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a b s t r a c t

In this study, we investigate the benefit for European ozone simulation of using day-to-day varying
chemical boundary conditions produced by a global chemical weather forecast platform instead of
climatological monthly means at the frontiers of a regional model. We performed two simulations over
Europe using the regional (0.5� 0.5�) CHIMERE CTM forced by global scale simulations based on the
LMDz-INCA CTM. For summer 2005, ozone differences exceeding 20 ppb can be punctually found
between these two simulations in the borders of the domain. The mean of the differences ranges
between 0 and 3 ppb beyond 15� of the frontiers of the regional model.
Correlations with ground-based ozone measurements at more than 400 stations are slightly increased by
the use of daily boundary conditions. The simulation of the temporal variability is significantly enhanced
in particular for the daily means and daily maxima. As expected, the gain is higher at the borders of the
regional domain.
The change of percentile distribution shows that the net impact of high temporal resolution boundary
conditions is not of major concern for surface ozone peaks which are mainly due to local photochemistry.
The use of daily boundary conditions is however necessary to correctly simulate concentrations in the
20–35 ppb range which are of crucial interest for human and vegetation exposure effects.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Attention is paid to tropospheric ozone (O3) for its role as
greenhouse gases impacting global climate (Forster et al., 2007) as
well as for its impact on air quality in the boundary layer especially
during smog events. Indeed, such latter events can cause both
human health problems (West et al., 2007) and vegetation damage
(Ashmore, 2005; Felzer et al., 2007). In order to monitor and
prevent the impact of high ozone episodes on population’s expo-
sure, operational regional forecast systems were built up during the
last decade (Honoré et al., 2008).

Such systems are based on regional (limited-area) chemistry-
transport models (CTMs) that represent physical and chemical
processes controlling ozone concentrations at spatial and temporal
scales relevant for air quality concerns. These models have been
widely evaluated in their ‘‘reanalysis’’ version against ground-
based ozone measurements for several years (van Loon et al., 2007;
Vautard et al., 2006) showing the ability of these tools to simulate
du Climat et de l’Environne-
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summer ozone concentrations quite reasonably. Indeed, van Loon
et al. (2007) show that the surface ozone concentrations simulated
by the European models (used at their continental resolution, i.e.
30–50 km) have correlations with observations lying from 0.5 to
0.7 for daily means and 0.6 to 0.7 for daily maxima.

However, large uncertainties in the CTM results remain due to
the quality and accuracy of their external forcings: meteorological
fields, emissions of primary pollutants or chemical boundary
conditions.

For example, long range transport of pollutants can significantly
impact regional air quality (Fiore et al., 2002). This process impacts
local ozone pollution by two ways differing in terms of both spatial
and temporal scales. Firstly, it can modify by a few ppb the back-
ground ozone on which local ozone production is added (Parrish
et al., 1993; Auvray and Bey, 2005). Secondly, sporadic transport
events of highly polluted air masses from one continent to another
induce local ozone increase by up to 5–10 ppb (Li et al., 2002).
These two types of influences are important because both ozone
peaks and moderate but continuous elevations of background
ozone can impact human health and ecosystems. The impact of
boundary conditions on regional scale ozone concentrations was
recently investigated by Tang et al. (2007) and Song et al. (2008) for
U.S.A. using downscaling approaches from global to regional
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models. Over Europe, the gain from an adequate representation of
such large scale events in regional ozone forecasting remains to be
investigated.

Global chemical forecast systems were recently developed
based on global chemistry-climate models. Such tools allow, for
example, to forecast large scale pollution events due to particular
meteorological conditions (e.g. heat wave) as well as large biomass
burning events. At the regional scale, chemical forecast systems use
simplified large scale boundary conditions, generally monthly
fields.

In this work, we quantify the benefit of using a global chemical
weather forecast system to constrain the chemical concentrations
on a daily basis at the geographical boundaries of a European
regional forecast system. The cumulative effects of the recirculation
of polluted European air masses and of the intercontinental
transport on surface ozone concentrations are examined for
summer 2005.
2. Modelling set-up

The daily averaged concentrations of pollutants simulated by
a global chemistry-climate model (LMDz-INCA) are taken as lateral
and top boundary conditions by the CHIMERE regional air pollution
model for a forecast experiment over the summer 2005. This one-
way nested platform was used to investigate the effect of future
global ozone change on regional air quality in a similar configura-
tion described in Szopa et al. (2006) and Szopa and Hauglustaine
(2007).

The LMDz atmospheric General Circulation Model is run with
a horizontal resolution of 3.75� in longitude and 2.5� in latitude and
uses 19 vertical sigma–p levels extending from the surface to 3 hPa.
The INCA chemistry module is extensively described in Hauglus-
taine et al. (2004) and Folberth et al. (2005). It includes a detailed
description of the emissions and model performances. The wind
fields (u and v) are relaxed toward the 2005 ECMWF (European
Centre for Medium-Range Weather Forecasts) meteorological
forecasts.

The regional model, CHIMERE (Schmidt et al., 2001; Vautard
et al., 2001), has been used in many air quality studies (e.g. Vautard
et al., 2005) and is part of the French operational forecast system
Prevair (Honoré et al., 2008). For this study, CHIMERE calculates
gaseous chemical concentrations over Europe within a horizontal
domain ranging from 15�W to 35�E and from 35�N to 70�N with
a resolution of 0.5�. Eight vertical hybrid sigma–p levels represent
the atmospheric column from the surface to 500 hPa. The
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Fig. 1. Standard deviation (ppb) of the daily ozone simulated by the LMDz-INCA forecast syst
horizontal boundaries of the CHIMERE domain are materialized in red on the left panel.
dynamical fields are driven by the 2005 ECMWF forecasts. The
anthropogenic EMEP (European Monitoring and Evaluation Pro-
gramme) 2003 emissions (Vestreng, 2003) are used.

Two CHIMERE simulations were carried out with two different
sets of boundary conditions simulated with LMDz-INCA: one
obtained in daily forecast conditions (http://www-lsceinca.cea.fr/
welcome_real_time.html) over the 2005 summer and another
computed by averaging a five year simulation covering the 1997–
2001 period (Szopa et al., 2007) to obtain a monthly climatology.
These simulations are hereafter referred respectively as Dai-
ly_FRCST_BC and CLIM_BC. The regional simulations extend from
July 1st 2005 through August 31st 2005. In summer 2005, the
frequency of exceedances of the information threshold was similar
to earlier years, except for the summer 2003 which had a record
number of exceedances (European Environment Agency, 2006).
The summer 2005 can thus be considered as representative of the
usual European conditions as far as ozone levels are concerned. The
species exchanged between the two modelling scales are: O3, NO,
NO2, HNO3, PAN, H2O2, CO, CH4, formaldehyde, ethane, ALKANES,
ethene, propene, and AROMATICS (ALKANES and AROMATICS being
lumped species).
3. Sensitivity of forecasted ozone over summer 2005
to boundary conditions

3.1. Variability of daily ozone concentrations in the global model

We first investigate the temporal variability of the global LMDz-
INCA daily ozone fields. Fig. 1 shows the standard deviation of the
daily LMDz-INCA ozone concentrations around the mean of July
and August. Results are displayed for the surface (i.e. first model
level) and at 430 hPa (corresponding roughly to the upper limit of
the CHIMERE domain). At the surface, this deviation exceeds 5 ppb
over the most part of the area and can reach 12–15 ppb locally at
the eastern frontier of the CHIMERE domain. This deviation corre-
sponds to a 10–30% interval around the mean surface ozone
concentrations. The highest variability is encountered downwind
Western Europe, due to the recirculation of polluted air masses.

At 430 hPa, a 5–10 ppb deviation is mostly encountered. It
corresponds to up to 20% daily variations around the mean
concentration. The temporal variability is also shown in Fig. 2
where the mean LMDz-INCA ozone profiles and their standard
deviations are plotted for each lateral boundary of CHIMERE. These
profiles are horizontally averaged along the boundaries. This figure
confirms the high temporal variability of the boundary conditions.
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Fig. 2. Ozone profiles (ppb) simulated by the LMDz-INCA model, averaged spatially along the CHIMERE boundaries and temporally over the July and August months (black line). 95%
of the day-to-day variations are comprised between the dotted line (�2s).
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In particular, the two-s magnitude exceeds 10 ppb above 900 hPa
at the Eastern and Northern boundaries where recirculation of
ozone plumes occurs.

3.2. Highest impact on regional ozone

Fig. 3 displays the maximum over the two months of daily
differences in surface ozone between the two CHIMERE simula-
tions. A large area, located between 5�W and 27�E and between
38�N and 56�N (white rectangle in Fig. 3C), is almost unaffected by
the change of boundary conditions. Inside this area, the differences
of hourly surface ozone are lower than �6 ppb and the mean of
absolute differences is less than 2 ppb. On the contrary, the borders
of the CHIMERE domain are far more impacted by the change in
boundary conditions. The horizontal extent of this significant
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Fig. 3. Surface ozone differences between the regional simulation with day-to-day varying
boundary conditions simulation (CLIM_BC): (A) highest negative differences (ppb); (B) high
relative differences (%). The white rectangle materializes the region where the use of the d
influence differs from North to South. Hence, at the south of the
domain, the extent is limited to 3� from the boundary, whereas in
the north, it reaches 14�. This is due to the dominant weather
regimes over North Atlantic and western Europe, denoted as
‘Atlantic Ridges’ and ‘Blocking’, which are favourable to north-west
winds at 500 hPa (Plaut and Simonnet, 2001; Yiou and Nogaj,
2004). Eastward and westward influences are almost the same,
spreading over approximately 10� from the domain limits. In this
area, near the boundaries, the change of boundary conditions
induces positive differences between 4 and 26 ppb and negative
differences up to �12 ppb. This corresponds to occasional changes
of 50–100% of the surface ozone concentrations (Fig. 3D). The mean
impact in this area, defined as the average of absolute difference to
avoid compensation effects, is included in the 0–5 ppb interval
(Fig. 3C).
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Fig. 4. Vertical distribution of ozone differences (ppb) spatially averaged over the whole CHIMERE domain between the two CHIMERE simulations as a function of time: (A) mean of
differences and (B) mean of absolute differences.
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3.3. Influence at the top of the domain

Fig. 4 presents the temporal evolution of the vertical distribu-
tion of the difference (averaged over the whole model domain)
between the two CHIMERE simulations.
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Fig. 5 presents a subsidence event characterized by a strong
positive anomaly of ozone simulated in the free troposphere
(w545 hPa) by LMDz-INCA above the North Atlantic (Fig. 5A). This
anomaly occurs in the daily top boundary conditions and persists in
the regional simulation. The vertical propagation of this anomaly is
shown in Fig. 5B–D at three vertical CHIMERE levels. This ozone
perturbation exceeds 12–16 ppb in the highest CHIMERE level. Its
imprint can be identified down to the ground. Indeed, even if the
induced ozone difference decreases rapidly with altitude, an effect
of 5–8 ppb persists throughout the whole planetary boundary layer
(i.e. in the fifth lowest levels).

These results show the benefit of using daily global fields cor-
responding to the ad hoc period in the boundary conditions instead
of climatology to simulate such subsidence events.

3.4. Evaluation of the gain for daily forecasted surface ozone

We then investigate quantitatively the sensitivity of simulated
surface ozone to change in boundary condition frequency at
observation stations. Hence, Fig. 6 shows the percentiles distribu-
tion of hourly and daily maximum ozone in the two CHIMERE
simulations and those measured at 439 European ground-based
stations. First of all, the highest percentiles show that the hori-
zontal resolution (0.5� � 0.5�) of the CHIMERE version used in this
Table 1
Comparisons of the statistics obtained for ozone data at 412 European stations and for o
conditions (CLIM_BC) and with daily boundary conditions (Daily_FRCST_BC)] for the July

Frequency Data sets Bias (ppb) jbiasj (

Hourly values 412 European ground-based stations
CHIMERE CLIM_BC �5.2 10.0
CHIMERE Daily_FRCST_BC �4.7 9.8

Daily means 412 European ground-based stations
CHIMERE CLIM_BC �5.1 7.9
CHIMERE Daily_FRCST_BC �4.6 7.6

Daily maxima 412 European ground-based stations
CHIMERE CLIM_BC �1.1 6.7
CHIMERE Daily_FRCST_BC �0.7 6.5

(1)
P

n
jbiasj=n.
work allows to roughly capture the regional O3 maxima in large city
plumes but not to reproduce local events with accuracy. When only
daily maxima are considered, the discrepancy between CHIMERE
results and observations is lower since night-time ozone values are
excluded. As shown by the percentile distribution, the highest
values (50–100 percentiles) are almost unaffected by the change of
boundary conditions both for hourly and daily maximum ozone. On
the contrary, the occurrence of hourly values in the 20–35 ppb
range (Fig. 6, left panel) is increased in the simulation that uses
daily boundary conditions. The change of boundary conditions thus
mainly affects background ozone concentrations.

The model performances are then quantified for the two
CHIMERE simulations of July and August 2005. Hence, observed
and modelled ozone concentrations are compared using statistical
scores over 412 stations and results are displayed in Table 1.

Skill scores are here expressed in terms of bias, correlations,
standard deviation (s) and standard deviation ratio (smod/sobs).
Since one objective of air quality models is to reproduce (or fore-
cast) ozone peak values, we first assess forecast skills of such
models against daily maxima observations. For the reference case
(CLIM_BC), ozone daily maxima are faithfully reproduced with
a mean correlation of 0.81 over the simulated period. Moreover, the
variability is slightly underestimated by the model with a ratio
between modelled and observed standard deviations of 0.83.
zone computed in the two CHIMERE simulations [i.e., with climatological boundary
–August 2005 period.

ppb) Standard deviation,
s (ppb)

Correlation (r) with
measurements

Standard deviation
ratio, smod/sobs

13.88
11.58 0.668 0.83
11.89 0.677 0.86

8.61
6.90 0.710 0.80
7.42 0.725 0.86

12.82
10.59 0.811 0.83
11.12 0.820 0.87



Fig. 7. Maps of the correlation between maximum daily ozone simulated with CHIMERE having climatological boundary condition and observations at 412 ground-based stations
(left panel) and differences of correlation between the simulations with climatological or with daily boundary conditions Daily_FRCST_BC–CLIM_BC (right panel).
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Several reasons led us to take an interest in ozone daily means
rather than daily maxima: (i) ozone peaks are often produced
under stagnant conditions, i.e. with weak influence of large scale
transport of pollutants; (ii) the percentiles show that the most
influenced range of concentrations is 20–35 ppb; (iii) this criterion
is relevant for human and vegetation exposure.

For such middle range ozone concentrations, correlations
between model results and observations are slightly lower (around
0.71). As expected, standard deviations (observed and modelled) of
ozone fields are lower and the standard deviation ratio is 0.8. These
lower scores of the model are due to the poor representation of
night-time values as confirmed by the scores obtained with hourly
values (correlation of 0.67) and minimum values (correlation of
0.35, not shown).

As shown by scores in Table 1, the Daily_FRCST_BC simulation
always gives better results than CLIM_BC. The bias is reduced by
10–20% whatever the frequency of ozone data set considered. The
standard deviation increases, showing the benefit of adding real-
istic variability in the system. The correlation with measurements is
not significantly enhanced when the scores at all stations are
averaged. This is partly due to the limited number of stations in the
countries bordering the domain compared, for example, to that in
Germany or France.

To go further, Fig. 7 (left) displays the spatialized correlation (r)
between the CLIM_BC results and observations. The best scores are
shown over the centre of the domain (France, Germany) whereas
poor results are obtained over Scandinavia, United Kingdom and
Iberian Peninsula. Fig. 7 (right) displays the difference of correlation
between the two configurations: Daily_FRCST_BC–CLIM_BC. The
impact on correlation is always lower than �0.05. However, when
daily boundary conditions are used, the correlation is enhanced for
the stations at the border of the domain, where the correlation was
fairly bad with climatological boundary conditions.
4. Conclusion

In this study, we investigate the benefit of using day-to-day
varying chemical boundary conditions instead of climatological
monthly means at the frontiers of a regional model. For that
purpose, simulations are performed over Europe using the regional
(0.5� 0.5�) CTM forced by global scale simulations based on the
LMDz-INCA CTM. The impact on simulated surface ozone is
significant. As expected, the gain is higher at the borders of the
regional domain. Correlations with observations are slightly
increased by the use of daily boundary conditions. The standard
deviation is better simulated in particular for the daily means and
daily maxima.
In conclusion, the net impact of high temporal resolution
boundary conditions is not of major concern for surface ozone
peaks which are mainly due to local photochemistry. The use of
daily boundary conditions is however necessary to correctly
simulate concentrations in the 20–35 ppb range which are of
crucial interest for human and vegetation exposure effects.
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