N

N

Investigation of the atmospheric boundary layer dynamics
during the ESCOMPTE campaign

F. Said, Aurore Brut, Bernard Campistron, F. Cousin

» To cite this version:

F. Said, Aurore Brut, Bernard Campistron, F. Cousin. Investigation of the atmospheric boundary layer dy-
namics during the ESCOMPTE campaign. Annales Geophysicae, 2007, 25 (3), pp.597-622. <hal-00330120)

HAL Id: hal-00330120
https://hal.science/hal-00330120v1

Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-00330120v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Ann. Geophys., 25, 597-622, 2007 _ "*
www.ann-geophys.net/25/597/2007/ G Ann_ales
© European Geosciences Union 2007 Geophysicae

Investigation of the atmospheric boundary layer dynamics during
the ESCOMPTE campaign

F. Sad?l, A. Brut?, B. Campistront, and F. Cousir?

1Centre de Recherches Atmogpigues, UMR CNRS 5560, 8 route de Lannemezan, 65300 Campistrous, France
2Centre d’Etudes Spatiales de la BIOsphilUMR 5126, 18 avenue Edouard Belin, 31401 Toulouse Cedex 9, France
SLaboratoire d’£erologie, UMR CNRS 5560, 14 avenue Edouard Belin, 31400 Toulouse, France

Received: 25 April 2005 — Revised: 7 February 2007 — Accepted: 27 February 2007 — Published: 29 March 2007

Abstract. This paper presents some results about the behavt Introduction
ior of the atmospheric boundary layer observed during the

ESCOMPTE experiment. This campaign, which took placeprediction of pollution events and implementation of adapted
in south-eastern France during summer 2001, was aimed &ir quality policies require a considerable improvement in the
improving our understanding of pollution episodes in rela- ynderstanding of chemical and dynamical processes which
tion to the dynamics of the lower troposphere. Using a largelead to high pollutant concentrations in the atmosphere. Pe-
data set, as well as a simulation from the mesoscale noncyjiar attention must be paid to the processes which take
hydrostatic model Meso-NH, we describe and analyze the|ace in coastal zones, where cities and industries often con-
atmospheric boundary layer (ABL) development during two centrate. In addition, coastal regions are also subject to wind
SpeCifiC meteorological conditions of the second Intensivecircu|ati0ns that are both Synoptica”y induced and |Oca|-

Observation Period (IOP). The first situation (I0P2a, from jzed, or diurnal and terrain-induced (Rosenthal et al., 2003;
22 June to 23 June) corresponds to moderate, dry and colfngevine et al., 2004).

northerly winds (end of Mistral event), coupled with a sea- The Mediterranean basin in Europe is surrounded by high

breeze in the '°"_Ver layer, wherea_s sea-breeze events W'tg'oastal mountains while it is heavily urbanized and industri-
weak southerly winds occurred during the second part of thealized. The meteorological processes in summer are dom-

period (IOP2b, from 24 June to 26 June). inated by the Azores anticyclone, situated in south-western
In this study, we first focus on the validation of the model Europe and characterized by warm temperatures and moder-
outputs with a thorough comparison of the Meso-NH simula-ate winds favorable to the onset of sea-breeze circulations.
tions with fields measurements on three days of the IOP: 25everal European projects have been conducted around the
June, 23 June and 25 June. We also investigate the structuMediterranean basin to document the circulation of air pol-
of the boundary layer on IOP2a when the Mistral is super-lutants: among them are the MEso-meteorological Cycles
imposed on a sea breeze. Then, we describe the spatial ard Air Pollution in the Iberian Peninsula, MECAPIP, 1988—
diurnal variability of the ABL depths over the ESCOMPTE 1991 (Millan et al., 1996, 2000), the REgional Cycles
domain during the whole IOP. This step is essential if oneof Air Pollution in the west-central Mediterranean Area,
wants to know the depth of the layer where the pollutants carRECAPMA, 1990-1992 (Gangoiti et al., 2001) and the
be diluted or accumulated. Eventually, this study intends toSouth European Cycles of Air Pollution, SECAP, 1992—-1995
describe the ABL variability in relation to local or mesoscale (Mill an et al., 1997). These experimental projects showed
dynamics and/or induced topographic effects, in order to exthat during daytime and summer conditions, the combina-
plain pollution transport processes in the low troposphere. tion of sea breezes with up-slope winds, due to the strong
heating on the mountains, may inject pollutants up to the
Keywords. Atmospheric composition and structure (Pol- |ow (2-3km) or even middle troposphere (3-5km), form-
lution — urban arid regional; Troposphere — compositioning an accumulation of ozone layers over the continent.
and chemistry) — meteorology and atmospheric dynamicsrhis aged pollution travels at upper levels and may come
(Mesoscale meteorology) back down to the sea or to the coastal areas, through sub-
sidence processes, such as the compensatory return flow of
the up-slope and sea-breeze circulations. These scenarios are
Correspondence to: A. Brut likely to occur in the area selected for the European cam-
(aurore.brut@cesbio.cnes.fr) paign ESCOMPTE “Exgrience sur Site pour CONtraindre
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598 F. S&d et al.: Investigation of the atmospheric boundary layer dynamics during ESCOMPTE

les Mockles de Pollution atmosphique et de Transport development between J22 and J23 (both days correspond-
d’Emissions” (Cros et al., 2004), which took place betweening to a situation of Mistral wind combined with a weak sea
the beginning of June 2001 and mid-July 2001. The specibreeze near the coast) and to detail a pure sea-breeze case
ficity of this project, in comparison with the previous ones, (J25). Section 5 addresses a point of major interest which
was to reinforce the experimental as well as the numericatoncerns the variability of the depth of the ABL, since it im-
frame. The main objective of the ESCOMPTE experimentpacts the layer where pollutants are likely to dilute or accu-
was indeed to establish a detailed three-dimensional databageulate. Finally, we describe in Sect. 6 the resulting fields
of primary pollutant emissions, together with the dynamics of ozone concentration and comment on them in light of the
and chemical composition of the atmosphere, in order toprevious results.
validate and improve numerical modeling of chemistry and
transport. A 126120 km area centered on the coastal city of
Marseille and the Berre pond, one of the most polluted regior2  Data and tools
in France, was selected to host the experiment. This region
presents high occurrences of photochemical pollution event¥he wide instrumental set-up deployed over the region was
due to its dense industrialization and urbanization, combinediesigned to document dynamics as well as chemistry, in-
with the hot and sunny weather conditions of summertime.cluding aerosols. For the present work, we used meteoro-
The transport of the plumes is also highly influenced by thelogical and chemical measurements collected on board three
characteristics of topography and subject to secondary cirairplanes. In addition, three-dimensional fields of the wind
culation systems, such as land/sea-breeze, slope winds amdmponents were provided by a profiler network of UHF
valley-mountain winds. Thus, the second Intensive Observaradars, and vertical profiles of meteorological parameters
tion Period (I0P2) of the ESCOMPTE campaign that lastedwere obtained from radio-soundings launched from several
from 22 June to 26 June (hereafter identified as J22 to J26places over the area. The location of the various instrumen-
was selected for the present study since the level of pollutiortal sites is shown on Fig. 1.
was the highest of the experiment. During this period, a large The complex topography of the region has to be noticed.
amount of aircraft, radars and radio-soundings measuremeniss the region is situated at the foothill of the Alps (a large
was available. Using this large data set, in addition to numerand high ridge exceeding 3000 m), several mountainous mas-
ical simulations, we intended to investigate the meteorolog-sifs whose altitudes can reach 1000 m are encountered in the
ical processes which affect the atmospheric concentration ogastern and northern parts of the domain. To the west, the
pollutants (accumulation, dispersion and transport). TheseCrau plain and the wide Rime valley (north-south orienta-
features include the development and thickness of the Atmotion) correspond to flat and low terrain, except for the 450-
spheric Boundary Layer (hereafter, ABL) and the effect of m high Alpilles ridge which crosses the &te valley. To
mesoscale circulation. Our analysis of atmospheric dynamthe north, the Apt and Durance valleys are narrow channels
ics is mainly focused on two kinds of typical meteorological that sink into the mountains: the Durance valley is first ori-
conditions that occurred in south-eastern France: just beforented north-east/south-west (Vinon-Cadarache-Pertuis) and
J22, a strong northerly regional wind called Mistral had beenthen bends towards a west-east direction, parallel to the Apt
blowing in the Rhone valley. It weakened on J22 and J23valley, but on the other side of the Léton massif. In ad-
which enabled the sea breeze to impact the lower layers neatition to this complex topography, the presence of the sea
the coast. Génard et al. (2005) showed that during the day-to the south is another factor which will play a role in local
time, the coastal Mistral was affected by the sea breeze andirculations.
by thermally driven convection which could lift up the Mis-
tral above 2km. This is consistent with our results, although2.1 UHF wind-profilers
we observe that the boundary layer development is rather dif-
ferent over the region for these two days. The wind profilers network is made up of four Ultra High
After that, the meteorological situation turned to weak Frequency (UHF) radars (DEGREWIND PCL1300) located
southerly winds with a diurnal sea-breeze circulation fromin Saint Chamas, Marignane, Aix-les-Milles and Marseille.
J24 t0 J26. For these typical conditions, differences appearedhe profilers have the same technical features: a 4-kW peak-
on the spatial and temporal variability of the ABL, therefore power, a 1238-MHz transmitted frequency and a 150-m pulse
influencing the possibilities of exchanges between the ABLwidth. Except for the profiler installed at Aix-les-Milles,
and the free troposphere. which only used three beams, the profilers operated with five
The present paper is organized as follows: the instrumentabeams. One beam is vertical and the others are disposed ev-
set-up and data processing are presented in Sect. 2. SectioreBy 90 in azimuth with a 77 elevation angle. The wind pro-
proposes a brief description of the meteorological conditiondfilers provided vertical profiles every five minutes of the three
observed during the two periods of IOP2. In Sect. 4, simula-wind velocity components, the reflectivity and the Doppler
tion and experimental results of IOP2 are compared. Itis alsspectral width, from 75 m above ground level (AGL) up to 2
an opportunity to point out different behaviors of the ABL or 3km, depending on atmospheric conditions, with a 75-m
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vertical resolution. The meteorological peak in the Doppler ~ #-
spectra is selected according to a 30-min duration consensu .,
technique, mainly based on thresholds, vertical and temporal
continuity. More details on the data processing, radar tech-
niques and signal scattering can be found in Jacoby-Koaly 7
et al. (2002) and Puygrenier et al. (2005). In addition to the _Arles
basic measurements of the wind profilers, the turbulent ki—ig
netic energy dissipation ratecan be deduced from the UHF £
Doppler spectral width and reflectivity is proportional to the — 44
air refractive index structure coefficiefif. Local maxima of D,
this coefficient are usually associated with the atmospheric
boundary layer topZ;, resulting from high vertical gradi-
ents of temperature and humidity and strong turbulent mix- .1
ing. Then, the height-time section of the structure coefficient .l . G 5 o8 5 5
C? enables one to follow the daytime ABL development with el T B N
the accuracy of th&; measurement being of the order of half
the radar pulse length (75 m) (Angevine et al., 1994; Heo efFig. 1. Map of the various instrumented sites and horizontal track
al., 2003). of the flights performed by the aircraft during the ESCOMPTE field
So, profilers that worked continuously during the whole experiment. Ellipses represent aircraft sounding locations. Trian-
campaign were an essential tool in the determination of thegles indicate radio-sounding sites and black half-moons correspond
temporal variation of the ABL top, whereas radiosounding to the location of UHF wind profilers. Grey rectangles indicate the

and aircraft vertical profiles could only provide sparse obser-SUfface flux stations. Names of town, mountains and valleys are
vations written in black, white and grey, respectively.

432

2.2 Aircraft _ . .
tirely written from functions proposed by Deutsch and Jour-

To fulfill the ESCOMPTE objectives and to provide mea- Nl (1992) and Marcotte (1991). The spatial length scale
surements on a regional scale, three airplanes equipped witigsolved by this interpolation method is about 12 km which
instrumentation flew three times a day, following five hor- corresponds to the distance between two parallel flight legs
izontal and parallel legs along a west-east direction, at thend thus allows a reasonable interpolation of the data in both
constant level of 800 m (Fig. 1). The Fokker 27 ARAT from directions (parallel and perpendicular to the flight legs). In
the Institut National des Sciences de I'Univers (INSU) flew addition, the standard deviation of the calculated fields yields
at 05:00 and 11:00 UTC, whereas the Dornier 128 from theinformation on the estimated error of the interpolated distri-
Institut fiir Meteorologie und Klimaforschung (IMK) flew in  bution pattern (Kalthoff et al., 2005). In our case, the stan-
the early afternoon at 14:00 UTC. An exception occurredqard deviation for all fields is weaker than 10% and high-
on J22, when the morning flights at 05:00 and 11:00 UTclights the reasonable accuracy of the method.
were performed by the Merlin 4 from &€o-France andthe ~ The turbulent kinetic energy (TKE) dissipation rate
Dornier 128, respectively, and no flight was operated in theturned out to be useful for this study, since it helped to dis-
afternoon. The three airplanes measured classical metegriminate between the ABL and the free troposphere: turbu-
rological parameters, radiative fluxes and trace gasags (O lence is strong within the ABL and close to zero in the free
CO, NOy) at a sampling rate of 1Hz. Turbulence measure-troposphere. Temperature and humidity were used to find a
ments were recorded at a sampling frequency of 25 Hz orthreshold fore, using vertical profiles of the three parame-
the Dornier and Merlin and 16 Hz on the Fokker. More de- ters. The TKE dissipation ratecan vary over several orders
tails about the aircraft instrumentation can be found iidga  of magnitude which is not the case in thermodynamics. In
al. (2005). These “exploration” flights allowed us to retrieve addition, a spatial increase in potential temperature (or de-
two-dimensional maps of chemical and meteorological vari-crease in humidity) may be due to a horizontal gradient, as
ables over the region, using a kriging method. well as to a change in the vertical layer, so thermodynam-
Spatial interpolation is rather tricky when dealing with me- ics can hardly be used to discriminate between ABL and the
teorological data measured over complex terrain. The krigfree troposphere. We plotted fields of Leg@nd observed
ing technique was used to provide fields of various param_that the spatial variability of TKE showed sharp transitions.
eters measured on board aircraft, at the flight level. It isThen, combining these fields of TKE with the temperature
a so-called optimal interpolation method which predicts in- and water vapor fields allows one to determine whether the
terpolated values from data observed at discrete locationgircraft flew within or above the ABL.
(Matheron G., 1963). We used the Matlab kriging toolbox ¢ was computed using a method described in Shaw
3.0, developed by Lafleur and Gratton (1998) and almost enand Businger (1985) and Lambert and Durand (1999). It
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600 F. S&d et al.: Investigation of the atmospheric boundary layer dynamics during ESCOMPTE

consisted of band-pass filtering the time series of the verticalind longitudes 4.2 and 6.42 E. There are 54 vertical lev-
velocity component, in order to keep only the signal frequen-els, among which 40 lie between the surface and 2500 m. The
cies involved in the inertial subrange. The vertical velocity simulation started at 00:00 UTC, on J21. The description of
was filtered in the wavelength range 6 m to 10Gemias then  the model configuration for the simulation can be found in
computed from this signal on short overlapping segments ofCousin et al. (2005).

3 km, which corresponds to the model resolution.

2.3 Radiosoundings 3 Description of IOP2

Four sites were equipped with rawinsonde systems (Fig. 1)lOP2 (22 June 2001-26 June 2001) of the ESCOMPTE
Two rawinsonde systems were operated by IMK every 3hcampaign is divided into two periods (hereafter IOP2a and
from 08:00 to 20:00 UTC: one was located in the north- |OP2b), with significant changes in the meteorological situ-
eastern part of the domain, at Vinon in the Durance val-ation on J23 around 17:00 UTC (Cros et al., 2004). IOP2a
ley, the second one was at SaingrRy, close to the north- includes J22 and 23 and it corresponds to the end of a Mistral
western ridge Les Alpilles. At Aix-les-Milles, in the central episode, i.e. moderate north-west wind. The I0OP2b (24 June
part of the ESCOMPTE domain, the Centre National de la2001-26 June 2001) corresponded to a different airflow situ-
Recherche Atmosggitique (CNRM) also launched two ra- ation, dominated by the sea breeze which best characterized
diosoundings per day between 06:00 and 17:00 UTC, witha pollution event. In this section, we briefly recall the mete-
ozone profile abilities once a day. Furthermore, in the con-orological situations encountered during these five days.
text of the Urban Boundary Layer (UBL) program (Mestayer  The synoptic conditions observed from J22 to J23 con-
etal., 2005), a rawinsonde system provided occasional measisted of a north-west regime at 500 hPa with a ridge from
surements of temperature and moisture profiles at the Obsegibraltar to Ireland and an extended 1013 hPa isobar over
vatoire in the Marseille city center. the Mediterranean Sea. This resulted in a case of Mistral, a
northerly low-level wind induced by orography. This char-
acteristic outbreak of south-eastern France often brings cold

We also used data from three ground-based stations whicﬁnd dry continental air masses and restores clear sky condi-

: . ; lons after the passage of a cold front. A complete descrip-
provided measurements of standard meteorological variable . )
(air temperature, mean wind speed, humidity, etc ) anoﬁon of the Mistral events that occurred during ESCOMPTE,

) ) . . _as well as its interaction with the sea breeze or its effect on
flux estimates every 30min. One of the stations was in-

) . _ air pollution transport can be found in €oard et al. (2005),
stalled in Meyrargues (43.8BI, 5.5 E), in the Durance val Bastin et al. (2006) and Corsmeier et al. (2005).

ley. Measurements were carried out above a maize field. On J22. the weather was fair with a clear skv. Tempera-

A complete description of the site can be found in Brut et tures whi(;h were around 21 to <3 in the mormin Y- reach%d

al. (2004). The sites of Vallon d'Ol (43.38, 5.40 E), : . ng,

on Marseille foothills and La Crau, in the plain near Arles maxima C.)f 31 to 35C in the afternoon. The.W|r-1d was weak
and coming from the northeast at the beginning of the day.

(43.57 N, 4.82 E) corresponded to bare soil. The instru- o th v aft th b ttled in the |
mentation implemented on these sites is described in Cros c?p € early afternoon, a thermal breeze settied In the lower

al. (2004). These measurements sites are located in Fig. 1. V?thr irrllle;r:;he coast while the flow remained from the north-

2.5 Complementary modelling On J23, the weather was still sunny and hot temperatures
were observed with a maximum of 30 to°8over the whole
To further analyze study cases of IOP2, the three-region. Inthe morning, a weak north-westerly wind blew all
dimensional mesoscale model Meso-NH was used. Thiglay long over the region, except in the western part of the
model is a non-hydrostatic model, jointly developed by thedomain where it was stronger (5.1-7.7nds In the after-
Laboratoire d'frologie (CNRS) and the CNRM (&o- noon, the sea breeze set up around 16:00 UTC and extended
France) (Lafore et al., 1998). The chemical modules arealong the coast.
coupled online with Meso-NH, which means that the meteo- On IOP2b, western Europe was under the influence of a
rological and chemical fields (Suhre et al., 1998) are simul-high pressure system centred over the Netherlands. Pres-
taneously computed at each time step and each grid point. Isure gradients were weak over the whole of central Europe
our case, we used the gas-phase chemical module ReLAC&althoff et al., 2005). In fact, there was a complex interac-
(Crassier et al., 2000). The Genemis anthropogenic emistion between synoptic northerly winds and local circulations;
sion inventory (Wickert et al., 1999) at 9-km resolution was these conditions favoured both the evolution of mesoscale
used. Two-way grid nested simulations were carried out anctirculation systems and the evolution of a summer smog sit-
provided two grids of resolution, 3km and 9km, centered uation (Vogel et al., 1995).
on Marseille and Berre Pond. The domain of interest (the On J24, the sky was clear from early morning: tempera-
smaller) is located between latitudes 42N/ and 44.3 N, tures were about 2& in the western part of the domain and

2.4 Ground-based stations

Ann. Geophys., 25, 597-622, 2007 www.ann-geophys.net/25/597/2007/
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15°C in the east. They increased up t¢28nd 30C in the a)LaCrau:T&Q b) La Crau : wind
afternoon. Between 500 m and 1500 m we observed a mod- “
erate flow from the northwest (5.1 to 7.7 m$ which weak-

ened and veered from the west-northwest. In the lower lay- 3

360

21 12 S ;
[ amt,
RN R .
w sap 7 H270
5 DA

©

ers, the sea breeze set-up along the coast and then extendt @ 'Té 6 180

inland with a south-west direction and a moderate strength ;™) K3

(5.1 to 7.7ms?). This sea-breeze day was also described 8 0

and studied by Cousin et al. (2005). o , . . )
On J25, an anticyclonic cell is located in the North Sea Oh  6h  12n  18h Oh  6h  12h  18h

with an extension towards the Mediterranean basin: this in- . o

duced a weak wind regime, dominated by a sea breeze. Sinct 4« © Vallon dOI: T&Q : d)_va"m d_OI vind 3360

07:00 UTC, a southerly wind has been observed near the
coast, due to a sea-breeze effect; around 15:00 UTC, the see
breeze has spread over the whole region. In addition, the |
sky remained clear with a few altocumulus clouds and tem- *
peratures from 28 to 28 C near the coast and 31 to°%l
inland.

On J26, a weak pressure gradient at the surface inducet 10— ¢ T TP
a breeze regime. A southerly breeze rapidly replaced the
weak to moderate morning wind from the east to the south- e) Meyrargues : T & Q f) Meyrargues : wind

. . . 40 21 12 360
east, especially in the Rhe valley, whereas it was from the
southwest in the eastern area. Eventually, the temperature
were about the same as the day before and a few altocumulu  2°
clouds were present in the sky. S

Additional information and illustrations can be found in 2
Bastin et al. (2005a) and Kalthoff et al. (2005) for J25 and
J26, and in Delbarre et al. (2005) for J26.

270
30

180

20
“ 90

0
Oh 6h 12h 18h

4 Comparisons between modeling and experimental Fig. 2. Time series of meteorological parameters measured on 22
data at 2 levels June above bare soil in the plain of La Crawafdb), in Vallon d'Ol
in the northern suburb of Marseille @éndd) and above a maize
In this section, we compare the numerical simulations pro-field in Meyrargues€ andf). On the left, the air temperature is
vided by the MesoNH model with experimental data at two represented with a solid black line and the water vapour mixing ratio

heights in the ABL (the surface and the 800 m level) on SeV_With a dashed grey line. On the right-hand figures, the wind speed
is represented with a solid black line, whereas the wind direction is

eral days of IOP2. . -
y represented with grey squares. The black arrows indicate the sea-

4.1 Sea-breeze and Mistral on 22 and 23 June breeze onset.

The interactions between the sea breeze and Mistral have al- _
ready been studied in other publications (Bastin et al., 2006P!€ 1. S0, the sea breeze reaches La Crau around 14:00 UTC

2005a, b; Caccia et al., 2005), whose authors focused mainl?”d persists until 19:00 UTC. The sea breeze reaches Vallon
on J22. d’Ol around 14:30 UTC when the wind and the temperature
decrease while the humidity rate increases. This slight de-
Comparison between modelling and measurements at the lay between the two sites is consistent with the observations
surface and at the 800-m level of Bastin et al. (2006) but is not linked to the distance to
the coastline. No sea breeze is detected in Meyrargues: the
Time series of temperature, water vapor mixing ratio andwind is from the northwest and corresponds to the Mistral.
wind speed and direction are displayed in Fig. 2, for J22The potential temperature diurnal cycle is bell-shaped, like
at the three ground sites (La Crau plain, Vallon d’Ol and a classical surface layer over such a ground cover, whereas
Meyrargues). The distance of the three ground stations to thé is sharper in the two previous cases. The humidity cycles
closest coastline is about 30, 10 and 40 km, respectively. Thare very different over the three sites: in La Crau, we ob-
sea breeze is usually detected through a diurnal veering oferve the usual humidity increase due to the sea-breeze on-
the synoptic wind, which is accompanied by a temperatureset. In Vallon d’Ol, the humidity decreases between 09:00
decrease and moisture increase. The onset times are repraad 15:00 UTC and increases again with the sea-breeze on-
sented by an arrow on the figures and are summed up in Taset. In Meyrargues, the humidity variability is also related

www.ann-geophys.net/25/597/2007/ Ann. Geophys., 25, 597-622, 2007



602 F. S&d et al.: Investigation of the atmospheric boundary layer dynamics during ESCOMPTE

Table 1. Sea-breeze onset time (UTC) detected at the three ground stations/with the model for the whole period.

Ground station 22 June 23 June 24 June 25 June 26 June

La Crau 14:00/14:00 15:30/- 09:00/09:00 07:00/09:00 07:30/07:30
Vallon D’ol 14:30/15:00 11:00/- 07:00/09:00 08:30/09:00 07:00/08:00
Meyrargues —/- 17:00/~ 12:00/12:00 10:00/12:00 13:30/13:00

Meso-NH simulations on June 22, 1200 UTC

44.3°N

42.7°N
4.22°E 6.42°E
a) Wind field at the surface b) Potential temperature at the surface c¢) Water vapor mixing ratio at the surface

_ag . g/kg’!
|34 : : ' - 15

132
30
SN 28

1 26

N

d) Wind field at 800m e) Potential temperature at 800m f) Water vapor mixing ratio at 800m

Fig. 3. Maps of wind speed and direction (m%, potential temperaturé€ C) and water mixing ratio (g kgl) at the surface (top) and at a
800-m height (bottom) simulated on 22 June at 12:00 UTC with Meso-NH. The quadrilatere delimits the area flown over by the aircraft.

to the maize transpiration and water deposition (for instancethis by a strong sea-land temperature gradient on the western
the peak around 06:00 UTC is attributed to the morning dew).area where the ground could have warmed up due to the wind
These results are in good agreement with those from Bastisheltering effect caused by the mountains of Massif Central.
et al. (2006), who investigated a wider domain than ours. ) ) .

They showed that the presence of the Mistral and other var- F19ure 3 presents the thermo-dynamical fields provided by
ious mechanisms that drive its dynamics in different regionst"® MesoNH simulation on J22, 12:00 UTC, at the surface
of the RIdne valley lead to a very inhomogeneous and un_and at the 800-m level (m_the_fo_llowmg section, we will
steady behavior of the sea breeze at the scale of tim&h SNOW that the 800-m level is within the ABL at 12:00 and
valley exit. They observed that on J22, the sea breeze set uf+:00 UTC for both days). Since no flight was operated on
around 11:00 UTC at the west of the &tfe valley exit (at 22 at 14:00 UTC, we instead display the numerical fields

the south of the Massif Central) and then penetrated later in&t 12:00 UTC, so that we can compare them to the aircraft
land, to the east of Marseille (14:00 UTC). They explained dat& which were recorded between 11:00 and 12:30 UTC.
At the surface, the model simulates a south-westerly wind

Ann. Geophys., 25, 597-622, 2007 www.ann-geophys.net/25/597/2007/
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b) Potential temperature (°C) at 800m
— - ! . 34

Aircraft observations on June 22, 1200 UTC . _ . P _
439 oAvignon > . J
AN o .

{32

31

y
n @

B
@
5]

a) Horizontal wind speed (ms-1) at 800m
44— : :

130

Latitude

-
Lot
FS

29

28

44—

B 43.2|
_ ‘§ o 27
43.6} !
2 N AR = Rl " R 4.8 5 5.2 54 56 58 2
5 N JERG 3 Longitude (°)
L= M
=
343.4 i N _

;\; c¢) Water vapor mixing ratio (gkg!) at 800m

43_9: : JAvignon i L) =gle ! «

Longitude (°)

0

Latitude
Y

1) a8 5 5.2 5.4 56
Longitude (°)

Fig. 4. Fields of wind speeda), potential temperaturgh) and water vapour mixing rati(c) retrieved from aircraft measurements at 800 m
on 22 June between 11:00 UTC and 12:30 UTC. The flight track is represented with a black solid line.

penetrating inland in the western part of the coast, to the westhe temperature gradient is due to the differential heating be-
of the Berre Pond (Fig. 3a). The wind is from the west at thetween the Rbne valley and the mountains (Alps to the east).
Marseille coastline. Inland, there is a very weak northerly This gradient vanishes over the sea and the flow corresponds
flow in the Rtone valley which strengthens and turns north- to the Mistral exit out of the Rine valley. So, the sea breeze
west over the hills and mountains. In addition, the poten-does not affect the atmospheric layer at this altitude and this
tial temperature field inland exhibits a west-east gradient thats confirmed with the humidity parameter (Fig. 3f): the field
matches the relief (colder in the Bhe valley than over the of water vapor mixing ratio is indeed rather homogeneous on
mountains) (Fig. 3b). the eastern region (both inland and over the sea), with a value
of 6 gkg ! and higher values (7-8 g kg) in the Rtdne val-

At 800m, the dynamic and thermodynamic fields areley and downwind over the sea. The comparison of potential
quite different: the wind (Fig. 3d) is northerly to north- temperatures between both levelsG2avarmer at the ground
westerly with a magnitude of 6-7 m&in the west, and up  than at 800 m over the Rhe valley; 3C east of Vinon) sug-
to 12ms* in the east of the domain. The temperature field gests a strong instability in the ABL which is likely to yield
(Fig. 3e) displays a channel of a minimal value@8in the high sensible heat fluxes inland.

Rhdne valley and maximum values in the east (3232
the west-east gradient mentioned at the surface between the The simulated fields at 800 m compare well to the air-
plain and the mountains is even more marked. At this levelcraft data. On Fig. 4, the measured wind is blowing from
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a)LaCrau:T&Q b) La Crau : wind ) crease in potential temperature. The wind is veering again
‘*"'AJ"\ o0 around 19:00 UTC, with a south-westerly direction. The air

mass is even colder and moister. In the foothills of Marseille,
the sea-breeze is detected at 11:00 UTC with an increase in

150 the humidity rate associated with a decrease in temperature.
The wind blows from the southwest until 20:00 UTC with no
© change in the humidity rate. The sea breeze reaches Meyrar-

gues at 17:00 UTC: the wind starts veering from the north-

west to the south, and the temperature decreases while the

humidity increases. Although the sea breeze sets up earlier

1360 in Marseille on J23 compared to J22, it penetrates later in

""'-L i the Ridne valley and it even reaches the Durance valley en-
270

e trance.

6h 12h 18h

d) Vallon d'Ol : wind

B 0 Since the sea-breeze onset occurred later inland than on
the previous day, the 14:00 UTC situation is presented here.
% The Meso-NH simulations at 14:00 UTC do not show any
s sea-breeze penetration at the surface (Fig. 6), whereas it
O e e T T slightly penetrated inland on J22. The Mistral is well estab-
lished in the RBne valley channel with a speed of 6-7 s
f) Meyrargues - wind In Fig. 6b we can notice that the Mistral flow warms up
B o as it blows above the warm ground of the dRle valley
o ars } 270 exit. Therefore, this induces a large gradient of temperature
e and humidity when the Mistral air mass reaches the coast
6. 180 and meets the sea-breeze circulation, which conveys wetter
.. B and colder air. This gradient is associated with a west-east
Sw %90 temperature (Fig. 6b) and humidity (Fig. 6c) gradient be-
) 0 tween the Rbne valley and the eastern mountains, even more
Oheh 120 18 marked than on the previous day.

At 800 m, on J23, the numerical simulations show that the
air mass from the Rime valley is advected over the marine
atmospheric surface layer. For instance, in Fig. 6d, the wind
) ] . is orientated from the north to the northwest with an acceler-
the northwest with a magnitude of 5-6 m'sat the exit of  ation in a narrow band between Avignon and Marseille (11—
the Rfdne valley and a magnitude of about 121 $n the 12msY), whereas its speed reaches 8 to 9that the bor-
central part of the mountains, showing good agreement wittyes of the domain. Compared to the aircraft measurements,
the numerical r_esults._ The potential te_mperatgre presents g major difference appears in the wind field (Fig. 7a). Al-
west-east gradient, with temperatures increasing frofC29  ,6ygh the direction and the structure (i.e. the channelling
to 31°C, above the massifs of Sainte Baume and Sainte Viceffect along the axis “Saint Remy-Marseille”) are correctly
toire. Eventually, again in accordance with the numerical reproduced, the measurements provide lower values of the
results, the humidity field is rather homogeneous, with theying speed (between 5 to 9m% compared to those simu-
value of the water vapor mixing ratio varying around 6— |ted (6-13 m<s?). At 800 m, the temperature field obtained
7gkg™*, slightly higher at the exit of the Rime valley. with the model (Fig. 6e) shows that the air mass has a mini-

In the early afternoon (14:00 UTC, not shown here), themum of potential temperature in the western part of the over-
model can simulate the sea breeze at the surface but it ifown area (31C) and a maximum in the eastern part{G.
restricted to a short band along the coast between Sainthis west-east gradient is clearly confirmed by the aircraft
Chamas and the east of Marseille. In fact, the onset occurgata field (Fig. 7b). On the humidity field (Fig. 6f), we find
at 14:00 UTC in La Crau and 15:00 UTC in Vallon d’Ol (Ta- an east-west gradient (like the day before) with the mixing
ble 1). As expected, the sea breeze is not observed in thgatio of water vapour reaching 7 gkg in the Rtone val-
numerical fields at 800 m, at 14:00 UTC. ley and 3—4 g kg? to the east. However, this gradient is not

On J23, the meteorological situation is rather similar to observed on the aircraft measurements (Fig. 7c), which do
J22. Figure 5 displays the time series of wind, temperaturenot show any organization but display humidity values in the
and humidity at the same ground sites on J23. The sea breezame range (3—7 g kg).
clearly appears in La Crau around 15:30 UTC with a change
in the wind direction from the north to the west, a sharp in-
crease in the water vapor mixing ratio associated with a de-

Fig. 5. Same as Fig. 2 for 23 June.
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Meso-NH simulations on June 23, 1400 UTC
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Fig. 6. Same as Fig. 3 for 23 June, 14:00 UTC.

4.2 The sea-breeze front along the coast during IOP2a  wind is a composition between the Mistral (blowing from
the north-west at 1000 m) and the westerly sea-breeze flow.

To further analyze the differences in the sea-breeze onsegVer the continent, a mixed boundary layer is developed in
on J22 and J23, we investigated the sea-breeze vertical stru2€ Mistral flow from 1200 m (north to Marseille) to 1800 m,
ture. Figure 8b displays the height-time cross section of the2t the northernest point of the section.

horizontal wind measured with the UHF profiler in Saint ~ ©On 23 June (Fig. 9b), the simulation shows that the sea
Chamas. The sea-breeze westerly winds can be observeeeze has hardly penetrated in Marseille, although it has
from 15:00 UTC on J22 in a layer up to 500 m and around been detected since 1_1:00 U'I_'C W_ith in-situ measurements
17:00 UTC on J23 in a thinner layer (up to 400m). So (at Vallon d’Ol). It remains confl_ned in the very Iowes_tlevel_s
the sea-breeze appears at around the same time in Saiﬁ_{ the atmos_phere. Th|§ effegt is enhar_med in the simulation
Chamas (15:00 UTC), La Crau (14:00 UTC) and Vallon D'ol Since the_M|straI mggmtude is overestlma_tt_ad by Meso-N!—I,
(14:30 UTC) on J22, whereas the onset times are 17:002S noted in the previous section. The stratified layer capping
15:30 and 11:00 on J23. Figure 9 shows a height-latitudéhe sea breeze layer is disorganized t_Jy the continental layer
south-north cross section of the simulated horizontal windthat is advected over the sea by the mistral flow. _
along an axis Marseille-Aix en Provence on J22 (a) and J23 Thus, for these two days, the sea breeze occurs during
(b) at 15:00 UTC (the horizontal track of the cross sectionth€ afternoon (except in Marseille on J23), roughly at the
is shown in Fig. 16). The colored scale represents the poSame time at the scale of the studied area. No real sea-breeze
tential temperature. On 22 June, the sea-breeze appears '&yer develops because the sea breeze is not strong enough to
a westerly wind layer, with a stratified potential temperatureStruggle with the Mistral. However, the marine surface layer
structure (blue color) which extends up to 200 m in altitude that penetrates over the continent _d|sconnects the boundary
and to the northern foothills of Marseille in latitude. It does layer from the surface. The Mistral is also advected offshore,
not penetrate far inland and does not reach Aix en Provence?Ver the sea-breeze layer, on J23.

The atmosphere is stratified over this marine layer and the
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Aircraft observations on June 23, 1400 UTC s b) Potential temperature (°C) at 800m
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Fig. 7. Same as Fig. 4 for 23 June, 14:00 UTC.

4.3 Validation of the model on a pure sea-breeze case: 2prevents the potential temperature from increasing. On the
June 2001 Meso-NH temperature fields at the surface (Fig. 11b), we can
note that the temperature gradient is very strong and homo-

) o ] geneous along the coast. Therefore, the advection of colder
The meteorological situation changed during 10P2b andaritime air penetrates further inland compared to 10P2a.

turned to well-marked sea-breeze conditions. As indicatedrpe field is homogeneous inland with values arountC34t
in Table 1, the sea breeze beginning is detected earlier 0R4-0o9 yTC.

J24 than on the previous days (around 09:00, 07:00 and The sea-breeze direction is from the west (i.e. perpendic-

12:00 UTC at La Crau, Vallon D'Ol and Meyrargues, re- jar to the coast) in Marseille and from the south in La Crau
spectively). On J25, which is a pure sea-breeze event, angdnq soythwest in Meyrargues. The simulations at 12:00 UTC
J26, which corresponds to a synoptic situation from thegng 14:00 UTC show similar results as the measurements.
south, the sea breeze starts early in Vallon d'Ol and La Craurpe ground measurements of Vallon D'ol are representa-
and reaches Meyrargues more or less later in the momingsye of the sea-breeze flow in the eastern part of the domain
Figure 10 displays the meteorological parameters measuregqth-west direction) but are slightly different from the ob-

at the ground-based stations in La Crau, Vallon d'Ol andgeryations and model results (westerly flow) downtown in
Meyrargues on J25. The temperature cycles in Meyrarguegrseille, due to the direction of the coastline (Delbarre et
and La Crau are bell-shaped, contrary to the rather flat ongy . 2005).

observed in Marseille. Actually, we can observe this flat type
of cycle during the whole IOP2b: the sea breeze in Marseille

Ann. Geophys., 25, 597-622, 2007 www.ann-geophys.net/25/597/2007/



F. S4d et al.: Investigation of the atmospheric boundary layer dynamics during ESCOMPTE 607

CN2 (LOG(M-2/3)) WIND VELOCITY (M/S)
T T T 0 1 T 7

-16. -5 -142  -13.3  -12.4 -5 0. 4. 8. 12. 16. 20
7 T 11 :

W T 7T
A ‘
1 \ 0 -
2 A ‘ L ' 2
= bl A % Y =
~ [ | n s ¢ >~
>3 1 1 ™\ = N
x | | x il \
i | | | =1 AN \
w i Al w ) )
= | ’ i e = : ‘
E I/ RS 1/ 4 [= ’ \
5 = ) A
£ e e I S0 A H AN B
ERANNE RTINS S SN NS
oY I N N N T Y Y Y Y oy il I N 2 Y N N\ S
00 06 12 18 00 06 12 18 00 06 12 18 00 00 06 12 18 00 06 12 18 00 06 12 18 00
(a) 21uno TIME (UTC) 23JUNO1 (b) 21sunor TIME (UTC) 23JUNO1
VERTICAL VELOCITY up (M/S) EPSILON (10-4 M2/S3)
[ [T T 1
-05 -0.3 -0.1 0.1 0.3 0.5 0 10 20 30. 40 50
2 ‘ i3 2 panan T BaEml 1 Bl
3 FE ‘ E
= = | | -
2f SE i £
w @ e ]
(=] a -
EE = » b ‘ .
EE 5F v, =
£ 2 F i 1 n E
C va N L} N e ' A
| e Dt et et e F bt 1= Y AN [N IR N T N T Y Y I
00 06 12 18 00 06 12 18 00 06 12 18 00 00 06 12 18 00 06 12 18 00 06 12 18 00
(€) z1unor TIME (UTC) 230UN01 (d) 21sunor TIME (UTC) 23JUNo1

Fig. 8. Height-time cross sections of the structure constarft @m2/3) (a), horizontal wind (m521) (b), vertical velocity (m51) (c) and
dissipation rate of turbulent kinetic energy @nz 5—3) measured with the UHF wind profiler in Saint Chamas during the Mistral episode
(J21 to J23). The red solid line in panel (a) represents the ABL top height.

In general, due to the weak values of the wind speed (docal winds are dominating and the vertical structure of the
to 5ms1), there is a strong spatial variability in the wind low troposphere is very heterogeneous, even inside the sea-
direction on J25. At 14:00 UTC, the wind is very weak in the breeze layer.
northern part of the domain (Fig. 11a—d) that is not reached In the next section, we will show that the decoupling be-
by the sea breeze yet. In the eastern part, a well marked soutiveen the surface and the 800-m level is essentially due to
flow generates a convergence area over the eastern relief. bhe various stages of sea-breeze penetration.
the southwest part of the area the sea breeze can reach 5 to
7mst

Contrary to the situation of IOP2a, we do not observe a5 ABL development
strong increase in the humidity rate with the sea-breeze onset,
especially in La Crau plain (Fig. 10a). In Meyrargues, be-5.1 ABL height: definition and estimation
cause of the transpiration of the maize, the water vapour mix-
ing ratio is higher than at the other sites. These data comparghis section is devoted to the description and the analysis
well with the numerical fields of temperature and humidity of the ABL development over the ESCOMPTE area during
atthe surface (Fig. 11b—c). On the modelling results, we findlOP2a and IOP2b. The depth of the ABL is a crucial pa-
again a strong humidity gradient along the coast but there isameter since it drives the volume of air within which the
no noticeable advection of moist air due to the sea breezepollutants are likely to be either diluted or concentrated. It
The mountainous areas in the east seem to be moister thdg indeed a hard task to define a ABL height in Marseille’s
in the region north of the Berre pond (between Saint Chamasurroundings where you can find together a big city, a com-
and Aix en Provence). At the 800-m level, the humidity rate plex coastline and hilly terrains. Delbarre et al. (2005) high-
is higher over the continent, which is not surprising consid-lighted the complexity of the air circulation in this area un-
ering that the air masses are completely disconnected: as Wger sea-breeze conditions. By studying the extinction of a
will see in the next section, 800 m is either inside or over theuV lidar signal along with the turbulence and reflectivity
internal boundary layer generated by the sea breeze. measurements of a UHF radar and radiosounding data, they

It is more difficult to correctly simulate the wind field dur- showed, on J26, the existence of a 300-m deep layer with
ing IOP2b, because the wind has weakened and become ua- westerly sea breeze, capped by a southerly flow extend-
steady. The sea breeze sets up earlier than during IOP2a birtg to 800 m or 1000 m above the ground level. Those two
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Fig. 10. Same as Fig. 2 for 25 June.

observe conditions of a classical mixed layer for this defini-
tion (which would mean a constant potential temperature and
constant scalars concentration), we defifhg¢which usually
corresponds to the ABL top) as the capping level of all the
turbulent superimposed layers. This level corresponds to a
sharp inversion that clearly indicates the separation with the
stable layers of the free troposphere. This multi-layer ABL
topped by levelZ; can be considered as a reservoir whose
Aix en Provence on 22 June at 15:00 UT&) and on 23 June chemical species may exchange frqm one layer to another.
at 15:00 UTC(b). The location of the cross section is shown in For the whole IQPZ* the ABL helgfﬂi was determined
Fig. 16b. using both numerical and experimental results. We used
profiles of potential temperature and humidity from radio-
balloon- and aircraft-soundings (Fig. 12), as well as time-

layers were characterized by different turbulence propertied!€ight cross sections of reflectivity provided by the UHF
and were separated by thin stable layers, inhibiting the exfadars (Fig. 8a). In addition to the available measured data,
changes. Lemonsu et al. (2006) also highlighted this super—Zi was estimated using the vertical sections of potential tem-

position of two sea breezes, using a large eddy simulatiofP€rature provided by the Meso-NH simulations. From these
with a 250-m resolution in the vicinity of Marseille. vertical sections, the ABL height is obtained from the max-

Therefore, the difficulty of the present work was to find a imum of the temperature gradient which usually follows the

- . o “ridge” of the isothermal lines along the section. However, it
means of defining an ABL in such complex situations, or : - ' o .
. - : . remained difficult to define standard criteria to determine the
at least a level likely to indicate a disconnection between

. ABL depth in an area where it varies very sharply.
an area of local exchanges (exchanges between the various P y Ply

internal layers) and the free atmosphere. Since we did not

500 N

Fig. 9. Vertical section of potential temperature (color scale) and
horizontal wind simulated by Meso-NH along an axis Marseille-
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Meso-NH simulations on June 25, 1400 UTC
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Fig. 11. Same as Fig. 3 for 25 June, 14:00 UTC.

Nevgrtheless, to retrieve maps of the ABL deth from Table 2. Mean relative error between simulatedahd measured;Z
modeling results, we used zonal and meridian vertical S€Cysing the experimental data collected at 8t#¥, Arles, St Chamas,

tions of the potential temperature every 0.1 degree in longiqvarignane and Aix-Les-Milles (without Vinon) and in the mountain
tude and latitude, respectively. The valuesZpf-Z, (where  area (Vinon).

Z, is the ground surface height) were linearly interpolated
over the ESCOMPTE domain, in order to provide maps of Az;(exp-sim)/Z exp 22/06 23/06 24/06 25/06 26/06
the ABL depths at 11:00 and 14:00 UTC for IOP2a and

IOP2b. These fields are shown, respectively, in Figs. 13 and %vti.t?]%llft-l;/clnon) 012003 022 027 011
14. This representation in terms of depth of the ABL instead 11.00 yTC 010 000 091 033 0.0
of height has been preferred to outline the effect of the com- (at vinon)
plex terrain in the following. The experimental results are 14:00 UTC 022 0.09 008 0.05 0.00
also reported on these maps. (without Vinon)

14:00 UTC 012 040 045 043 0.08

5.2 Comparison between model and experimental results (@t Vinon)

The simulated ABL depth fields were validated using the ex-

perimental data, at 11:00 and 14:00 UTC, which coincides

to the times at mid-flight. The comparison is shown as barpresented for seven locations, which are indicated according
diagrams in Fig. 15 and the difference is reported in Table 2to their name, their longitude or their shortest distance to the
in terms of a mean relative difference between simulated andea.

experimental data. A distinction is made between the results At 11:00 UTC or 14:00 UTC, the difference between
in the plain and near the coast and the results obtained in Vimodel and experience does not exceed 20% for 60% of the
non, in a mountainous surrounding. The bar diagrams areesults (Table 2). The ABL height is usually well estimated
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St Remy radiosoundings (POI2a) St Remy radiosoundings on J25 (POI2b)
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Fig. 12. Potential temperature profiles from radio-soundings launched at Samy Rop) and Vinon (bottom) during IOP 2a (left): J22
(solid black line) and J23 (dashed blue line) and on J25 for IOP 2b (right) at 06:00, 09:00, 12:00 and 15:00 UTC.

inland over the plain (Avignon, Arles, Stdy) (left part of ~ J25, with an error often reaching 40% (and even 91% once)
the bar diagrams in Fig. 15), whereas the largest errors aréTable 2). This situation is due to some specific features of
often due to an underestimation of the ABL near the coasthe simulated wind fields for these days: they exhibit a con-
at 11:00 UTC (central part of the bar diagrams). This is notvergence area on the eastern mountains between the westerly
surprising during IOP2b, since the sea breeze is in a transi¢J24) or south-westerly (J25) sea-breeze flow and a south or
tion phase at this hour of the day. At 11:00 UTC the sim- south-east flow, to the east of the domain. The observations
ulated sea-breeze front may not be exactly positioned at thelo not confirm this convergence area. On J24, the observed
right location, since the simulated onset time is sometimedield exhibits a west-east gradient consistent with the ups-
delayed in comparison to the observations (Table 1: Vallonlope wind generated by the temperature gradient between the
d’Ol on J24 and J26, for instance). This argument is con-Rhdne valley and the mountains. This is favourable for an in-
firmed by the results at 14:00 UTC which show a real im- crease in the ABL over the relief, but this increase is not as
provement in the ABL estimation near the coast. Actually, strong as the one induced by the simulated convergence.
the error range, which also includes some of the inland sites, To further validate the spatial variability of the ABL height
such as St Bmy, Arles or Avignon, decreased from 3—-27% retrieved from the simulations, we also used fields of turbu-
to 0-9% from 11:00 UTC to 14:00 UTC. However, it must lent kinetic energy (TKE) dissipation rate, estimated from
be noted that the ABL estimates at 14:00 UTC for J22 are re-aircraft data at the height of 800m. This parameter does
moved from these results, as they present large discrepanciemt provide the ABL depth but it is a means to discriminate
due to the Marseille case. This will be discussed below. whether the 800-m level (flight level) is inside or outside the
The case of Vinon is shown apart due to the specific be-ABL. This was very useful near the seashore where very few
haviour of the ABL over the mountain. Both model and ex- vertical sounding were performed and where the ABL was
perience display an obvious west-east positive gradient,in  often very low due to the sea breeze. An example of the field
(see, for instance, Fig. 15 at 11:00 UTC). This is not surpris-of the TKE dissipation rate obtained with the aircraft on J25
ing, owing to the increase of the relief between theéd®Rh  around 11:00 UTC is shown in Fig. 16a. It clearly shows that
valley and the eastern mountain. We will see in the follow- the ABL is higher above the mountainous area, to the east to
ing that this increase in thg; (ASL) level is not only due St Chamas and over a narrow strip in the west correspond-
to the relief but also to the deepening of the ABL over theing to the Alpilles ridge. To aid the comparison with the
mountain. However, the model tends to overestimate this in-Z;-height retrieved with the model (Fig. 16b), we added on
crease at 11:00 UTC as at 14:00 UTC, especially on J24 anthe latter the line corresponding #£/=800 m. There again,
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the Alpilles ridge is shown to be entirely inside the ABL in Fig. 8d. On J23, the ABL height shown in Fig. 12, or
at 800 m, whereas Avignon or the coastal area south of théts depth presented on the left part of Fig. 13, remains very
Alpilles are outside the ABL at this level. Aix-les-Milles is low over the plain, although the Mistral conditions persist
just at the border, both for the model and the experiment.  with strong northerly winds (Fig. 8b) (the maximum value of
So, we can conclude that the model results and measurdhe sensible heat flux in Marseille is 300 WAon J23). Ac-
ments are in good agreement on the whole and when discording to Gheusi et al. (2004), the sea breeze has set up very
crepancies occur, this can be attributed to either a phase dearly further to the west of the ESCOMPTE domain on J23 in
lay between the simulations and the measurements or to an area where the Mistral wind has weakened due to the shel-
wrong simulation of the flow around the mountains undertering effect of the Massif Central. Nevertheless, this is not
weak wind conditions. This conclusion allows us to use thethe case in our studied area, except very close to the surface,
numerical results for our further comments on the ABL de- as was previously shown with the ground stations (Table 1).
velopment. Even close to the coast, as in Marseille, the sea-breeze ver-
tical extent, which could prevent the ABL from developing,
5.3 Spatial and temporal variability of the ABL develop- does not reach 500 m before 15:00 UTC (westerly direction
ment in Fig. 8b). However, in spite of persistent Mistral condi-
tions in St emy, the ABL depth remains constant between
The previous comparison began to highlight different ABL 09:00 UTC and 12:00 UTC (Fig. 12). In fact, a strong in-
heights according to the location relative to the coast or toversion at 09:00 UTC inhibits the development of the ABL.
the relief, according to the meteorological situation (IOP2aThis strong inversion is linked to both a warming of the up-
or IOP2b) and finally, according to the time of day and the per layers (Mistral weakening in altitude) and a cooling of
various diurnal evolutions of the ABL. The following study the surface conditions (Fig. 12: 29 at 1500 m, 12:00 UTC
relies upon the radiosoundings in Fig. 12 (ABeights) and  on J22 for 33C on J23; 22C below 300 m, 06:00 UTC on
the maps ofZ; —Z, (ABL depths) presented in Figs. 13 and J22 for 22C on J23). In addition, a strong negative verti-
14 for both IOPs. Several striking features can be pointedcal velocity affecting the first 2km of the low troposphere
out: is maintained all morning long on J23 (Fig. 8d), whereas it
disappears after 08:00 UTC for J22.
5.3.1 [OP2a - different ABL behaviors over the plain for

the two days 5.3.2 |0P2a — high spatial variability of the ABL for both

. - _ days
Although the meteorological conditions are very similar on y

J22 and J23, the ABL developed differently over the plain. ) o

The ABL depth hardly reaches 600 m in the westerly part ofIf we now focus on the spatial variability _of the ABL devel-
the domain on J23 (Fig. 13), whereas it could reach 1500 nPPments for these two days, we can notice that the develop-
at the same hour in Arles the previous day. The first day ofMentis quite homogeneous on J22, with ABL depths ranging
IOP2a shows a typical development of a convective ABL un-Petween 1000 and 1500 m and a variation that can be linked
der summer clear conditions. In Sainémy, Z; increases to the wind veloglty _dlstr|but|on (Fig. 4): the ABL is the low-
from 350 m at 06:00 UTC to 1600 m at 12:00 UTC (Fig. 12). €St when the wind is the strongest (12m) showing that

In Fig. 8, which shows the sketch of radar parameters meadynamics prevails over thermodynamics.

sured at Saint Chamas (but it is nearly the same in the other The north-south oriented part of the Durance valley (in-
radar locations) for three successive Mistral days, the strikingcluding Vinon) clearly displays some higher ABL, which are
feature is the repetitiveness of some cycles in the horizontafavored by the constriction of the flow in the valley that ac-
wind organization, in the ABL height (at least for the first celerates the wind and generates turbulence (Bastin et al.,
two days) and in the vertical velocity during the three days.2005a). Another source of prevalent development is the
For instance, the ABL development can be followed usingmechanism of valley breeze, which can be clearly seen on
the time-height cross section of reflectivity (Fig. 8a). In this the Vinon ABL heights shown in Fig. 12&; is very low at
figure, the top of the ABL is deduced from the maximum of 09:00 UTC, due to the down-slope wind that brings cold air
the reflectivity signal that reflects the sharp humidity gradi- to the valley bottom, inhibiting the ABL development. Be-
ent at the inversion level. It clearly appears that the ABL in- tween 09:00 UTC and 12:00 UTC, the differential heating
creases faster and higher in Saint Chamas on 22 June than d@etween the slopes and valley bottom, reverses the surface
23 June. The rapid and deep developmenZ0bn J21 and flow and the ABL can grow rapidly, then it decreases againin
J22 is due to strong, sensible heat fluxes (in Marseille, we obthe early afternoon associated with the up-slope wind weak-
serve a maximum value of 450 Wrfion J22), resulting from  ening. This is supported by the surface wind in Meyrargues,
the high difference in temperature and the specific humidityat the Durance valley entrance, which turns from the east to
between the surface and the colder and drier air masses trantiie west on J22 between 06:00 and 09:00 UTC (Fig. 2f). It
ported by the Mistral wind. TKE is strong as well, as seen starts decreasing from 14:00 UTC.

www.ann-geophys.net/25/597/2007/ Ann. Geophys., 25, 597-622, 2007



612 F. S&d et al.: Investigation of the atmospheric boundary layer dynamics during ESCOMPTE

44

e { (= ] o2 T

Boundary layer depth (m AGL) on June 22nd 11UTC Boundary layer depth (m AGL) on June 22
. . —— 44 (

nd 14UTC

2500

1500 g 1500

T z

[} ]

° T

= | 3

5 £

3 11000 = 1000
500 Isoo

5 52 5.4 56 5 52 5.4

longitude (deg) ’ ) - longitude (deg)

Boundary layer depth (m AGL) on June 23rd 11UTC Boundary layer depth (m agl) on June 23rd 14UTC
44 N

LI

g

1500

latitude (d
latitude (deg)

1000

11000

500

5 52 54 5 52 54 56

longitude (deg) - ' - longitude (deg)

Fig. 13. Horizontal fields of atmospheric boundary layer depth obtained from the Meso NH simulations (colored scale) or experimental data
(black labels), during I0P2a at 11:00 UTC (left) and 14:00 UTC (right).

Due to the low development of the ABL over the plain on the ABL has hardly been able to break the inversion between
J23 at 11:00 UTC, the difference in the ABL depths between11:00 and 14:00 UTC over the plain, so it cannot increase as
the plain (500-600 m) and the mountain (1000 to 1400 m)much as the day before.
is even more marked. The ABL in the Durance valley, near

: ) . X . Another source of wind circulation may occur at
Vinon, remains higher than in the surroundings.

mesoscale, due to the difference in radiative heating be-
Another huge difference appears between both days, whetween the Rbne valley and the Alps foothill: 1°& on J22,
looking at the 14:00 UTC maps (right part of Fig. 13): the 11:00 UTC (Fig. 4b); 4.5C on J23 at 11:00 UTC and®6
ABL has highly deepened during the 3-h lapse time, reach-at 14:00 UTC (Fig. 7b). This temperature gradient previ-
ing 2000 m in some areas. It preferentially develops over theously underlined between both areas may generate an up-
plain on J22, and over the mountain on J23. On J22, it is duslope wind, roughly west-east, which could favor the ABL
to the important heating of the air over the plain: the ABL development over the relief. This mesoscale flow is, how-
depth has reached the temperature of the free troposphereyer, inhibited when the synoptic flow is strong, as it has
so that it can develop more easily (no inversion). On J23,been observed on J22: in this case, the ABL is not as deep
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Fig. 15. Comparisons of the boundary layer height Zi (ASL) determined from the Meso NH model (black) and from experimental data (grey)
at 11:00 UTC (left) and 14:00 UTC (right). Values of Zi in different places over the ESCOMPTE domain are presented for the whole IOP
from J22(a) to J26(e). The various locations of the sites are indicated using their name, their longitude and their distance to the seashore.

over the mountain as over the plain. On J23, 14:00 UTC,5.3.3 10P2a - offshore advection of the ABL

the Mistral has weakened over the mountain (5—7 fnis-
stead of 8-12m3") and the temperature difference has in-
creased between the &fe valley and the mountain, which
favors the upslope circulation: the ABL develops preferen-
tially over the mountainous part, reaching 2000 m in severa
places (Fig. 13).

Ann. Geophys., 25, 597-622, 2007

Also noticeable is the offshore extension of the continental
ABL over the sea during this IOP. Figure 13 displays the
rapparent different behaviors of the ABL close to the coast-
line between both days: on J22, the continental ABL ex-
tends over the sea at 11:00 UTC. This is obvious on Fig. 13:
the ABL is still high over the sea at the point A18, where

the aircraft vertical sounding indicates that the ABL reaches
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1400m. This is not reproduced by the model which sim-3.5°C and 4C for J24, 25 and 26, respectively. It is not
ulates a sea-breeze penetration up to latitude 43.45 deg Hignificant at 14:00 UTC, since the 800-m level is no longer
at 4.7 deg E. The sounding result is confirmed by the air-inside the ABL but this gradient still exists at lower levels.

craft's horizontal field of the TKE dissipation rateat 800 m

As a consequence, the wind measured over the ES-

(not shown here), which indicates strong turbulence at 800 "TCOMPTE area is the composition of moderate synoptic
near the coast. So, instead of a sea-breeze penetration, thexénd, with a sea breeze and up-slope breeze, i.e.:

is an advection of the continental ABL over the sea which

is capping the marine surface layer. The only place where —

the simulation accounts for this advection is in the Mar-
seille bay at 11:00 UTC. At 14:00 UTC again, the model
fails to represent it: for instance, the UHF radar indicates an
ABL depth growing from 1500 m to 2000 m between 11:00
and 14:00 UTC in Marseille (Fig. 15; see also Fig. 8a for
St Chamas), whereas the model simulates its decrease from
1000 to 500 m due to the sea-breeze penetration (see also
Fig. 9a from Sect. 4.2). The model indicates a competition

between the sea-breeze layer and Mistral (with no real devel- —

opment of any sea-breeze layer), whereas the observations
show that Mistral is simply advected offshore, above the ma-
rine surface layer.

On J23, model and experience agree to display this off-
shore horizontal advection of the continental ABL (Figs. 13,
9b). In addition, the numerical field at 14:00 UTC displays
a deepening of the ABL in the advected continental layer,
supporting the results from Caccia et al. (2004), who showed

that the Mistral is raised up by the sea breeze near the coast. _

The important feature to keep in mind is that for both days,
when the synoptic wind is counteracting the sea-breeze, the
effect of the latter is to advect offshore and raise the conti-
nental layer. A well mixed layer of pollutants is transported
over the sea. This layer is disconnected from the surface.

5.3.4 |0P2b — combination of various mesoscale circula-

tions and consequence on the sea-breeze penetration

During IOP 2b, the synoptic flow is rather weak, which al-

lows the sea-breeze onset. The latter is provoked by the high
difference in horizontal temperature between the sea-surface
and the continental surface. Puygrenier et al. (2005) pre-

the end of the Mistral episode (north-westerly 6—
8ms! synoptic wind, according to the Dornier flight

at 2800 m, rapidly decaying in the ABL), with a sea
breeze (south component at mesoscale) and slope-wind
(west component) on J24: the result is a west moderate
wind in the area at 800 m, with a channeling effect (ac-
celeration) in the west-east and south-north parts of the
Durance valley at 11:00 UTC.

the synoptic wind is still north-westerly 6-8 msand
decays during the day, according to the Dornier flight
and the radiosoundings. Itis very weak within the ABL.
The sea breeze is blowing from the south, as indicated
by Bastin et al. (2005a, b) over the sea, with an up-slope
breeze (west) on J25 which results in a weak, disor-
ganized west, south-west wind, with again a channel
effect in the Durance valley at 11:00 and 14:00 UTC
(Fig. 11d).

the synoptic wind is blowing from the south, southwest
on J26. Itis weaker at 2800 m than on the previous days
(5-6ms) but its decay is less important in the low
layers. A sea-breeze is blowing from the south (Bastin
et al., 2005) and an up-slope wind from the west. The
real wind is not easy to observe on the aircraft fields
which are at 11:00 UTC as at 14:00 UTC, measured
in the transition area between the breeze and the syn-
optic flow. The only available information is from the
French-German Doppler lidar wind measurements on
board the Falcon 20. Bastin et al. (2005a) measured on
J26 a weaker sea breeze than on J25 but a little stronger
resulting flow, blowing from the south.

sented the characteristics of the sea breeze measured in Marhese differences in the flow characteristics have already
seille, in relationship with the horizontal surface temperaturebeen outlined by Bastin et al. (2005a), who emphasized the
gradient between the sea and the continent: they indicatedffect of flow acceleration in the Durance valley. They argue
differences of 8C, 7.7C and 8.8C for J24, J25 and J26, thatthe presence or absence of an onshore synoptic wind may
respectively. also weaken or strengthen the sea breeze. For the three days
However, this temperature difference that could be linkedof the sea breeze we studied, we highlight, in addition, the
to the breeze intensity in the case of a rectilinear coast ananesoscale gradient between thedRé valley and the moun-
flat area, is not the prevalent parameter in the ESCOMPTHRain which superimposes another mesoscale component to
area. Another important parameter in this area of complex tothe flow. This component is essential to explain the strong
pography is the presence of up-slope breezes, induced by thaevelopment of the ABL over the mountainous area (and not
temperature contrast between thedRé valley and the Alps  only in the Durance valley). The other explanation to this
foothills. This circulation, which was described before at the strong development that is suggested by the simulation is the
scale of the Durance valley, also developed as a mesoscatmnvergence area (also reported by Bastin et al., 2005a), gen-
circulation, linked to the strong west-east temperature gradierated over the mountain by two sea breezes (from the west
ent measured over the area: at 11:00 UTC, the west-east temmear Marseille and from the east near Toulon), induced by
perature gradient measured by the aircraft at 800 m RC3.5 the different orientations of the coast: this convergence area
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does not exist on the aircraft wind fields, so we discarded thighe ABL in Vinon is only 800 m, whereas it was 1200 m at
argument. 11:00 UTC.

The sea breeze and upslope wind act to reinforce each On J26, the combination of sea breeze, slope wind and
other: the stronger the sea breeze is in thériehvalley, the  southwest synoptic wind induces a breeze onset at around
cooler the temperature and the stronger the upslope wind i87:00 UTC in Marseille and La Crau, and 13:30 UTC in
towards the mountains, which leads to drawing up the seaeyrargues (Table 1), which is 1 h earlier than for the previ-
breeze along the mountain hills and into the Durance valley.ous day in the first case, and 3 h later for the second. Bastin et

Keeping in mind the complexity of the flow, we are going al. (2005a) compared the sea-breeze onset between J25 and
to look now at the different behaviors of the ABL (Fig. 14). J26: they argue that the onshore winds on J26 bring cold ma-
It clearly appears that near the coast, the ABL remains stuckine air that inhibits the breeze onset. The mesoscale analysis
close to the surface during the whole I0P2b and is lowerof the sea-breeze by Bastin et al. (2005a) does not match our
than during the previous Mistral days. The sea breeze has inresults at a smaller scale: in fact, the air temperature in the
hibited the ABL development by advecting cooler air at the early morning is 2C warmer in the Réne valley on J26 than
ground. Close to the coastline, typical valuesZpf(heights  on J25. This corresponds to a synoptic increase in the tem-
and depths are the same near the coast) are estimated gdrature in the low troposphere and balances the fact that the
400 m with numerical simulations and are determined at 650-onshore wind would have cooled the surface. On the other
to 800-m with measurements. The main reason why the ABLhand, the early morning air temperature gradient between the
do not develop is the strength of the inversions at the top ofRhone valley and the mountain i$G on J25, whereas it is
the ABL: Fig. 12 provides an illustration for this inversion only 1°C on J26. This may explain the time-shift of the sea-
on J25, where the lapse rate in Saifn/ at 09:00 UTC is  breeze onset on J26, since the valley-mountain breeze is less
9.5°C/100 m, whereas it is only 2.4 on J22. This huge lapseefficient than it was on J25.
rate value is a characteristic of IOP2b: it is linked to the cool-
ing of the lower layers due to the sea breeze and the warmin§.3.5 [10P2b — strong ABL development above the moun-
of the air mass in altitude linked to the anticyclonic condi- tains
tions.

On J24, the boundary layer remains particularly low over The depth of the ABL over the mountain, in the parts which
the whole area, except on the northeastern mountains. Thare not affected by the sea breeze, like the Durance val-
Alpilles ridge near Saint 8my is still inside the ABL at ley, is drastically different between I0P2b (324 and 25 only)
800m, but Avignon is outside, which means that the seaand I0P2a: although the model may emphasize this effect
breeze has already reached this area. In accordance with ti&s written before, the ABL is most of the time deeper than
westerly wind direction at 11:00 UTC, the sea breeze pen2000m over the relief on J24 and 25. This reflects the fact
etrates between the two ridges to the east to Aix les Millesthat in this case, thermal effects prevail over dynamics: as
(Sainte Victoire and Sainte Baume) but not in the Durancethe wind is very weak, the up-slope breeze, due to the tem-
valley yet. Although these ABL fields are not aimed at perature difference between &fe valley and mountains, is
determining the location of the sea-breeze front, the differ-free to develop, and enhances the convection over the slopes.
ence between the dark blue part between the 11:00 UTC andihese results confirm those from Hasel et al. (2005), who
14:00 UTC fields nicely accounts for the penetration of theremarked that the ABL does not always follow the height
sea-breeze inland north to the Avignon latitude (the depth isvariation of the underlying surface, especially in the case of
around 500 m near Avignon at 14:00 UTC). The sea breezenhanced vertical mixing over the mountain. In these cases,
has also penetrated into the Durance valley, up to Vinon bethe dynamic effect (constriction) pointed out over the Du-
tween 11:00 and 14:00 UTC (depth is 800 m) (12:00 UTC rance valley near Vinon is no longer visible.
in Meyrargues at the surface according to Table 1) but the The ABL depth is not deeper than 1800m on J26 at
ABL still remains high at 14:00 UTC over the mountain to 11:00 UTC (Fig. 15), even on the mountainous part, since
the northeast. the up-slope wind is not so efficient as in the previous days

The sea breeze is weaker on J25 since the temperature dife raise the ABL. In Vinon, it grows between 11:00 UTC
ference with the sea is weaker than on J24. So the southerand 14:00 UTC from 1300 to 2500 m, due to the constriction
part of the Alps foothill is not affected yet by the sea breezeof the flow in the valley. There, the ABL is a superposition
at 11:00 UTC (although the onset occurred in Meyrargues abf an 800-m deep layer of southeast very weak wind inside
10:00 UTC at the surface), and neither is the Alpilles areathe valley and a 1400-m deep layer with west, south-west
just south to Saint Bmy, where the ABL depth is 900 m (top wind above (not shown here). This wind-shear at the height
at 1000 m, as indicated on Fig. 16). At 14:00 UTC, the sea-of the mountain surrounding Vinon is occurring on J25 and
breeze has reached the@rie valley (Avignon) and the Du- J26: it coincides with a discontinuity in humidity, showing
rance valley (Vinon) at the upper levels (Fig. 14), as reporteda more moistened layer at the surface, corresponding to the
by Bastin et al. (2005a) who indicate that the channeling insea-breeze layer on J25 and some marine air coming from the
the Durance valley occurred at 13:00 UTC. At 14:00 UTC, southeast on J26. However, no discontinuity is observed in
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Fig. 16. Indirect validation of the boundary layer height estimated from the model: comparison with turbulence level provided by the aircraft
measurements(a): dissipation rate of turbulent kinetic energy (logarithmic scale). Strong values (orange and red) show that the aircraft
flying at 800 m is inside the ABL, whereas it is outside when flying in the striped érgaABL height estimated with the model. The 800-m
height is delimited by the black solid line. The dashed white line refers to the location of the vertical cross section represented in Fig. 9.

the temperature profile. On J25, the sea-breeze layer matchevacuation over the sea but also keeps storage of pollution
the ABL (750 m deep); on J26, it is lower than the ABL close to the coast. At the same hour at 800 m (Figs. 18a and
(800 m for a 2200 m deep ABL). So specific circulation of 17d) the concentration is higher than at the surface: 50 to
the pollution is expected to occur in the valley, with air com- 60 ppbv instead of 20-30. This background of pollution is
ing from the Aix-Marseille polluted area on J25 at low level, not high in absolute. It corresponds to the concentration of
which is not the case on J26. the plume on the previous day (residual layer originated from
the RIone valley). At 11:00 UTC, photochemical processes
have set up: most of the pollution simulated at the surface is
6 Consequence on the plumes coming from the Rbne valley (Fig. 17b) but the Berre area
plume is distinct (60-65 ppbv around Saint Chamas, Marig-
Our aim is now to analyze the impact of dynamics andnane and Marseille). It does not extend far offshore. The
boundary layer development on the transport and dilutionconcentration of the plume remains constant on the whole
of the plumes of a secondary pollutant such as ozone. Oujertical column, downstream from the &fre valley which is
study will be focused on the results at 800 m, as a boundary,ot affected by the sea breeze yet (65 pbby, as indicated by
between the ABL and the free troposphere. However, we prethe aircraft sounding in A18, and by the Mesonh-C results at
viously saw that the 800-m level is often situated above thegoo m in Fig. 17e). Itis not the case further to the east, where
ABL: in these cases, we will use the surface ozone concengoncentrations differ between surface and altitude over the
trations obtained from the Meso-NH simulation to describesea due to the sea-breeze presence that maintains' close to
the plume. the surface, a titration regime due to fresh NO coming from

) ] ) the Berre-Marseille polluted areas.
6.1 Offshore advection, sea-breeze recirculation at low

level and plume dilution over the mountain during  Another important result is the dilution of the plume over
IOP2a the mountainous part of the domain: this area is not influ-
enced by the Rine valley plume and the pollution gen-

During Mistral events in IOP2a, the ABL are deep and canerated by local sources is evacuated towards the sea. The
be transported over the sea, which implies a dilution of theozone concentration remains very low at the surface as well
pollutants and an advection outside the inhabited areas. Aa&s in altitude: 50-55 ppbv at the ground (Fig. 17b) and at
06:00 UTC on J22 (Fig. 17a), the plume, shown as blue ar800 m (Fig. 17e) for the model and 45 ppbv for the aircraft
eas of strong ozone titration, can be easily located at low(Fig. 18b). This is not surprising due to the larger depth of
levels downstream from the sources (Fos-Berre, Marseillethe boundary layer characterizing the area which favors pol-
Aix). The Mistral strengthens over the sea due to the lowerlution dilution. In addition, the strong development of the
roughness of the surface and bends to the east, as report@dL over the mountains is likely to favor exchanges between
in Bastin et al. (2005a), for J22, which favors the pollutants’ the ABL and the free troposphere (which is not the case over
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Meso-NH ozone concentrations on June 23
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Fig. 17. Maps of ozone concentration (ppbv) simulated on 22 June at the ground (top) or at 800 m (bottom) at 06:00, 11:00 and 14:00 UTC
with Meso-NH. The quadrilatere delimits the area flown over by the aircraft.

the Ridne valley, where the inversions capping the ABL are 6.2 Inland transport of the pollution during IOP2b
stronger, as seen before with Fig. 12). During IOP2a, the

free troposphere is less polluted than the ABL. So the mix-he anticyclonic conditions of IOP2b, marked by high tem-
ing above.the mountains would hgve also contributed to theperatures, favor high ozone production rates during the day
decrease in the ozone concentration. _ _ (Cousin et al., 2005; Coll et al., 2005), in comparison with
Some higher local values can be observed in Marseilleye moderate production rate of IOP2a. In addition, the low
and Toulon (southeast to Fig. 18b), showing that the plume&ying conditions prevent the evacuation of the pollution far
has surprisingly not been transported by the Mistral over theom the sources. We will use in the following the results of
sea. Drobinski et al. (2007) argues from numerical resultsyg 15 characterize the plumes under sea-breeze conditions.

that on the first two days of IOP2, the pollutants accumulate £ 06:00 UTC on J25. titrati t . |
near the coast after the sea breeze set-up and are injected a ’ on , titration generates agfim very low
higher levels by the sea-breeze front. This is why the Mar-020N€ concentratllons at_the ;ur_face (Fig. 19a): 10_2(.) ppbv.
seille and Toulon plumes are still present in the vicinity of the In altitude, the a|_rcraft 'f|eld llndlcates two areas of higher
sources at 11:00 and 14:00 UTC. Nevertheless, they remaif-°"e concentration (Fig. 18; 80 ppbv), where the ozone ac-
very close to the coast. Note that the model ozone concengummated the day before. At 11:00 UTC the low and cold

tration is slightly underestimated at 14:00 UTC in this area:sea-breeze layer is pushed inland towards theriéquIey
57 ppbv instead of 67. and the Durance valley. The boundary layer remains very

low near the coast (Fig. 14). Pollutants do not remain in
this layer in spite of the fast ozone production rates simu-
lated near the emission areas: Coll et al. (2005) reported 60
to 80 ppbv it in the early afternoon during the three days
of IOP2b. These rates are twice as fast as those of IOP2a.
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Fig. 18. Fields of ozone concentration (ppvb) measured by the aircraft at 800 m, on 23 June (top) and 25 June (bottom), at 00:06, 11:00 and
14:00 UTC. The dashed areas were flown over above the boundary layer.

In fact, the plume is pushed inland by the sea breeze and This situation is clearly reproduced on the other days of
on the relief by the slope breezes. Between 10:00 UTC andOP2b: the ozone plume is 120 ppbv over the mountains. In
13:00 UTC, the production rates reach 50 to 80 ppbVin agreement with what was said in Sect. 5, the plume does not
the plume, about 50 km downwind from the sources (Coll penetrate so far over the mountains on J26 as on the previous
et al., 2005). The plume ozone concentration is not highedays (not shown).

than 60 ppbv near the coast at the surface (Fig. 19b). The So, in summary, IOP2b, which is well representing sum-
pollution is transported into the Rhe and Durance valley mer episodes of pollution in southeastern France, is charac-
and over the mountains, far from the sources (90 ppbv interized by inland transport of pollution from the source areas
Figs. 19b and c). This is even more marked at 800 m, whereo the mountains under sea-breeze and slope-breeze effects.
the Marseille and Fos-Berre plumes can first be distinguished

at 11:00 UTC (Fig. 18e: 105 and 120 ppbv), whereas they _

merge in a large plume, with very high ozone concentrations’/ ~Conclusions

(120 ppbv) which staggers over the mountain at 14:00 UTC . . :
(Fig. 18f). At this time, the production rates have dropped-r_h?_ESCOMPTE expenment_pr_owded, W|th_IOP_2, the pos-
sibility to study two characteristic summer situations of the

(Coll et al., 2005), so the high ozone concentrations mea= "™ h luti ted offsh of
sured on the relief have been produced earlier and transporter(?g'on' acase when poliution was eévacuated offshore, not tar

over the mountain. There again, the model underestimatetarom the coast and brought back to the emission area, and a

the ozone concentration (90 ppbv between Avignon and Vi-c25€ of pollution transport inland, far from the sources.
non instead of 120) A wide range of experimental means were operated dur-

ing the campaign: the large data set collected during the ex-
Since the boundary layer top is higher in the northeastermperiment allowed for the validation of the simulations with
part of the ESCOMPTE domain, due to up-slope circulationsthe Meso-NH model at 3-km resolution. Thus, the compari-
induced by the mountains, it is not excluded that vertical ex-son of dynamical and thermo-dynamical parameters showed
changes with the free troposphere occur in this area duringgery good agreement. To study the structure of the boundary
I0P2b. layer, maps of boundary layer depths have been built. They
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Meso-NH ozone concentrations on June 25
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Fig. 19. Same as Fig. 17 for 25 June.

enabled us to provide, with accuracy, the depth of the layer
where pollutants may accumulate or be diluted. There again,
the simulation results were consistent with the observations.
On the contrary, the model was not very good at reproducing
the concentration of a secondary pollutant, such as ozone,
and sometimes could display an approx. 30-ppbv underesti-
mation.
The main results that were underlined in the study were

the following:

— sea breeze and moderate Mistral (synoptic wind) were
in competition during the first two days which prevented
the sea breeze from developing: deep boundary lay-
ers were formed and extended offshore over the marine
surface layer. The air mass was not greatly polluted
on these days (60—70 ppbv). Thedrie valley pollu-
tion was evacuated over the sea while the Fos-Berre-
Marseille pollution remained offshore close to the coast
and was brought back to the littoral by the sea breeze.

— due to the weaker synoptic wind, the sea breeze and
slope breeze occurred during IOP2b. The boundary lay-
ers were capped by strong inversions at their top near the

Ann. Geophys., 25, 597-622, 2007
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coast and inside the Rhe and Durance valley and re-
mained very low. The boundary layers were deeper over
the mountains due to slope-wind effects. Weak con-
centrations of ozone were measured in the sea-breeze
layer and the plume was transported up to the moun-
tains where 120 ppbv were observed.

— the complexity of the topography implied very specific
developments driven by mesoscale parameters, such as
sea-land and valley-mountain temperature differences.
These thermodynamic effects are reduced in the pres-
ence of a moderate synoptic wind: the sea breeze does
not penetrate so far inland and the up-slope winds do
not generate very deep ABL on the mountains. Local
circulations (downtown Marseille, for instance) or con-
strictions effects inside the Durance valley are also im-
portant factors which modulate the ABL development.

— these results would require generalization with the other
ESCOMPTE IOPs but IOP2b is definitively well repre-
sentative of summer severe pollution episodes in south-
eastern France.
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— the nice boundary development during IOP2a or overBrut, A., Legain, D., Durand, P., and Laville, P.: A Relaxed Eddy
the mountain during IOP2b is likely to favour the ex-  Accumulator for surface flux measurements on ground-based
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sphere. Evidence was given by Cousin et al. (2005) Nol-, 21(3), 411-427, 2004. .
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