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eLaboratoire de Météorologie Dynamique, Institut Pierre Simon Laplace, 91128 Palaiseau, France
fLSCE/IPSL Laboratoire CEA/CNRS/UVSQ, F-91198 Gif sur Yvette Cedex, France

Received 7 September 2006; received in revised form 30 March 2007; accepted 11 April 2007
Abstract

The modelling reconstruction of the processes determining the transport and mixing of ozone and its precursors in

complex terrain areas is a challenging task, particularly when local-scale circulations, such as sea breeze, take place. Within

this frame, the ESCOMPTE European campaign took place in the vicinity of Marseille (south-east of France) in summer

2001. The main objectives of the field campaign were to document several photochemical episodes, as well as to constitute

a detailed database for chemistry transport models intercomparison.

CAMx model has been applied on the largest intense observation periods (IOP) (June 21–26, 2001) in order to evaluate

the impacts of two state-of-the-art meteorological models, RAMS and MM5, on chemical model outputs. The

meteorological models have been used as best as possible in analysis mode, thus allowing to identify the spread arising in

pollutant concentrations as an indication of the intrinsic uncertainty associated to the meteorological input.

Simulations have been deeply investigated and compared with a considerable subset of observations both at ground level

and along vertical profiles. The analysis has shown that both models were able to reproduce the main circulation features

of the IOP. The strongest discrepancies are confined to the Planetary Boundary Layer, consisting of a clear tendency to

underestimate or overestimate wind speed over the whole domain.

The photochemical simulations showed that variability in circulation intensity was crucial mainly for the representation

of the ozone peaks and of the shape of ozone plumes at the ground that have been affected in the same way over the whole

domain and all along the simulated period. As a consequence, such differences can be thought of as a possible indicator for

the uncertainty related to the definition of meteorological fields in a complex terrain area.
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1. Introduction

One of the major difficulties in forecasting air
quality over complex terrains is to correctly describe
the processes determining the transport and mixing
of ozone and its precursors. In particular, the
restitution by models of local terrain-induced
circulations, such as sea breezes, that take place in
coastal zones constitutes a real challenge in the
assessment of ozone behavior and thus in air quality
management over those regions (Millan et al., 1996;
Hastie et al., 1999; Rosenthal et al., 2003; Liu et al.,
2002; Tov et al., 1997). Measurement campaigns
provided experimental evidences that sea breeze
circulations can transport polluted air masses up to
100 km inland (Bastin et al., 2004) and, in combina-
tion with mesoscale and synoptic winds, govern the
redistribution of anthropogenic pollutants over the
surrounding areas.

The Mediterranean basin is a critical zone,
submitted to intense photochemical activity and a
strong occurrence of well-established sea breeze
circulation. Simulation studies show that the main
features of the sea breezes can be well understood
and reproduced by models, when working at a fine
resolution required by the complexity of the terrain
(Svensson, 1998; Liu et al., 2002). Anyway the
authors also notice that the calculation of local
flows is very sensitive to the synoptic situation, their
exact direction and intensity having strong implica-
tions on ozone levels in the basins (Cheng, 2002).
Such dependence is a critical point in modelling
summer coastal recirculations, and has to be
quantified when using the model outputs for air
quality issues.

How much meteo-dependant are model outputs?
Clearly, the choice of any input data strongly affects
the simulated concentration field features. Large
effects of meteorological calculations (Sistla et al.,
1996; Kumar and Russell, 1996) and physical
parameters such as photolysis rates (Dimitroulo-
poulou and ApSimon, 1999; Seefeld and Stockwell,
1999) on modelled ozone concentrations field have
been reported in the literature. Nevertheless, many
of those studies have been conducted for simplified
situations, and need to be investigated for real
situations, in particular over complex terrain. But
overall, in air quality forecasting and management,
the main question about model input data currently
arises in the following terms: which intrinsic
uncertainty should be associated to the restitution
by a model of a given situation of pollution?
The study that is proposed here aims to describe
and quantify the impacts of meteorological calcula-
tions on the chemical model outputs. In coastal
environments, this module indeed may induce the
largest uncertainties on chemical calculations. The
study is based on a sensitivity analysis of the
restitution of ozone concentration fields to meteoro-
logical input, using the three-dimensional (3D)
chemistry-transport model (CTM) CAMx (ENVIR-
ON, 2003) over a specific pollution episode on the
Mediterranean French coast. The chosen episode is
extracted from the ESCOMPTE campaign and the
CTM was driven by two different meteorological
models, RAMS (Pielke et al., 1992) and MM5
(Dudhia, 1993), run with the same temporal and
vertical resolution, and used as best as possible in
analysis mode. Model outputs have been analyzed
in order to quantify the spread in pollutant
concentration and with the objective to draw some
indication about the uncertainty to be associated
with the model representation of a given photo-
chemical situation.
2. Site of the study

The investigated domain (Fig. 1) is located in the
French Mediterranean area and centered on the
cities of Marseille, Toulon and Aix-en-Provence. It
is characterized by the presence of a large amount of
human activities mainly grouped into two different
poles: the Marseille-Aix agglomeration including
1.3 million inhabitants, and the Fos-Berre industrial
area.

On the contrary, the inland part of the domain
presents rural and forested areas that generate high
emissions of biogenic VOCs. It is also characterized
by a complex topography, with increasing oro-
graphic altimetry toward the Alps (north-east (NE)
of the domain), constraining the air masses trans-
port in preferential directions.

This site frequently experiments severe ozone
episodes: as an example, the information threshold
(90 ppbv) is exceeded during 15–40 days per year in
the Bouches-du-Rhône area, making this depart-
ment the most affected by photochemical pollution
in France. Typically, during the day, the sea breeze
settles in a perpendicular way to the coastline
generating a south-west (SW) wind component
over Marseille and a south component over
Toulon and over the industrial area. Thus, the
coast curve induces a breeze convergence toward
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Fig. 1. (a) The number indicates the position and the meteorological zone of each ground-level meteorological station; black dots show the

radiosounding trajectory (Aix-Les-Milles); (b) the number indicates the position and the chemical zone of each station; the black cross

shows the ozone LIDAR position (LI-ALTO); (c) trajectories of the selected flights; refer to the text for an explanation of the letters.

Orography is shown in gray scale with a contour increment of 100m. Stations that are explicitly displayed in subsequent figures are circled

and labelled.
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NE bringing polluted air originating from the two
urban areas.

Because of the high occurrence of photochemical
events, this area has been subject to a research
program, called ESCOMPTE, aiming to constitute
a 3D documentation of several pollution episodes,
for chemical and dynamical parameters (Cros et al.,
2004; Drobinski et al., 2007). This database has
been especially designed for CTM validation and
for an intercomparison exercise at the regional
scale. In this frame, an important field campaign
took place in this area in summer 2001. In addition
to the operational observations, the supplementary
measurements had to give information on the breeze
cells formation, on the boundary layer develop-
ment, as well as on the chemical composition of the
air masses along their transport from the emitter to
receptor areas, and their extension in altitude and
over the sea. To this aim, several institutes
performed measurements of meteorological and
chemical parameters at ground level, along vertical
profiles (LIDAR, balloons) and in altitude during
several flights. Specific ground chemical stations
have also been implemented along three axes,
representing the preferential plume directions, in
order to document many VOCs and radical species
concentrations. At last, the ESCOMPTE campaign
allowed documenting four various and representa-
tive photochemical episodes (14 days), so-called
intensive periods of observation.
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3. The modelling system

3.1. Model configurations

Photochemical simulations have been carried out
using the CAMx CTM. In the frame of this study
CAMx has been applied taking into account only
gas phase transformations, described by the
SAPRC99 mechanism (Carter, 2000). Meteorologi-
cal fields have been supplied by two mesoscale
atmospheric models: MM5 and RAMS.

The PSU/NCAR mesoscale model, known as
MM5, is a non-hydrostatic, terrain-following sig-
ma-coordinate model designed to simulate or
predict mesoscale atmospheric circulation. More
information on MM5 is given at http://www.ncar.
ucar.edu. The MM5 model version used in this
work includes classical parameterizations for
boundary layer (the ‘‘MRFPBL’’ MM5 scheme),
radiation, microphysics and convection. Slight
modifications of microphysics and boundary layer
schemes are considered and described in Chiriaco
et al. (2006). Vertical diffusion and boundary layer
heights are calculated by the Troën and Mahrt
(1986) formulation.

RAMS 4.4 is a prognostic model based on non-
hydrostatic, compressible equations of air dynamics
and thermodynamics conservation equations. The
LEAF-2 model is used to describe storage and
vertical exchange of water and energy in multiple
soil layers (Walko et al., 2000).

Planetary boundary layer (PBL) height and
micrometeorological parameters have been com-
puted by means of a diagnostic approach, based on
Carson (1973) and Holtslag and van Ulden (1983).
Then, vertical diffusion coefficients have been
estimated, in stable and unstable conditions, follow-
ing the similarity theory approach of Holtslag and
Nieuwstadt (1986).

3.2. Computational grids, input data and simulated

periods

The computational domain covers the whole
ESCOMPTE area, centered on the city of Marseille,
and including the city of Avignon at the north-west
(NW) and that of Toulon at the east, with a hori-
zontal resolution of 3 km (48� 50 cells for approxi-
mately 150� 150 km2). Both RAMS and MM5
calculated dynamical fields on nested grids (RAMS:
30, 10 and 3.3 km, MM5: 9 and 3km resolution)
centered on the Marseille agglomeration.
The computational domain extended up to
14000ma.g.l. and it has been subdivided in 25
vertical levels in MM5 and 30 in RAMS. First layer
thicknesses were respectively 35m in RAMS and
15m in MM5 grid. Then meteorological fields have
been interpolated in order to feed the same CAMx
vertical grid having 15 vertical layers, whose tops
range between 40 and 8000ma.g.l. The first 10
CAMx levels lie inside the convective PBL, while the
remaining ones describe the free troposphere.
Interpolation has been carried out trying to preserve
the information provided by the meteorological
models as much as possible, reproducing almost the
same grid structure inside the PBL and aggregating
the vertical levels lying in free troposphere.

In both cases boundary conditions were obtained
from European Center for Medium-range Weather
Forecast (ECMWF) reanalysis fields, available with
a time step of 6 h. With regards to chemical input
data, CHIMERE (Schmidt et al., 2001; Menut,
2007) chemical fields issued from simulations at the
continental scale (0.51 of horizontal resolution) have
been used to define chemical boundary conditions.
The emission inventory used here has been derived
from the ESCOMPTE inventory, which provided in
particular a detailed speciation of NMVOC at a
resolution of 1 km2 (AIRMARAIX, 2002). Point
sources were also available in the inventory.

The largest ESCOMPTE intense observation
periods, the IOP no. 2 (June 21–26, 2001), was
chosen for this study. This IOP divides into two
distinct periods that differ for the synoptic meteor-
ological situation (Menut et al., 2005). During the
first period, the so-called IOP2a (June 21–23, 2001),
the region is under the influence of low to moderate
westerly and north-westerly winds that lead to the
formation of an oxidant plume at the east of the
domain, in Toulon and off its coastline, due to air
masses transport from Fos Berre and Marseille.
During the first 2 days, the observed diurnal ozone
maxima at ground level mainly range from 70 to
80 ppbv, but locally exceed the 90 ppbv air quality
threshold in the eastern part of the domain. The
second part called IOP2b (June 24–26, 2001), shows
a decrease in the wind speed and well-established
sea breezes coming from the SW. Over the 3 days,
ozone measurements frequently exceed the 90 ppbv
limit in several parts of the domain. A maximum of
130 ppbv is reached in Aix on June 25.

In order to evaluate the model performances, a
representative subset of measurement stations has
been selected from the whole ESCOMPTE database

http://www.ncar.ucar.edu
http://www.ncar.ucar.edu
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(Fig. 1). Both meteorological and chemical stations
have been grouped into different subsets of similar
behavior. Meteorological stations have been sub-
divided into four groups (Fig. 1a): zones 1 and 2 refer
to the inland part of the domain, while stations of
zones 3 and 4 are placed along the coast. Chemical
stations have been subdivided in six groups (Fig. 1b)
according to the classification provided in the frame
of the ESCOMPTE project. Zone 1 refers to the
Berre pond industrial area and zone 2 covers
Avignon, placed inside the Rhône valley. Zone 3
covers Aix-en-Provence and its surroundings while
zone 4 refers to the rural areas NE of Marseille,
including the Durance valley. Finally, zones 5 and 6
refer to Marseille and Toulon agglomerates.
4. Meteorological simulations

The models are skillful in reproducing the
different features of the atmospheric circulation of
Fig. 2. MM5 (above) and RAMS (below) wind fields at ground level on

represent the measured values at the meteorological stations. Compute
both IOP2a and IOP2b. During IOP2a, both
models reproduce very well the Mistral synoptic
conditions, characterized by a quite homogeneous
wind blowing from the NW of the domain. A more
relevant and interesting result has been achieved
during IOP2b, as the models have been able to
correctly describe the diurnal evolution of the
sea–land breeze, both along the coast and in the
inland part of the domain, however with some
discrepancies. Results are expressed in Central
European Time (CET) which corresponds to
UTC+1.

4.1. Ground-level wind field analysis

Fig. 2 is a 2D representation of observed and
simulated wind fields at ground level for 2 h on June
25. This figure shows that the models correctly
restitute the diurnal breeze cycle, with a dominating
land breeze at 07:00 CET and a well-established sea
breeze at 16:00 CET.
June 25. Left: 07:00 CET and right: 16:00 CET: The white arrows

d wind fields are plotted every three grid steps.



ARTICLE IN PRESS
G. Pirovano et al. / Atmospheric Environment 41 (2007) 6445–64646450
In the early morning, when land breeze and weak
winds dominate, the models well identify the
northern flows on the western part of the domain
that turn to NW over Marseille, as well as an
easterly component in the wind direction on the
northeastern mountainous part of the domain.
Nevertheless, as can be seen in the measure-
ments (white arrows), the predominance of very
low winds makes the measurements poorly repre-
sentative of the area and the model does not capture
the quite high local fluctuations in the wind
direction and intensity over and around the main
relief.

During the day on the reverse, in a better-defined
situation, the global features of the wind fields are
more easily captured by the models: the global
increase in the wind intensity from 7:00 UT to 16:00
CET is simulated, and both models reproduce a
southern flow in Port-de-Bouc turning to a south-
western flow on the Toulon coast, with a predomi-
nant transport of inland air masses to the NE of the
domain along the Durance valley. Furthermore, as
can be seen on the right graphs at 16:00 CET, the
convergence zone between the breeze and the
westerly flow is correctly located, which is an
important parameter for the location of the ozone
plume maximum.
Fig. 3. Observed and computed hourly wind vectors in five selected me

ground level.
Fig. 3 compares the observed and computed wind
vectors at five ground-level stations. During IOP2a,
synoptic conditions are observed in all the stations
during daytime hours. The only exception is for the
Toulon station where local-scale effects due to
breeze circulation prevail. As shown, both models
reproduce such synoptic conditions, also highlight-
ing a correct reconstruction of the diurnal cycle of
the wind speed. They produce quite similar wind
fields at the different stations, with the exception of
La Bastide and overall Toulon, center of the
observed ozone plume, where their restitutions of
dominant flows differ.

During IOP2b, the wind at all stations exhibits a
marked sea–land breeze cycle. It is worth noting
that both models capture quite well the timing of the
sea breeze, starting in Toulon at about 7:00 in the
morning, in Istres at around 11:00, and going inland
at around noon in Aix-les-Milles. However, the
correspondence is not so clear in La Bastide as the
local effects due to orography partially dominate
the mesoscale features and no marked diurnal cycle
can be observed. In Avignon, the sea breeze is
present mainly on June 25 and 26 and is well
established at 12:00 or 13:00, a couple of hours later
than Istres. In Avignon, breeze is well reproduced
by RAMS, while MM5 shows a weaker and less
teorological stations. Vectors indicate wind speed and direction at
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variable wind. During night-time, the observations
are clearly influenced by local-scale effects that
MM5 and RAMS do not capture completely. Still, a
systematic overestimation of the wind speeds
calculated with RAMS in anticyclonic situations
appears in those graphics.

4.2. Statistical analysis at the ground

Table 1 summarizes the mean values, averaged
normal bias (ANB) and root mean square error
(RMSE) of ground-level wind speed for both
models in the different meteorological zones. The
calculations show that during IOP2a, both models
overestimate wind speed with a RMSE of 2.2, while
wind speed variability is well reproduced, as both
models showed a standard deviation around
2.0m s�1 like the observations (not shown). During
IOP2b the models exhibit some significant differ-
ences: MM5 better reproduces wind speed, and
particularly low values as highlighted by the
normalized error (0.06 for MM5 against 0.58 for
RAMS). Nevertheless, MM5 provides slower winds
than observed, in all coastal regions (zones 3 and 4).
On the contrary, RAMS wind fields appear too
strong over the whole domain, except in the coastal
zone 3 at night. For wind directions (not shown),
MM5 and RAMS display a more similar behavior
than for wind speed. For both IOPs, the fraction of
directions that differ by less than 301 from the
observations ranges between 40% and 50% for both
models. Along the coast (zones 3 and 4) the models’
Table 1

Ground-level wind speed (m s�1): evaluation of models performance

Zone Mean ANB RMSE

Obs MM5 RAMS MM5 RAMS MM5

IOP2a All 3.5 4.4 4.6 0.68 0.63 2.2

IOP2b All 2.4 2.0 3.3 0.06 0.58 1.8

1 2.5 2.2 3.4 0.11 0.58 1.8

2 2.2 2.4 3.3 0.36 0.70 1.8

10:00–18:00h 2 2.8 1.8 4.3 �0.41 0.71 1.6

3 2.6 1.8 3.2 �0.13 0.36 1.8

4:00–10:00 h 3 1.5 1.0 1.6 �0.22 0.25 1.5

4 2.3 1.6 3.2 �0.15 0.61 1.6

4:00–10:00 h 4 1.9 1.3 2.4 �0.12 0.52 1.5

ANB is the averaged normalised BIAS and RMSE is the root mean sq

account the hourly values of all the stations. For IOP2b, statistics h

performances have been evaluated also taking into account a smaller s

10:00 for zones 3 and 4).
aMetrics have been computed also taking into account only pairs

observations.
performances are reasonable, even though the
development of the breeze during morning hours
of IOP2b is not well captured; in fact between 4:00
and 10:00 in the morning, the fraction of directions
that differs by less than 301 decrease to 28% for
MM5 and 23% for RAMS, but it is worth noting
that during those hours the observed mean wind
speed is lower than 2m s�1, thus decreasing the
soundness of wind direction measurements. On the
contrary, the models well capture the direction of
the inland penetration of the sea breeze during
daytime hours of IOP2b. Between 10:00 and 18:00
the fraction of directions differing by less than 301 is
47% for RAMS and reaches 55% in MM5 runs.
Statistical analyses have been performed also on a
subset of data, including only pairs where simulated
directions by both models differ by less than 301
from the observations. Such a subset is character-
ized by higher wind speed in both IOPs, thus
confirming that model performances are worse
during weak circulation conditions. Model perfor-
mances do not highlight relevant discrepancies with
respect to the whole data set, although in some cases
RAMS overestimation is slightly emphasized.

Simulated wind and temperature profiles have
also been compared with the radiosounding avail-
able in Aix-les-Milles for June 24 at 15:00.
Discrepancies between models and observations
are clearer near the ground than at higher levels,
where both models are able to correctly capture the
mesoscale features of wind circulation and tempera-
ture profile (Fig. 4). The similarity between MM5
Meana ANBa RMSEa

RAMS Obs MM5 RAMS MM5 RAMS MM5 RAMS

2.2 4.5 5.1 5.5 0.42 0.49 2.1 2.2

1.8 3.0 2.4 4.4 �0.03 0.69 1.8 2.0

1.7 3.0 2.7 4.5 0.07 0.75 1.9 2.0

1.8 2.6 2.8 4.1 0.29 0.80 1.6 2.1

2.1

1.6 3.8 2.2 4.4 �0.37 0.31 2.2 1.7

1.2

1.9 2.7 1.8 4.5 �0.20 0.89 1.5 2.4

1.5

uare error. For IOP2a, statistics have been computed taking into

ave been supplied for each zone as well. For zones 2–4 model

ubset of hours (from 10:00 to 18:00 for zones 2 and from 4:00 to

where simulated wind direction differs less than 301 from the
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and RAMS profiles in altitude result from their
common ECMWF analyses forcing fields.

4.3. Consistency of meteorological parameters in

altitude

Wind field computations have also been com-
pared along three flights (Fig. 1c) performed during
June 25 in the morning (ARAT 2501), around noon
(ARAT 2502) and in the afternoon (AZTEC 2502).
For each point of the flight trajectories, the
modelled wind components (u,v) of the nearest
vertical levels have been linearly interpolated in
order to match the coordinates of the observation.

Along all the flights (Fig. 5), the models show a
quite similar behavior and a reasonable agreement
with observations. During both morning and after-
noon the models reproduce the north-westerly
synoptic winds that take place above 1500ma.s.l.
(points A1, A2, A3), and that represent the large-
scale meteorological situation. Nevertheless, during
the morning, the models are not able to capture the
complex wind structure at 800m a.s.l. characterized
by easterly winds in the Rhône Valley (B) and
westerly (C) and south-westerly winds (D) elsewhere
(Khaltoff et al., 2005), as they simulate a rather
constant direction with winds blowing from the
north. The observation in altitude of this phenom-
enon, which was previously observed in Fig. 2 at
ground level, implies that the lack of eastern
structure in the models mainly comes from the
meteorological forcing. At noon (between 12:00 and
13:00 CET on the figure), in a well-established
southern sea breeze, the models better reproduce
wind directions both in Marseille (F) and near the
Durance valley (E). They underestimate the wind
strength at 3000m a.s.l. while in the boundary layer,
model values are closer to the measurements: there,
RAMS almost always simulates higher values than
MM5. MM5 values lay below or close to the
measured points while the reverse is observed for
RAMS which well estimates (zone E) the wind
intensity or overestimates it.

The afternoon flight (Fig. 1c—AZTEC 2502)
takes off and lands in Avignon and covers the
Durance valley at four different heights. Inside
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the Durance valley (from 15:45 to 17:30 CET)
both models capture very well the vertical variation
in wind direction, from SW (G, H1, H2) to the
NW synoptic direction (A4). There, MM5 repro-
duces the observed wind speed with a fair agree-
ment while RAMS overestimates values within the
PBL (estimated by Khaltoff et al. at around
1500m).

The analysis carried out on meteorological
simulations has first shown that both models were
able to reproduce the main evolution in the synoptic
situation from IOP2a to IOP2b. Although discre-
pancies were noticed at the end of the night, both
models propose a similar interpretation of the
combination of synoptic and local flows and the
resulting modelled dynamical situations are close.
Indeed, the models do not show disorganized
discrepancies, but a pronounced tendency over the
whole domain to overestimate (RAMS) or under-
estimate (MM5) the intensity of air masses trans-
port along some prevailing directions.

Significant uncertainties on the modelled meteor-
ological situation could anyway be identified (i) in
the temporal restitution of the breeze diurnal cycle,
(ii) in local flow specificity when the wind is low and
(iii) in the amplitude of the recirculation cells in
relation to wind speed at the ground.

Finally, PBL height and vertical diffusion coeffi-
cients (Kv) have been compared in order to highlight
the main differences between the two different
estimation techniques. Due to a lack of space, the
results are not illustrated here. Anyway, the
comparison highlights the fact that MM5 provides
higher maximum PBL heights, especially in the
inland area. On the reverse, calculated Kv mean
values inside the PBL are quite similar.

5. Photochemical simulations

Simulations have been conducted using the two
meteorological inputs presented above. The simula-
tion using MM5 inputs will constitute our reference
case (so-called ‘‘CAMx_base’’), while the simulation
conducted with RAMS calculations will be labelled
as CAMx_rams. As discussed in Section 4, both
meteorological modelling systems have proved to
correctly restitute the evolution of the episode.
Subsequently, the two CAMx simulations also show
a correct understanding of the photochemical
situations, providing primary and secondary plumes
that are satisfactorily formed and transported inside
the domain, with maximum values of the right order
of magnitude, but significantly dependant on the
configuration.

In both situations, the model generates locally
high—albeit variable—primary pollutant concen-
trations in the urban, industrial and harbor areas, as
well as along the shipping routes. The comparison
with ground-based stations (Fig. 6) shows that
CAMx is able to distinguish the different features of
IOP2a and IOP2b (e.g. in Salon-de-Provence), and
correctly reproduces the spatial distribution of
nitrogen dioxide concentrations as can be inferred
from stations of different typology. As it could be
expected, the model performances are better in the
rural stations than in the urban and suburban ones,
owing to the difficulty for Eulerian models to fully
fit the large and complex temporal variability of
NO2 concentrations in source areas. Anyway, the
NO2 spatial gradients and its day-to-day variability
are well captured by CAMx. The statistical analysis
of the NO2 daytime means (not presented in the
tables) indeed shows a very good agreement
between both model outputs and measurements.
The gradient from urban (mean value around
8 ppbv) to rural (mean value between 2 and 4 ppbv)
locations is also well reproduced, although CAMx
shows a tendency to overestimate the daily NO2

mean values (RMSE of 2–8 for both configurations
according to the zones).

5.1. Ozone daily maximum

During IOP2a, CAMx correctly describes the
formation of secondary pollution, with an ozone
plume that tends to be swept away along the
coastline downwind the Berre area, and background
values in the rural inland part of the domain, as
observed in the measurements (Cros et al., 2004;
Menut et al., 2005).

Fig. 7a presents a 2D view of ozone concentra-
tions observed at 16:00 CET at all ground-based
stations on June 21. Figs. 7b and c correspond to
the CAMx outputs at the same time. On that day, in
the inland part of the domain, the model mainly
reflects large-scale transport, associated with mod-
erate and homogeneous ozone concentrations, as
provided by CHIMERE chemical boundary condi-
tions: in both configurations, CAMx simulates
ozone values ranging from 62 to 65 ppbv, which
are quite consistent with the background ozone
values measured at the north-western stations of the
domain (such as Avignon). Statistics however
indicate that the maximum diurnal values of ozone
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Fig. 6. Observed and computed hourly concentrations of nitrogen dioxide in three selected ground-level stations. Black dots:

observations, black line: CAMx_base, gray line: CAMx_rams.
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modelled over the coastal zones are 5–10 ppbv lower
than the means of the observed maxima that range
from 68 to 72 ppbv (see Table 2). This bias probably
stems from the non-restitution by the model of the
slight ozone production observed between Berre
and Marseille in Fig. 7a. Standard deviation
analysis (Table 2) confirms that modelled concen-
tration fields inland are globally too homogeneous,
probably due to a slight overestimation of the wind
speed during IOP2a.

Contrarily to inland patterns, the neat under-
estimation by the model of the regional ozone peak
observed in the coastal Toulon area (zone 6) on
June 21 is more likely due to a bias in the simulated
synoptic wind than to a lack of oxidant production
in the model. Indeed, both model configurations do
produce ozone in a well-defined plume with a
maximum value comprised between 85 and 90 ppbv
on that day (against measurements of 85–92 ppbv
around Toulon), but the modelled plume forms
downwind Toulon and at out at sea, instead of
being partly located inland at Toulon. It is worth
noting that, as it could be expected from the low
discrepancies between the modelled meteorological
situations of IOP2a, the impact of regional meteor-
ological calculations on the restitution of this
chemical episode by the two models is low, albeit
it is still visible through the differences in the
regional maxima intensity and plume locations.

When breeze circulations develop (June 24–26,
2001), the model simulates an ozone plume that is
built up between 10:00 and 15:00 under the sea
breeze influence, downwind the main anthropogenic
areas. In these conditions, ozone is locally produced
and then accumulated inland mainly toward NE.
Figs. 8 and 9 present the observed and modelled
ozone concentrations on the domain for June 25–26
at 16:00 CET and 13:00 CET, respectively.

As mentioned in Section 4, the RAMS module
calculates faster winds (with a mean ANB of 0.5)
than those observed over the whole domain, which
causes the pollutants to be excessively dispersed and
diluted in the PBL when reaching the rural areas.
On the reverse, MM5 shows a pronounced negative
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Table 2

Ozone daily maximum: evaluation of the model performance during IOP2a and IOP2b

Zone Mean Sigma ANB RMSE

Obs Base Rams Obs Base Rams Base Rams Base Rams

IOP2a All 71.1 62.7 64.3 9.5 5.0 5.5 �0.11 �0.08 12.7 11.7

1–2 71.9 63.3 66.1 7.2 4.1 4.3 �0.11 �0.07 11.8 9.3

3–4 67.9 61.8 62.6 8.9 3.5 3.2 �0.08 �0.06 10.7 10.6

5–6 75.7 63.4 64.9 11.4 9.3 8.7 �0.15 �0.13 16.6 15.8

IOP2b All 83.0 80.9 74.2 21.2 8.8 6.4 0.03 �0.05 21.0 22.6

1–2 80.3 78.8 74.3 17.1 10.2 7.6 0.01 �0.04 15.1 16.1

3–4 95.3 82.2 74.0 20.9 10.0 6.3 �0.10 �0.18 25.0 29.4

5–6 64.4 81.3 74.6 8.3 7.3 6.1 0.29 0.18 20.3 14.8

No_urb 88.9 80.7 74.2 20.6 9.4 6.3 �0.05 �0.12 21.3 24.6

Statistics have been computed over the whole domain (all) and also for different subsets of stations. No_urb indicates the whole domain

with the exception of Marseille and Toulon areas.
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bias in wind speed during diurnal hours on the
whole NE and coastal areas of the domain (ANB of
about �0.2). Such patterns may account for part of
the discrepancies observed between the models and
between model and measurements. Indeed,
ozone maxima calculated in the CAMx_rams
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Fig. 8. Ground-level ozone fields (ppbv) on June 25 at 16:00. Observations (a); meteo from MM5 (b); RAMS (c).
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configuration are much lower than those predicted
by CAMx_base during the whole IOP2b.

During IOP2b, the analysis of ozone maps at
ground level reveals local disagreements in the
ozone plume features restituted by the two config-
urations. On June 24 and 25, observations indicate
an ozone plume lying inland parallel to the coast
and moving toward the NE, between Aix and
Avignon, with maximum values exceeding 90 ppbv
and reaching 120 ppbv at Aix on the 25th. Model
outputs show quite similar ozone plume patterns,
but systematic differences appear in the intensity of
the ozone values, CAMx_rams being permanently
5–15 ppbv lower than CAMx_base over the
whole of the domain. At 16:00 CET on the 25th
(see Figs. 8b and c), the CAMx_base presents, as
observed, an ozone plume on the north of domain
between Salon-de-Provence and Cadarache and low
values south of Aix, although coastal values close to
Toulon remain much too elevated, probably due to
the specific recirculation of air masses around Plan
d’Aups (NE of Toulon) underestimated by MM5
(as observed in Fig. 2). Although peak values are in
good agreement with observations, the plume is
somehow closer to the sources than observed, due to
the low winds inland. On the east of the domain,
CAMx_base simulates its highest ozone values, but
this could not be evaluated due to the absence of
measurement stations over all this area. CAMx_
rams presents the same structure as the base version,
with an ozone plume located further at the north,
but with clearly underestimated concentrations
(maximum 85 ppbv). The observation of modelled
ozone concentration maps at the ground for June 26
(see Figs. 9b and c) reveals that not only the
intensity but also the shape of the secondary plume
is strongly affected by the meteorological config-
uration choices. On that day, the breeze combines
inland winds with a north-westerly synoptic circula-
tion: observations (Fig. 9a) show that the ozone
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Fig. 9. Ground-level ozone fields (ppbv) on June 26 at 13:00. Observations (a); meteo from MM5 (b); RAMS (c).
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plume extends from west to east inland, one
remaining over the NW of the domain, while the
eastern edge is transported toward the east. At 13:00
CET, CAMx_base very well captures the plume
patterns (although the eastern part is a little too far
at the north) and simulates, as observed, a large
area of elevated ozone up to Avignon. Peak values
are satisfactory and exceed 100 ppbv. On the
contrary, CAMx_rams shows a thin plume asso-
ciated with concentration maxima lower than
85 ppbv and located much too far at the north of
the domain.

5.2. Ozone time series and vertical profiles

Time series of modelled and measured ozone
concentrations are presented in Fig. 10. The
observation of those graphs leads to the following
remarks: (i) Ozone temporal evolution is quite well
reproduced by CAMx in both configurations, which
includes the distinction of the two IOP specificities,
the fit of the main diurnal ozone evolution, and the
occurrence of peaks, with the exception of La Ciotat
and Toulon on June 21 as previously discussed. The
missed events on June 25 in zone 4 are also due to
an inexact location of the plume as mentioned
above. The night-time behavior of ozone is known
to be very difficult to reproduce, mainly because of
its very local origin. Thus, as seen in the graphs, the
ozone nocturnal behavior is only well restituted in
Vitrolles (on the top of a hill) and at the mobile
station LISA (far from anthropogenic sources in an
open area). (ii) Ozone underestimation in CAMx_
rams is visible on each day experiencing ozone
production. The wind speed overestimation ob-
served in RAMS outputs thus leads to anticipated
ozone maxima compared to CAMx_base (Table 3),
systematically underestimated peaks, and the sub-
sequent incapacity of the model to catch the
observed events in the northern rural areas (e.g.
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Fig. 10. Observed and computed ozone hourly concentrations in six selected ground-level stations. Black dots: observations, black line: CAMx_base, gray line: CAMx_rams.
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Table 3

Evaluation of the delta time between modelled and observed

daily peak of ozone during IOP2b for rural and suburban stations

Zone Mean Sigma

Base Rams Base Rams

No_urb 1.22 0.10 2.23 2.43

3 1.89 0.94 2.03 1.86

4 0.26 �1.15 2.16 2.49

No_urb indicates the whole domain with the exception of

Marseille and Toulon areas. Delta time is defined as the

difference (in h) between the modelled and the observed peak

time.
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June 26 in IMK). Indeed, daytime ozone peak, on
average, varies from 6 to 8 ppbv from the base to the
RAMS configuration, inducing a doubling of the
relative bias in CAMx_rams. In the most sensitive
areas (3 and 4) ozone peaks may vary to more than
20 ppbv. (iii) The center of the domain (Vitrolles,
Salon-de-Provence) is well understood by the model
base run during IOP2b. In those areas located
immediately downwind the main emitters, the
difference in meteorological fields is already dis-
criminating as CAMx_rams does not capture the
day-to-day evolution of ozone (Fig. 11).

Ozone concentrations have been also compared
with vertical profiles provided by the ozone LIDAR
placed in Aix-les-Milles (Fig. 1). Observations
reveal a very complex vertical layering due to the
interaction of different phenomena. Inside the PBL,
varying from 500 to 1500m along the day, the
temporal evolution of the lowest levels of the
observed and computed profiles are well correlated
with ground-level observations collected in a station
placed a few kilometers far from the LIDAR
platform (Fig. 1). During the morning and evening
hours, dry deposition and NOX titration together
with stable conditions induce the development of
strong vertical gradients. At noon, ozone exhibits
different behaviors: on June 24, well-mixed condi-
tions favor a more homogeneous distribution of
ozone concentrations, while on June 25 a sharp
gradient is observed inside the PBL. This could be
due to polluted air masses recirculating from the
sea, laying above the marine BL during night-time,
and then superimposing horizontal advection
of ozone to the local chemical production (Cousin
et al., 2005; Kalthoff et al., 2005). Above
1500–2000m, additional ozone layers are visible,
probably due to stratospheric intrusion as well as to
synoptic scale transport (Dufour et al., 2005;
Ancellet and Ravetta, 2005). CAMx reproduces
rather well the ozone daily dynamics in the lowest
1000m of the troposphere, mainly related to local-
scale processes as well as to sea breeze circulation.
However, modelled daytime vertical profiles remain
much flatter than observations, due to the vertical
cutting of the model, the nature of the vertical
homogeneities that are driven by local events, and
probably a too strong vertical mixing. It is worth
noting that meteorological models discrepancies
have a strong effect not only on ground-level
concentrations but also along the whole PBL. At a
higher altitude, CAMx fails in reproducing the
complex vertical structure observed both near the
PBL top and inside the free troposphere. There, it
simulates, in both configurations, a constant vertical
profile forced by CHIMERE boundary conditions,
although both meteorological models have been
able to reproduce the complex vertical structure of
wind circulation (Fig. 5).

6. Conclusions

The CAMx model has been applied in order to
investigate the sensitivity of CTM to meteorological
drivers in a complex terrain area. Simulations have
been carried out in the frame of the ESCOMPTE
project that was aimed to constitute a 3D docu-
mentation of several pollution episodes, for chemical
and dynamical parameters, in the Marseille area.
The IOP2 (June 21–26, 2001) was chosen for this
study, as it is characterized by the presence of well-
defined synoptic pattern (Mistral) during the first
part, then moving toward sea breeze circulation
conditions during the second one.

Two meteorological models, RAMS and MM5,
have been used as best as possible in analysis mode,
in order to identify the resulting spread in the
pollutant concentration fields as an indication of the
uncertainty to be associated to meteorological
input. Firstly, meteorological simulations have been
deeply analyzed and compared with a considerable
subset of observations both at ground level and
along vertical profiles. Comparisons among models
and observations have highlighted the fact that the
strongest discrepancies are confined to the PBL,
where processes are terrain-driven and sensitive to
each model principles and parameterizations, while
synoptic flows and altitude transport tend to be
better reproduced and with few differences between
models. It is worth noting that, at the ground,
models do not show disorganized discrepancies, but
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Fig. 11. Comparison between observed and computed ozone vertical profiles at ALTO Lidar site. Black dots: observations, black square dot: ground-level observation at COTTBUS

station, black line: CAMx_base, gray line: CAMx_rams. Hours refer to local time (CET).
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pronounced tendencies over the whole domain. In
our case, the models tended to overestimate or to
underestimate the intensity of the air mass transport
through the restitution of the wind speed.

The photochemical simulations showed that the
choice of the meteorological module was crucial for
the restitution of the location as for the calculation
of the intensity of the secondary pollution peaks.
This was observed especially under anticyclonic
conditions, when low wind speeds emphasize the
influence of transport and accumulation processes
on the whole regional pollution patterns, above all
in complex terrain areas.

As a consequence, from time series at ground-
based stations we could observe that NO2 is not
much affected here by meteorological calculations
as most of its variability is located very close to the
emission points, and as its concentration quickly
drops to very low values when transported
away from the sources. Its local variability may be
more sensitive to vertical mixing as parameterized in
the model core. Analogous conclusions can be
inferred concerning the intra-day variability of
ozone. Diurnal evolution, night-time titration in-
tensity and deposition may be related to local-scale
phenomena, probably of chemical nature but
also dependent on the nature of the site and
its description in the model. Differently the intensity
of the ozone peaks and, consequently, the shape
of ozone plumes at ground are clearly influenced
by the choice of meteorological driver. Differences
in the location and shape of the secondary
plume thus appear to be linked strongly, and
in a direct manner, to the calculation of wind
speed that seems more influent than the PBL
and turbulence fields. For example, MM5 provi-
ded higher PBL height than RAMS during day-
time, but ozone peaks were higher with the
former meteorological driver. In fact ozone peaks
take place during daytime, when the atmosphere is
well mixed, hence differences in turbulent mixing
can be less relevant than differences in horizontal
transport. Globally, high wind speeds make the
secondary plume thinner, less intense and located
too far from the main sources. This result confirms
that the intensity of the ozone episodes is strongly
related to the variation of the horizontal transport,
or, in other words, to the effectiveness of the
dilution processes at regional scale.

Differently, high altitude concentrations are not
influenced by the choice of the meteorological
driver, because above the PBL, pollutant concen-
trations are mainly driven by synoptic flows that, in
this study, showed very similar patterns due to the
common ECMWF boundary fields.

As shown, regional ozone maximum values
during IOP2b, on average, may vary from 6 to
8 ppbv, corresponding to a doubling of the relative
bias. But in the most sensitive areas (such as 3 and 4)
ozone peak may vary to more than 20 ppbv. It
means that, on average, the sensitivity related to the
meteorological driver represents about 10% of the
domain-mean ozone peak, while in the most
sensitive area the sensitivity can reach 20% of the
daily peak observed in those zones (Table 2). It is
worth noting that such a variability in ozone
concentrations derives from a discrepancy in
simulated wind fields that during IOP2b, on
average, corresponds to more than 50% of the
domain-mean wind speed, but reaching 90% of the
observed wind speed in the NE part of the domain
during afternoon hours (Table 1).

In conclusion, the study has put in evidence that,
near the ground, circulation shape and intensity
may be the main source of uncertainty in photo-
chemical studies over complex domain, descending
from the meteorological driver. Such an uncertainty
can give rise to significant discrepancies in ozone
concentrations, although previous observations
have indicated that meteorological differences have
an influence that is less than linear on the ozone
maximum. This was expected as the ozone peak
depends not only on horizontal regional transport
of locally produced pollution, but also on large-
scale background and vertical exchanges with high-
er atmospheric layers. It is worth also noting that
the observed meteorological discrepancies do not
show random variability between the two config-
urations but rather systematic biases that affect the
chemical calculations in the same way.
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taire des émissions ESCOMPTE: Descriptif synthétique,

formats de données et recommandations d’utilisation, Rap-

port commun AIRMARAIX/LPCA ESCOMPTE/Emissions.

Ancellet, G., Ravetta, F., 2005. Analysis and validation of ozone

variability observed by lidar during the ESCOMPTE-2001

campaign. Atmospheric Research (74), 435–459.

Bastin, S., Dobrinski, P., Dabas, A., Delville, P., Reitebuch, O.,

Werner, C., 2004. Impact of the Rhone and durance valleys

on sea-breeze circulation in the Marseille area. (ESCOMPTE

special issue).

Carson, D.J., 1973. The development of a dry, inversion-capped,

convectively unstable boundary layer. Quarterly Journal of

the Royal Meteorological Society 99, 450–467.

Carter, W.P.L., 2000. Programs and files implementing the

SAPRC-99 mechanism and its associates emissions processing

procedures for Models-3 and other regional models. 31 January

2000 /http://pah.cert.ucr.edu/carter/SAPRC99.htmS.
Cheng, W.-L., 2002. Ozone distribution in coastal central Taiwan

under sea-breeze conditions. Atmospheric Environment 36,

3445–3459.

Chiriaco, M., Vautard, R., Chepfer, H., Haeffelin, M., Wanher-

drick, Y., Morille, Y., Protat, A., Dudhia, J., 2006. The ability

of MM5 to simulate ice clouds: systematic comparison

between simulated and measured fluxes and lidar/radar

profiles at SIRTA atmospheric observatory. Monthly Weather

Review 134, 897–918.

Cousin, F., Tulet, P., Rosset, R., 2005. Interaction between local

and regional pollution during ESCOMPTE 2001: impact on

surface ozone concentrations (IOP2a and 2b). Atmospheric

Research 75, 117–137.

Cros, B., Durand, P., Cachier, H., Drobinski, P., Fréjafon, E.,
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