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Abstract. During the UBL-ESCOMPTE program (June–July 2001), intensive observations were
performed in Marseille (France). In particular, a Doppler lidar, located in the north of the city, pro-
vided radial velocity measurements on a 6-km radius area in the lowest 3 km of the troposphere.
Thus, it is well adapted to document the vertical structure of the atmosphere above complex
terrain, notably in Marseille, which is bordered by the Mediterranean sea and framed by numer-
ous massifs. The present study focuses on the last day of the intensive observation period 2 (26
June 2001), which is characterized by a weak synoptic pressure gradient favouring the develop-
ment of thermal circulations. Under such conditions, a complex stratification of the atmosphere
is observed. Three-dimensional numerical simulations, with the Méso-NH atmospheric model
including the town energy balance (TEB) urban parameterization, are conducted over south-east-
ern France. A complete evaluation of the model outputs was already performed at both regional
and city scales. Here, the 250-m resolution outputs describing the vertical structure of the atmo-
sphere above the Marseille area are compared to the Doppler lidar data, for which the spatial res-
olution is comparable. This joint analysis underscores the consistency between the atmospheric
boundary layer (ABL) observed by the Doppler lidar and that modelled by Méso-NH. The obser-
vations and simulations reveal the presence of a shallow sea breeze (SSB) superimposed on a deep
sea breeze (DSB) above Marseille during daytime. Because of the step-like shape of the Marseille
coastline, the SSB is organized in two branches of different directions, which converge above the
city centre. The analysis of the 250-m wind fields shows evidence of the role of the local topog-
raphy on the local dynamics. Indeed, the topography tends to reinforce the SSB while it weakens
the DSB. The ABL is directly affected by the different sea-breeze circulations, while the urban
effects appear to be negligible.

Keywords: Atmospheric boundary layer, Doppler lidar, Numerical simulation, Sea breezes,
Topography.

1. Introduction

Marseille is one of the biggest French cities with about 1 million inhabitants
(Figure 1). Facing the Mediterranean sea, Marseille is frequently under the

∗ E-mail: aude.lemonsu@ec.gc.ca



478 AUDE LEMONSU ET AL.

influence of sea-breeze circulations during summertime. In fact, numerous
big cities have been built in coastal areas and the urban canopy generally
plays a key role on the local meteorology. Especially, the urban heat-island
effect sometimes generates heat-island circulations above the agglomera-
tions (e.g. Lemonsu and Masson, 2002). Besides, in a coastal environment,
the sea/land temperature contrast induces sea-breeze circulations that may
combine with the heat-island circulations. In addition to the proximity of
the sea, Marseille is also located in a mountainous area. As a result, terrain
heterogeneities (including topography) may induce local atmospheric circu-
lations of various temporal and spatial scales, where urban, maritime and
topographic effects interact. Since Marseille and its urbanized and indus-
trialized suburbs are major sources of atmospheric pollutants, these local
circulations may have a critical impact on the stagnation and the concen-
tration of atmospheric pollutants in the region.

Despite the few existing studies on heat-island circulations and sea-
breeze interactions in Tokyo (Yoshikado and Kondo, 1989; Yoshikado,
1990), Athens (Kambezidis et al., 1995), Kyoto and Osaka (Ohashi and
Kida, 2002), their fine-scale structure (100-m scale) has never been investi-
gated because the ability to observe natural three-dimensional atmospheric
airflow patterns has progressed slowly. Indeed, the observation of such
local circulations is a challenge. Up to now, experimental investigation
of such atmospheric flows mainly relied on in-situ measurements, either
ground-based (Pooler, 1963; Physick and Byron-Scott, 1977; Vukovich
et al., 1979) or airborne (Finkele et al., 1995; Chiba et al., 1999), which
do not provide simultaneous documentation of the temporal and the spa-
tial variabilities of the flows.

In Marseille, the fine-scale complexity of the flow structure is even
stronger and is due to the fact that multi-scale flows such as synoptic
wind, land/sea breezes, urban breeze (also called heat-island circulation)
and slope winds may interact. This problem justified the organization of
a large-scale campaign in the Provence-Alpes-Côte d’Azur region called
ESCOMPTE (ExperimentS to COnstrain Models of atmospheric Pollution
and Transport of Emissions) (Cros et al., 2004) with its sub-program called
UBL (Urban Boundary Layer)/ESCOMPTE dedicated to the study of the
urban boundary layer in the Marseille area (Mestayer et al., 2005). In the
framework of these field campaigns, remote sensors such as sodars, radars
and Doppler and ozone lidars were deployed to improve the spatial and
temporal coverage of the atmospheric flow over the city of Marseille. This
instrumental set-up allowed us to document the complex layered structure
under sea-breeze conditions over Marseille (Delbarre et al., 2005), to study
the interaction between the sea breeze and the sloping terrain in the north-
ern suburbs of Marseille (Bastin and Drobinski, 2005), and to analyse the
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Figure 1. Map of France with the topography shaded in grey when higher than 500 m above
sea level. The figure represents domain 1 (12-km horizontal resolution) of the Méso-NH sim-
ulation. The three rectangles display the three nested domains, hereafter called domain 2, 3
and 4 which have a 3-km, 1-km and 250-m horizontal resolution, respectively. Domain 4 is
centred about the city of Marseille.

modification of the sea-breeze dynamics by the complex coastline shape of
Marseille (Bastin et al., 2004).

However, the very fine scale heterogeneity of the flow over the city has
never been analysed, and the relative contribution of the various sources
of forcing of the flow (urban heating, topography, land/sea contrast,...)
has never been investigated. In order to achieve this objective, we make
use of wind measurements from a ground-based Doppler lidar, which was
operated during ESCOMPTE and located at Vallon d’Ol in the north-
ern suburbs of Marseille. Indeed, ground-based and airborne Doppler
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lidars have already proved to be relevant tools to document land/sea
breezes (Carroll, 1989; Banta et al., 1993; Banta, 1995; Darby et al., 2002;
Bastin et al., 2004, 2005), and urban boundary layers (Calhoun et al., 2004;
Davies et al., 2004). The Doppler lidar provides radial velocities at about
300-m spatial resolution in a volume covering a large domain both hori-
zontally and vertically, with a temporal resolution and a wind measurement
accuracy allowing the daily evolution of the flows to be finely described. In
order to complement the Doppler lidar measurements, a numerical simula-
tion with a 250-m horizontal resolution (i.e. similar to the Doppler lidar
resolution) is performed with a specific urban parameterization (Masson,
2000; Lemonsu et al., 2004, 2005). This unique joint analysis of Doppler
lidar measurements and very highly resolved model outputs allows a study
of the dynamic and thermodynamic processes at the city scale. Specifically,
our study analyses:

– the horizontal and vertical structure of the sea breeze at the city scale,
– the contribution of the topography to the local dynamics,
– the origin of the air masses that contribute to the complex horizontal

and vertical structure of the urban boundary layer over Marseille.

This naturally requires a test of the ability of the numerical model to
reproduce the vertical and horizontal fine-scale heterogeneity of the flow
over Marseille, which has never been performed before.

After the introduction in Section 1, the experimental context and the
numerical set-up are briefly presented in Sections 2 and 3, respectively.
Section 4 presents a two-way comparison aiming at evaluating Méso-NH
results with the Doppler lidar measurements. Sections 5 and 6 focus on the
analysis of the processes involved in the vertical stratification of the atmo-
sphere, and especially on the description of the various sea-breeze circula-
tions that take place above Marseille. Section 7 concludes the study.

2. Experimental Context

2.1. Experimental domain

The field UBL-ESCOMPTE program (Mestayer et al., 2005) took place in
the Marseille agglomeration from June to July 2001. Linked to the ESCO-
MPTE campaign (presented in detail in Cros et al., 2004), it specifically
aims at documenting the thermo-radiative budget and the fluxes above the
urban canopy layer, and also the four-dimensional structure of the UBL
above the city. Marseille is one of the biggest French cities of about 1 mil-
lion inhabitants and covers a 10 km by 15 km area. Its local geographic
situation is especially complex (see Figure 2). It is located on the French
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Figure 2. Marseille area. The squares label the location of the stations VAL, OBS and
CNRS. The arrow represents the orientation of the line of sight used with the transportable
wind lidar (TWL).

Mediterranean coast (both south and west of the city are edged by the
sea), and is skirted by the Etoile massif (600 m) to the north, Saint Cyr
(600 m) and Puget (550 m) massifs to the east, and the Marseilleveyre mas-
sif (450 m) to the south-west. In summertime, sea breezes frequently occur
during the afternoon in all the coastal areas of the Provence-Alpes Côte
d’Azur region. In the first hundreds of metres, the sea breeze flows perpen-
dicularly to the coastline (Bastin et al., 2004; Bastin and Drobinski, 2005)
whereas at higher levels (up to about 1500 m above ground level (a.g.l.), see
Bastin et al., 2005) and in the rest of the region, where the coast is rather
oriented from east to west, the sea breeze flows from the south-west. Situ-
ations of Mistral (strong north-westerly wind channelled within the Rhône
valley, see Drobinski et al., 2005a; Guénard et al., 2005) and south-east
winds also affect the region and can reach Marseille.

A large network covered the Provence-Alpes Côte d’Azur region for the
ESCOMPTE campaign, while a specific network was deployed in Mar-
seille area in the framework of the UBL project. This latter study, pre-
sented by Mestayer et al. (2005), is composed of meteorological stations,
flux stations (Grimmond et al., 2004), wind profilers (Delbarre et al.,
2005) and a ground-based Doppler lidar, hereafter called the transport-
able wind lidar (TWL) (Bastin et al., 2005). Intensive observation peri-
ods (IOP) were conducted, in cases of specific meteorological situations
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favouring atmospheric pollution episodes. Some complementary experimen-
tal systems were operated during these IOPs.

2.2. Transportable wind lidar description

The present study mainly uses the measurements of the TWL, which was
operated during the whole experiment. The TWL, operating at 10.6µm
in the infrared spectral region, was located at Vallon d’Ol (labelled
VAL) (43.36o N, 5.40o E) in the northern districts of Marseille on the
southern face of the Etoile massif (z = 285 m above sea level (a.s.l.))
(Figure 2). At 10.6-µm wavelength, the lidar signals are extremely sen-
sitive to microscopic aerosols that are excellent tracers of the dynamics
in the troposphere, therefore making the TWL a relevant tool for the
study of the atmospheric boundary-layer (ABL) dynamics in complex ter-
rain, such as urban areas (Drobinski et al., 1998), mountainous regions
(Drobinski et al., 2001a, 2003) or in coastal areas (Bastin et al., 2005). The
TWL provides radial wind velocity measurements along the line-of-sight
(LOS) of the transmitted laser beam. The TWL radial range resolution
and wind velocity accuracy are about 300 m and 0.3 m s−1, respectively. The
TWL scanning strategy consisted of vertical-slices (constant azimuth while
varying in elevation, also called range-height indicator (RHI)) at azimuth
angles separated by 30o. The TWL thus spatially documented the verti-
cal structure of the atmosphere, by providing the radial velocities on a
6-km radius area and in the first 3 km of the troposphere. In the present
study, we will analyse in detail the RHI performed at an azimuth angle of
190o from the north (from VAL towards the city core, see Figure 2). For
this azimuth angle, a positive (negative) radial velocity indicates that the
flow has a northerly (southerly) component for flow away from (toward)
the TWL. A wind direction quasi normal to the LOS induces very weak
radial velocities.

An ozone lidar was operated at VAL during the campaign, as well as a
UHF radar at the Marseille Observatory (OBS, 43.31o N, 5.40o E, z= 97 m
a.s.l.), located downtown, and a UHF sodar at the CNRS institute (CNRS,
43.26o N, 5.41o E, z= 54 m a.s.l.), south of the city. Surface stations were
also installed there. VAL, OBS and CNRS are all labelled in Figure 2. OBS
is almost on the LOS of the TWL, while CNRS is 10.5 km south-east of
VAL.

2.3. Meteorological situation

Figure 3 presents the synoptic charts on 26 June 2001 at 0000 (panel (a))
and 1200 Universal Time Coordinate (UTC) (panel (b)). On 26 June 2001,
a ridge at 500 hPa is over France generating a westerly synoptic flow at that
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Figure 3. Synoptic charts from the European Center for Medium-range Weather Forecasts
(ECMWF) analyses, showing the geopotential height at 500 hPa (thick dashed lines with an
isocontour interval of 50 m) and the surface pressure field (solid line with an isocontour
interval of 2 hPa) on 26 June 2001 at 0000 (panel a) and 1200 UTC (panel b).

level. A surface pressure anticyclone is located over northern Europe and
its intensity slightly decreases between 0000 and 1200 UTC. In the same
time, a surface pressure low is deepening from 1014 hPa at 0000 UTC to
1010 hPa at 1200 UTC. It is located over western France at 0000 UTC
and moves northwards. The Açores surface pressure high stagnates over
western Africa. Consequently, the horizontal pressure gradient over south-
ern France is weak. Nevertheless, a weak surface pressure low forms over
Baleares between 0000 and 1200 UTC, inducing a weak southerly flow over
the target area in the afternoon. Conditions are propitious for the develop-
ment of a sea-breeze circulation. The weather is hot (about 35 oC inland)
and the atmosphere is very sultry generating local thunderstorms at the end
of the afternoon. Based on the above observations, a pollution episode is
predicted to occur during IOP 2B (24–26 June 2001).

Figure 4 presents the time evolution of the surface wind speed and wind
direction, and surface air temperature at Marseille (43.3o N, 5.4o E) and
30 km inland at Aix en Provence (43.5o N, 5.4o E) on 26 June 2001. At
night, the temperature difference between Aix en Provence and Marseille,
located on the coast, is negative (about −5 oC), showing evidence of a weak
land breeze (about 1 m s−1) flowing from the north in Aix and from the
east in Marseille, i.e. perpendicular to the coastline. At night, the wind
speed is weak (less than 2 m s−1) so that the wind direction is hardly
reliable. At 0800 UTC, the temperature difference shifts from negative to
positive values (about +5 oC at 1200 UTC) indicating the onset of the
sea breeze, associated with a 180o rotation of the wind direction and an
increase of the wind speed (to about 6 m s−1). Note that the local solar
time, which is a relevant time coordinate for breeze studies, corresponds to
UTC +20 min. Because of this small difference, we use the UTC time unit.
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Figure 4. Time evolution of wind speed (a), wind direction (b) and temperature (c) on 26
June 2001 from surface meteorological stations data collected at Marseille (solid line) and
Aix en Provence (dashed line). The time resolution is 1 h and the wind speed accuracy is
±0.5 m s−1. The absence of data in panel (b) corresponds to zero wind speed (wind direc-
tion has no meaning).

Figure 5. Wind field from meteorological surface stations on 26 June 2001 at 0800 UTC (a)
and 1600 UTC (b). Arrows indicate the wind direction and they are scaled to fit within the
wind intensity. The isotherms are solid lines with an increment step of 2 oC. The grey area
corresponds to the Mediterranean sea and the thick dashed line in (b) marks the sea-breeze
front position.

Figure 5 displays the surface wind and temperature fields on 26 June
2001 at 0800 and 1600 UTC. At 0800 UTC, the temperature field reveals
the absence of a sea breeze, and the prevailing southerly wind is weak (less
than 2–3 m s−1). At 1600 UTC, the air temperature increases from 28 oC
near the coast to 32 oC at 44.8o N (near Orange), where the sea-breeze
front stabilizes. The weakening temperature gradient and the delay in the
sea-breeze establishment (compared for instance to the 25 June 2001 case
described by Bastin et al., 2004, 2005) are consistent with Estoque (1962)
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who shows numerically that an onshore large-scale wind advects cold air
over land and thus inhibits the temperature rise.

3. Numerical Set-up

The three-dimensional simulations are performed with the Méso-NH
non-hydrostatic atmospheric model (Lafore et al., 1998). The details of
the set-up are presented in Lemonsu et al. (2005). Four nested mod-
els, with successive horizontal grid resolutions of 12 km, 3 km, 1 km and
250 m, are used (Figure 1). The vertical grid has 52 levels with 28 lev-
els below 1500 m. For the highest resolution, the turbulence scheme uses a
three-dimensional calculation, based on the large-eddy simulation param-
eterization of Deardorff (1974). The initial conditions of the four models
and the model 1 boundary conditions are given by the European Center
for Medium-range Weather Forecasts (ECMWF) analyses. The sea surface
temperature (SST), given by the ECMWF analyses for models 1 and 2,
is replaced for models 3 and 4 by the National Atmospheric and Oceanic
Administration (NOAA) advanced very high resolution radiometer (AV-
HRR) satellite data, which have a finer resolution (Dousset and Kermadi,
2003).

Méso-NH is run with the interactive soil biosphere atmosphere (ISBA)
(Noilhan and Planton, 1989) and the town energy balance (TEB) (Masson,
2000) schemes, to parameterize the surface exchanges for the natural soils
and the vegetation, and for the built-up areas, respectively. The Marseille
land cover map is provided by the regional centre of geographic informa-
tion (CRIGE) at 30-m resolution, based on the CORINE land cover clas-
sification (CEC, 1993). Note that an extensive off-line evaluation against
energy fluxes of the ISBA-TEB was conducted in the city core (Lemonsu
et al., 2004). The topographic fields are defined at 1-km horizontal resolu-
tion for models 1 and 2, and at 250-m horizontal resolution for models 3
and 4.

The IOP 2B (24–26 June 2001) is simulated with an initial spin-up of
12 h. A complete validation at both regional and city scales was conducted
for the whole period against most of the available observations (Lemonsu
et al., 2005). Méso-NH correctly reproduces the evolution of the regional
meteorological conditions and of the vertical structure of the ABL. The
fine structure of the daytime thermodynamical fields above Marseille, which
evolves according to the situations and the predominant flows, is also
well modelled. Specific attention was focused on the 22 and 26 June 2001
to underscore the variability of the vertical structure of the UBL over
Marseille.
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4. Comparison of the TWL and the Model

The fine-scale simulated flow from model 4 at 250-m horizontal resolu-
tion can be compared to the observations made by the TWL at a similar
resolution (about 300 m). To do so, similar simulated radial velocity fields
are computed from model 4 flow using the relation between the radial
velocity and the three components of the wind:

vr =U cosφ sinψ+V cosφ cosψ−w sinφ, (1)

where U is the zonal wind component, V the meridional wind component,
w the vertical wind speed, φ the elevation angle and ψ the azimuth angle.
Figure 6 shows the comparison between the radial velocities from the TWL
(left row) and from model 4 (right row) for three RHI scans across the
northern district of Marseille, at 190o from the north, performed by the
TWL at 1030, 1400 and 1700 UTC.

At 1030 UTC, the TWL data indicate the superimposition of three layers
(labelled B, C, and D in Figure 6a), where the radial velocities are glob-
ally negative. Layer B reaches 1100 m a.s.l. with radial velocities of about
−4 m s−1. However, beyond 4.5 km away from the TWL, the velocities are
weaker (less than 2 m s−1). Thus, the wind blows towards the TWL in the
northern districts, while above the city core it is either very weak or quasi
perpendicular to the LOS. Between 1100 and 1700 m a.s.l., at VAL and
between 1100 and 1400 m a.s.l., between 5 and 7 km south of VAL (cor-
responding to layer C), the radial velocities are close to zero everywhere.
Above layer C, a layer of negative radial velocities is observed (layer D),
indicating flow towards the TWL. The model also predicts four distinct lay-
ers (labelled A, B, C, and D in Figure 6b). Layer A reaches 350 m a.s.l.,
i.e. ≈200 m above the ground level (a.g.l.) and the radial velocities are posi-
tive in the morning. Layer A is not visible in the TWL measurements since,
on 26 June 2001, the TWL data were not reliable between 300 and 600 m
a.s.l. (i.e. 300 m a.g.l. at VAL). Above layer A, the model simulates two
layers of negative velocities: (1) layer B is located between 300 and 800 m
a.s.l. above the city core and between 400 and 900 m a.s.l. above VAL; (2)
layer D is in altitude, beyond 1200 m a.s.l. above the city core and 1500 m
a.s.l. above VAL. Between layers B and D (layer C), the velocities are very
weak as in the observations, but rather positive. This may be due to a small
difference between the measured and simulated wind directions with respect
to the LOS azimuth. Layer C is 500 m deep above VAL and 300 m deep
to the south in agreement with the TWL, but the altitude of the simulated
layer C is about 200 m too low in comparison to the measurements.

At 1400 UTC, the vertical structure is very similar to that documented
in the morning (Figure 6c), although the tops of layers B and C are higher:
1300 and 1850 m a.s.l. at 1400 UTC versus 1100 and 1700 m a.s.l. in the
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Figure 6. Vertical cross-sections of observed (left row) and modelled (right row) radial veloc-
ities along the LOS (labelled in Figure 3), at 1100 UTC (top), 1400 UTC (middle) and
1700 UTC (bottom). The solid and the dashed isolines distinguish the positive and the neg-
ative radial velocities, respectively. The model outputs correspond to model 4, which has a
horizontal resolution similar to that of the TWL measurements.

morning, respectively. The flow pattern evolves near the surface: (1) the
TWL measures positive radial velocities up to 600–700 m a.s.l. to a dis-
tance of 4.7 km away from the TWL. This layer corresponds to layer A,
simulated by the model at 1100 UTC; (2) beyond 4.7 km south of VAL,
the TWL records negative velocities near the surface. This change of sign
of the radial velocity illustrates the convergence between a flow with a
northerly component and a flow with a southerly component above the city
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core. This process is also underscored by the ground-based station at OBS
(Delbarre et al., 2005) with a southerly flow after 1300 UTC. In the simu-
lation, a region of negative velocities also appears but it is beyond 5.3 km
from VAL (Figure 6d), which is about 1 km to the south in comparison to
the observations. However, the location of the front at the surface cannot
be accurately estimated with the TWL, since the data are not reliable below
300 m a.g.l. Layers B, C and D are very similar to those identified from
the TWL data, in terms of location and associated radial velocities. Nota-
bly, the layer of weak radial velocities, between 1200 and 1900 m, is better
located in the model at 1400 UTC than at 1030 UTC. However, note that
the altitude of the simulated layer A is underestimated with respect to the
TWL measurements: it reaches 400 m in the simulation versus 600–700 m
a.s.l. in the observations.

The TWL measurements display more variability at 1700 UTC than at
1030 and 1400 UTC, and show that the layering still evolves in the after-
noon (Figure 6e). A very low layer of positive radial velocities persists near
the surface up to 4.0 km south of the TWL (layer A). More to the south,
no measurements are available. Between 600 and 1000 m a.s.l., layer B is
characterized by very weak negative velocities. A thin layer above, between
1000 and 1500 m a.s.l., is defined by flow towards the TWL (with stron-
ger negative radial velocities). This layer was not observed previously. The
velocities are again very weak between 1500 and 1900 m a.s.l. in layer C,
and more negative in layer D. The structure also evolves in the simulation
(Figure 6f). The region of negative radial velocities near the surface, which
was already underscored at 1400 UTC, still progresses to the north and is
now located 4.2 km south of VAL. Although the southerly flow is actually
beyond OBS, its penetration is slightly overestimated in the model, because
it is not observed with the TWL, which has a maximum horizontal range
of 4 km in the lower levels. Both weak velocity layers B and C between 450
and 1000 m a.s.l., and between 1300 and 1600 m a.s.l., are correctly located,
as well as the layer of strong radial velocities between layers B and C.

5. Regional-Scale Description of the Flows

The complex layering of the atmosphere above Marseille, underscored by
the TWL on 26 June 2001, is also confirmed by the other observational
systems, especially the UV lidar at VAL and the UHF radar at OBS
(Delbarre et al., 2005). In order to understand and to interpret these struc-
tures, modelling is an efficient tool to analyse the dynamical processes
involved. Here we present a joint study of the back-trajectories, and the
wind fields produced by the models at the regional scale.
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5.1. Synoptic flows

At the regional scale, the back-trajectories indicate the origin of the air
masses that are identified as the successive layers discussed in Section
4. The back-trajectories are calculated from the hourly model 2 outputs
(3-km horizontal resolution) for the air parcels that arrive at VAL, at OBS,
and at CNRS, at varying altitudes from 50 m to 2000 m a.g.l.

Two different air masses are identified by the back-trajectories: (1)
one air mass skirts the Mediterranean coast from the east-south-east
(Figure 7a). This air mass corresponds to layers A, B and C displayed by
the radial velocity cross sections (Figure 6). The large-scale outputs indi-
cate that the air mass originates from the south over the Mediterranean
sea. Blowing along the western coast of Italy, it is diverted westward in the
Gulf of Genoa, before reaching Marseille. One can note that model 2 out-
puts are insufficiently resolved in space to accurately differentiate the tra-
jectories that have their end in layers A, B and C; (2) a second air mass is
advected by a strong synoptic flow, which turns from south to south-west
with altitude and is observed on the large-scale outputs over the Mediter-
ranean Sea from Spain to Italy (Figure 7b). The air mass corresponds to
layer D. The height of these layers evolves in the course of the day. The
south-west flow is simulated above 800–1100 m a.g.l. at 1100 UTC (1100 m
in the north of Marseille, and 800 m in the city centre), and above about
1500 m a.g.l. at 1400 and 1700 UTC. This is confirmed by the vertical sec-
tions of radial velocity (Figure 6b, d and f).

5.2. Shallow and deep sea breezes

According to the analysis of the horizontal wind fields of model 2, the
sea breeze commences at 0900 UTC and lasts until 1900–2000 UTC on
the Mediterranean coast. In the first 250 m, a shallow sea breeze (SSB)
breaks through, as also observed by Bastin et al. (2004) during 25 June
2001 (see also Banta, 1995 for SSB observation on the Californian coast).
The SSB is driven by the local coastal temperature gradient and thus
blows perpendicular to the coastline. Indeed, in Figure 8a, the wind tries
to turn towards the maximum temperature gradient direction. Because of
the shape of the Marseille coastline (the city faces the sea both to the
east and to the south), the SSB blows from the south-south-east south
of Marseille, and from the west over the northern districts. A deep sea
breeze (DSB) flows at higher levels from the east-south-east (Figure 8b)
combined with the synoptic flow from the east-south-east at 1000 m a.s.l.
(Figure 8c) and veering to the south-west with altitude (Figure 8d). The
DSB orientation is spatially more homogeneous because it is forced by the
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Figure 7. Back-trajectories plotted from the model 2 outputs for VAL, OBS and CNRS at
(a) 50 m and (b) 900 m above the canopy. The timestep is 1 h.

regional temperature contrast between land and the Mediterranean Sea.
Nevertheless, the temperature gradient oriented in the west–east direction
in the northern part of the area in Figure 8b induces the rotation of the
wind that veers to south-west north of Marseille, while it is southerly in
the Rhône valley. Because the DSB combines with the east-south-easterly
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Figure 8. Horizontal wind field (arrows) superimposed to the potential temperature field,
both simulated with model 2 at (a) 50 m, (b) 400 m, (c) 1000 m and (d) 2000 m above the
canopy at 1400 UTC.

synoptic flow, the wind accelerates onshore (Figure 8c). Note that the dis-
organization of the wind in the eastern part of Figure 8c is induced by the
Massif des Maures, located upstream of this area, that disturbs the easterly
flow.

6. Analysis of the Local-Scale Vertical Structure

This section focuses on model 4 outputs with 250-m horizontal resolu-
tion. At the city scale, both land-use cover and topographic forcing data
are defined with a higher resolution than in model 2 (see Section 3). In
this case, the atmospheric circulation is complex because of the local geog-
raphy. The joint analysis of the vertical cross-sections of radial velocities
(Section 4), and of the vertical profiles of potential temperature and specific
humidity at VAL, OBS and CNRS stations, allows a study of the evolution
of the different sea-breeze circulations as well as the structure of the ABL
above Marseille. Due to the undulating local topography, the structure is
spatially heterogeneous at the scale of the city.
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6.1. Shallow sea breezes

Figure 9 presents the horizontal wind fields at 1100 UTC (upper row) and
1400 UTC (lower row). Near the surface (panels (a) and (c)), the east-
south-easterly flow is along the coast and enters the city from the south.
The Puget massif (south-east of Marseille) and the Marseilleveyre mas-
sif (south-west of Marseille) affect its trajectory. Indeed, the flow is partly
channelled between the two massifs, and is partly reinforced by the local
sea/land temperature gradient forcing the SSB. The SSB blows from the
south when it penetrates inland. However, the southerly SSB does not
reach the north of the city. The horizontal wind field shows that the flow is
diverted over the Mediterranean Sea by Marseilleveyre. A wake is created
downstream from the Marseillveyre massif (region of stagnant air), which
redirects the flow in the direction of the northern districts (Figure 9a, c).
As on the southern coast, this effect initiated by the local topography is
favoured and amplified by the temperature contrast on the western coast,
which induces a westerly SSB. Coming from the sea to the west, the flow
turns to the west-north-west at OBS and to the west-south-west at VAL. As
a consequence, the southerly and westerly SSBs converge. The convergence
front evolves to the advantage of the southerly SSB, which rapidly affects
the city core of Marseille. The southerly SSB front progresses throughout
the afternoon: it is located 9.5 km from the southern shore at 1100 UTC
(Figure 9a), it reaches OBS after 1200 UTC (Figure 9c) and passes beyond
OBS after 1500 UTC (not shown). This is also consistent with the surface
wind data recorded at VAL, OBS and CNRS.

Figure 10 displays the comparison between the modelled (solid lines)
and observed (dashed line) wind speed and direction at VAL, OBS and
CNRS. At CNRS, the southerly SSB starts at 0800 UTC and persists
all day long (Figure 10c). It is simulated only after 0930 UTC in the
model. The modelled horizontal wind fields at 0800 and 0900 UTC (not
shown) indicate that the southerly SSB has already started on the south-
ern coast but does not reach CNRS yet. At VAL, the progressive onset
of the westerly SSB is well reproduced by the model, as well as its rapid
weakening after 1600 UTC (Figure 10a). The orientation is slightly shifted
since the SSB blows from the west in the simulation while it blows from
the west-south-west in the measurements. The situation is more com-
plex at OBS: the station, located in the city centre, is initially under the
influence of the westerly SSB, until the southerly SSB reaches OBS at
1300 UTC (Figure 10b). The modelled westerly SSB is in good agreement
with the observations and the arrival of the convergence front at OBS is
also correctly predicted. However, the transition between the westerly and
southerly SSBs is not as clear as in the measurements because the front
stabilizes around OBS, leading to a large spatial variability of the surface
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Figure 9. Horizontal wind field (arrows) simulated with model 4 at (a) 50 m and (b) 400 m
above the canopy at 1100 UTC (upper row) and 1400 UTC (lower row). The shaded areas
represent the local topography.

wind field around OBS between 1300 and 1600 UTC. As a consequence,
even a small misprediction of the location of the SSB front can result in
large local errors in the simulated wind direction. However, the impact of
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these errors is very weak due to the weakness of the wind intensity at OBS
(the maximum wind speed is equal to about 2 m s−1). At 1600 UTC, the
modelled southerly SSB front has reached OBS. Concerning the magnitude
of the SSB, both observed and modelled data show that the southerly SSB
is stronger than the westerly SSB: the maximum wind speed is equal to
about 5 m s−1 at CNRS for the southerly SSBs, and to about 3 m s−1 at
VAL for the westerly SSB. The stabilization of the front at the convergence
zone between the westerly and southerly SSBs over OBS leads to weaker
winds.

According to the vertical profiles of potential temperature and specific
humidity at VAL, OBS and CNRS (Figure 11), both the southerly and
westerly SSBs are associated with lower temperature and higher humidity
between the surface and about 200–300 m a.s.l. than above. In detail, the
southerly and westerly SSBs have different dynamic and thermodynamic
characteristics. The intensity of the westerly SSB is maximum between 1400
and 1500 UTC. Indeed, at VAL, both temperature and humidity differences
between the SSB and the layer above are maximum, that is about 3 oC
and 2 g kg−1, respectively (Figure 11a and d) and the radial velocities reach
their maximum values (labelled layer A in Figure 6d). In comparison, the
southerly SSB is less marked in the afternoon in terms of temperature and
humidity contrast with the upper levels, but is associated with stronger
winds. As shown previously, the southerly SSB is affected by Marseilleveyre
and Puget massifs: on the one hand, the flow is channelled and acceler-
ated between the massifs (see the wind field in Figure 9a and c); on the
other hand, the flow warms up and dries over the massifs, which reduces
the thermodynamic effect of the breeze inland in comparison to the west-
erly SSB (Figure 11c and f). The vertical extents of the westerly and south-
erly SSBs are also different. The westerly SSB is about 150–180 m deep
(see Figure 6b, d and f), whereas the southerly SSB is about 250 m deep
at 1100 UTC (Figure 11c and f). The vertical profiles indicate that the SSB
keeps more or less the same extent all day long even though, in the after-
noon, the southerly SSB depth is more difficult to estimate because the
southerly SSB combines with the larger-scale DSB. Finally, one can note a
different evolution of the vertical profiles at OBS. At 1100 UTC, the struc-
ture of the atmosphere at OBS is really similar to that at VAL (Figure 11b
and e), because both are under the influence of the same flows. This was
also displayed in Figure 6b by the radial velocity cross-sections. The arrival
of the convergence front at 1300 UTC induces an updraft above OBS (not
shown) associated with a rise of 3 oC and a reduction of almost 1.5 g kg−1

in the near-surface layer.
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6.2. Deep sea breeze

As shown in Figure 9b and d, the DSB penetrates to the south of
Marseille. In contrast to the SSB, which is locally perpendicular to the
coastline, the south-east direction of the DSB remains spatially homoge-
neous (140–150o). Compared to the SSB, the deviation of the DSB by the
topography is much more attenuated but remains visible in Figure 9b and
d. Indeed, two main areas of weak recirculating flow are sheltered by the
different massifs: (1) the city core of Marseille in the wake trailing down-
stream from the Puget and Saint Cyr massifs; (2) the south-western end of
the city, affected by the Puget and Marseilleveyre massifs. The comparison
of the wind fields at 1100 and 1400 UTC (Figure 9b and d) shows that the
sheltered area in the lee of the Puget and Marseilleveyre massifs does not
evolve between 1100 and 1700 UTC, while the sheltered area in the lee of
the Puget and Saint Cyr massifs is affected by the respective inland pro-
gression of the southerly and westerly SSBs: when the southerly SSB pen-
etrates inland, the sheltered area progresses towards the city centre. In the
morning, it is limited to the south of the city, whereas it reaches the OBS
area after 1400 UTC. In the north of the city the DSB, which is no longer
disturbed, passes beyond Marseille. Indeed, at the regional scale, the DSB
is observed in all the Provence-Alpes Côte d’Azur region and penetrates
about 150 km inland (Figure 5b; see also Bastin et al., 2005).

Looking at Figures 6 and 11, the DSB is deeper above the northern
district of Marseille (VAL) than in the south of the city (CNRS). Indeed,
the vertical profiles at VAL (Figure 11a and d) indicate that the DSB is
characterized by relatively homogeneous potential temperatures and spe-
cific humidities. Its vertical extent evolves with time: the DSB is 600 m deep
at 1100 UTC, 800 m deep at 1400 UTC and 600 m deep at 1700 UTC. It is
also identified in Figure 6b, d and f as a layer of negative radial velocities
(labelled layer B). The DSB presents the same vertical extension at OBS
than at VAL at 1100 and 1400 UTC (Figure 11b and e). At CNRS, the
layer does not exceed 450 m a.g.l. in the afternoon (Figure 11c and f). This
can be caused by advection of cold air by the synoptic south-easterly flow,
which stabilizes the lower troposphere near the shore and prevents the DSB
development. In the northern district, the larger vertical extent of the DSB
can be due to (1) the attenuated stabilizing effect that allows convection
to contribute to the growth of the DSB between 1100 and 1400 UTC; (2)
the sloping terrain that slows down the DSB as it starts ascending the hill
(see Figure 6 between 3–4 km to the south of VAL) and thus deepens the
DSB (characteristics of a supercritical flow, see Drobinski et al., 2001b).
After the convergence front has passed beyond OBS, the wake downstream
from the Saint Cyr massif is visible in Figure 6d and f with a core of very
low radial velocities between 4 and 6 km to the south of VAL. The wake
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Figure 11. Vertical profiles of modelled potential temperature and specific humidity at 1100,
1400 and 1700 UTC for (a) VAL, (b) OBS, and (c) CNRS stations.

associated with hydraulic jump occurrence (Schär and Smith, 1993) results
in a quasi-neutral layer between 350 and 800 m a.g.l. at OBS (Figure 11b
and e) and between 450 and 700 m a.g.l. at CNRS at 1400 and 1700 UTC
(Figure 11c and f).

7. Conclusion

This joint analysis of Doppler lidar measurements of radial velocity field with
300-m resolution and three-dimensional atmospheric numerical simulation
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with 250-m horizontal resolution proves here to be a unique combination∗

to (1) validate simulated fine-scale heterogeneity of the atmospheric circu-
lation, and (2) investigate the multi-scale forcing sources that drive the flow
over the city of Marseille.

As already highlighted experimentally and numerically (with a 2-km
horizontal resolution) for the 25 June 2001 sea-breeze case by Bastin et al.
(2004), the analysis of the 26 June 2001 case also shows the presence of
a SSB and a DSB along the Mediterranean coast. The specific study of
the Marseille area reveals that the DSB flows from the south-east, per-
pendicular to the regional temperature gradient, whereas the SSB is com-
posed of two branches above the city flowing perpendicular to the local
temperature gradient: a southerly SSB flows perpendicular to the south-
ern coast of the city, while a westerly SSB flows perpendicular to the
western coast. Like the SSB, the DSB combined with the east-south-east-
erly synoptic flow below 1500 m a.g.l., is affected by the local topogra-
phy when it reaches the shore near Marseille: (1) the southerly SSB and
the DSB are accelerated by channelling between the Puget and Mars-
eilleveyre massifs; (2) the southerly SSB and the DSB are deflected towards
the sea by the Marseilleveyre massif; (3) two regions of weak recircu-
lating flow (in the city core and in the south-western end of the city)
are associated with wakes trailing downstream from the Saint Cyr, Puget
and Marseilleveyre massifs. No urban processes are shown through this
analysis, even though the modelled surface temperature fields and surface
energy budgets indicate a specific signature of the city (Lemonsu et al.,
2005). It seems that, under sea-breeze conditions and contrary to other
cities, the impact of urban land use on the local flow dynamics over
Marseille is largely inhibited. In the present case, the local flow dynamics
are largely driven by the interaction between the topography and the SSB
and DSB. Such fine-scale processes could not be simulated with lower res-
olution models, so this study reveals the interest and necessity to refine the
model grid for such complex terrain.
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