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[1] The complex behavior of photochemical pollutants in the northwestern Mediterranean
basin (NWMB) is conditioned by the superposition of circulations of different scale and the
pattern of emissions. Therefore a new approach to the modeling of air quality in the
NWMB has been adopted by combining the global climate-chemistry model ECHAM5/
MESSy and the regional modeling systemMM5-EMICAT2000-CMAQ to analyze the high
levels of photochemical air pollution during a typical summertime episode. We show that
this combination of models is well suited to address the range of scales involved. The
complexity of the area requires the application of high spatial and temporal resolution (2 km
and 1 hour) modeling to cover local to regional interactions. We address the local and large-
scale processes controlling tropospheric ozone in the NWMB, notably emissions and
photochemistry, convective and advective transport, deposition processes, and stratosphere-
troposphere exchange. The simulation results indicate that the ozone buildup largely results
from local photochemical production, which strongly exceeds the removal rates through
transport and deposition. The contribution by advective transport is limited, associated with
the stagnant meteorological conditions. In the lower troposphere, local recirculation
systems are of key importance. The strength of the land-sea breeze circulation and thermally
or mechanically driven convection over the complex orography of the eastern Iberian
coast can induce vertical transport and the layering of air pollution.
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1. Introduction

[2] The high levels of photochemical pollutants (especially
ozone, O3) over the northwestern Mediterranean basin
(NWMB) in summer influence natural ecosystems, agricul-
ture and human health. The cloud-free conditions and high
solar radiation intensity promote the photochemical buildup
of ozone and other pollutants [Lelieveld et al., 2002].Measure-
ments have shown high O3 concentrations in this Mediterra-
nean region [e.g., Ziomas et al., 1998; Millán et al., 2000;
Dueñas et al., 2002]. According toRibas andPeñuelas [2004],
the European Union human and plant protection thresholds
are exceeded in the NWMB on 54 and 297 days per year,
respectively. Atmospheric chemistry transport model simu-
lations suggest that summertime O3 is enhanced in the
entire Mediterranean troposphere, contributing substantially
to the radiative forcing of climate [Lawrence et al., 1999;
Hauglustaine and Brasseur, 2001]. Furthermore, the con-
centrations of airborne particulate matter and ozone are
related in the NWMB. Both pollutant categories undergo

seasonal variations characterized by a summer maximum
[Jiménez et al., 2003a]. The levels of primary and second-
ary pollutants reported by air quality stations indicate a clear
relationship when relating seasonal PM10 and O3 concen-
tration at ground level (correlation coefficient of 0.87 during
the summer months). Simultaneous peak concentrations of
PM10 and O3 measured at surface stations corresponded to a
vertical distribution of aerosols inmultiple layers with variable
thickness above the mixing layer as detected by the lidar
station of Barcelona [Pérez et al., 2004].
[3] The pronounced topography of the NWMB induces a

complex flow regime associated with the development of
mesoscale phenomena that interact with the synoptic flow.
Local orographical and land-sea breezes have important
consequences for the dispersion of pollution emissions,
especially during summer. The nonhomogeneity of the ter-
rain, the diverse land use and the different types of vegetation
contribute to locally specific conditions. In fact, the flow
structure is rather complicated because of the superposition
of atmospheric circulations on a range of different scales.
[4] Some authors point to the similarities between the

NWMB and the Southern California Air Basin (SoCAB),
affected by a factor of scale [Barros et al., 2003; Pérez et al.,
2004]. For instance, the structure of the sea-land breeze, the
presence of elevated pollution layers and the formation of the
thermal internal boundary layer have been studied in loca-
tions such as Los Angeles [Wakimoto andMcElroy, 1986; Liu
et al., 1987; Boucouvala and Bornstein, 2003] and Barcelona
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[Soriano et al., 2001; Pérez et al., 2004].McElroy and Smith
[1993] and Dabdub et al. [1999] examined the creation and
fate of ozone in the SoCAB. Layers aloft were attributed to
the action of slope flows (including convergence), convective
elements transported into the inversion layer and undercut-
ting by the sea breeze flow. High levels of ozone were found
along the slopes of the surrounding mountain barriers and in
the eastern basin [Lu and Turco, 1996]. Vertical circulations
associated with the interaction of the sea breeze andmountain
slope winds inject pollutants into the base of the inversion
and create high concentrations of pollutants; but in the case of
Los Angeles, the presence of a hot desert laying to the east of
the mountain barriers promotes vertical injections with a
thermal cause [Jacobson, 2002], while in the NWMB this
vertical injection is promoted by the precoastal mountain
range.
[5] A number of studies have shown that during typical

summertime conditions, layering and accumulation of pol-
lutants such as ozone and aerosols were taking place along
the eastern coast of the Iberian Peninsula. The European
projects MECAPIP; Mesometeorological Cycles of Air
Pollution in the Iberian Peninsula (1988–1991), and
RECAPMA; Regional Cycles of Air Pollutants in the western
Mediterranean area (1990–1992) characterized the meteoro-
logical conditions and mesoscale transport mechanisms over
the Iberian Peninsula and the western Mediterranean mainly
from experimental campaigns [Millán et al., 1992, 1996,
1997, 2000]. Recently, the project ESCOMPTE; Expérience
sur Site pour Contraindre les Modèles de Pollution atmos-
phérique et de Transport d’Emissions program included
atmospheric emission inventories and field experiments in
the northwestern Mediterranean region (southern France) to
show the high occurrence of photochemical pollution events.
The results of ESCOMPTE in southern France highlighted
the dynamical characteristics of the area. Sea breeze circula-
tion and channeling effects due to terrain features strongly
influence the location of the pollutant plumes [Cros et al.,
2004; Cousin et al., 2005; Dufour et al., 2005; Lasry et al.,
2005; Kalthoff et al., 2005; Ancellet and Ravetta, 2005; Coll
et al., 2005].
[6] However, there is a need for modeling studies for the

specific area of the NWMB that take into account the
superposition of circulations of different scales in long
stagnant periods leading to episodes of air pollution. This
type of studies can provide a three-dimensional high-
resolution description of the dynamics of atmospheric pollu-
tants over this very complex area. The aim of this work is to
study the contributions of different physico-chemical pro-
cesses to tropospheric O3 in the NWMB, combining a global
and a regional model applied with high spatial and temporal
resolution (2 km and 1 hour), to explain the high levels of
photochemical air pollution in this area during summer.
[7] The episode of 13–16 August 2000 was selected to

perform the simulations, since it represents a typical weather
pattern over the Mediterranean area in summer during which
pressure gradients are small [Jorba et al., 2004]. We have
performed an evaluation of ECHAM5/MESSy and MM5-
EMICAT2000-CMAQ using a large surface database from
air quality stations in the NWMB. In addition, Lidar vertical
profiles from Pérez et al. [2004] have been used to evaluate
the model calculations of vertical layering over the NWMB.
We have discriminated and quantified the different processes

by subdividing the troposphere into three different altitude
layers, the lower, middle and upper troposphere, to facilitate
the description and analysis of the phenomena involved. We
quantify the tropospheric O3 and carbon monoxide (CO)
budgets over the NWMB, distinguishing (1) emissions and
photochemistry, (2) convective transport, (3) advective trans-
port, (4) dry and wet deposition, and (5) stratosphere-tropo-
sphere exchange (STE).

2. Methods

[8] Model simulations have been conducted for the pho-
tochemical pollution event over the NWMB on 13–16
August 2000. During this event the European Directive
2002/3/EC threshold for ground-level O3 (180 mg m�3 in
1 hour) was exceeded. The domain of study (D4) (Figure 1)
covers an area of 272 � 272 km2 centered over the NWMB.
This domain was extended through the ECHAM5/MESSy
simulations for a domain covering most of Europe and the
entire western Mediterranean area. The episode of 13–16
August 2000, corresponds to a typical summertime low-
pressure gradient with high levels of photochemical pollu-
tants over the area. These days were characterized by a weak
synoptic forcing, so that mesoscale phenomena, induced by
the particular geography of the region may be expected to be
dominant. A high sea level pressure and negligible surface
pressure gradients over the domain characterize this day, with
low northwesterlies aloft (Figure 2). The selection of the
episode is justified by the analysis of Jorba et al. [2004], who
apply an objective multivariate statistical technique designed
to explore structures within a data set covering 5 years. This
nonhierarchical clustering algorithm specially designed for
large databases has been used for the selection of the episode,
since it allows obtaining flow climatology. The situation of
13–16 August 2000 is representative of episodes of photo-
chemical pollution in the NWMB, since these conditions
dominate 45% of the annual and 78% of the summertime
transport patterns over the area of study. These conditions are
associated with local-to-regional episodes of air pollution
associated with high levels of O3 during summer [Toll and
Baldasano, 2000; Barros et al., 2003]. Maximum O3 levels
over the NWMB were measured in the Vic and Alcover
industrial zones (189 mg m�3).
[9] Two complementing approaches were used to describe

the processes controlling the formation of photochemical
pollutants in the NWMB. The general circulation model
(GCM) applied in this study is the European Centre Hamburg
Model version 5 (ECHAM5), coupled with a description of
atmospheric chemistry, to study processes at a regional-
global scale. For a more detailed description of local and
mesoscale dynamical processes the MM5-EMICAT2000-
CMAQ modeling system was used.

2.1. European Centre Hamburg Model Version 5
(ECHAM5)

[10] The ECHAM5 model [Roeckner et al., 2003] was
used at a horizontal resolution of about 1.8�� 1.8� and a time
step of 900 s (T63). ECHAM5 has been coupled to the
Modular Earth Submodel System (MESSy) [Jöckel et al.,
2005], a generalized interface and submodel structure, which
simulates large-scale chemistry-dynamics interactions by
extending ECHAM5 into a fully coupled chemistry-climate
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model. The model version used distinguishes 31 hybrid
sigma-pressure layers between the surface and the top level
at 10 hPa. Tracer transport is calculated with a flux form
semi-Lagrangian advection scheme [Lin and Rood, 1996].
Additional vertical transports are included through the pa-
rameterization of vertical diffusion and convection.
[11] The model considers a separate stratospheric O3

tracer, referred to as O3s. The concentration of O3s is equal
to that of O3 in the grid cells above the tropopause where
stratospheric O3 is prescribed [Roelofs and Lelieveld, 2000].
O3s is transported from the stratosphere into the troposphere
along with the calculated air motions [Kentarchos and
Roelofs, 2003], where it is photochemically destroyed or
removed by dry deposition. The difference between O3 and
O3s is a measure of O3 originating from photochemical
production in the troposphere (O3t).
[12] The representation of emissions is an essential com-

ponent of the ECHAM5/MESSy chemistry-climate model.
Emission inventories were derived from the EDGAR 3.2

database (http://arch.rivm.nl/env/int/coredata/edgar/), based
on the work by van Aardenne et al. [2001]. The MECCA
(Module Efficiently Calculating the Chemistry of the
Atmosphere) chemistry model was coupled to ECHAM5
through the MESSy interface [Sander et al., 2005]. The
current mechanism ofMECCA consists of five contributions:
(1) tropospheric chemistry adapted from von Kuhlmann et al.
[2003], (2) the chemical mechanism for the stratosphere
adapted from Steil et al. [1998], and (3) tropospheric halogen
and sulphur chemistry from Sander and Crutzen [1996] and
von Glasow et al. [2002].

2.2. MM5-EMICAT2000-CMAQ

[13] The MM5 numerical weather prediction model
[Dudhia, 1993] has been used to provide the meteorology
dynamical parameters. The MM5 options used for the
simulations were: Mellor-Yamada scheme as used in the
Eta model for the planetary boundary layer (PBL) param-
eterization; Anthes-Kuo and Kain-Fritsch cumulus scheme;

Figure 1. (top left) NorthwesternMediterranean basin (NWMB), (top right) nested domains and (bottom)
topographical features in the area of study.
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Figure 2. Synoptic situation of 13 to 16 August 2000 (contour map is 0000 UTC surface analysis;
shaded map is 0000 UTC 500 hPa analysis) and average concentration of O3 (mg m�3) in the lower
troposphere of southwestern Europe and the NWMB during the episode of 13–16 August 2000 as
simulated by ECHAM5/MESSy.
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Dudhia simple ice moisture scheme, the cloud-radiation
scheme, and the five-layer soil model. Initialization and
boundary conditions for the mesoscale model were intro-
duced with analysis data of the European Centre of Medium-
rangeWeather Forecasts global model (ECMWF). Data were
available at a 1� resolution (about 100 km at the NWMB
latitude) at the standard pressure levels for every 6 hours.
[14] The high-resolution (1 hour and 1 km2) EMI-

CAT2000 emission model [Parra et al., 2006] has been
applied to the model domain. This model includes the
emissions from vegetation, road traffic, industries and emis-
sions by fossil fuel consumption, domestic/commercial and
solvent use. Biogenic emissions were estimated using a
methodology that takes into account local vegetation data
(land use distribution and biomass factors) and meteorolog-
ical conditions (surface air temperature and solar radiation)
together with emission factors for the native Mediterranean
vegetation [Parra et al., 2004]. Road traffic sources include
the hot exhaust, cold exhaust and evaporative emissions
using the methodology and emission factors of the European
model EMEP/CORINAIR – COPERTIII [Ntziachristos and
Samaras, 2000] as a basis, and distinguishing between the
weekdays and weekends vehicle park composition [Jiménez
et al., 2005a]. Industrial emissions include records of
some chimneys connected to the emission control net
(XEAC) of the Environmental Department of the Catalonia
Government (Spain), and the estimated emissions from
power stations (conventional and cogeneration units), cement
factories, refineries, olefins plants, chemical industries and
incinerators.
[15] The chemical transport model used to compute the

concentrations of photochemical pollutants was Models-3/
CMAQ [Byun and Ching, 1999]. The initial and bound-
ary conditions were derived from a one-way nested
simulation covering a domain of 1392 � 1104 km2

centered in the Iberian Peninsula, that used EMEP emis-
sions corresponding to year 2000 (http://www.emep.int).
A 48-hour spin-up was performed to minimize the effects
of initial conditions [Berge et al., 2001]. The chemical
mechanism selected for the simulations (based on the work
by Jiménez et al. [2003b]) was CBM-IV [Gery et al., 1989],
including aerosols and heterogeneous chemistry. NOx and
VOC specification of EMICAT2000 emissions, as required
by CBM-IV, are detailed by Parra et al. [2006]. The
algorithm chosen for the resolution of tropospheric chemistry
was the Modified Euler Backward Iterative (MEBI) method
[Huang and Chang, 2001]. The horizontal resolution con-
sidered was 2 km, and 16-sigma vertical layers cover the
troposphere.

2.3. Back Trajectory Analysis

[16] To analyze the origin of air masses over the
NWMB, back trajectory analysis by means of the HYSPLIT
trajectory model [Draxler and Hess, 1998] was performed
for the episode studied (13–16 August 2000) using MM5
meteorological model output. Simulations were performed
in four nested domains, which essentially covered Europe
(domain 1, D1), the Iberian Peninsula (domain 2, D2), the
northeastern Iberian Peninsula (domain 3, D3) and the
Catalonia area (domain 4, D4). D1 is formed by 35� 50 grid
points in the horizontal with 72-km grid point spacing;

D2, 61 � 49 24-km cells; D3, 93 � 93 6-km cells; and
D4, 151 � 151 2-km cells.

3. Evaluation of ECHAM5/MESSy and
MM5-EMICAT2000-CMAQ

[17] Air quality station hourly data, averaged over the
domain of study, were used to evaluate the performance of
both ECHAM5/MESSy and MM5-EMICAT2000-CMAQ
predicting ground-level O3, CO and NOx over the episode
of 13–16 August 2000. Hourly measurements of ambient
pollutants were provided by 48 air quality surface stations
(XVPCA) in northeastern Spain, which are part of the
Environmental Department of the Catalonia Government
(Spain). The European Directive 2002/3/EC related with O3

in ambient air assumes an uncertainty of 50% for the air
quality objective for modeling assessment methods. This
uncertainty is defined as the maximum error of the mea-
sured and calculated concentration levels. In addition, the
US Environmental Protection Agency has recently devel-
oped new guidelines [U.S. Environmental Protection Agency
(U.S. EPA), 2005] for a minimum set of statistical measures to
be used for these evaluations in regions where monitoring
data are sufficiently dense. These guidelines indicate that it is
inappropriate to establish a rigid criterion for model accep-
tance or rejection (i.e., no pass/fail test). However, in the EPA
guide for the 1-hour ozone attainment demonstrations [U.S.
EPA, 1991], several statistical goals were identified for
operational model performance. These goals were identified
by assessing past modeling applications of ozone models and
determining common ranges of bias, error, and accuracy.
These statistical measures considered are the mean normal-
ized bias error (MNBE); the mean normalized gross error for
concentrations above a prescribed threshold (MNGE), and
the unpaired peak prediction accuracy (UPA).
[18] Table 1 summarizes the results of the statistical

analysis. Although there is no criterion for a ‘‘satisfactory’’
model performance,U.S. EPA [1991, 2005] suggested values
of ±10–15% for MNBE, ±15–20% for the UPA and 30–
35% for theMNGE to be met by modeling simulations of O3,
to be considered for regulatory applications. In addition,
results of an evaluation of ECHAM5/MESSy and MM5-
EMICAT2000-CMAQ for the locations of several air quality
stations is shown in Figure 3 for urban (Barcelona and Vic),
industrial (Alcover and Mataró) and background (Agullana
and Begur) environments. The performance objective in the
Directive 2002/3/EC (deviation of 50% for the 1 hour
averages during daytime) is achieved for the entire period
of study for both ECHAM5/MESSy and MM5-EMI-
CAT2000-CMAQ. The modeled episode peak concentration
(189 mg m�3) is well captured by both models (163 mg m�3

and 188 mg m�3 in the case of ECHAM5/MESSy and MM5-
EMICAT2000-CMAQ, respectively). The unpaired peak
accuracy is negative during the simulated episode when
considering ECHAM5/MESSy outputs; this underprediction
ranges from �15.9% to �4.7%. UPA is overestimated by
MM5-EMICAT2000-CMAQ for the first and last day of
simulations (14.4% and 5.2%, respectively) and underesti-
mated for the central days of the episode (�3.8% and
�11.7%).
[19] Despite considerably different approaches and reso-

lutions both models meet the objective of ±20% set by US
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EPA for UPA; hence they are considered to be accurate tools
to forecast the O3 peak levels. The O3 bias of ECHAM5/
MESSy is positive on each day of the simulation, progres-
sively increasing from 12.4% until 15.8% on the last day of
the episode. This positive bias may be due to an excessive
accumulation of O3 during this low-pressure gradient situa-
tion or an underestimation of the drainage flows over the
region. On the other hand, MM5-EMICAT2000-CMAQ
underpredicts average O3 concentrations over the MNBE,
with negative biases of �2.1% for the first day of simulation
up to�11.0% for 14 August 2000. This overall negative bias
may suggest that the O3 production chemistry in MM5-
EMICAT2000-CMAQ may not be sufficiently efficient. US
EPA goals of ±15% are achieved by both MM5-EMI-
CAT2000-CMAQ and ECHAM5/MESSy; although the lat-
ter produces higher positive biases indicating an
overestimation of mean values. The MNGE increases from
13 until 16 August 2000 in simulations with both models
(19% to 31% for ECHAM5/MESSy and 17% to 27% for
MM5-EMICAT2000-CMAQ). This increment may be due to
deviations in meteorological predictions that grow with time
in the simulation [Jiménez et al., 2005a]. However, the
MNGE derived from the results achieve the EPA goals for
a discrete evaluation on all episode days for both models
(<35%).
[20] Table 2 presents the results of the evaluation of

ECHAM5/MESSy and MM5-EMICAT2000-CMAQ with
different statistical parameters for O3, CO and nitrogen
oxides (NOx). Evaluation against 1649 measurements is
performed in the case of O3. Results for O3 show a correlation
of 0.62 and 0.74 for ECHAM5/MESSy and MM5-EMI-
CAT2000-CMAQ, respectively. Simulations for CO and
NOx tend to show larger biases and errors than the
corresponding statistics of O3 for the same simulation. As
noted by Russell and Dennis [2000], current air quality
models have a pervasive tendency toward the underpredic-
tion of O3 precursors. In the case of CO, the correlation
coefficient between the observed and predicted CO concen-
trations for the 907 observation values during this episode is
0.34 for ECHAM5/MESSy and 0.57 for CMAQ, and hence
correlating worse than O3 in the domain of study. The mean
bias is �104.2 mg m�3 and �102.3 mg m�3, for ECHAM5/
MESSy and MM5-EMICAT2000-CMAQ, respectively. In
the case of NOx, ECHAM5/MESSy and MM5-EMI-
CAT2000-CMAQ have normalized biases of �20% and
�9%, respectively. The simulation with the coarser grid

(ECHAM5/MESSy) underestimates maximum O3, CO and
NOx levels relative to the fine grid of MM5-EMICAT2000-
CMAQ, considering that the resolution strongly influences
the formation and loss processes of pollutants, (especially
photochemistry and vertical transport). Hence the average
volume defined by the model horizontal grid spacing must be
sufficiently small to allow the air quality to be reproduced
accurately [Jang et al., 1995; Jiménez et al., 2005b]. It
appears that a finer grid is important for addressing O3

processes in urban and industrial areas, whereas for rural
areas larger grids may be allowed, for example, to capture the
nonlinearity of the O3 chemical formation as a function of
precursor concentrations.
[21] The vertical O3 profile evaluation of air quality

models is not always straightforward since measurements
are often lacking. Measurements by Lidar may alleviate this
problem by providing vertical profiles showing the stratifi-
cation of pollutants over a particular location, assumed to be
representative of the region, or at least of a vertical column of
the model [Duclau et al., 2002]. For the episode selected
(13–16 August 2000), Pérez et al. [2004] performed mea-
surements using an elastic-backscatter Lidar on 14 August
2000, over the city of Barcelona. In this section we compare
the simulation results with the profiles generated by the Lidar
campaign.
[22] The vertical profiles obtained over the city of Barce-

lona (41.361�N–2.181�E) with the global model ECHAM5/
MESSy and the regional modeling system MM5-EMI-
CAT2000-CMAQ are shown in Figure 4. The results indicate
that the profiles are comparable; and both models simulate a
realistic O3 gradient between the boundary layer and the free
troposphere, whereby the differences between both models
are mostly related to the representation of the planetary
boundary layer.
[23] The vertical resolution of MM5-EMICAT2000-

CMAQ is finer in the lower troposphere and the model
results show a more detailed layering of pollutants within
the lower kilometer. ECHAM5/MESSy calculates O3 andCO
concentrations between 500 m and 1000 m that are slightly
higher than the MM5-EMICAT2000-CMAQ model. A rela-
tively coarse vertical resolution of the lower troposphere
leads to artificial vertical exchange between the boundary
layer and the free troposphere, which enhances NOx venting
from the planetary boundary layer [Wang et al., 1998] so that
free tropospheric O3 formation may be overestimated in the
models with coarse resolution.

Table 1. Criteria to Be Met by Photochemical Models and the Results Obtained for the Northwestern Mediterranean Basin Using

ECHAM5/MESSy and MM5-EMICAT2000-CMAQ for the Episode of 13–16 August 2000

Ozone (Observations)

13 Aug 2000 14 Aug 2000 15 Aug 2000 16 Aug 2000

Observed Peak, mg m�3 157 177 189 171
Ozone (Model)

EPA Goal

13 Aug 2000 14 Aug 2000 15 Aug 2000 16 Aug 2000

ECHAM5 CMAQ ECHAM5 CMAQ ECHAM5 CMAQ ECHAM5 CMAQ

Modeled peak, mg m�3 137 189 151 170 159 167 163 180
UPA, % <±20 �12.7 14.4 �14.7 �3.8 �15.9 �11.7 �4.7 5.2
MNBE, % <±15 12.4 �2.1 13.1 �11.0 14.3 �10.3 15.8 �5.6
MNGE, % <35 19.2 16.8 27.6 19.8 28.6 21.7 31.3 26.7
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Figure 3. Ozone evaluation of ECHAM5/MESSy (squares) and CMAQ (triangles) with several air
quality station data (diamonds) in the domain of the NWMB: urban (Barcelona and Vic), industrial
(Alcover and Mataró) and background (Agullana and Begur).
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[24] The Lidar profiles show that multiple layers occur
above the mixing layer at 700–800 m between 1400 UTC
and 1500 UTC [Pérez et al., 2004]. Simulations with MM5-
EMICAT2000-CMAQ capture this feature (both for O3 and
CO); this layer is associated with local recirculations over
coastal and precoastal mountain ranges. However, the coarser
ECHAM5/MESSy model (referring to both vertical and

horizontal resolution) is not able to capture this feature of
the flow (Figure 4). According to Roelofs et al. [2003], the
horizontal and vertical resolutions included in ECHAM5/
MESSy model may be too coarse to accurately represent
some of the relevant boundary conditions in detail (e.g.,
height and stability of the land-sea breeze circulations). The
Lidar measurements indicate another layer between 1600 and
2300m, being reproduced both by the regional and the global
models, especially in the case of photochemical O3, with
concentrations of 105 mg m�3. This layer is formed by the
return flow of the breeze in combination with the flows along
coastal and precoastal mountain ranges. It is remarkable that
this is also observed in the CO simulation results, depicting a
layer with relatively low concentrations (260 mg m�3) though
rich in O3 and aerosols. Finally, the Lidar detected a layer
with a peninsular-scale origin at an altitude up to 3500 m.
Simulations with both models indicate a layer with a rela-
tively high CO content (>300 mg m�3) between 2600 and
4000 m. In the simulated vertical profile of O3 this layer is
difficult to distinguish from the layer below (1600–2300 m)
and other possible layers above, possibly associated with
excessive exchange between these layers.

4. Source Attribution to Tropospheric Ozone
and Carbon Monoxide

[25] In this section we discuss the contributions of main
atmospheric processes to the levels of pollutants at the
surface and their budget in the overhead tropospheric col-
umn. Processes considered include (1) emissions and photo-
chemistry, (2) convective transport, (3) advective transport,
(4) dry and wet deposition, and (5) stratosphere-troposphere
exchange. Note that it did not rain during the period consid-
ered, so that category 4 is limited to dry deposition.
[26] The methods for performing the O3 and CO budget

follow the work by O’Connor et al. [2004]. The net photo-
chemical term of the ozone budget was derived by integrating
the difference in the tropospheric ozone burden before and
after the chemistry calculations in ECHAM5/MESSy
through the time period of 13–16 August 2000. The strato-
spheric input was calculated in the same way, although in this
case, the difference used was that of the ozone burden before
and after the call to the transport scheme. This was considered
an appropriate method to calculate STE because the model’s
advective mass fluxes are highly variable and it was found
that the calculation of the stratospheric source using these
fluxes was very sensitive to the sampling frequency and
the time period considered [O’Connor et al., 2004]. For the
dry deposition and wet deposition loss term, the ozone
burden in the bottom layer was calculated every chemical
time step. In this way, the integrated effect of deposition
could be evaluated.
[27] Table 3 shows the model calculated contributions of

these five categories of processes to ground-level maximum
concentrations of O3 and CO estimated by ECHAM5/
MESSy for the episode of 13–16 August 2000 within the
NWMB. This process attribution indicates that the occur-
rence of high O3 concentrations results from a large differ-
ence between high local chemical production and the minor
removal rates by transport and deposition processes. The O3

accumulation by chemical production during the day strongly
exceeds vertical convection and dry deposition removal rates,

Table 2. Results of the Evaluation of O3, CO and NOx With the

ECHAM5/MESSy and MM5-EMICAT2000-CMAQ Models

Against Data From 48 Air Quality Stations Located in the

Northwestern Mediterranean Basina

Observations ECHAM5 CMAQ

Ozone (O3 )
Mean, mg m�3 63.7 88.2 64.7
SD, mg m�3 37.4 16.7 31.5
CV, % 58.7 18.9 48.6
Max, mg m�3 189.0 163.0 188.0
Min, mg m�3 1.0 49.4 0.1
n 1649 1649
R 0.62 0.74
MB, mg m�3 20.0 0.5
MNBE, % 46.8 37.9
MFB, % 21.1 5.6
MAGE, mg m�3 25.9 9.8
MNGE, % 70.9 64.1
NME, % 42.2 30.8
NMB, % 28.0 1.7
RMSE, mg m�3 37.2 12.7

Carbon Monoxide (CO )
Mean, mg m�3 908.1 788.4 826.5
SD, mg m�3 325.0 265.3 287.2
CV, % 35.8 31.6 34.8
Max, mg m�3 2000.0 1610.0 1832.3
Min, mg m�3 300.0 475.0 271.0
n 907 907
R 0.34 0.57
MB, mg m�3 �104.2 �102.3
MNBE, % �3.1 �8.0
MFB, % �12.2 �13.1
MAGE, mg m�3 311.6 188.4
MNGE, % 35.1 18.6
NME, % 35.9 35.1
NMB, % �13.2 �22.8
RMSE, mg m�3 285.8 242.9

Nitrogen Oxides (NOx )
Mean, mg m�3 59.5 66.6 54.0
SD, mg m�3 45.5 43.9 51.7
CV, % 76.4 66.0 95.6
Max, mg m�3 279.3 190.0 283.0
Min, mg m�3 2.8 15.0 1.2
n 907 907
R 0.56 0.75
MB, mg m�3 �14.5 �5.5
MNBE, % �10.5 �6.1
MFB, % �26.3 �23.8
MAGE, mg m�3 31.9 26.3
MNGE, % 43.0 62.7
NME, % 44.3 44.4
NMB, % �20.2 �9.2
RMSE, mg m�3 41.1 35.4

aSD, standard deviation; CV, coefficient of variation; Max, maximum;
Min, minimum; n, number of observations; R, regression coefficient; MB,
mean bias; MNBE, mean normalized bias error; MFB, mean fractional bias;
MAGE, mean absolute gross error; MNGE, mean normalized gross error;
NME, normalized mean error; NMB, normalized mean bias; and RMSE,
root mean square error.
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Table 3. Contribution of Different Physicochemical Processes to Maximum Ozone and Carbon Monoxide Ground-Level Concentrations

in the Northwestern Mediterranean Basin for the Episode of 13–16 August 2000 Estimated With ECHAM5/MESSy

Ground-Level O3 Ground-Level CO

Concentration
Contribution, mg m�3

Percentual
Contribution, %

Concentration
Contribution, mg m�3

Percentual
Contribution, %

Emissions and photochemistry 186.9 114.4 712.5 97.9
Convective transport �7.7 �4.7 �29.5 �4.1
Advective transport 6.8 4.2 46.3 6.4
Dry and wet deposition �26.1 �16.0 �1.4 �0.2
S-T exchange 3.6 2.2 0.0 0.0
Total 163.3 100.0 727.9 100.0

Figure 4. Layering of pollutants over the city of Barcelona, for (top) O3 and (bottom) CO, on 14 August
2000 at 1500 UTC.Multiple layers appear at 700–800m (solid), 1600–2300m (dotted) and 2600–4000m
(dashed). Results from CMAQ (solid, squares), ECHAM5/MESSy (dashed, circles) and lidar profiles
(backscatter lidar, solid) are by Pérez et al. [2004].
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leading to peak O3 concentrations during the midafternoon,
similar as inferred for other locations affected by photochem-
ical air pollution [e.g., Jian et al., 2003].
[28] In the area of study over the NWMB, the local

emissions and net photochemical O3 production dominate
the maximum concentrations at the surface (186.9 mgm�3 for
O3 and 712.5 mg m�3 for CO), while dry deposition and
convective vertical transport are the largest sinks in the case
of O3 (�26.1 mg m�3 and �7.7 mg m�3, respectively). For
CO the contribution of deposition is only �1.4 mg m�3, and
convective transport to themiddle troposphere (�29.5 mgm�3)
is the main removal process. The STE effect on O3 at the
surface is merely �2% (3.6 mg m�3 for O3), while STE does
not seem to affect CO. According to the ECHAM5/MESSy
results, the advection term contributes only little to the max-
imum concentrations (6.8 mg m�3 for O3 and 46.3 mg m

�3 for
CO), especially compared to the large local emission and
chemical production. This is associated with the meteorolog-
ical conditions during the episode (low pressure gradients

within a weak anticyclone over the Mediterranean), which
strongly limit transport processes in the area.
[29] To further account for the advective transport con-

tribution to maximum 1-hourly peak O3 levels by using
MM5-EMICAT2000-CMAQ for the domain located in the
NWMB, we conducted simulations with ‘‘clean’’ boundary
conditions, i.e., zero concentrations at the domain bound-
aries. The results for the planetary boundary layer are shown
for 1 hour maximum O3 levels and daily mean O3 concen-
trations in Figure 5.
[30] The modeled O3 with MM5-EMICAT2000-CMAQ

indicates that the most important influence of advective
transport on O3 (both for 1 hour maximum and average
concentrations) occurs over the Mediterranean sea where O3

precursor emissions are absent. Note that in these simula-
tions ship traffic emissions have been neglected, so that
these results represent an upper limit. A maximum simulated
1-hourly O3 concentration occurs downwind the city
Barcelona, at 41.842�N latitude and 2.305�E longitude
(189.1 mg m�3 in the base case, and 184.4 mg m�3 in the

Figure 5. Difference in ozone between the base simulation and the simulation with ‘‘clean’’ boundaries
in the PBL of the NWMB for 13–16 August 2000: (top left) difference in maximum 1 hour
concentrations (mg m�3), (bottom left) percentage difference for 1 hour peak values relative to the base
simulation, (top right) difference in daytime average concentrations (mg m�3) and (bottom right)
percentage difference in mean concentrations relative to the base simulation.
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case with clean boundary conditions). Therefore the
contribution of advective transport to maximum O3 levels
is calculated to be 4.7 mg m�3, which is only 2.5% of the
overall maximum concentration. These results agree with
those obtained by ECHAM5/MESSy (6.8 mg m�3, being
4.2% of the 1 hour peak O3 concentration).
[31] Table 4 presents an overview of the budget of

tropospheric O3 and CO for the NWMB episode of 13–
16 August 2000. The budget terms are detailed for source
and sink contributions, where possible. In addition, the mass
balance for O3 and CO is subdivided into different vertical
zones of the troposphere, covering three altitude ranges from
the surface to (1) the planetary boundary layer top; (2) the
middle troposphere (500 hPa, i.e., 5500 m); and (3) the upper
troposphere (250 hPa, i.e., 11,000 m). The percentages
shown indicate the contribution of each process to the total
tropospheric amount of O3 or CO in the respective parts of the
troposphere.

4.1. Emissions and Photochemistry

[32] The main emission sources in the domain of study
are located at the coast, especially in the Barcelona urban
area and the Tarragona industrial zone [Parra et al., 2006].
Biogenic sources are also of great importance near the
Mediterranean coast, representing 34% of the total annual
VOCs emissions, especially since they contribute reactive
compounds such as aldehydes and isoprene. This percentage
increases during summertime because of the higher temper-
atures and solar radiation. The traffic emissions represent
58% of the emissions of NOx and 36% of the VOCs, notably
olefins and aromatic compounds. During summer, especially
in August, the traffic emissions increase with the growing
number of tourist vehicles during the peak holiday period.
Main sources are located at the axis of roads parallel to the
coast and in the regions of Barcelona and Tarragona.

[33] Industrial emissions represent 39% of the NOx and
17% of the VOC emissions, and are located mainly in the
industrial area of Tarragona. Further, the use of solvents
represents 13% of VOCs emissions in the area [Parra et al.,
2006]. The source of precursors attributable to the industrial
sector in the domain of study adds up to 41 Gg yr�1 of NOx

and 23 Gg yr�1 of VOCs. Annually, total emissions of O3

precursors include 106.9 Gg yr�1 of NOx (58% traffic
emissions; 39% industrial emissions) and 99.3 Gg yr�1 of
NMVOCs (34% biogenic emissions; 36% road traffic; 17%
industrial emissions).
[34] Emissions of O3 precursors during the episode of 13–

16 August 2000 were 1.18 Gg for NOx and 0.86 Gg for
nonmethane VOCs. The ratio NMVOCs/NOx, being 1.28 on
the annual average, increases up to 1.73 for this episode of
photochemical pollution because of the high temperatures
and solar radiation, promoting, e.g., evaporative emissions
from vehicles, storage of fuels and solvents, and by the
vegetation.
[35] These strong biogenic and anthropogenic emissions

fuel the formation of tropospheric O3. This is not only the
case at the surface, where the emissions and photochemistry
account for 48.1 Gg O3 and 136.2 Gg CO in the boundary
layer during the episode considered. Up to an altitude of
about 5500 m, this is still about 85% of the O3 (141.7 Gg)
and CO (281.9 Gg). For the domain of study this further-
more contributes more than 75% to the tropospheric O3

column burden (192.1 Gg). This percentage is also very
high for CO, i.e., more than 80% (Table 4).

4.2. Convective Transport

[36] Convective transport is a particularly efficient pro-
cess for the fast removal of boundary layer air into the upper
troposphere [Hauf et al., 1995; Ström et al., 1999; Fischer
et al., 2003]. As shown previously, strong thermally or
mechanically driven convective cells appear over the

Table 4. Contributions of Physical-Chemical Processes to O3 and CO Budgets in the Troposphere Over the Northwestern Mediterranean

Basin for the Episode of 13–16 August 2000

O3 Budget CO Budget

Mass Contribution, Gg Percentual Contribution, % Mass Contribution, Gg Percentual Contribution, %

PBL
Emissions-photochemistry 48.1 Gg O3 113.3% 132.6 Gg CO 98.5%
Convective transport �1.5 Gg O3 �3.5% �5.1 Gg CO �3.8%
Advective transport 1.3 Gg O3 3.2% 7.4 Gg CO 5.5%
Dry and wet deposition �6.5 Gg O3 �15.4% �0.3 Gg CO �0.2%
S-T exchange 1.0 Gg O3 2.4% 0.0 Gg CO 0.0%
Total 42.4 Gg O3 100.0% 134.6 Gg CO 100.0%

Surface-500 hPa (5,500 m)
Emissions-photochemistry 141.7 Gg O3 85.7% 281.9 Gg CO 83.2%
Convective transport �0.4 Gg O3 �0.3% �2.3 Gg CO �0.7%
Advective transport 20.9 Gg O3 12.6% 59.5 Gg CO 17.6%
Dry and wet deposition �6.5 Gg O3 �3.9% �0.3 Gg CO �0.1%
S-T exchange 9.6 Gg O3 5.8% 0.0 Gg CO 0.0%
Total 165.3 Gg O3 100.0% 338.8 Gg CO 100.0%

Surface-250 hPa (11,000 m)
Emissions-photochemistry 192.1 Gg O3 75.9% 306.4 Gg CO 82.9%
Convective transport 0.0 Gg O3 0.0% 0.0 Gg CO 0.0%
Advective transport 22.7 Gg O3 9.0% 63.5 Gg CO 17.2%
Dry and wet deposition �6.5 Gg O3 �2.6% �0.3 Gg CO �0.1%
S-T exchange 44.9 Gg O3 17.7% 0.0 Gg CO 0.0%
Total 253.1 Gg O3 100.0% 369.6 Gg CO 100.0%
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central plain of the NWMB, transporting polluted air
masses to altitudes typically up to about 3.5 km. At this
altitude the air masses are incorporated into the dominant
synoptic flow and are transported toward the coast. Subse-
quently, the subsidence that compensates the Iberian ther-
mal low carries the polluted air masses into the sea breeze
cells in the lower troposphere. Similar mesoscale dynamical
conditions have been described for the eastern Iberian coast
at the Mediterranean Sea, based mainly on measurement
campaigns [Millán et al., 1992, 1997, 2000]. The conse-
quent multilayer structures have also been experimentally
verified over the city of Barcelona on the basis of Lidar
measurements [Baldasano et al., 1994; Soriano et al.,
2001; Pérez et al., 2004].
[37] In the case of the NWMB, convection-driven pro-

cesses export 1.5 Gg of O3 out of the planetary boundary
layer to middle and upper tropospheric altitudes, accounting
for a decrease of 3.5% of the O3 in the lower troposphere. In
the case of CO, 5.1 Gg of lower troposphere CO is trans-
ported aloft (3.8%). The pollutants removed by vertical
convective processes are mainly injected into the middle
troposphere, between 3500–5500 m. The local transport loss
of O3 and CO from the middle to the upper troposphere is
only 0.4 Gg O3 and 2.3 Gg CO. If we consider the tropo-
spheric column, convective transport is negligible since the
vertical redistribution of O3 and CO is not a major loss
process on short timescales.

4.3. Advective Transport

[38] The contribution of advective transport within the
planetary boundary layer is very limited, accounting only
for 1.3 Gg O3 (3.2%) and 7.4 Gg CO (5.5%). The low-
pressure gradient over the Mediterranean basin limits
advection during the episode of 13–16 August 2000. Local
recirculation processes (local origin of air masses) dominate
the transport of pollutants in the low troposphere.
[39] Most of the advective transport actually occurs in the

middle troposphere, with a contribution of 19.6 Gg O3

(compared to a total of 20.9 Gg O3 in the domain from
the surface up to themiddle troposphere), representing 12.6%
of the O3 budget for this latitude region. In the case of CO,
advective transport accounts for 17.6% of the budget up to
500 hPa. Advective transport contributions to the middle
troposphere in our domain originate in the western part of the
Iberian Peninsula and the North Atlantic area.
[40] In the upper troposphere only 1.8 Gg O3 is advec-

tively transported, whereas this contribution is 22.7 Gg O3

in the entire tropospheric column (9.0%). For CO, the
contribution of advection in the tropospheric column is
63.5 Gg (17.2%).

4.4. Dry and Wet Deposition

[41] The term dry deposition represents a complex
sequence of atmospheric phenomena resulting in the
removal of pollutants from the atmosphere to the Earth’s
surface. We have used the approach of Ganzeveld et al.
[1998], which derives aerodynamic and stomatal resistan-
ces from parameters calculated by ECHAM5/MESSy. Wet
deposition is parameterized according to Roelofs and
Lelieveld [1995]. The dry deposition of O3 in domain
accounts for�6.5GgO3 during the episode of 13–16August

2000, which indicates that dry deposition removes 15.4% of
the total amount of O3 in the area of study. The contributions
of dry deposition to the O3 concentration in the columns up
to the middle and upper troposphere are �3.9% and 2.6%,
respectively. On the other hand, the dry deposition of CO is
only �0.3 Gg CO (�0.2% of the total CO) and thus hardly
contributes to the CO budget. The simulation results simu-
lations also indicate a very limited contribution by wet
deposition over the Pyrenees, being negligible for the
considered summer episode over the NWMB.

4.5. Stratosphere-Troposphere Exchange (STE)

[42] In summer, the photochemical lifetime of O3 in the
lower troposphere is of the order of days, transport is less
efficient and STE has a minimum in summer [Lelieveld
and Dentener, 2000]. Therefore, for the episode of 13–16
August 2000, the STE has a minor contribution to O3 in the
PBL (1.0 Gg O3, 2.4%). This percentage increases to 6% in
the middle troposphere, where 8.6 Gg O3 is of stratospheric
origin (9.6 Gg due to STE). The model results indicate that
the O3 observed in the upper troposphere is more strongly
associated with STE (18%), while the contribution by
photochemistry in the troposphere decreases with altitude.
In the upper troposphere, 35.3 Gg of the O3 in our domain
are transported by STE, adding to a total of 44.9 Gg O3

for the entire troposphere.

5. Ozone Dynamics in the NWMB

5.1. Lower Troposphere: Local Recirculations

[43] In summer the Mediterranean region is located
between the Azorean high and Asian monsoon low-pressure
regimes. This quasi-permanent weather system causes north-
northwesterly flows aloft over the Mediterranean. Although
this flow is strongest and most persistent in August [Lelieveld
et al., 2002], during the NWMB episode of 13–16 August
2000, the Azorean anticyclone dominated the weather over
the Iberian Peninsula, with locally very low pressure gra-
dients. At the surface a high-pressure ridge of about 1020 hPa
penetrated over the NWMB. Within the anticyclone subsi-
dence contributed to the accumulation of air pollution.
[44] The backward trajectories ending in the boundary

layer and the lower troposphere (Figure 6) point to a local
origin of air masses associated with recirculation processes,
common in the western Mediterranean basin during summer
[e.g.,Millán et al., 1992, 1997; Baldasano et al., 1994]. The
back trajectories at ground level indicate a regional recir-
culation regime over the Mediterranean Sea, while back
trajectories at 500 m are suggestive of transport from the
Valencia-Castellón area, with a potential industrial influ-
ence. This pattern remains very similar up to an altitude of
about 2.5 km. Therefore, during 13–16 August 2000, pho-
tochemical pollution accumulated in the NWMB, as men-
tioned above.
[45] Figures 7 and 8 show the diurnal O3 patterns on

14 August 2000 calculated with the two models. During
nighttime the entire eastern Iberian coast was affected by
down-slope winds from themountains and generally offshore
breezes. The flow between the Pyrenees and the French
Central Massif channeled the northwesterly wind to the
Mediterranean Sea. Furthermore, the offshore flows drained
the pollutants toward the coast through the river valleys. As
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the day advanced, a well-developed sea-breeze regime was
established along the coast of the area with circulation cells
reaching up to 2 km height, well above the PBL mixing
height at about 800 m [Sicard et al., 2006]. After 0800 UTC,
onshore winds developed along the eastern Iberian coast,
intensifying the anticyclonic circulation and deflecting the
flow between the Pyrenees and the Central Massif toward the
east.
[46] At noon, air pollution from the Barcelona area and

the road axis along the coast was transported land inward
following the breeze front (Figure 8), arriving, e.g., at Plana
de Vic (70 km downwind of Barcelona), where the flow

decelerates, allowing O3 and its precursors to accumulate,
thus exceeding the European Union threshold O3 level of
180 mg m�3. At the same time, in the southern part of the
area of study (the industrial area of Tarragona), during the
morning the katabatic winds weaken and a clear land-sea
breeze develops, associated with anabatic and valley winds.
The high O3 concentrations in the southern NWMB are a
consequence of the fact that the land-sea breeze is not
sufficiently intense to overcome the littoral mountain range.
[47] Land inward of the NWMB, over the central plateau,

the flow is influenced by the presence of the pre-Pyrenees
and the northwesterly wind aloft, allowing recirculations

Figure 6. Ensemble 2.5-day back trajectories arriving at (top left) ground level, (top right) 500 m,
(bottom left) middle troposphere and (bottom right) upper troposphere over the NWMB on 15 August
2000 at 1200 UTC.
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that also promote the accumulation of O3. This pattern
persists during the afternoon (Figure 8) although the breeze
gains intensity and adds to the upslope winds, transporting
pollutants over the prelittoral mountain ranges. Around
1900–2000 UTC, the photochemical activity ceases, the
sea-breeze regime loses intensity and the coastal winds
weaken. Inland, over the eastern part of the domain, strong
southerly winds develop which dilute O3. At night, land-
inward winds calm with the development of a weak land
breeze, with drainages in the valleys and katabatic winds. A
larger-scale feature of the flow in the low troposphere is the
wind canalization between the Pyrenees and the Central
Massif, which introduces Atlantic air masses of northwest-
erly origin into the northeastern Iberian Peninsula region, as
also concluded by Gangoiti et al. [2001]. The simulations
with ECHAM5/MESSy and MM5-EMICAT2000-CMAQ
indicate that the concentration of photochemical air pollution
in these Atlantic air masses is relatively low.
[48] An important characteristic of the flow regime is that

recirculations arise from the orographical forcing. The
strength of the land-sea breeze and the complex orography
along the eastern Iberian coast cause upward vertical
injection and layering of the air pollution. As the sea breeze

front advances inland reaching the mountain ranges, the
orographically induced injection can occur at different
altitudes, with a subsequent return flow toward the coast
(Figure 9). Mechanical recirculation of air pollution can
typically occur at Collserola Mountain (�500 m). At noon,
the breeze usually reaches the first mountain chain, where it is
reinforced by anabatic winds producing upward motions up
to 1.5–2 km altitude.

5.2. Middle Troposphere: The Iberian Thermal
Low (ITL)

[49] The intense surface heating promotes the develop-
ment of the Iberian Thermal Low (ITL) over the central part
of the Iberian Peninsula. The ITL system consists of at least
three main cells [Millán et al., 1996]: (1) The first is a
coastal cell, which combines the sea breeze and up-slope
winds and extends 80 to 100 km inland from the eastern
Iberian coast; (2) the second cell is located over the central
plateau; and (3) the third is a coastal cell symmetrical to that
over the western Mediterranean basin which develops at the
Atlantic coast. The ITL also developed during the episode
of 13–16 August 2000, concurrent with the stagnant anticy-
clonic conditions.

Figure 7. O3 concentrations (mg m�3) at ground level over southwestern Europe and the NWMB
calculated with ECHAM5/MESSy for 14 August 2000 at (top left) 0600 UTC, (top right) 1200 UTC,
(bottom left) 1600 UTC and (bottom right) 2000 UTC.
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[50] This ITL at peninsular level forces the convergence
of surface winds from the coastal areas toward the central
plateau injecting polluted air masses into the middle tropo-
sphere. Once in this region, northwesterly winds transport
pollutants within a stratified layer, clearly shown in the back
trajectory analysis, indicating that air masses arriving in the
NWMB have an Atlantic origin (Figure 6).
[51] Figure 10 indicates that this middle tropospheric air

of Atlantic origin collects anthropogenic pollutants as the air
masses flow over the central Iberian Plateau. The
ECHAM5/MESSy simulations for 3.5 km altitude indicate
that these air masses carry relatively much O3 and precursor
gases, injected by midlevel convective processes. In the
middle troposphere medium-range transport toward the
Mediterranean coast takes place, as indicated by the simu-
lations with ECHAM5/MESSy and MM5-EMICAT2000-
CMAQ. At 3–4 km altitude air masses with relatively high
O3 concentrations (>120 mg m�3) are transported from the
central plateau through the western boundary of the area of
study at 0600 UTC. The anticyclonic subsidence contributes
to the accumulation of air pollution over the littoral moun-
tain ranges at least until 1800 UTC. Subsequently, the
pollutants are transported toward the Mediterranean Sea

where they further subside, which also contributes to the
stabilization and layering of air pollution [Gangoiti et al.,
2001]. A fraction of these pollutants is incorporated into the
sea breeze system during the following morning.
[52] On the other hand, some fraction is exported out of

the domain of the NWMB by advective transport. These
results agree with those by Duncan and Bey [2004], who
present a study of the export pathways of pollution from
Europe from 1987 to 1997, using a three-dimensional
chemistry transport model. In summer, export occurs by
both advection and convection; however, advective export
of pollution predominates in the Mediterranean basin. Con-
vective export seems to play a relatively minor role, despite
of the similar overall conditions to those identified over other
continents [Wild and Akimoto, 2001]. A conceptual repre-
sentation of the dynamical processes influencing tropospher-
ic O3 is presented in Figure 11.

5.3. Upper Troposphere: Stratosphere-Troposphere
Exchange (STE)

[53] The contribution of STE in tropospheric O3 levels
has been intensely studied previously [e.g., Stohl and Trickl,
1999; Roelofs and Lelieveld, 2000; Lelieveld and Dentener,

Figure 8. O3 concentrations (mg m�3) at ground level over southwestern Europe and the NWMB
calculated with MM5-EMICAT2000-CMAQ for 14 August 2000 at (top left) 0600 UTC, (top right)
1200 UTC, (bottom left) 1600 UTC and (bottom right) 2000 UTC.
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Figure 9. Recirculations over the northeastern Iberian Peninsula strongly influence O3 (in mg m�3) as
calculated with MM5-EMICAT2000-CMAQ for 1200 UTC, 1400 UTC, 1800 UTC and 2000 UTC from
top to bottom, respectively, for 14 August 2000.
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2000; Traub et al., 2003]. The downward transport from the
stratosphere to the troposphere is typically associated with
the formation of tropopause folds [Danielsen and Mohnen,
1977], cutoff lows [Bamber et al., 1984; Wirth, 1995a,
1995b] and streamers along the polar-front jet [Appenzeller
and Davies, 1992]. Convective exchange processes further-
more enhance the downward transport of stratospheric air
masses toward the middle and low troposphere [Borchi and
Marenco, 2002; Tulet et al., 2002].
[54] To determine the positions of the tropopause and the

possible contributions of stratospheric ozone to O3 levels in
the NWMB, we have used the definition of potential vorticity
(PV) proposed by Reed [1955]. Hoerling et al. [1991]
point out that a value of 3.5 potential vorticity units (1 PVU =
10�6 m2 s�1 K kg�1) represents an optimal value for the
definition of the tropopause outside the tropics; this has been
the criterion used also by Traub and Lelieveld [2003]. In
addition, the turbulence index (TI) by Ellrod and Knapp
[1992] has been used to diagnose clear air turbulence (units
are 10�7 s�2).
[55] The meteorological analysis for the upper tropo-

sphere indicates relatively high pressures established over
the African continent. In addition, an Atlantic depression
progressed much further north, and over the Iberian Penin-

sula a weak zonal circulation dominated in the middle and
upper troposphere, turning northwest over the Mediterranean
coast. The ECHAM5/MESSy results show that a tongue-
shaped area with PV values over 3.5 PVU extended along the
eastern Mediterranean coast. A decreased tropopause height
also occurred over the Sahara dessert and the northeastern
Atlantic Ocean region. Coincident with the locations of high
PV, an area with enhanced turbulence occurred over the
eastern Mediterranean coast, the Sahara dessert and the
northwestern Atlantic, with a TI index higher than 8. This
turbulence, induced by upper level convergence near the
tropopause and consequently strong wind shear, caused
mixing of tropospheric and stratospheric air near the tropo-
pause. High concentrations of O3 associated with those
tongue-shaped tropopause descends even reached the middle
troposphere.
[56] Upper tropospheric back trajectories (about 9 km

altitude) show that air masses were transported to the NWMB
from Africa (Figure 6). Nevertheless, these air masses do not
show strong vertical transport tendencies during the episode
of 13–16 August 2000. Relatively high concentrations of
tropospheric O3 at about 300 hPa altitude over part of the
Mediterranean area are explained by a strong stratospheric
influence. However, owing to the stable stratification of the

Figure 10. Ozone (in mg m�3) at 3500 m, (top) 0600 UTC and (bottom) 1800 UTC on 14 August 2000
simulated (left) for southeastern Europe with ECHAM5/MESSy and (right) for the NWMB with MM5-
EMICAT2000-CMAQ.
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Mediterranean troposphere these air masses have no direct
influence on O3 concentrations in the lower troposphere.

6. Conclusions

[57] The contributions of different physical-chemical pro-
cesses to maximum concentrations of O3 and CO at the
surface in the area of the NWMB have been quantified
using two models: ECHAM5/MESSy and MM5-EMI-
CAT2000-CMAQ. This combination of models appears to
provide a useful means to investigate the cycles and budgets
of air pollutants at different resolutions, accounting for
large-scale processes as well as local orographical and
land-sea breeze circulations, which helps understanding the
relative importance of coupled processes involved during air
pollution episodes, in particular for this area. The complexity
of the area of study requires the application of high-resolution

(2 km and 1 hour) regional models to assess the coupled
dynamics and the interaction of scales.
[58] The models were evaluated against ambient data

from 48 air quality stations in the NWMB. The objective
set in the Directive 2002/3/EC is achieved for the entire
period of study for both ECHAM5/MESSy and MM5-
EMICAT2000-CMAQ. Both models, despite considering
different approaches and resolutions, met the objective of
±20% set by US EPA for prediction of the peak levels of this
pollutant during the episode. However, the simulation with
the coarser grid (ECHAM5/MESSy) underestimates maxi-
mum O3, CO and NOx levels with regards to the fine grid of
MM5-EMICAT2000-CMAQ, since the grid resolution high-
ly influences the formation and loss processes of pollutants
(especially photochemistry and vertical transport). Vertical
Lidar profiles obtained over the city of Barcelona
(41.361�N–2.181�E) indicate that modeled profiles are sim-

Figure 11. Conceptual representation of the flow regime during (left) daytime and (right) nighttime
controlling (top) near-surface air pollution and (bottom) the atmospheric dynamics aloft over the NWMB
during a typical summertime episode (13–16 August 2000).
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ilar to measurements, capturing the layering of pollutants
over the Mediterranean produced by recirculation processes.
Both models produce a realistic O3 gradient between the
boundary layer and the free troposphere, and the differences
between both models largely arise from the level of detail at
which the planetary boundary layer is simulated.
[59] We have presented an overview of the NWMB

budgets of tropospheric O3 and CO for the episode of 13–
16 August 2000, shown to be a representative case study. The
budget terms for O3 and CO distinguish different vertical
parts of the troposphere, covering sections from the surface to
(1) the top of the planetary boundary layer; (2) to the middle
troposphere (500 hPa, �5500 m); and (3) up to the upper
troposphere (250 hPa, �11000 m). Our analysis indicates
that the occurrence of high O3 concentrations mostly results
from efficient local photochemical production, both in the
planetary boundary layer and in the entire tropospheric
column over the NWMB. The contribution of advective
transport is limited, associated with the low-pressure gradi-
ent. The simulations with ECHAM5/MESSy and MM5-
EMICAT2000-CMAQ consistently show that the contribution
by advection to peak O3 levels is only about 2.5–5%. The
steady increase in photochemical production of O3 during
the day strongly exceeds the removal by convection and dry
deposition, leading to peak O3 concentrations during the
midafternoon.
[60] With respect to the origin of the high levels of

photochemical pollutants and their dynamics over the
NWMB, themain processes that take place in the troposphere
of the NWMB may be summarized as follows:
[61] 1. The episode of 13–16 August 2000, considered to

analyze the processes over the NWMB, is characteristic for
photochemical air pollution by O3 during summertime, being
related to a low-pressure gradient. The period was character-
ized by a weak synoptic forcing, so that mesoscale phenom-
ena, induced by the particular geography of the region, were
dominant. The air pollution in the lower troposphere had a
local origin associated with recirculation processes, i.e.,
caused by the orographic forcing together with land-sea
breeze circulations common in the NWMB.
[62] 2. During the episode a strong land-sea breeze

regime established along the entire domain. Circulation cells
up to 2 km height, substantially extending over the mixing
height (800m), developed in the morning hours. The strength
of the sea breeze reinforced by the anabatic winds provoked
by the complex orography of the eastern Iberian coast give
rise to the vertical injection and layering of air pollutants. As
the land-sea breeze front advanced inland, reaching the
mountain ranges, orographical transport and mechanical
recirculations of air pollutants occurred in the coastal moun-
tains (�500 m). During the afternoon, the breeze reached the
second mountainous chain, reinforced by anabatic winds,
producing upward motions up to 1.5–2 km altitude. In the
evening (2000 UTC) the photochemical activity ceased, the
land-sea breeze regime lost intensity and coastal winds
weakened, producing drainage of pollutants toward the coast
through the river valleys. At night O3 concentrations were
further reduced as a consequence of titration by fresh NO
emissions.
[63] 3. At an altitude of 0.5–1.5 km, air masses arriving

in the NWMB had their origin near the southeastern Iberian
coast. An O3 reservoir layer at 1.5 km developed during the

night over the Mediterranean Sea with O3 concentrations in
excess of 125 mg m�3. The high-pressure area over the
Mediterranean Sea was associated with anticyclonic circu-
lation and therefore air pollutants were transported inland on
the following day during the development of the land-sea
breeze cycle.
[64] 4. The intense surface heating promoted the devel-

opment of the ITL over the central Iberian Peninsula. It
persisted with the stagnant meteorological conditions during
the episode, and forced the convergence of surface winds
from the coastal areas toward the central plateau over which
convection transported polluted air masses into the middle
troposphere. The northwesterly winds transported pollutants
in a stratified layer at an altitude of 3.5 km toward the
NWMB, where they further subsided and were incorporated
into the land-sea breeze circulations.
[65] 5. In the upper troposphere air masses arriving in the

NWMB originated from the tropopause region over of the
Sahara dessert. They circulated over the Atlantic Ocean and
the Iberian Peninsula with the northwesterlies aloft. The
vicinity to the stratosphere and turbulent mixing processes
explain the relatively high concentrations of O3 at 300 hPa
altitude. These high O3 levels in the upper troposphere did
not affect the lower troposphere.
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Pérez, C., M. Sicard, O. Jorba, A. Comerón, and J. M. Baldasano (2004),
Summertime re-circulations of air pollutants over the north-eastern Iber-
ian coast observed from systematic EARLINET lidar measurements in
Barcelona, Atmos. Environ., 38, 3983–4000.

Reed, R. (1955), A study of a characteristic type of upper level frontogen-
esis, J. Meteorol., 12, 226–237.
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