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Abstract. Regional climate-air quality decadal simulations
over Europe were carried out with the RegCM3/CAMx mod-
eling system for the time slice 1991–2000, in order to study
the impact of different meteorological forcing on surface
ozone. The RegCM3 regional climate model was firstly con-
strained by the ERA40 reanalysis dataset which is consid-
ered as an experiment with perfect meteorological boundary
conditions and then it was constrained by the global circu-
lation model ECHAM5. A number of meteorological pa-
rameters were examined including the 500 mb geopotential
height, solar radiation, temperature, cloud liquid water path,
planetary boundary layer height and surface wind. The dif-
ferent RegCM meteorological forcing resulted in changes of
near surface ozone over Europe ranging between± 4 ppb for
winter and summer. The area showing the greatest sensitivity
in O3 during winter is central and southern Europe while in
summer central north continental Europe. The different me-
teorological forcing impacts on the atmospheric circulation,
which in turn affects cloudiness and solar radiation, temper-
ature, wind patterns and the meteorology depended biogenic
emissions. For comparison reasons, the impact of chemi-
cal boundary conditions on surface ozone was additionally
examined with a series of sensitivity studies, indicating that
surface ozone changes are comparable to those caused by the
different meteorological forcing. These findings suggest that,
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when it comes to regional climate-air quality simulations, the
selection of external meteorological forcing can be as impor-
tant as the selection of adequate chemical lateral boundary
conditions.

1 Introduction

Tropospheric ozone is an important trace gas controlling
the oxidation capacity of the atmosphere with well doc-
umented adverse effects on human health (Schlink et al.,
2006), agriculture (Fuhrer et al., 2003) and natural ecosys-
tems (Scebba, et al., 2005). Tropospheric ozone chemistry
includes a large set of complex photochemical reactions in-
volving NOx (=NO2+NO) and volatile organic compounds
(VOCs) (Crutzen, 1988; Penket, 1988; Seinfeld and Pan-
dis, 1998). Ozone precursors have natural as well as an-
thropogenic sources, the most important of which are emis-
sions from soil/vegetation and fossil fuel combustion. Ambi-
ent ozone concentrations depend strongly on availability and
relative abundance of those gaseous precursors but they are
also modulated by the meteorological conditions (Davies et
al., 1992; Kalabokas et al., 2008).

Global change including change in climate and anthro-
pogenic emissions of O3 precursors is expected in the 21st
century (IPCC, 2007). Understanding the way that air qual-
ity is affected by changes in climate and emissions is of
major importance. The direction of change is not always
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clear because of multiple competing effects. There have
been numerous studies on the impact of individual meteo-
rological parameters on ozone concentrations. The param-
eters that are mostly found to affect ozone concentrations
are temperature, solar radiation, water vapor concentration,
mixing height, wind, cloud liquid water path and precipi-
tation (Bloomfield et al., 1996; Davis et al., 1998; Sillman
and Samson, 1995; Khalid and Samson, 1996; Broennimann
and Neu, 1997; Baertsch-Ritter et al., 2004; Dawson et al.,
2007). These parameters are not independent with each other
and may have multiple effects on ozone production. Temper-
ature, for example, alters chemical reaction rates that control
the ozone budget, change PAN production, thereby affect-
ing the NOx balance and thus ozone production and control
temperature-sensitive biogenic emissions which are known
to impact strongly ozone production (Fiore et al, 2005). So-
lar radiation also impacts on biogenic emissions directly and
indirectly through temperature, since solar radiation and tem-
perature are closely related. It is therefore a complex issue to
unravel the effects of different meteorological parameters on
air quality in real atmosphere because of the interdependence
and the multiple feedbacks.

A more holistic approach is to study the impact of cli-
mate change on air quality which is a far more compli-
cated task involving climate change, feedbacks with climate-
dependent biogenic emissions and changes in future anthro-
pogenic emission trends. Most of the studies investigat-
ing the future air quality projections were based on global
Climate-Chemistry models or global climate models coupled
to chemistry-transport models (Hauglustaine et al., 2005;
Stevenson et al., 2006; Racherla and Adams, 2006; Hede-
gaard et al., 2008; Racherla and Adams, 2008 and references
therein) and only few studies give emphasis on the regional
scale future air-quality (Szopa et al., 2006; Meleux et al.,
2007; Nolte et al., 2008; Kruger et al., 2008).

This paper presents climate-air quality simulations over
Europe on a decadal timescale with focus on the sensi-
tivity of near surface ozone on the lateral meteorological
boundary conditions constraining the climate model. This
task is accomplished by performing two decadal climate-air
quality simulations: the first is driven by a General Circu-
lation Model (GCM driven control experiment) ECHAM5
(Roecker et al, 2003) and the second by the ECMWF-ERA40
reanalysis (perfect lateral boundary conditions experiment),
which serves as the reference (Uppala et al., 2005). The
extent to which external meteorological forcing may affect
air quality simulations is of great importance especially in
regard to future climate change: Comparing present GCM-
driven climate simulations with reanalysis-driven simula-
tions, we learn how sensitive are the CAMx air quality sim-
ulations to the different meteorological forcing of the per-
fect boundary conditions experiment and the control experi-
ment which is a valuable information for understanding the
air quality simulations in the future climate.

2 Methodology

2.1 Climatic simulations

For the climatic simulations the RegCM version 3 regional
climate model was applied. RegCM is described by Giorgi
et al. (2004a, b) and has been used for over a decade in a
wide variety of applications (e.g. Giorgi and Mearns, 1999;
Giorgi et al., 2006), including long term simulations over dif-
ferent regions of the world (e.g. Giorgi et al., 1993a, b; Small
et al., 1999; Sun et al., 1999; Im et al., 2006; Seth and Ro-
jas 2003; Francisco et al., 2006), paleoclimate simulations
(Hostetler et al., 1994), climate change simulations (Giorgi
et al., 1992; Hirakuchi and Giorgi, 1995; Diffenbaugh et
al., 2005; Gao et al., 2006; Meleux et al, 2007), chemistry–
climate interactions (Giorgi et al., 2002, 2003) and finally as
part of ensembles simulations (Sanchez-Gomez et al., 2009;
Rauscher et al, 2009). The dynamical core is based on
the hydrostatic version of the NCAR-PSU Mesoscale Model
version 5 (MM5) (Grell et al., 1994). The radiative trans-
fer package is taken from the Community Climate Model
version 3 (CCM3) (Kiehl et al., 1996). The large-scale
cloud and precipitation computations are performed by Sub-
grid Explicit Moisture Scheme (SUBEX; Pal et al., 2000).
Ocean surface fluxes are computed according to the scheme
of Zeng et al. (1998) and the land surface physics according
to Biosphere-Atmosphere Transfer Scheme (BATS; Dickin-
son et al., 1993). The adopted convective scheme for the
RCM simulations in this study is the Grell scheme (Grell,
1993) with the Fritsch and Chappell (1980) closure assump-
tion. RegCM was used to simulate the time period 1960–
2000 for a domain covering Europe within the framework
of the European project ENSEMBLES (Hewitt and Griggs,
2004). RegCM3 simulations presented in the current work
cover the time period 1991–2000. The climate model was
set to a spatial resolution of 50 km with 18 vertical layers up
to 50 hPa. The dynamical time step of the model was 150 s.
Necessary meteorological variables were passed to the tro-
pospheric gas-phase chemistry every 6 h.

2.2 Emissions

Organic biogenic emissions were calculated with the use of
the RegCM-CAMx interface, which extracts meteorologi-
cal parameters from RegCM (temperature and radiation) and
uses the available land use categories to calculate emissions
(Guenther et al., 1993). Isoprene emissions were calculated
according to Eq. (1).

Eisop = Misop fLU cisop (1)

whereMisop is the isoprene emission for a certain land-use
category at a reference temperature of 30◦C and photosyn-
thetically active radiation of 1000 µmol m−2 s−1 (Simpson
et al., 1999),fLU is the land-use fraction within a model’s
grid box, cisop is the factor representing the dependence of
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isoprene emissions on temperature and radiation which is
given by Eq. (2)

cisop = 2.8782×10−3 PARe
9500(T −Tr) RT T r/ (2)

((1+e
2.3·105(T −314)

RT T r)
√

1+7.29×10−6PAR2)

whereT denotes temperature (K),Tr is the reference temper-
ature (313 K),R the ideal gas constant and PAR the photo-
synthetically active radiation. Landuse was interpolated from
the USGS global land-cover data. The USGS categories were
than merged into four categories: coniferous forest, decidu-
ous forest, grass cover and other (with no biogenic isoprene
emissions). Monoterpenes emissions are calculated accord-
ing to Eq. (1) with the respective monoterpenes emission fac-
tor Mterp taken also by Simpson et al. (1999). The correction
factor of monoterpenes is only temperature dependent and is
given in Eq. (3).

cterp= e0.9(T −Tr) (3)

Anthropogenic emissions were calculated with data from the
UNECE/EMEP data base (http://webdab.emep.int/) for Eu-
ropean emissions (Vestreng et al., 2005) for the year 2000.
These data comprise the annual sums of the emissions of
NOx, CO, non-methane hydrocarbons, SO2, NH3, fine par-
ticles (<2.5 µm) and coarse particles (2.5 µm to 1 µm) on a
50 km×50 km grid. Eleven sectors of anthropogenic activity
are distinguished in accordance to SNAP97. For every sector
different distributions for the month, the day of the week and
the hour of the day were applied for the temporal disaggrega-
tion. The disaggregation factors are taken from the inventory
by Winiwarter and Zueger (1996).

2.3 Air quality simulations

The air quality model simulations were performed with the
comprehensive air quality model with extensions (CAMx)
(ENVIRON, 2006) which is applied in the last ten years
for air quality modeling studies (Lee et al., 2009, Andreani-
Aksoyoglu et al., 2008; Lei et al, 2007 and references
therein) and climate-air quality simulations (Dawson et
al., 2009). CAMx is off-line coupled to RegCM with a
FORTRAN-based code interface, which reads the basic me-
teorological parameters from RegCM and converts them
into format accepted by CAMx. These parameters include
fractional landuse distribution including 11 landuse cate-
gories, three-dimensional gridded fields of height/pressure,
horizontal wind components, temperature, water vapor con-
centrations, cloud parameters, vertical diffusivity and two-
dimensional surface temperature (ENVIRON, 2006).

The projection of RegCM3 and CAMx is identical (Lam-
bert Conformal Conic) in order to avoid interpolations be-
tween grids that usually introduce large errors. The spatial
resolution of CAMx, therefore, was set to 50 km×50 km.
The domain’s vertical profile contains 12 layers of varying
thickness. Layer 1 is 36 m deep and the uppermost layer is

1.2 km thick and extends to about 6.5 km. Top and lateral
boundary conditions for all gaseous species were kept con-
stant, with no seasonal variation and annual variability, iden-
tical for both runs. Ozone was set to 40 ppb, NO2 to 1 ppb
and CO to 200 ppb. The chemistry mechanism invoked was
Carbon Bond version 4 (CB4). This mechanism includes 117
reactions – 11 of which are photolytic – and up to 67 species
(37 gasses, 12 radicals and up to 18 particulates). The sim-
ulations covered the period 1990–2000, with the first year
used as spin-up time.

The present decade (1991–2000) was simulated twice: by
ECHAM5/RegCM/CAMx as a GCM driven control experi-
ment and by reanalysis ERA40/RegCM/CAMx as a perfect
lateral boundary conditions experiment. These two runs will
be referred to hereafter as ECHAM and ERA runs respec-
tively. Since the ERA40 reanalysis project is a global atmo-
spheric analysis of observations and satellite data streams it
can be considered to be the one closer to real atmospheric
conditions and thus is used as the reference run. In this
work the reanalysis-driven run (ERA) is compared to the
ECHAM run performed for the same decade and the dif-
ferences ECHAM-ERA for the decade 1991–2000 are pre-
sented. Emphasis is given on how the different meteorolog-
ical forcing affects near surface ozone, which are the dom-
inating factors controlling ozone and what is their relevant
importance for the winter and summer season.

2.4 Statistical analysis

In order to express in a more quantitative way the spatial rela-
tion between the seasonal changes in ozone averaged over the
decade and a number of climate-dependent parameters, the
Pearson correlation coefficientsR were calculated between
1(O3) and1(var), where “var” the selected parameter. The
selected variables were: solar radiation (SR), surface tem-
perature (T ), temperature at 850 hPa (T850), 500 hPa geopo-
tential height (GH), wind components (U,V) at the surface,
planetary boundary layer height (PBL), biogenic emissions
(BE) and nitrogen oxides (NOx). The significance of the
calculated correlations has been evaluated with reference to
the t-test. To formt-statistics, we computed thetstatistic=
R(df/(1− R2))1/2 and compare it with the critical values
tcritical obtained from thet distribution with df degrees of
freedom. The estimation of the actual number of degrees
of freedomdf, after the effect of spatial autocorrelation has
been removed, has been performed according to the formu-
las given in Dutilleul (1993). When|tstatistic| > tcritical, the
correlation was assumed locally significant.

As a next step, we established a set of independent vari-
ables that gives rise to the best prediction of1(O3). Using
multiple regression analysis,1(O3) was treated as a depen-
dant (predictant) variable and all other parameters (1(GH),
1(T ), 1(T 850), 1(SR), 1(U), 1(V ), 1(PBL), 1(BE))
as independent (predictor) variables. The number of data
points (cases) used in the analysis was 9200 (100 rows×92
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columns). Stepwise multiple linear regression was used to
reveal the meteorological parameters related to ozone con-
centration. Forward stepwise regression adds or deletes the
independent variables from the model at each step of the re-
gression until the “best” regression model is obtained. Stan-
dardized regression coefficients (beta) were taken into ac-
count. The beta value is a measure of how strongly each
predictor variable influences the predicted variable. The beta
is measured in units of standard deviation. The higher the
beta value the greater the impact of the predictor on the pre-
dicted variable.

For the goodness of fit the adjustedR-square was used.R
is a measure of the correlation between each predictor and
the criterion variable.R-square is the square of this measure
of correlation and indicates the proportion of the variance
in the predicted variable that is accounted for the statistical
model. This is essentially a measure of how good is the pre-
diction of the dependent variable knowing the predictor vari-
ables. However,R-square tends to somewhat over-estimate
the success of the model, so an AdjustedR-square value is
calculated which takes into account the number of variables
in the model and the number of cases the model is based on.
This AdjustedR-square value gives the most useful measure
of the success of the statistical model. If, for example, the
AdjustedR-square value is 0.75 it means that the statistical
model has accounted for 75% of the variance in the predicted
variable. The final step of the statistical analysis was to build
a simple regression model that predicts1(O3) based on the
behavior of1(var).

3 Evaluation of the modeling system

Surface ozone simulated by the RegCM3/CAMx modeling
system (both ECHAM and ERA simulations) has been eval-
uated using measurements from the EMEP database (http://
tarantula.nilu.no/projects/ccc/network/index.html). The aim
of this evaluation is to compare the simulated concentrations
with the validated measurements of a European network and
verify the ability of the modeling system to reproduce in an
appropriate way surface ozone concentrations on a decadal
average basis for different European regions.

All EMEP stations are located in rural areas and remain,
thus, unaffected by local anthropogenic sources. This cri-
terion makes the observational data suitable for validation
of a regional scale model. Observations have been post-
processed and only stations meeting the 75% availability
standard (within a year) were used. Stations with altitudes
higher than 1500 m were excluded. Two measures are used
to validate model performance. Modified Normalized Mean
Bias (MNMB) which is selected as it treats both model defi-
ciencies (over- and underprediction) in a symmetric manner
in contrary to the normalized bias.

MNMB =
2

N

N∑
i

Mi −Oi

Mi +Oi

(4)

Fractional gross error (FGE) is used as an indicator of the
overall model performance and is calculated according to
Eq. (5), whereMi corresponds to the model mean daily val-
ues andOi to the observed.

FGE=
2

N

N∑
i

∣∣∣∣Mi −Oi

Mi +Oi

∣∣∣∣ (5)

Figure 1 shows daytime (08:00–16:00 UTC) surface ozone
concentrations measured and simulated by CAMx (both
ERA and ECHAM runs). Ozone is averaged on a country
basis for the winter and summer season (left and right panels
respectively). Summer is the average of months June–July–
August and winter of December–January–February. A total
of 47 stations was used to validate the model performance
and namely seven stations were used for Austria (AT), five
stations for Germany (DE), seven stations for Norway (NO),
ten stations for Great Britain (GB), six stations for Sweden
(SE), two stations for Spain (ES), three stations for Den-
mark (DE), four stations for Switzerland (CH), one station
for France (1) and two stations for the Netherlands (NL).
Note that Fig. 1 is indicative of the average decadal ozone
concentrations appearing in each country and their deviation
from the measured decadal average. A reference to the error
and bias of each simulation is provided in more detail in Ta-
ble 1, where the statistical measures FGE and MNMB were
calculated for each season separately using daytime decadal
average surface ozone concentrations.

In winter surface ozone is underestimated in both ECHAM
and ERA simulations, the negative bias, however, is within
acceptable limits with the only exception the station in
France (FR08). This station exhibits a systematic underes-
timation in winter – but not in summer – with an otherwise
very good temporal correlation (0.91) of mean monthly sur-
face ozone values throughout the decade (not shown here).
Although the average ECHAM and ERA decadal concentra-
tions are comparable – decadal average differences are less
than 1 ppb, the statistics (Table 1) indicate an overall better
performance for the ERA simulation.

In summer the overall forecasting error is considerably
lower for both simulations in comparison to wintertime.
CAMx tends to overestimate ozone, especially in northern
Europe and performs obviously better for central and south-
ern Europe. The differences between the two simulations
are larger in comparison to winter time, ranging from 1 to
3.5 ppb. Ozone in the ECHAM simulation gives on average
lower concentrations in comparison to the ERA simulation.
Additional analysis of surface ozone values using only night-
time data suggest a worse model performance during night-
time. The calculation of FGE and MNMB using 24 h surface
ozone averages produces statistics which account for a more
moderate than daytime, however, acceptable model perfor-
mance.
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Table 1. Fractional gross error (FGE) and Modified Normalized Mean Bias (MNMB) for average decadal (1991–2000) daytime surface
ozone concentrations for the ECHAM and ERA simulations (a) winter (DJF) (b) summer (JJA). For the country codes see text.

(a) WINTER ECHAM FGE (%) ECHAMMNMB (%) ERA FGE (%) ERAMNMB (%)

AT 23.1 −4.1 21.2 −9.7
CH 34.0 18.1 33.4 16.6
DE 27.6 −14.1 22.1 −7.3
DK 22.7 −8.3 13.9 2.9
ES 18.5 10.5 19.0 12.6
FR 33.8 −33.8 36.2 −36.2
GB 35.4 −17.6 24.2 −10.7
NL 30.3 −12.6 19.3 −5.1
NO 16.1 1.2 13.7 6.2
SE 15.3 −5.2 11.0 −0.1

(b) SUMMER ECHAM FGE (%) ECHAMMNMB (%) ERA FGE (%) ERAMNMB (%)

AT 12.2 −2.9 9.8 6.6
CH 9.5 −1.3 7.1 6.2
DE 13.9 −1.6 12.6 8.8
DK 16.4 11.6 21.2 21.1
ES 8.4 5.3 9.8 8.4
FR 14.9 −5.8 7.4 4.3
GB 20.3 15.6 23.9 22.1
NL 16.1 0.7 13.8 9.9
NO 22.8 22.0 26.5 26.3
SE 16.7 13.3 19.6 19.2

 

 

 
 

Figure 1. Average decadal (1991-2000) surface daytime (8:00-16:00) ozone concentrations for 

different European counties, for winter (DJF) and summer (JJA) (left and right panels 

respectively). Depicted are ozone measured and simulated concentrations for both CAMx ERA 

and ECHAM runs. Country codes: Austria (AT), Switzerland (CH), Germany (DE), Denmark 

(DK), Spain (ES), France (FR), Great Britain (GB), the Netherlands, Norway (NO) and Sweden 

(SE). 
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Fig. 1. Average decadal (1991–2000) surface daytime (08:00–16:00 UTC) ozone concentrations for different European counties, for winter
(DJF) and summer (JJA) (left and right panels respectively). Depicted are ozone measured and simulated concentrations for both CAMx
ERA and ECHAM runs. Country codes: Austria (AT), Switzerland (CH), Germany (DE), Denmark (DK), Spain (ES), France (FR), Great
Britain (GB), the Netherlands, Norway (NO) and Sweden (SE).

To conclude, the evaluation analysis shows that the
RegCM3/CAMx modeling system is able to reproduce av-
erage decadal surface ozone concentrations establishing it,
therefore, as a suitable candidate for the examination of
climate-chemistry interactions. The modeling system per-
forms better during summer months and daytime. In sum-
mer ozone is overestimated, while the opposite is the case
for wintertime, both within acceptable limits. The worst
model performance in summer is located over northern Eu-
rope while in winter the situation is less homogeneous with

some countries over central Europe and Great Britain ex-
hibiting the highest errors. The greatest deficiencies of the
modeling system, which are obviously mirrored in the vali-
dation results, are the space and time invariant boundary con-
ditions affecting mostly the borders of the domain, non op-
timized nocturnal chemistry/processes, the same emissions
for each year of the decadal simulation and the 6-hourly cou-
pling of the meteorology and chemistry.
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Figure 2. Average decadal (1991-2000) surface ozone concentrations simulated by the 

ERA/RegCM3/CAMx modeling system for the winter (left) and the summer (right) season.  
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Fig. 2. Average decadal (1991–2000) surface ozone concentrations simulated by the ERA/RegCM3/CAMx modeling system for the winter
(left) and the summer (right) season.

Table 2. Correlation between differences in selected variables during summer (upper triangular part) and winter (lower triangular part). All
correlations are significant at the 95% level of significance. Values in bold are significant at the 99% level of significance.

SUMMER/
WINTER

1(O3) 1(BE) 1(CLWP) 1(GH) 1(SR) 1(T850) 1(T ) 1(U) 1(V ) 1(PBL)

1(O3) 1 0.46 −0.55 0.57 0.58 0.55 0.36
1(BE) 0.29 1 −0.39 0.69 0.43 0.62 0.65 0.45
1(CLWP) 1 −0.39 −0.73
1(GH) 0.34 −0.56 1 0.46 0.95 0.70
1(SR) −0.66 0.41 1 0.41 0.31
1(T850) 0.30 −0.59 0.95 0.50 1 0.67
1(T ) 0.26 0.51 0.46 0.41 1 −0.52 0.67
1(U) −0.36 1 0.43 −0.44
1(V ) 1 −0.25
1(PBL) 0.32 0.26 0.22 0.60 1

O3 = Ozone BE = Biogenic Emissions CLWP = Cloud Liquid Water Path GH = 500 hPa Geopotential Height SR = Incoming Solar Radiation
T850 = 850 hPa TemperatureT = surface TemperatureU = Zonal wind componentV = Meridional wind component PBL = Planetary
Boundary Layer height

4 Impacts of external meteorological forcing on surface
ozone

4.1 Surface ozone

Figure 2 shows the average decadal surface ozone concen-
trations as simulated by the ERA/RegCM3/CAMx model-
ing system. Model calculations yield higher O3 concen-
trations over the Mediterranean basin, attaining values of
around 60 ppb in summer and around 35 ppb in winter. Over
continental Europe the summer decadal averages range be-
tween 30 and 45 ppb and winter decadal averages around
15–25 ppb. The surface ozone averages are calculated as the
daily averages and should not be directly compared to the
daytime surface ozone values plotted in Fig. 1. The average
decadal winter and summer differences between ECHAM

and ERA simulations in near surface O3 over Europe are
shown in Fig. 3. Changes in winter are smaller, in the range
of 1–2 ppb with some local maxima reaching up to 4 ppb,
positive for southern and eastern Europe and negative for the
north and western part of the domain. In summer ozone is
lower almost over the entire domain in the ECHAM simu-
lation, by about 2–4 ppb and mostly over the central part of
continental Europe.

Figures 4–8 show ECHAM minus ERA differences in
surface temperature1(T ), incoming solar radiation1(SR),
500 hPa geopotential height1(GH) zonal1(U) and merid-
ional wind component1(V ) and biogenic emissions1(BE).
Changes in O3 concentrations are driven by changes in those
variables (1var), caused by the different forcing (ECHAM
minus ERA) – which at the same time affect the dynamics of
the atmosphere, biogenic emissions and chemistry.

Atmos. Chem. Phys., 10, 11805–11821, 2010 www.atmos-chem-phys.net/10/11805/2010/
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Figure 3. Differences in simulated average surface O3 fields between the ECHAM and ERA 

simulations for winter (left) and summer (right) representative of the 90s.  
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Fig. 3. Differences in simulated average surface O3 fields between the ECHAM and ERA simulations for winter (left) and summer (right)
representative of the 90 s.

 

 

 

 
 

Figure 4. Differences in simulated average surface temperature fields between the ECHAM and 

ERA simulations for winter (left) and summer (right) representative of the 90s.  
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Fig. 4. Differences in simulated average surface temperature fields between the ECHAM and ERA simulations for winter (left) and summer
(right) representative of the 90 s.

The response of surface ozone to a different meteorolog-
ical forcing is clear and in the following discussion we will
try to identify the relative importance of several parameters
that control surface ozone concentrations. Obviously, it is
not easy to isolate the role of each parameter that contributes
to a change in O3 fields, since they all interact in a complex
way. Table 2 presents the calculated correlation coefficients
between changes in O3 (1O3) and changes in several vari-
ables (1var). Values that are not significant to the 95% level
of significance are not shown. These calculations provide a
more quantitative measure of how changes in surface ozone
may be related to changes in climate and climate dependent
parameters.

4.2 Temperature and PBL height

It has been shown in several studies that temperature is a
meteorological factor that greatly affects ozone in different
ways. Firstly, rate constants involved in ozone chemistry
are temperature dependent and secondly, biogenic emissions,
which are known ozone precursors, are also temperature de-

pendent. Furthermore changes in air temperature are closely
related to atmospheric circulation changes, which in turn in-
fluence tropospheric ozone changes in synoptic scale (Davies
et al., 1992; Kalabokas et al., 2008). In the modeling study of
Dawson et al. (2007), which investigated the impact of sev-
eral meteorological parameters on ozone, it was shown that
of all parameters, the one having the largest impact on ozone
was temperature. Ozone exceedances and average daily max-
imum 8h concentrations increased almost linearly with tem-
perature. PAN chemistry was found to be largely respon-
sible for the dependence of ozone formation on temperature.
Meleux et al., 2007 in their study of summer European ozone
reported that temperature driven increase in biogenic emis-
sions appeared to enhance ozone production and isoprene
was identified to be the most important chemical factor in
the ozone sensitivity. The same conclusion was reached by
Hedegaard et al. (2008) with their modeling study of climate
change on air pollution, suggesting that dominating impacts
on a large number of species including ozone are related to
temperature increase.
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Figure 5. Differences in simulated average incoming solar radiation fields between the ECHAM 

and ERA simulations for winter (left) and summer (right) representative of the 90s.  
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Fig. 5. Differences in simulated average incoming solar radiation fields between the ECHAM and ERA simulations for winter (left) and
summer (right) representative of the 90 s.

Figure 4 (left panel) shows differences in near surface
air temperature between the ECHAM and ERA run dur-
ing winter. Fields of1(O3) bare some similarities to
1(T ): ECHAM runs yielded higher temperatures over Eu-
rope mainland up to 4 degrees and higher ozone concentra-
tions with similar spatial pattern up to 4 ppb. Mind that the
highest positive temperature differences seen over central-
eastern and south-eastern Europe collocate with the highest
positive ozone differences. Similar temperature-ozone spa-
tial patterns with the same sign are also observed over Asia
minor and N. Africa, UK and part of the Scandinavian penin-
sula. In contrast, the increase of temperature of about 2–3 K
over the north-west corner of the domain does not appear to
be followed by an ozone increase.

The pattern of temperature changes between ECHAM and
ERA is quite different in summer. The field of1(T ) is
mostly negative with the exception of north- and south-west
and south-east corners of the domain. Interestingly, the more
intense decrease of temperature over central Mediterranean
can be also observed in O3 summer average field. On the
contrary, the stronger decrease of O3 in summer over cen-
tral Europe does not seem to be explained by temperature
changes. Overall, the correlation coefficient between1(O3)

and1(T ) are statistical significant over the whole domain:
0.26 in winter and 0.36 in summer (Table 2).

The changes in planetary boundary layer height (PBL) av-
eraged over the decade 1991–2000 for winter and summer
(not shown) are such that lower PBL is seen in winter over
the Mediterranean, Scandinavia and the UK, and in summer
over all parts of continental Europe in the ECHAM simula-
tion. Maximum1(PBL) is about 500 m. As seen in Table 2,
changes in PBL are mostly related to changes in temperature
(R = 0.6 in winter and 0.67 in summer both significant at the
99% level), indicating that higher temperatures support the
evolution of higher PBL.

4.3 Solar radiation and cloud liquid water path

Solar radiation is naturally expected to strongly affect ozone
since it controls all photochemical reactions which are in-
volved in ozone production and destruction processes. Ac-
cording to Kr̈uger et al., 2008 increase of net radiation to-
gether with temperature are expected to increase ozone con-
centrations by the end of the century. Comparison of Figs. 3
and 5, which depict1(O3) and1(SR) respectively, shows
that the correlation between solar radiation and surface ozone
is clearly stronger in summer than in winter season, when ac-
tually is found to be statistically insignificant. Calculation of
the correlation coefficient between the two fields yields a rel-
atively good correlation of 0.58 in summer (Table 2). The
main ozone decrease of surface ozone in the ECHAM run in
central Europe seems to be related to the decrease of solar
radiation. The relation of the two fields is easily understood
since ozone production is photochemically driven and thus
sun-light dependent.

There is a good agreement between1(CLWP) (not shown)
and 1(SR) fields. Increase of CLPW is accompanied by
a decrease in solar radiation. In Table 2 it is shown that
there is a significant anti-correlation between CLWP and SR,
which ranges from−0.66 in winter to−0.73 in summer.
Specifically, in summer, the decrease of solar radiation in the
ECHAM run in comparison to ERA is a result of increased
cloudiness over Europe in a latitude belt extending from
45◦ to 65◦. Furthermore, the dipole pattern of SR increase
in Eastern Mediterranean and SR decrease over the Iberian
Peninsula and adjacent Atlantic Ocean in winter is associated
with an anti-correlated dipole pattern in CLPW differences.
These differences in cloudiness indicate differences in atmo-
spheric circulation over Europe between ECHAM and ERA
simulations and they are discussed more extensively below.
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4.4 Geopotential height and wind

It is known that atmospheric circulation exerts important in-
fluence on the distribution of ozone and its precursors on var-
ious scales. Hegarty et al., 2007 showed that certain circula-
tion patterns over northeastern United States, identified with
a correlation-based synoptic categorization technique, con-
trolled summertime surface ozone. The 500 mb geopotential
height as well as the zonal and meridional wind components
are used as indicators for identifying the synoptic scale cir-
culation differences between ECHAM and ERA simulations
(Figs. 6 and 7).

The average 1991–2000 winter ECHAM circulation pat-
tern has a steeper geopotential height gradient along Europe,
being more anticyclonic over eastern Europe and more cy-
clonic over west Europe-east Atlantic. The more anticy-
clonic conditions over eastern Europe are expected to be ac-
companied with fairer weather conditions, higher tempera-
ture, lower cloudiness and higher surface solar radiation lev-
els. These geopotential height differences in winter (Fig. 6,
left panel) are associated strongly to temperature at 850 hPa
(R = 0.95) and surface temperature (theR = 0.46) both at
the 99% level of significance, cloudiness (R = 0.56 at the
99% level of significance) and solar radiation (R = 0.41 at
the 95% level of significance). All these parameters support
the build up of high ozone concentrations as well as its photo-
chemical production in winter. Indeed, ozone concentrations
are higher in winter over eastern Europe and decrease over
eastern Atlantic where geopotential heights are lower, prob-
ably related to more cyclonic conditions.

The pattern of the geopotential height differences in win-
ter is supported by the respective pattern of differences in
zonal and meridional wind components (Fig. 7). Wester-
lies over the Iberian Peninsula become stronger in ECHAM
than in ERA simulations and weaker over northern UK and
North Atlantic Ocean while the meridional wind compo-
nent is characterized by an increased southern zonal flow
in ECHAM with its maximum over Germany and Poland.
These induced wind changes are expected as a result of the
more cyclonic conditions over west Europe-east Atlantic and
the more anticyclonic conditions over eastern Europe.

The field of the 500 hPa GH differences between ECHAM
and ERA simulations in summer shows a low over Russia of
about−50 m. This feature implies a more cyclonic behav-
ior of ECHAM in the region between 50–55◦ latitude and
25–40◦ longitude which is expected to be accompanied with
typical cyclonic patterns, i.e. lower temperatures, increased
cloudiness and reduced solar radiation. These features are
indeed encountered in1(T ) (Fig. 4) and1(SR) fields. The
correlation coefficient between1(O3) and 1(GH) is 0.57
and significant at the 99% level in summer, suggesting that
atmospheric circulation impacts on surface ozone concentra-
tions, either directly through atmospheric circulation or indi-
rectly through photochemistry. The average difference map
of wind components for the summer period shows enhanced

westerly winds in mid-latitudes for the ECHAM run (Fig. 7)
related to higher West-East GH gradient. A stronger north
meridional component is also apparent mainly over Scan-
dinavia, which is associated with the low seen over Russia
in the map of1GH. Obviously the wind components agree
well with the synoptic circulation features as seen through
the1(GH) fields.

4.5 Biogenic emissions

Biogenic emissions (BE) are known to have a strong im-
pact on surface ozone concentration. The most important
biogenic hydrocarbon in atmospheric chemistry is isoprene
(C5H8) (Seinfeld and Pandis, 1998). The relative magni-
tudes of isoprene and NOx emissions determine the impact
on O3 (Fiore et al., 2005). Isoprene oxidation is a large
source of hydroperoxy (HO2) and organic peroxy radicals
(RO2), which can react with NOx to stimulate O3 production.
In rural areas, especially where NOx is low, however, O3
production is considered as NOx-sensitive and insensitive to
VOCs. Under low NOx emissions, high isoprene emissions
can even decrease O3 by either sequestering NOx as isoprene
nitrates, thereby suppressing O3 formation or by ozonolysis
of isoprene. The treatment of isoprene chemistry by chemi-
cal mechanisms of global and regional models has still great
uncertainties and their impact on O3 budget is large. The
study of von Kuhlmann et al. (2004) suggested that the rel-
ative differences in ozone mixing ratio for different isoprene
oxidation schemes can be up to 30–60%. Recently, Ito et
al. (2009) also showed that increasing the degree of recycling
of NOx from isoprene nitrates in isoprene oxidation scheme
has large impact on tropospheric ozone.

The modeling results suggest a small but significant im-
pact of biogenic emission changes on surface ozone during
winter. The impact is small due to the fact that biogenic
emissions are low in winter months. The small increase of
BE over the Balkan Peninsula in the ECHAM run (Fig. 8) is
probably related to the temperature increase as indicated also
by the higher positive correlation between1(BE) and1(T )
(0.51). Biogenic emissions are lower for the ECHAM run
during summer, due to the mostly negative1(SR) and1(T )
fields. Temperature increases in the southern east and west
corners of the domain lead to higher biogenic emissions in
ECHAM. The correlation of1(BE) and1(O3) fields during
summer is higher (0.46) implying a stronger dependence of
ozone on emissions of biogenic origin during warm months.

4.6 Multiple linear regression analysis

In order to assess to which extent changes in the selected me-
teorological variables explain the changes in surface ozone
concentrations between ECHAM and ERA simulations, we
built a simple regression model using as independent vari-
ables all the variables listed in Table 3 and as dependent vari-
able the difference in surface ozone between the ECHAM
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Figure 6. Differences in simulated average 500 hPa geopotential height fields between the 

ECHAM and ERA simulations for winter (left) and summer (right) representative of the 90s.  
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Fig. 6. Differences in simulated average 500 hPa geopotential height fields between the ECHAM and ERA simulations for winter (left) and
summer (right) representative of the 90 s. 

 

 
Figure 7. Differences in simulated average meridional (U upper panel)  and zonal (V bottom 

panel) wind component fields between the ECHAM and ERA simulations for winter (left) and 

summer (right) representative of the 90s. 
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Fig. 7. Differences in simulated average meridional (U upper panel) and zonal (V bottom panel) wind component fields between the ECHAM
and ERA simulations for winter (left) and summer (right) representative of the 90 s.

and ERA simulations. AdjustedR-square is presented at the
bottom of Table 3a and b, for winter and summer respec-
tively, together with the statistical significance of the results.
The first column of each table shows theR-square change for
every variable, which is a measure of how the power of the
regression model changes with the addition or removal of a

predictor variable. The second column shows the beta value
for each variable examined.

The results of our simple statistical model suggest that the
changes in surface ozone can be predicted better during sum-
mer than during winter, knowing only the changes in meteo-
rological variables. The statistical model succeeds to account
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Figure 8. Differences in simulated average biogenic emissions between the ECHAM and ERA for 

winter (left) and summer (right) representative of the 90s. Mind the differences in color scales for 

the two seasons. 
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Fig. 8. Differences in simulated average biogenic emissions between the ECHAM and ERA for winter (left) and summer (right) representa-
tive of the 90 s. Mind the differences in color scales for the two seasons.

 

 

 
 

Figure 9. Average surface O3 fields calculated from the regression model for winter (left) and 

summer (right) 
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Fig. 9. Average surface O3 fields calculated from the regression model for winter (left) and summer (right).

for 62% of the variance in the predicted variable in summer
and up to 26% in winter. The inclusion of solar radiation ex-
plains a 33% of the1 (O3) variance followed by geopotential
height which explains almost 12% in warm months.

Figure 9 illustrates the predicted1 (O3) values as calcu-
lated by the simple regression model and it is indicative of
the impact of changes in meteorological parameters and the
climate-dependent biogenic emissions on the absolute mag-
nitude and spatial pattern changes of surface O3. Compar-
ison of Figs. 3 and 9 shows that the summer surface ozone
decrease over Europe in the ECHAM simulation is mainly
explained by the changes in meteorology. The features of
surface1 (O3) appearing in Fig. 3 over the area of Gibraltar
and the English Channel could be attributed to the changes
in NOx concentrations, which are also expected to change
slightly due to the temperature-dependent shifted balance of
nitrogen species. The statistical model reproduces the basic
spatial pattern of the winter surface ozone changes, with the
increase over southern and eastern Europe and the decrease
over Scandinavia and Great Britain. The greatest ozone de-
creases over the Irish Sea, Denmark, the east Italian coast
along the Adriatic, and the area over Gibraltar, could be at-
tributed to chemistry related processes.

4.7 Sensitivity to chemical boundary conditions

In order to assess the impact of chemical boundary condi-
tions on the concentrations of surface ozone and compare
with sensitivity in meteorological forcing, four sensitivity
studies were performed including the impact of both top
and lateral boundary conditions. The assumption of con-
stant top boundaries implies that important processes such
as stratosphere-troposphere exchange and intercontinental
transport of pollutants are not taken into consideration. Ac-
cording to Tang et al. (2007) top boundary conditions show
strong effect on O3 predictions above 4 km. From global
studies (Stevenson et al., 2006) it is known that stratospheric
flux to the troposphere is an important contribution to the
global ozone budget and that in future projections upper tro-
pospheric ozone will rise, especially in the Northern Hemi-
sphere, which is related to an increased influx from the strato-
sphere. However, in these global studies the effect of strato-
spheric influx to the surface ozone (the focus of this study) is
expected to be smaller. With respect to intercontinental trans-
port of pollution towards Europe, Li et al. (2002) showed that
the effects of North America and Asia anthropogenic emis-
sions on European surface ozone is on average over summer
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Figure 10. Sensitivity study with 30% O3 increase in the top boundary conditions. The plots show 

changes in seasonal average surface ozone concentrations for the winter (left) and the summer 

(right) season.  
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Fig. 10. Sensitivity study with 30% O3 increase in the top boundary conditions. The plots show changes in seasonal average surface ozone
concentrations for the winter (left) and the summer (right) season.

Table 3.

(a) Multiple regression analysis results for the winter period

1(var) R-square change Beta

GH 0.0846 0.583
U 0.0817 0.321
SR 0.0234 0.260
T850 0.0260 −0.469
T 0.0194 0.115
V 0.0192 −0.158
BE 0.0090 0.117

AdjustedR-square 0.263,p = 0.00

(b) Multiple regression analysis results for the summer period

1(var) R-square change Beta
SR 0.333 0.159
GH 0.119 −0.210
V 0.066 0.436
U 0.053 −0.290
CLWP 0.030 −0.260
BE 0.009 0.185
T850 0.010 0.334
PBL 0.004 −0.090
T 0.0002 0.032

AdjustedR-square 0.623,p = 0.00

1997 around 2–3 ppbv for the largest part of Europe. This
is rather small compared to the effect of the European emis-
sions on European surface ozone which is more than 20 ppbv.
The sensitivity studies of chemical boundaries performed in
this work include (i) a 30% (12 ppb) increase of O3 top
boundary (ii) a 5% (2 ppb) increase of O3 lateral boundaries
(iii) a 20 % increase of O3 (8 ppb) lateral boundaries and
(iv) a 50% increase of NOx (1 ppb) lateral boundaries.

4.8 Impact of ozone top boundaries on surface ozone

Figure 10 depicts the impact of a 30% (12 ppb) increase of
ozone top boundaries on surface ozone for the winter and
summer season. The changes over the whole European do-
main for both seasons is less than 2 ppb. In winter the area
mostly affected is the Mediterranean and to a lesser extent
the northern part of the domain over east Atlantic. Dur-
ing the summer period the impact is even lower and re-
stricted over the Mediterranean. This behavior can be at-
tributed to the circulation features which come about as a
result of high and low pressure areas of the midlatitudes:
The high pressures at∼30◦ support descent of air masses
from higher altitudes to Earth’s surface leading therefore to
increase of the top boundary O3 richer air masses to the sur-
face in the southern part of our domain. This finding is also
in according with the climatological study of Sprenger and
Wernli (2003) showing that the lower tropospheric compo-
sitions of the Eastern Mediterranean region is favorable to
stratosphere-to-troposphere transport events.

4.9 Impact of ozone lateral boundaries on surface ozone

Ozone lateral boundary concentrations were increased first
by 5% and then 20% in order to study the system’s response
to perturbations of different magnitudes. Figure 11 shows the
change in surface ozone by a 2 ppb increase in ozone lateral
boundaries. The most sensitive area to the response of in-
creased ozone in the boundaries for both seasons is the north
western part of the domain over the Atlantic, Great Britain
and the western part of Scandinavia. This feature can be ex-
plained by the prevailing westerlies carrying along the excess
of lateral ozone to the neighboring to the west boundary ar-
eas. The impact in surface ozone fades towards central Eu-
rope. The increase of ozone over central continental Europe
is about 0.5 ppb in winter and even less in summer and neg-
ligible over the Mediterranean during the warm months. A
four time stronger perturbation of the O3 lateral boundaries
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Figure 11. Sensitivity study with 5% O3 increase at the lateral boundary conditions. The plots 

show changes in seasonal average surface ozone concentrations for the winter (left) and the 

summer (right) season.  
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Fig. 11.Sensitivity study with 5% O3 increase at the lateral boundary conditions. The plots show changes in seasonal average surface ozone
concentrations for the winter (left) and the summer (right) season.

 
 

Figure 12. Sensitivity studies with 50% NOx increase in the lateral boundary conditions. The plots 

show changes in seasonal average surface ozone concentrations for the winter (left) and the 

summer (right) season.  
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Fig. 12. Sensitivity studies with 50% NOx increase in the lateral boundary conditions. The plots show changes in seasonal average surface
ozone concentrations for the winter (left) and the summer (right) season.

(8 ppb) attempted in the third sensitivity study, showed a four
times increased signal over the European domain, with the
same spatial pattern. Surface ozone concentrations increase
by 7–8 ppb in the north western part of our domain (east-
ern Atlantic), around 3–4 ppb over Great Britain and western
Scandinavia, and the impact fades out towards the south east-
ern part of Europe and the Mediterranean (not shown). This
result highlights the sensitivity of north-western continen-
tal Europe on pre-defined boundaries used, when dynamic
boundaries from a global model is not an option.

4.10 Impact of NOx lateral boundaries on surface ozone

In the last sensitivity study the NOx boundaries are increased
by 1 vppb (0.5 ppb NO2 and 0.5 ppb NO). The impact on sur-
face ozone is shown in Fig. 12 and is obviously very much
dependent on season. The impact of increased NOx is very
small over continental Europe in winter and located in the
inflow boundaries. In northern Europe where temperatures
are low the there is not sufficient solar radiation for ozone
production, the addition of NO leads to ozone loss and thus

decrease of surface ozone. Higher temperature in the south-
ern part of the domain lead to small ozone production, which
is however marginal and not sufficient to transport surface
ozone in the higher latitudes. On the contrary, during sum-
mer the meteorology is such that facilitates the abundant
ozone production, so that the excess of ozone is transported
over the whole domain and so the impact on surface ozone is
homogenized over the whole domain. Surface ozone in sum-
mer is increased by about 3 vppb over the whole domain due
to changes in the NOx boundaries.

5 Conclusions

In this work a modeling system based on the air quality
model CAMx driven off-line by the regional climate model
RegCM was used for assessing the impact of different me-
teorological forcing on surface ozone over Europe for the
decade 1991–2000. For the external meteorological forc-
ing two different datasets were used: the ERA40 global at-
mospheric reanalysis dataset and the model output from the
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GCM ECHAM (ERA and ECHAM runs respectively). The
focus of this work was to compare the perfect lateral bound-
ary conditions experiment with the GCM driven experiment
and to investigate how this external meteorological forcing
affects near surface ozone.

Different RegCM forcings result in1(O3) ranging be-
tween± 4 ppb, while all model parameterizations and an-
thropogenic emissions remain unchanged. The area show-
ing the greatest sensitivity in O3 during winter is central and
southern Europe while in summer is central north continen-
tal Europe. As indicated by the 500 hPa GH, used here as
an index of atmospheric circulation, the ECHAM run re-
veals a more steep GH gradient along the west-east axis of
Europe and more anticyclonic conditions over Russia dur-
ing summer. The differences in both zonal and meridional
wind fields are associated with the differences in the circu-
lation patterns. Furthermore, the differences in near surface
air temperature and incoming solar radiation follow the dif-
ferences in atmospheric circulation.

The results of our simple statistical model suggest that the
changes in surface ozone can be predicted better during sum-
mer than during winter, knowing only the changes in me-
teorological variables. It succeeds to account for 62% of
the variance in the predicted variable in summer and up to
26% in winter. Solar radiation changes explains a 33% of
the1 (O3) variance followed by geopotential height which
explains almost 12% in warm months.

For comparison reasons, the impact of chemical boundary
conditions on surface ozone was additionally examined with
a series of sensitivity studies, showing that surface ozone
changes are comparable to those caused by the different me-
teorological forcing. This finding highlights the strong im-
pact of external meteorological forcing both on the final cli-
matic and the coupled air quality information delivered. Spe-
cial attention should be, thus, given to the selection of me-
teorological forcing besides the chemical boundaries, when
regional climate-air quality studies are performed.

More in detail, four sensitivity studies were conducted,
corresponding to a 5% and 20% increase of ozone in lateral
boundaries, a 20% increase of ozone in top boundary, and a
50% increase of NOx lateral boundaries, in order to assess
the impact of boundary conditions on surface ozone. The
results show that the impact of ozone lateral boundaries is
mostly seen over the western and north part of our domain.
A perturbation of 2 ppb in ozone lateral boundaries increases
surface ozone concentrations by about 1 ppb in the north west
Europe (Great Britain an western Scandinavia) and the im-
pacts fades out moving towards central and southern Europe.
Increase of the perturbation by a factor of 4, leads to a four
times stronger impact on surface ozone with the same spa-
tial pattern. The impact of increased NOx lateral bound-
aries on surface ozone is very much seasonal dependent. In
the winter the impact is located near the inflow boundaries
and is relatively small. In summer the meteorology facil-
itates ozone production, which is abundant and transports

over the whole European domain, increasing ozone by about
3 ppb. Finally, the impact of ozone top boundary on surface
ozone was shown to be mainly located over southern Europe,
the magnitude of the perturbation was however, considerably
smaller than the perturbation.
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