It is hypothesized here that this ensemble of models
gives a representation of the uncertainty in our
knowledge. In a future study the statistical properties of this ensemble approach will be quantiﬁed.
However, we cannot neglect the effect of other
numerical processes such as pre- or post-processing
of models simulations, performed independently by
each modelling group that probably yields additional irrelevant uncertainty.
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Going back to the main objectives of CityDelta
and this intercomparison exercise (Cuvelier et al.,
2006), there are good reasons to believe that this
ensemble of models is able to simulate the ozone
response to emission scenarios, as both the time
variability for each city and the inter-city variability
are correctly reproduced for ozone. However, one
has to keep in mind that LS models overestimate
ozone in the city centres due to underestimated
titration, and that most small-scale models also
suffer from this deﬁciency. Depending on the
chemical regime the effect of this bias on a possible
bias in the concentration differences (the ‘‘deltas’’) is
hardly predictable. For PM10, if one assumes that
model biases are due to meteorology or resolution,
the resulting deltas should be linked to the bias of
the concentrations themselves. Since most models
underestimate the concentrations, scenarios should
also give an underestimated response.
As ﬁne-scale models do not clearly exhibit superior skill than LS models, one should not expect a
strong improvement in the accuracy of deltas
simulated by the small-scale models. This disappointing result should however be moderated by the
fact that, at the time simulations were achieved,
most of the models used were still in a stage of
development. The emission inventories also were
quite young and many progresses have been
achieved since then and will be in the near future.
Thus, there are hopes that better resolved models
might show increased performance models in the
future.

References
Amann, M., Bertok, I., Cofala, J., Gyarfas, F., Heyes, C.,
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