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Abstract

Long-term ozone simulations from seven regional air quality models, the Unified EMEP model, LOTOS-EUROS,

CHIMERE, RCG, MATCH, DEHM and TM5, are intercompared and compared to ozone measurements within the

framework of the EuroDelta experiment, designed to assess air quality improvement at the European scale in response to

emission reduction scenarios for 2020. Modelled ozone concentrations for the year 2001 are evaluated. The models

reproduce the main features of the ozone diurnal cycle, but generally overestimate daytime ozone. LOTOS-EUROS and

RCG have a more pronounced diurnal cycle variation than observations, while the reverse occurs for TM5. CHIMERE

has a large positive bias, which can be explained by a systematic bias in boundary conditions. The other models and the

‘‘ensemble model’’, whose concentrations are by definition averaged over all models, represent accurately the diurnal cycle.

The ability of the models to simulate day-to-day daily ozone average or maxima variability is examined by means of

percentiles, root mean square errors and correlations. In general, daily maxima are better simulated than daily averages,

and summertime concentrations are better simulated than wintertime concentrations. Summertime correlations range

between 0.5 and 0.7 for daily averages and 0.6 and 0.8 for daily maxima. Two health-related indicators are used, the

number of days of exceedance of the 120mgm�3 threshold for the daily maximal 8-h ozone concentration and the

SOMO35. Both are well reproduced in terms of frequency, but the simultaneity of occurrence of exceedance days between

observations and simulations is not well captured.
e front matter r 2006 Published by Elsevier Ltd.
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The advantage of using an ensemble of models instead of a single model for the assessment of air quality is

demonstrated. The ensemble average concentrations almost always exhibit a closer proximity to observations than any of

the models. We also show that the spread of the model ensemble is fairly representative of the uncertainty in the

simulations.

r 2006 Published by Elsevier Ltd.
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1. Introduction

The fate of regional air quality in the future
depends on many factors. For the near future the
most important are likely to be the evolution of the
development worldwide, the associated pollutant
emission changes and the subsequent evolution of
the global atmospheric composition (Akimoto,
2003; Dentener et al., 2005). In the far future,
climate change due to radiative forcing modifica-
tions may also affect tropospheric chemistry and
therefore air quality, via water vapor and tempera-
ture and other physical or dynamical changes
(Stevenson et al., 2005). In Europe, and for a nearer
future (say 2010–2030), air quality is affected by a
combination of the evolution of continental emis-
sions and changes in remote emissions (Parrish
et al., 1993) which can alter baseline concentrations
(Szopa et al., 2006). While the latter factor is
impossible to control at the European scale, the
former can be modified by concerted efforts in
European environmental policies. The likely success
of various policies can only be evaluated using
numerical models.

The EuroDelta project is designed to evaluate the
regional responses to emission reduction scenarios,
in support of the European Union Clean Air For
Europe (CAFE) Programme and in the framework
of the Convention on Long Range Transport of
Atmospheric Pollution (CLRTAP, United Na-
tions—Economic Commission for Europe). The
originality of the approach in the EuroDelta project
is twofold: first, several regional air quality models
are used, giving access not only to emission change
response but also to an evaluation of the associated
uncertainty; second, unlike in previous exercises
(Hass et al., 1997), EuroDelta uses long-term
simulations, carried out over two meteorological
reference years, 1999 and 2001. However, in this
article results are only presented for the year 2001.
As described in a future article, for each specific
scenario a set of ‘‘deltas’’ is available, the differences
between the scenario simulation and the base case
simulation.

Before one can trust models’ response to emission
scenarios, a crucial validation stage is required. This
paper focuses on models’ validation and intercom-
parison for ozone; aerosols will be investigated in a
future paper. Within the evaluation of the Unified
EMEP model, a model intercomparison has been
conducted (Van Loon et al., 2004), using the years
1999 and 2001, and to a large extent the same
models. At city scale, a large model intercomparison
has also been carried out (Vautard et al., 2007)
within the CityDelta CAFE project (Cuvelier et al.,
2007). Intercomparisons have also been performed
for regional air quality forecasts (Tilmes et al.,
2002). Many of the models have been recently
improved by the inclusion of new processes or
improvements of process parameterization, thereby
warranting ongoing validation and intercompari-
son. Here, we also consider new indicators that were
not taken into account in previous studies such as
the ‘‘Sum Of Maximum Ozone daily 8-hours means
over 35 ppb’’ (SOMO35: Amann et al., 2005), and
the number of exceedance days of health-related
concentration thresholds.

Seven European state-of-the-art regional air
quality models that have been developed by
independent groups participated in this evaluation
exercise. The focus of the validation is on ozone
over Europe, but additional quantities such as Ox

(sum of O3 and NO2) are considered as well, since
they may provide additional understanding of the
performance of the models. The first aim of the
article is to compare the simulations issued from
these models with a large set of observations, and to
intercompare them.

Another important question addressed here deals
with the ensemble formulation. As shown by several
authors for specific shorter verification periods and
for air quality forecasting, the ensemble average of
several independent simulations is usually closer to
observations than any single simulations (Delle
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Monache and Stull, 2003; McKeen et al., 2005, see
also Delle Monache et al., 2006a,b; Mallet and
Sportisse, 2006). We verify this property with our
set of long-term simulations and give mathematical
arguments to explain this behavior. An ensemble
can only give significant improvements if participat-
ing models have complementary strengths and
weaknesses, and therefore are representative of the
uncertainty in our knowledge. While this specific
question is addressed in detail in a separate paper
(Vautard et al., 2006), we present here a few
arguments in favor of this property for the ensemble
presented in this study.

The paper is organized as follows: Section 2
contains a description of the models, and Section 3
contains a description of the observations. Section 4
presents the overall methodology and the simula-
tions. Section 5 is devoted to the validation and the
intercomparison of the models. In Section 6 we
analyze the ensemble. Section 7 contains the
conclusions.

2. Participating models

To represent, as much as possible, the uncertainty
in our current knowledge of air quality processes,
Table 1

Participating models and their spatial resolution

Model Horizontal resolutiona

and number of cells

EMEP 50� 50 km

(EMEP-MSC-W) 110� 100

RCG 0:5� � 0:25�

(UBA) 82� 125

MATCH 0:4� � 0:4�

(SMHI) 84� 106

LOTOS-EUROS 0:5� � 0:25�

(TNO) 100� 140

CHIMERE 0:5� � 0:5�

(INERIS, IPSL) 64� 46

TM5 Eur: 1� � 1�

(JRC) Glob: 6� � 4�

DEHM Eur: 50� 50km

(NERI) Northern hemisph:

150� 150km: 96� 96

aThe EMEP and DEHM models use a polar stereographic projection.

All other models use geographical coordinates.
we allow all models to freely and independently
utilize their best estimate for most input data and
parameters (horizontal and vertical resolution,
meteorological input, boundary conditions, bio-
genic emissions, etc.). The anthropogenic emissions
(see below) are however defined on a common basis,
because the final aim of the exercise is the
intercomparison of emission control scenarios
defined on a common basis.

The participating models in this study are EMEP
(http://www.emep.int), CHIMERE (Schmidt et al.,
2001; Bessagnet et al., 2004), MATCH (Andersson
et al., 2006 and references therein), LOTOS-
EUROS (Schaap et al., 2006 and references therein),
REM-CALGRID (RCG; Stern et al., 2003),
DEHM (Christensen, 1997; Frohn et al., 2002;
Geels et al., 2004) and TM5 (Krol et al., 2005). All
models, except the global research model TM5, are
regional-scale, limited-area models designed for
short-term and long-term simulations of oxidant
and aerosol formation. The models have different
degrees of complexity. The horizontal resolutions of
the limited-area models are very similar and range
from about 30 to 50 km (see Table 1). TM5 has a
coarser horizontal resolution. TM5, EMEP and
DEHM describe the whole tropospheric column
Vertical resolution Approx. depth

1st layer (m)

20 sigma levels up to 100 hPa 90

5 layers, surface layer fixed, 4 20

dynamical layers moving

with MH

14 layers (eta coordinates) up 60

to 6 km

4 layers, surface layer fixed, 4 25

dynamical layers moving

with MH

8 layers up to 500 hPa 50

25 levels/hybrid 50

sigma/pressure

20 sigma levels up to 100 hPa 50

MATCH uses a rotated latitude–longitude grid with shifted pole.

http://www.emep.int
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with 20–25 vertical layers, while LOTOS-EUROS,
RCG and CHIMERE describe only the lower
troposphere, up to above the boundary layer.
LOTOS-EUROS and RCG have varying vertical
layers, which follow the boundary layer diurnal
evolution.

Boundary conditions are either based on observa-
tions (EMEP, RCG, LOTOS-EUROS, MATCH
(for some components)) or from global (or other
large scale) model simulations (CHIMERE,
MATCH (for other components), DEHM). Driving
meteorology is taken either directly from global
analyses (TM5), from a limited-area meteorological
model (EMEP, CHIMERE, DEHM, MATCH) or
from an optimal interpolation analysis based on
observations (RCG, LOTOS-EUROS).

For the base case of EuroDelta, which is
discussed in this article, the emissions are in line
with the CAFE baseline emissions for the year 2000
(Vestreng, 2003). The choice of year 2001, instead of
2000, as the meteorological year for the simulations
is motivated by the fact that Summer 2000 was
extremely poor in ozone episodes due to cool and
windy conditions. During Summer 2001, classical
range of ozone values was found in Europe, with
extrema in the rural background exceeding 100 ppb
but lower than 150 ppb. The month of July was
particularly rich in large-scale ozone episodes. The
success of the intensive ESCOMPTE air quality
campaign, which was conducted over the Marseille
area in June–July 2001, was partly due to weather
conditions typical for the development of ozone
episodes (Cros et al., 2004; Drobinski et al., 2006).
All modelling groups adapted the same annual
emission inventory to their model grid and model
species. Hourly emissions were obtained using
prescribed temporal factors (GENEMIS project
and TNO) following the procedure in the CityDelta
project (Cuvelier et al., 2007).

In this article the skill of these different models is
evaluated and intercompared. We also analyze the
skill of the ‘‘ensemble model’’, whose concentra-
tions are the arithmetic average of the concentra-
tions of the seven models.

3. Observations

Given the spatial resolution of the models
(30–50 km at finest), it is relevant to validate
simulated concentrations against observations at
rural locations. Most observations used in this study
are gathered from the EMEP (http://www.emep.int)
database and some are taken from the AIRBASE
(http://dataservice.eea.europa.eu/dataservice) data-
base. From the latter, only stations classified as
rural were selected. The EMEP database includes
only rural stations. Data for one station in Switzer-
land were obtained from the Swiss Environmental
Agency. In order to prevent overweighting of
regions with large data coverage, we selected a
reduced set of stations in these areas. This was
based on the availability of observations of addi-
tional compounds, such as NO2. Due to the bad
representation of coarse-resolution models in moun-
tainous areas, only stations below an altitude of
1000m were considered. Finally, only stations lying
at the intersection of all model domains are
considered. For year 2001, this resulted into a total
number of 97 stations for O3, 70 for NO2, 68 for Ox.
Ozone and Ox observations were considered at
hourly time steps.

4. Intercomparison methodology

The model validation and intercomparison are
carried out using classical statistical indicators:
comparison of mean diurnal cycles, biases, root
mean square error (RMSE), correlation, relative
RMSE (RRMSE), and comparison of simulated
versus observed percentiles. Mean diurnal cycles are
the average over all available days of concentrations
for each of the 24 h. The bias is, by definition, the
average difference between simulated and observed
values. The RMSE is the square root of the average
square of the simulated and observed differences.
The RRMSE is the RMSE divided by the observed
average. For ozone model skill is evaluated over
hourly data, daily averages and daily maximum
concentrations. In order to verify the ability of the
models to reproduce the day-to-day variability, the
ratio between simulated and observed standard
deviations is calculated (sigma-ratio statistics).

In addition, two health-related parameters are
considered: SOMO35 and the number of excee-
dance days. The latter is used in the European
Union and is defined as the number of days in a
calendar year on which the maximum of the 8-hour
mean ozone concentrations exceeds 120mgm�3.
SOMO35 (Amann et al., 2005) is an indicator for
health impact assessment recommended by the
World Health Organization and is defined as the
yearly sum of the daily maximum of the 8-hour
running average over 35 ppb. All statistics are
calculated both over the whole year and over

http://www.emep.int
http://dataservice.eea.europa.eu/dataservice
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particular seasons. If not stated otherwise, statistics
are calculated over the whole year.

5. Evaluation of the model’s performances

5.1. Diurnal cycles

Fig. 1 shows the average diurnal cycle of observed
and simulated hourly ozone values for the observa-
tions and the models, and in Fig. 2 the diurnal cycles
relative to each model’s daily average are shown. All
models are able to catch the mean features of the
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Fig. 1. Yearly mean diurnal cycle of ozone, in mgm�3, as a function
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Fig. 2. Yearly average diurnal cycle of ozone, in mgm�3, for all models

each data set. In order to obtain values in this figure, values of Fig. 1
observed diurnal cycle, with lower values during
night-time, higher values during daytime and a daily
maximum in the afternoon. However, all models,
but DEHM and TM5, overestimate daytime con-
centrations. The timing of the mean simulated
ozone maxima is within an hour of the mean
observed one, as shown in Fig. 1.

Significant differences among models are found in
absolute values, in particular during night-time,
when the spread is largest. During daytime, models
apparently have different ozone production rates, as
the range of the diurnal cycle is large in some cases,
2 13 14 15 16 17 18 19 20 21 22 23 24

our

OTOS MATCH CHIMERE

M5 Ensemble

of hour, for all models, averaged over all monitoring stations.

2 13 14 15 16 17 18 19 20 21 22 23 24

our

LOTOS MATCH CHIMERE

TM5 Ensemble

, averaged over all monitoring stations, relative to the average of

are divided by their average over hours for each model.
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e.g. for RCG or LOTOS-EUROS, and small in
other cases (TM5, DEHM). Apart from differences
in chemical mechanism used by the models, a
number of other parameters may influence the
diurnal cycle.

First, model ozone concentrations are not taken
at the same height. In LOTOS-EUROS and
MATCH, a reference height is taken at 3m for
ozone concentrations, assuming a specific profile for
concentrations, while in other models the surface
layer concentration is used. The assumed height of
concentrations is important, in particular in stable
surface layers (night-time or wintertime) when
deposition can create a large ozone vertical gradi-
ent. By contrast, surface resistance can also be
underestimated by models due to wet soils (dew,
rain, snow) not taken into account. Second, the
difference in emission injection height distribution
between models can lead to differences in surface-
layer ozone titration by fresh nitric oxide emissions.

The model vertical layer structure may also be
important: the two models with the thinnest first
model layer, LOTOS-EUROS and RCG, show a
very similar daily cycle clearly different from the
other models: lower concentrations during night-
time and a rather steep increase in ozone during the
first part of the day. This diurnal variability is
overestimated relative to observations (Fig. 2), by
dividing the values of Fig. 1 by their average over
the diurnal cycle for each model. In addition, both
LOTOS-EUROS and RCG use the same meteorol-
ogy and the same mixing layer concept, with one
(LOTOS-EUROS) or two (RCG) dynamic layers
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Fig. 3. Yearly average diurnal cycle of Ox ¼ O3 þNO2, in mgm
above the surface layer and below the mixing height.
This may explain the specific behavior of these two
models. By contrast, TM5 has a flatter diurnal cycle.
Other models have a diurnal variability closer to the
observed one. CHIMERE has a large all-day-long
bias that may be due to a bias in the ozone
boundary condition. Such a bias is also present at
the station of Mace Head at the western boundary
of the model domain, but this hypothesis is harder
to verify on other model boundaries. The ensemble
model diurnal cycle follows the observations with a
slight positive bias (5mgm�3 at maximum) but with
very good timing.

In order to examine to what extent the differences
in ozone can be attributed to different distributions
of total oxidant Ox (the sum of O3 and NO2), the
diurnal cycle of Ox is shown in Fig. 3. The
advantage of using Ox instead of O3 is that it is
insensitive to fast reactions between ozone and
NOx. Thus, incorrect ozone titration intensity
should not affect Ox. The daily cycles of models
are generally closer to the observed one for Ox than
for O3, showing that wrong ozone titration, possibly
due to model vertical resolution and emission
injection profiles, explains a significant part of the
model-observations differences. CHIMERE still
displays a large positive bias, confirming the
possible ‘‘background’’ origin of this bias. TM5
diurnal cycle remains too flat, indicating under-
estimation in photochemical activity. For LOTOS-
EUROS and RCG, night-time concentrations are
still too low; indicating that overtitration of ozone
due to possible meteorological overstability leading
2 13 14 15 16 17 18 91 20 21 22 23 24

our

LOTOS MATCH CHIMERE

TM5 Ensemble

�3, for all models, averaged over all monitoring stations.
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to too high NOx concentrations cannot be the
leading factor for this discrepancy. The other
models (MATCH, DEHM, EMEP) faithfully fol-
low the observed Ox diurnal cycle. The ensemble
model exhibits an almost perfect Ox diurnal cycle.

5.2. Percentiles

Fig. 4 shows a number of percentiles, averaged
over all stations. Each percentile is computed on a
stationwise basis and then an average value is
computed over the stations percentiles in Figs. 4(a)
and (b). Percentiles are correctly reproduced by
most models, except for CHIMERE, which over-
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Fig. 4. Ozone concentration percentiles, calculated over all stations, for

for a given model, and sorted. Then for each percentile p, the ozone

percentile for this model.
estimates low percentiles. This can be a consequence
of a bias in boundary conditions, as suggested
before, since low ozone percentiles occur in windy
conditions rapidly transporting ozone within the
center of the model domain. It can also be due to
the other problems mentioned above: difference
between the model surface layer middle height and
the monitoring station height, or too high mixing
during night-time or in daytime cloudy conditions
smoothing near-ground ozone vertical gradients.
High percentiles, which correspond to sunny
summertime daytime conditions, are fairly well
simulated by all models including CHIMERE.
LOTOS-EUROS and RCG slightly overestimate
10p 20p 30p 40p

TCH CHIMERE

semble

80p 90p 95p 99p

ATCH CHIMERE

semble

each model, in mgm�3. All ozone concentrations are put together,

concentration found at the p �N=100 rank is taken as the pth
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high percentiles, which is consistent with the diurnal
cycles and an overestimation of ozone production in
the boundary layer.

5.3. Error statistics

In this section we present seasonal statistics of the
models skill. The seasons considered are winter
(December, January and February), spring (March,
April, May), summer (June, July, August), and
autumn (September, October, November). The
biases and relative RMSEs for daily average and
daily ozone maximum are given in Tables 2 and 3,
respectively.

On a yearly basis all models, except CHIMERE
and DEHM, show relative low positive biases. The
positive bias in 2001 is mainly caused by a large
overestimation during the autumn season, shown by
all models. A closer inspection of time series reveals
that ozone is severely overestimated in September
(by all models except RCG) and October (by all
models). The overestimation is observed over all
Table 2

Relative bias of the simulated daily average and daily maximal ozone

Daily average

Year DJF MAM JJA SO

EMEP 10 1 2 7 33

LOTOS 2 �25 4 11 10

MATCH 6 6 4 3 14

CHIMERE 29 35 18 20 56

RCG 3 �9 7 �1 16

DEHM 18 �5 12 21 42

TM5 6 7 �5 3 29

Ensemble 11 1 6 9 28

Boldface numbers stand for biases less than 5mgm�3 in absolute value

Table 3

RRMSE of the modelled daily average O3 and modelled daily maximu

Daily average

Year DJF MAM JJA SO

EMEP 35 40 26 28 59

LOTOS 38 53 28 29 57

MATCH 31 40 25 25 42

CHIMERE 45 57 33 33 74

RCG 36 44 28 28 53

DEHM 46 46 36 37 78

TM5 38 43 30 31 56

Ensemble 32 37 25 25 53

Boldface numbers stand for the lower two values of each column.
stations. One possible explanation is that boundary
conditions, during autumn 2001, are lower than
those taken from the climatological data. At Mace
Head, at the western coast of Ireland, ozone
concentrations from the so-called clean sector are
lower than their 20-year average during these
months, particularly during September 2001 (clean
sector concentrations about 8–9mgm�3 lower than
average). This partly agrees with the overestima-
tions by the models which are 13mgm�3 on average
(range 8–25mgm�3), except for RCG which did not
show an overestimation in that month. For October
this bias is 13mgm�3 (range 8–26mgm�3), while the
clean sector at Mace Head is only about 4mgm�3

lower than average. Some models (MATCH,
EMEP) use observed ozone for boundary condi-
tions but still exhibit overestimation. TM5, which is
a global model, also exhibits overestimation. Fall
ozone overestimation cannot be fully explained by
anomalous boundary conditions that could be due
to the combination of weather and normal emis-
sions. In simulations of autumn 1999 overestima-
concentrations in 2001 as percent of the observed average

Daily maximum

N Year DJF MAM JJA SON

1 �5 �4 �3 18

7 �14 11 8 18

2 6 1 �5 12

10 15 4 3 24

7 �2 12 0 17

�1 �20 �3 3 11

�7 �6 �13 �11 6

�1 �8 �2 �4 11

s.

m concentrations in 2001

Daily maximum

N Year DJF MAM JJA SON

27 29 21 22 38

31 38 23 24 46

24 30 19 21 30

25 32 20 20 36

29 31 24 25 39

29 36 25 22 40

29 29 27 28 30

22 27 17 18 31
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tions of ozone of that amplitude are not found (not
shown), indicating that these are not due to
systematic model biases. During summer months
LOTOS-EUROS, MATCH, TM5 and RCG exhibit
averages close to the observed values. Only RCG
has a slight negative bias. CHIMERE has a large
positive bias (20%). A slight overestimation is also
found in spring, while the bias sign in winter is less
systematic.

A low bias does not necessarily imply low
RRMSE values, as can be concluded from a
comparison of the values in Tables 2 and 3,
although CHIMERE and DEHM have both biases
and RRMSE larger than the other models for daily
averages. In winter and fall, model skill is poorer
than in spring and summer, even for models having
weak biases. Since winter ozone is mostly controlled
by other processes than photochemistry (deposition,
titration, boundary conditions) it is expected that
ozone be sensitive to model formulation (vertical
resolution, emission injection vertical profile, de-
position velocities). RRMSE for daily maximum
concentrations are lower than for daily average
concentrations, without exception. For daily
averages the models that perform best both in
terms of bias and RRMSE are MATCH and
EMEP.

A bias in daily averages does not necessarily lead
to a bias in daily maxima, since, for instance,
daytime ozone values can be less biased than night-
time ones, such as for CHIMERE (Fig. 1). The
results for the biases and diurnal cycles are clear
indications for this (Table 2). LOTOS-EUROS and
to some extent also RCG seem to have a too flat
distribution with the peak in the distribution
function clearly shifted to the left side of the
corresponding peak value in the observations,
Table 4

Sigma ratio of the modelled and observed daily average and daily max

Daily average

Year DJF MAM JJA SO

EMEP 0.92 0.93 0.74 0.72 1.1

LOTOS 1.15 0.77 0.96 0.66 1.4

MATCH 0.89 0.83 0.87 0.72 1.0

CHIMERE 0.84 0.78 0.80 0.79 0.8

RCG 0.95 0.73 0.93 0.74 1.0

DEHM 1.17 0.53 1.18 1.15 1.4

TM5 0.89 1.00 0.80 0.82 1.2

Ensemble 0.88 0.66 0.73 0.62 0.9

Boldface numbers stand for the two sigma ratios closest to 1.
whereas the other models tend to shift to the right
(Fig. 4). For values higher than about 95mgm�3

both models show higher frequencies than the
observations. As could be expected from its large
positive bias for mean ozone and much smaller bias
for daily maximum ozone, CHIMERE and DEHM
show a shift in the distribution towards the right
(Fig. 4). From about 120mgm�3 onwards, these
models show a good agreement with the observed
distribution, in line with its low biases for daily
maximum ozone values in the period March–
August.

Daily maxima are best reproduced by CHI-
MERE, MATCH, DEHM and EMEP, especially
in summer (RRMSE between 20% and 22%), the
season when acute ozone episodes occur. Daily
maxima variability is mostly driven by photochem-
istry and the variability of radiation (cloud repre-
sentation), wind and boundary layer height.
RRMSE of the ensemble simulation is almost
always smaller than that of any individual model,
a fact that will be explained in Section 6.

It is important to examine whether a model is able
to simulate a realistic variability in ozone concen-
trations. A measure of this ability is the sigma ratio,
i.e. the standard deviation of the modelled time
series divided by the standard deviation of the
observed time series. Values for the sigma ratio are
given in Table 4. On a seasonal basis, models
generally underestimate the observed variability
both of daily averages and daily maxima, except
in the fall season. This underestimation can be due
to a lack of variability in models’ forcings (bound-
ary conditions, emissions) or to a lack of horizontal
or vertical resolution. The ensemble simulation
exhibits even lower variability, due to variance
reduction by averaging.
imum O3 concentrations in 2001

Daily maximum

N Year DJF MAM JJA SON

5 0.88 0.88 0.76 0.75 1.22

5 1.15 0.95 1.08 0.64 1.65

0 0.78 0.76 0.81 0.62 0.98

9 0.82 0.71 0.83 0.82 0.79

3 1.00 0.84 1.13 0.73 1.18

3 1.12 0.52 1.22 0.95 1.43

1 0.8 0.95 0.73 0.73 1.07

9 0.85 0.65 0.78 0.61 1.03
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The temporal correlation coefficients for hourly
O3 values are listed in Table 5. For all models,
higher correlation coefficients are seen for the whole
year than for any of the individual seasons. The
reason for this is presumably that the yearly pattern
of ozone with high values in summer and lower
values in winter is reproduced by the models and
therefore contributes positively to the correlation
coefficients.

The models exhibit higher correlation coefficients
in the summer half year than in the winter half year,
especially when looking at the daily maximum. The
exception is TM5, which has best correlations in
winter. Interestingly models which have large biases
or RRMSE do not have a low correlation. Such is
the case of CHIMERE, which exhibits the best
correlation in summer for both daily averages and
daily maxima. For this model, the bias is due to
overestimation of boundary conditions, which con-
tributes to degrade model skill for mean values but
not for daily variability as these boundary condi-
tions are kept constant for each month. In winter
and fall, MATCH, EMEP, TM5 and CHIMERE
have higher and comparable correlations.

Again, the ensemble simulation correlation is
higher than that of any individual model, both on a
yearly and on monthly basis. This average simula-
tion therefore behaves in a more ‘‘robust’’ way, with
relatively small fluctuations in the monthly biases
(except for September and October due to back-
ground values). This property will be commented in
Section 6.

5.4. Ozone exceedances

An exceedance day is defined as a day on which
the maximum 8-hour average ozone concentration
Table 5

Correlation coefficients for daily average and daily maximum O3

Daily average

Year DJF MAM JJA SO

EMEP 0.72 0.67 0.55 0.50 0.

LOTOS 0.70 0.49 0.54 0.49 0.

MATCH 0.80 0.68 0.66 0.60 0.

CHIMERE 0.76 0.62 0.58 0.64 0.

RCG 0.71 0.58 0.59 0.52 0.

DEHM 0.64 0.45 0.41 0.56 0.

TM5 0.67 0.69 0.44 0.35 0.

Ensemble 0.79 0.74 0.66 0.68 0.

Boldface numbers stand for the highest two correlations in each colum
during a day exceeds 120mgm�3. The number of
such days within a calendar year shall not exceed 25
according to the new EU target for 2010. Fig. 5
shows the performance of the models with respect to
exceedance days. All models have difficulties in
reproducing the correct number of exceedance days.
LOTOS-EUROS has a large number of successful
exceedance predictions, but also a large number of
false alarms. CHIMERE has more successes than
false alarms or missed events. However, none of the
models has more correct events than wrongly
classified events.

5.5. SOMO35

For all models seasonal contributions to
SOMO35 are computed and reported in Table 6.
Models generally are able to catch the observed
SOMO35 levels and their seasonal and spatial
variation. The overestimation in the autumn by all
models is also found in SOMO35. Other years will
show higher observed values of SOMO35 in
autumn.

When averaged over the stations considered in
this study about 90% of the SOMO35 value is
produced during spring and summer. There are,
however, large differences among models in both
absolute levels (0–7365 ppb day) and the percentage
of SOMO35 that is produced in the winter half
(0–35%, average 9%). At locations where freshly
emitted ozone precursors are available, local ozone
is produced in the summer half of the year, while in
the winter half NO titration lowers the ozone levels.
Hence, at such locations a significant amount of the
yearly SOMO35 is produced in the summer half,
with only a very small contribution from the winter
half. At less polluted locations ozone production in
Daily maximum

N Year DJF MAM JJA SON

55 0.75 0.60 0.59 0.61 0.53

43 0.76 0.47 0.70 0.66 0.48

67 0.81 0.58 0.68 0.7 0.61

60 0.84 0.62 0.71 0.77 0.62

36 0.76 0.56 0.70 0.61 0.44

31 0.75 0.45 0.60 0.68 0.45

62 0.72 0.63 0.47 0.51 0.58

58 0.84 0.69 0.76 0.78 0.59

n.
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Table 6

Observed and modelled SOMO35 values (ppb day) and spatial

correlation coefficients for the models

SOMO35 levels

Year DJF MAM JJA SON

Observed 2563 83 940 1361 174

EMEP 2648 43 833 1327 439

LOTOS 3935 50 1426 1870 578

MATCH 2667 79 1031 1233 317

CHIMERE 3380 150 1147 1613 460

RCG 3480 76 1452 1489 453

DEHM 3031 6 938 1649 432

TM5 1615 39 451 893 227

Ensemble 2603 24 923 1323 327

Boldface numbers stand for the two models closest to the

observations.

observed #days>120 µg/m3: 30.2
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Fig. 5. Simultaneous exceedances or non-exceedances of the 120mgm�3 threshold, for the daily maximum 8-h average ozone

concentration, for each model and the ensemble. From left to right: successes of the exceedances, missed exceedances, false alarms, and

predicted exceedances. The numbers are calculated over all stations considered together.
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the summer is weaker, while in the winter ozone
concentrations often lie near background values due
to the absence of the titration effect. Since back-
ground values outside the summer are generally
over 35 pbb and drop to around 30 ppb during the
summer months, at unpolluted sites the highest
contributions to SOMO35 can be expected outside
the summer. This effect is seen in the observed
SOMO35 values, which show contributions up to
35% in the winter half at the western borders of
Europe. Because of summer-condition persistence at
the southernmost locations, a significant contribu-
tion to SOMO35 is produced in the autumn, mainly
in September, while contribution at latitudes higher
than 501N is always very modest.
6. Ensemble performance and uncertainty

In most of the above model skill results, the
‘‘ensemble model’’, whose ozone concentration is
the average of the concentrations of all models,
exhibits a superior performance to that of individual
models. This fact has also been shown in recent
studies using several air quality-forecasting models
over shorter periods (Delle Monache and Stull,
2003; McKeen et al., 2005). In this section we give a
tentative explanation for this fact. Prior to this we
discuss the relation between the range of simulated
ozone concentrations and their uncertainty. For the
simulation of ozone (or other pollutant) concentra-
tions, models not only use the equations of the
physics, but also a number of parameterizations,
with parameters determined from reduced sets of
observations or empirically. The uncertainty of all
these values translates into a global uncertainty on
the simulated ozone concentrations themselves. In
the best case, modellers have selected, independently
from one to another, their model options or
parameter values. The range of available choices
reflects the uncertainty. In the worst case, all
modellers have selected the same options, or missed
key processes, in which case simulation errors are
identical from one model to another.
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One way to test whether the model ensemble is
representative of the uncertainty consists in check-
ing that the probability distribution of the simulated
ozone concentrations is consistent with the distribu-
tion of the observations. The rank histogram
(Talagrand et al., 1998) is a measure of such a
property. Using n models, one obtains a population
of n estimates of the actual concentration at a given
time. If simulated values are statistically represen-
tative of the range of uncertainty, the rank of the
observation among the estimates (an integer value
between 0 and nÞ must have an equiprobable
distribution.

As an example Fig. 6 shows the rank histogram of
summertime (April to September) daily ozone
maxima, all stations and days being put together.
The first two bins (0 and 1) have a number of counts
larger than the other bins, which reflects a general
difficulty of models to simulate low daily maxima,
thus a small bias of the ensemble. This ‘‘ensemble
bias’’ can be calculated for each station by
subtracting the mean observed concentration from
the mean ensemble average simulated concentra-
tion. When removing this bias at each station, the
rank histogram becomes flatter. In this bias-free
case the ensemble gives a better, but not perfect,
account of the uncertainty. However, it should be
noted that all models use the same basic emission
inventory. As emissions are not perfect, the whole
range of uncertainty is not spanned by the model
ensemble, which is a limitation of this study.
Rank Histogram of occurrence of observation
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Fig. 6. Rank histogram of summertime ozone daily maxima,

combining data from all stations and days, from April to

September. Black bars show the rank histogram from the raw

ensemble. Light-shaded bars stand for the histogram of unbiased

ensemble concentrations, the bias being removed separately for

each model and each station.
From these results we conclude that, apart from
the bias, the actual ozone concentration has similar
statistical properties as any of the simulated
ensemble members. This point is discussed in more
details in Vautard et al. (2006). For a given day, let
us call xk ðk ¼ 1; . . . ;K ¼ 7Þ the kth model con-
centration, xa the actual value and xm the ensemble
average, and b the ensemble bias, which depends on
the station.

We assume that the ensemble has a fixed global
bias,

b ¼
1

K

XK

k¼1

xk � xa

 !
, (1)

where the overbar represents the expectation
operator, which is the theoretical average over
possible realizations of the process. We also assume
that, for a given day, the simulated and observed
concentrations are samples randomly drawn from
identical distributions (apart from the bias shift) of
standard deviation s, which is a measure of the
ensemble spread. The above results obtained with
Rank histograms suggest that this condition is not
far from being satisfied on average over all days and
stations. Under these assumptions, the expected
RMSE of the ensemble for that given day,

Sens ¼
1

K

XK

k¼1

xk � xa

 !2

, (2)

can be written, after developing the r.h.s. of (2):

Sens ¼ 1þ
1

K

� �
s2 þ b2, (3)

while the variance error of a given model ðK ¼ 1Þ is
larger,

Smod ¼ 2s2 þ b2, (4)

corresponding to K ¼ 1. Therefore, for a given day,
we expect the simulated ensemble average concen-
tration to be statistically closer to the observation
than any individual model. Note that the variance s
depends on the day, some days (windy) being less
uncertain than other days (stagnant episodes).

From (4) the RMS error of the ensemble average
concentration can be expressed as

RMSens ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

1

K

� �
ŝ2 þ b2

s
, (5)

where ŝ2 is the mean variance of the daily
distributions of the ensemble. These statistical
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arguments show that the RMS error is therefore a
decreasing function of the number of the ensemble
members, for the idealized scenario assumed for this
derivation. We have verified (not shown) that
formula (5) is approximately verified for summer-
time ozone daily maxima. Ensemble averaging also
increases correlation, but analytical calculations are
not detailed here. Finally, note that Eq. (5) also
shows that the spread of the ensemble, s, is related
to the model skill, a fact that is discussed in more
detail in Vautard et al. (2006).

7. Summary and conclusions

This article was designed to evaluate and inter-
compare seven atmospheric chemistry-transport
models, six of which being of regional extent, over
Europe, using long-term simulations for the year
2001. We used several statistical and health in-
dicators in order to perform this evaluation. This
evaluation is a prerequisite to the use of models for
emission reduction scenarios. In this article only the
simulation of ozone and Ox is examined.

Most of the models reproduce the observed ozone
diurnal cycle, the daily average and daily maxima
variabilities with significant realism. These results
suggest that the models should be able to simulate
the response to emission reduction scenarios. Except
for TM5 and DEHM, daytime ozone concentra-
tions are overestimated. LOTOS-EUROS and RCG
have a more pronounced diurnal cycle variation
than observed, while the reverse occurs for TM5.
CHIMERE has a large positive bias, which
probably results from a bias in boundary condi-
tions. The other models and the ‘‘ensemble model’’,
whose concentrations are by definition the average
concentration, represent accurately the diurnal
cycle. The diurnal cycle of Oxð¼ NO2 þO3Þ is
better simulated than the ozone diurnal cycle,
showing that titration of ozone by NO is not well
simulated. We could not elucidate the main factors
leading to this difference, which results from a
combination of several processes: vertical resolu-
tion, mixing, dry deposition, emission injection
height, representation of ozone profile in the lower
boundary layer.

In general, daily maxima are better simulated
than daily averages, and summertime concentra-
tions are better simulated than wintertime concen-
trations. Concentrations in a stable atmosphere,
such as often found during night-time and winter-
time, are sensitive to low-level stability, boundary
conditions, diurnal emission profiles and deposition
velocities while daytime and summertime maxima
are sensitive to photochemistry. The simulation of
the ozone day-to-day variability is assessed by
means of percentiles of the ozone distributions,
RMSE and correlation. Two health-related indica-
tors are used, the number of days of exceedance and
the SOMO35. Both are well reproduced, but the
simultaneity of occurrence of exceedance days is not
well captured.

For most indicators the ensemble average of the
seven simulated values, denoted here as the ‘‘en-
semble model’’, almost always exhibits a superior
skill compared to any individual model, even
though it has a too weak variability. We show that
the spread of ensemble-model values is fairly
representative of the uncertainty of summertime
ozone daily maxima, as the occurrence of the
observation within the model values range has
rather flat distribution, when the bias is removed.
One concludes that, for a given day, the probability
distribution of occurrence of the observation is well
represented by the distribution of the simulated
values. This property allowed us to show that the
‘‘ensemble model’’ has a theoretical skill, superior to
that of any individual model using statistical
arguments.

Note, however, that one dimension of uncertainty
is not accounted for in the ensemble we study here.
All models use the same annual emission inventory.
The overall spread of simulated concentrations
should increase when taking into account emissions
uncertainty. This study could not allow to quantify
this effect.

The model intercomparison we have presented
here is the first stage of a larger project (EuroDelta)
whose aim is to evaluate, with the ensemble of
models, the impact of reduction of emission of
primary pollutants on air quality at the scale of the
European continent. The results presented here
show that the ensemble of models used here is
fairly representative of the uncertainty in our
knowledge of regional air quality, at least for ozone.
The key question whether the spread of responses of
this ensemble is representative of uncertainty in a
scenario mode, for the evaluation of emission
control policies, remains, however, open.
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