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Abstract. The international ESCOMPTE campaign, which transit time and also the build-up of pollutants in the marine
took place in summer 2001 in the most highly polluted air mass along the route. Finally, the variations of aerosol
French region, was devoted to validate air pollution predic-concentration are also described according to the breeze di-
tion models. Surface and remote sensing instruments (Lirection.

dar, Radar and Sodar) were deployed over the Marseille arefkeywords Atmospheric compositon and  structure

along the Mediterranean coast, in order to investigate thp(AerosoIs and particles; Evolution of the atmosphere) —
fine structure of the sea-breeze circulation and its reIation—Radio science (Remote ,sensing)

ship with the pollutant concentrations.

The geographical situation of the Marseille region com-
bines a complex coastline and relief which both lead to a )
peculiar behaviour of the sea-breeze circulation. Several lo1 Introduction
cal sea breezes, perpendicular to the nearest coastline, settled ) i i ,
in during the morning. In the afternoons, when the thermal™Many dense industrial or urban regions are located in a ge-
gradient between the continental and marine surface grow@9raphical context where local meteorological phenomena
up, a southerly or a westerly sea breeze may dominate. Theft"ongly influence the air quality. Every site with its own
respective importance is then a function of time, space and al9¢0graphical (coastline, relief...) and anthropogenic (ur-

titude. Furthermore, an oscillation of the westerly sea breez&@": industrial areas) features may generate complex mete-
with a period of about 3 h is also highlighted. orological and chemical processes. This complexity moti-

We show that these dynamical characteristics have proyated various international campaigns inside regions where

found influences on the atmospheric boundary-layer (ABL)e combination of relief and sea may amplify the pollu-
tion and act on its circulation and long-range transport: the

development and on pollutant concentrations. In fact, the di- ECAPIP and RECAPMA logical cvcle of ai
rection and intensity of the sea-breeze determine the rout an meso-meteorological cycle ofair

and the transit time of the stable marine air flow over thePOllution in the Iberian Peninsula (Méh et al., 1996; Gan-

continental surface. Thus, the ABL depth may exhibit sev-gOiti et al., 2001), the MEDCAPHOT mediterranean cam-

eral collapses correlated with the westerly sea-breeze pulsap-aIgn of photochemical tracers in the Athens area (Melas

tion. The ozone and aerosol concentrations are also relate_%t al., 1_99’3) or tShe NARE (No_rth Atlarllticllggegion_?L E)_(per-
to the dynamical features. In the suburbs and parts of the cit)'}“e_nt) in Nova Scotia ( ngevine et al., )‘. e inter-
under pulsed sea breezes, a higher ABL depth and highe’?""t'onal ESCO_MPTE campaign took place during summer
ozone concentrations are observed. In the city centre, thig001 in the region of Marseille-Berre, one of the most highly

relationship between pulsed sea-breeze intensity and OZOI%olluted French regions, in order to validate air pollution pre-

concentration is different, emphasising the importance of the iction models (Cros ?t al., 2004). Pgrt of the pro'Ject was
devoted to the analysis of the dynamics of Marseille’s Ur-

Correspondence to: F. Lohou ban Boundary Layer (UBL) (Mestayer et al., 2005). Several
(lohf@aero.obs-mip.fr) ground-based remote sensing instruments, such as radars,
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2810 P. Augustin et al.: Investigation of local meteorological events

sodars and lidars, were deployed over Marseille and its northRadiosounding (RS), Constant Volume Balloon (CVB) and
ern suburbs. Quasi-continuous monitoring of the lower tro-meteorological and chemical ground stations completed the
posphere was undertaken during four intensive observatiomeasurement setup.
periods of three days, associated with photochemical pollu- Figure 1 displays the location of the ground-based re-
tion events. Beyond the database development and model amote sensing and meteorological ground stations used in this
sessment, previous remote sensing and ground-based metesiudy, focusing on Marseille’s city and suburbs. The geo-
rological studies allowed the very complex behaviour of thegraphical situation combines a complex coastline and relief.
lower troposphere to be highlighted. In the ESCOMPTE re-The city is bordered by the sea both to the south and to the
gion, sea proximity with an irregular coastline, the large city west and by topographical features to the south (Calanques
and the surrounding relief are cumulative factors which in-ridge), south-east (Carpiagne Mountain) and north (Etoile
crease the complexity of the troposphere dynamics. Analysigidge). The gap between south-east and north features is
of the remote sensing measurements during a photochemictikely to induce a channel effect in the flow from the east.
episode by Delbarre et al. (2005) (26 June 2001) showed that
the dynamics may be partly explained by a changing sea2.1 Surface stations
breeze phenomenon, leading to an evolving multiple layer
structure. Puygrenier et al. (2005) firstly observed the occurSurface horizontal wind velocities were collected down-
rence of a pulsed sea breeze and the consequences on inteswn by three meteorological stations located at Hippodrome
nal boundary layer development; this is another phenomeno(Hipp) , Groupement des Laboratoires de Marseille (GLM)
adding to the variation in sea-breeze direction. The pulsedand Cour d’Appel Administrative de Marseille (CAAM). In
breeze of northern Marseille has been partly explained bythe northern suburbs of Marseille, two sites were instru-
the combination of sea-breeze and slope effects (Bastin ahented at Vallon Dol and S&bme. Finally, the southern
al., 2005). These studies underline the major role of the lo-dynamical conditions were recorded at the Cassis site, lo-
cal meteorological events on the lower troposphere dynameated S-E of the town on the other side of the Calanques
ics and hence on the boundary layer behaviour. Pollutiorridge. The concentration of various pollutants was measured
assessment in such complex geographical situations requires “St Marguerite” and “5 Avenues” by the air quality net-
an understanding of the role of local meteorological mech-work “Airmaraix” which controls regulated pollutants in the
anisms in pollution build-up. High resolution models now Marseille region. Locations, altitudes and distances from
allow these complex dynamical behaviours to be reproducedhe southern and western coasts of these surface stations are
(Lemonsu et al., 2006), but do not include the chemical pro-given in Table 1.
cesses at such a fine scale. What is the vertical pollutant dis-
tribution under sea-breeze variations? Does the sea-breez22 Remote-sensing experimental set
pulsation exert an influence on the ozone and aerosols levels?
What is the pollutant transfer between diverse layers under @& quasi-continuous monitoring of the boundary layer and
complex stratification in the lower troposphere? Can we recdower troposphere was carried out by an ultraviolet lidar
ognize the diverse meteorological dynamical mechanismstith pointing capability (UV lidar), an Ultra High-Frequency
influence on the gaseous and aerosol evolution? Through aradar (UHF) and a sodar, all operating simultaneously.
ESCOMPTE photochemical pollution event distinguished by
complex dynamical features, we investigate the role of local2.2.1  Angular ultraviolet lidar
meteorological events on the spatial and temporal distribu-
tions of pollutants. Remote sensing instruments and locallThe UV lidar is a commercial lidar which has already
meteorological stations are used to analyse the induced conbeen involved and evaluated in many previous air pollution
plex stratification, in order to highlight the relevant meteoro- campaigns (Klsch et al., 1992; Kambezidis et al., 1998;
logical mechanisms. The ozone vertical distribution is inves-Thomasson et al., 2002). This lidar was located at Vallon Dol
tigated by lidar measurements, together with ground-base@3.36 N, 5.4 E) in the north of Marseille, at a 285m a.s.l.
ozone and aerosols measurements, to establish their relatioatitude and about 5km from the westerly coast. This Dif-
ship with local events. ferential Absorption Lidar (DIAL) makes a continuous mea-
surement of the § SO, NO,, benzene or toluene concen-
tration and the extinction coefficient in any chosen direction.
2 Experimental configuration The pollutant is selected by choosing the differential absorp-
tion wavelengths of a dual wavelength laser. The primary
ESCOMPTE and UBL experiments gave the opportunity laser is a pulsed Ti:Sapphire infrared laser pumped by flash-
to gather and deploy ground-based remote sensing systent@mps. The optical frequency of each pulse is doubled and
over the Marseille area, such as ultraviolet and infrared li-tripled in nonlinear LBO and BBO crystals, to generate 40-
dars, radar and sodar, with the aim of characterizing thens ultraviolet pulses with a 3—4 mJ energy in the 250—-290 nm
vertical structure and dynamics of the lower tropospherewavelength range, and at a 20 Hz repetition rate.

Ann. Geophys., 24, 2809-2822, 2006 www.ann-geophys.net/24/2809/2006/
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(Alliance Technologies)
Fig. 1. Ground-based equipment for remote sensing in Marseille and its suburbs, and ground station locations at ValloreBaleSt J

Observatoire (Obs), Cour d’Appel Administrative de Marseille (CAAM), Groupement des Laboratoires de Marseille (GLM), Hippodrome
(Hipp), Cassis, 5 Avenues and St Marguerite.

Table 1. Meteorological and air quality ground stations location in Marseille’s area and the research laboratory in charge of conducting the
investigations.

Sites Longitude Latitude  Altitude Distance to Distance to Laboratory in charge
southern coast  western coast

Vallon Dol 5.40 E 4336 N ~285m 15km 5km Mteo France/CNRM

St Brome 542E 43.34N 130m 13.5km 6 km LMF-CNRS/ECN

CAAM 5.38°E 43.30N 70m 9.5km 1.5km Indiana University

GLM 5.41°E 4325 N 32m 4.5km 3.2km Coria

Hipp 5.3% E 4325 N 12m 5km 0.5km Mteo France

Cassis 5.51E 4322N 212m 2.5km 12.5km Mteo France

St Marguerite  5.41E 4326 N  36m 5km 3.2km AIRMARAIX

5 Avenues 5.39E 43.30N 76m 10km 3km AIRMARAIX

This UV lidar continuously measured the ozone concen-lower troposphere stratification and dynamics during an ES-
tration and extinction during the four intensive observation COMPTE photochemical episode (Delbarre et al., 2005), so
periods of three days, from 15 June 2001 to 14 July 2001 pnly the main features are presented here. The profiles from
except during time periods devoted to unavoidable calibra-scans provided ozone concentration distribution along sev-
tion and optical realignment procedures. The backscatteredral consecutive beams with a®léngle of resolution in the
lidar signals, and the ozone and extinction vertical distribu-vertical planes. Ozone concentration and extinction vertical
tion provide information both on the lower troposphere strat-maps were primarily performed along the north—south line.
iﬁcation a.nd the p0||utant diStribution W|th|n the VariOUS Iay' The |idar b||nd distance (near f|e|d beam Ove”ap) is 250m
ers. The techniques used in this way have been discusseghd its maximum range is around 2km. Angular scans are
in detail in a preceding study devoted to the analysis of theperformed within 30 min, with a spatial resolution of about

www.ann-geophys.net/24/2809/2006/ Ann. Geophys., 24, 2809-2822, 2006
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100 m along each beam. The differential absorption wave-and for each beam spectral width and radar reflectivity are
lengths for ozone measurements were fixed, respectively, tobtained every 5 min. A more detailed technical description
286.3 and 282.4 nm, and the total extinction coefficient wascan be found in Jacoby-Koaly et al. (2002). The quality as-
determined using the 286.3 nm wavelength. The extinctionsessment of the UHF profiler measurements was validated
is computed with the slope method, which assumes a slowlyduring a 1-year campaign with the use of rawinsoundings,
varying backscattering coefficient, as detailed in Delbarre esodar and sonic anemometers (Dessens et al., 1997). The
al. (2005). Under this assumption, the extinction is valid in- ability of UHF radar to detect rain with even a weak inten-
side a given layer, providing it remains homogeneous. How-sity was used in comparison to the droplet size distributions
ever, it should be noted that this assumption is not generobserved by a disdrometer at the ground level, allowing the
ally valid at the layer transitions and leads to an over- orinstruments’ reflectivity to be calibrated and to assess the ver-
under-estimated extinction, according to the transition typetical velocity and spectral width retrieval (Campistron et al.,
Ozone and extinction vertical maps allow rapid layer identi- 1997).

fication, however, the final lower troposphere structure is de-

termined by the one-dimensional lidar signals. The heights2.2.3 Sodar wind profiler

of the layers transitions are computed by using the inflex-

ion point method (IPM) (Menut et al., 1999), relying upon The third remote-sensing device used here is the Doppler so-
the second derivative of the lidar signal to determine the sig-dar manufactured by the Metek Company. This instrument
nal shifts and slope variations when the laser beam crosses@perated continuously at the Vallon Dol site with a 2200 Hz
layer transition. The lidar measurements allow the lower tro-transmitted central frequency. This acoustic sounding pro-
posphere dynamics to be examined, by defining the locatiorvided the horizontal components of the wind and spectral
of the lower layers and the ozone and extinction within thewidth from 320m up to 750 m a.s.l. (depending on the at-
layers. These measurements can be performed continuousitpospheric conditions) by 25m vertical steps and a 15 min
during a photochemical episode. average time.

2.2.2 UHF wind profiler

3 Local meteorological conditions
Four UHF wind profilers were deployed over the ES-
COMPTE domain, in order to provide wind vertical profiles The set of meteorological ground stations provides a tem-
in the lower atmosphere with high temporal and spatial resoporal analysis of the wind and temperature over Marseille
lution in clear air and precipitating conditions. This UHF net- and the suburbs. The complex topography of the region in-
work consisted of several identical DEGREWIND PCL1300 duces several breezes which compete over the city. The wind
instruments manufactured by Degreane. This study will usevertical profile is available over Marseille’s centre and over
only the UHF profiler located in downtown Marseille at the the northern suburb, thanks to the sodar and the UHF instru-
Observatoire (Obs in Fig. 1). This five-beam wind profiler ments.
operated continuously during the campaign with a 1280 MHz
transmitted frequency, 4 kW peak power, 20 kHz pulse repe3.1 Meteorological ground stations
tition frequency and a 150 m pulse width. In order to obtain
the three components of the wind, the profiler sequentiallyThe second day, 25 June, of the photochemically polluted
uses five beams, one vertical and four oblique, with a onedOP 2b, was characterized by a ridge of high pressure extend-
way, half-power aperture of 85The oblique beams, with an ing from Maghreb to the Northern Sea. The surface pressure
off-zenith angle of 17, are oriented every 90n azimuth. A gradient was weak, leading to a weak synoptic northern wind
real-time beam spectral analysis gives the Doppler spectra dtow. These conditions are in favour of the development of
selected range gates from 75 m up to a height of about 3 kmlocal meteorological phenomena (like a sea breeze and slope
with a 75 m vertical resolution. The spectra, contaminated byeffects) and pollution events.
noise and non-meteorological echoes, are carefully edited in Horizontal wind direction and wind speed from the various
order to select and extract the first three moments of the atground stations (Fig. 2) suggest an interaction between two
mospheric peak: radar reflectivity, radial velocity, and spec-main sea breezes flowing from the western and the southern
tral width. Data quality control and processing are performedcoasts, as already observed on 26 June (Delbarre et al., 2005).
through a consensus algorithm based on the time (30 min)n the morning (from 08:45 UTC), one may note the develop-
and height continuity (three range gates) of the edited specment of local sea breezes, whose direction varies according
tra. The zenith-pointing beam radial velocity provides air to the nearest coast line position. Thus, the ground stations
vertical velocity. Horizontal wind components are inferred located at Marseille are under the influence of a westerly sea
from the measurements of the oblique and vertical beamdbreeze (direction varies from 230 up to 3POwhereas the
under the assumption of horizontal wind local homogene-Cassis ground station, near the southern coast, measured a
ity. Finally, vertical profiles of the three wind components, southerly sea breeze. In the afternoon (from 14:00 UTC), the

Ann. Geophys., 24, 2809-2822, 2006 www.ann-geophys.net/24/2809/2006/
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Wind direction and wind speed at Vallon Dol (25/06/2001)
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Fig. 2. Horizontal wind speed (filled circles) and direction (squares) from surface meteorological stations on Z&)Maltan Dol, (b) St
Jerdme,(c) CAMM, (d) Hipp, (e) GLM, (f) Cassis (dashed lines represent the southerly sea breeze onset).
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Fig. 3. Same as Fig. 2 for temperature measurements.

southerly sea breeze (S sea breeze) extends from the south of tion change, the westerly sea breeze (W sea breeze) per-
sists the whole day long in the northern suburb at Vallon

Marseille up to the town centre.
According to their local meteorological

meteorological stations may be classified within four cases

in the Marseille and suburbs area:

behaviour, ground

Dol and St &rdme (Fig. 2, diagrams a, b). Let us note
the wind direction and wind speed oscillation (Puygre-

nier et al., 2005) during the sea breeze period between
08:45 UTC and 20:00 UTC.

— Northern suburb: a persistent westerly sea breeze. Af-
ter its setting at 09:00 UTC, indicated by a wind direc-

www.ann-geophys.net/24/2809/2006/
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Fig. 4. A representation of competing westerly and southerly sea breezes according to ground station measurements on 25 June.

— Downtown: westerly and southerly breeze alternation. Figure 3 presents the diurnal evolution of the surface temper-
Two main sea breezes may be observed downtown aature for the six ground stations. All these curves are very
CAAM. Between 07:00 and 15:00 UTC, the W sea different. Except in Cassis, where the temperature presents a
breeze prevails and is followed by an alternation of S classical symmetrical shape centred at noon, the other tem-
and W sea breezes. peratures sometimes oscillate, as in Vallon Dol, Stothe

and Marseille GLM, or sometimes have abrupt changes, as in

— Southern suburb: westerly sea breeze in the morning CAAM and Hipp. The air temperature depends on the transit
and southerly in the afternoon. This case consists, on duration of the advected cool marine air above the continen-
the one hand, of a W sea breeze occurring in the mornial surface. The longer transits result in the higher tempera-
ing at Hipp and at GLM, for instance, and on the other ture. The transit duration value is defined by the wind speed
hand, of a S sea breeze setting during the afternoon. Thand the distance to the coastline in the wind direction. The
W sea breeze starts early in the morning at 07:00 UTCdiurnal evolution of the temperature reflects the complex dy-
at Hipp and 08:30 UTC at GLM. From 13:30 UTC at namical situation described above and is characterized by the
GLM and from 15:00 UTC at Hipp, the W sea breeze multiple breezes. As the dynamical situation changes in both
stops and is then replaced by a S sea breeze. This orléme and space and control the temperature variation, only
reaches GLM first, probably because of the Calanqueghe Cassis site has a stabilized 271hS sea breeze, implying
ridge located in the south of Marseille and the inter- a classical diurnal temperature evolution.
action with the W sea breeze. The proximity of the  Figure 4 summarizes the nature of the local sea breeze
western coast and the Marseille-Veyre (Fig. 1) moun-over Marseille described previously. The interaction between
tain leads to a delay of the S sea breeze starting at Hippthe two main sea-breeze flows coming from the western or

southern coasts has been observed. In the morning (from

— South coast: south sea breeze the whole day long. A S 08:00 UTC), weak thermal gradients induce local weak sea
sea breeze prevails the whole day long, as seen at Casdiseezes in a direction roughly perpendicular to the local
on the south coast (Fig. 2, diagrams f). The S sea breezeoastline. Hence, the W sea breeze is well developed on the
starts at 08:00 UTC and ends at 18:00 UTC. western coast and in the north of Marseille, and the S sea

Ann. Geophys., 24, 2809-2822, 2006 www.ann-geophys.net/24/2809/2006/
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25 June.

Fig. 6. UHF RADAR measurements at Obs.: horizontal wind time-

breeze only develops near the southern coast. During the a]h_eight cross section measured on 25 June (horizontal vectors wind
. measured by the profiler are superimposed).

ternoon (from 14:00 UTC), as the thermal gradient increases
with solar heating, the sea breeze can attain higher speed to

reach a mesoscale dimension. Due to the east-west orien; .on the two breezes can be seen both in the vertical di-
tation of the mesoscale coastline, a S sea-breeze COMPEtRS. hsion of the atmospheric column and in the breeze diurnal

with the local W sea breeze and tends to grow from the southy 5 variation. As it has been observed on 26 June 2001,
coast to the north. Ground stations effectively show that the, £ s E fiow is detected above 800m a.s.l.. between 14:00
thermal gradient allows the S sea-breeze to reach the towd,, 4 16.00 UTC. o '

centre.

3.2 \Vertical wind profiles from sodar and radar measure-4 | ower troposphere stratification and dynamics above
ments Marseille’s area

The Doppler sodar, located at Vallon Dol in Marseille’s The yv lidar and the UHF radar were located in Marseille’s

northern suburbs, detected the south-westerly sea-breezgthern suburb and downtown, respectively. They give the
flow from 09:00 UTC to 19:00 UTC, with maximum  qopportunity to investigate the lower troposphere stratification
horizontal velocities (3.5 to 4ms) at about 12:00 and  gyer two places, whose dynamical characteristics are very

16:00 UTC (Fig. 5). This local sea-breeze flow is over- gifferent. This stratification is analysed in light of the wind
laid by a southerly flow with the highest wind velocity (4 grtical profile already discussed.

to 6.4ms 1) around 600-700m a.s.|. at about 16:00 UTC.

After this W sea-breeze period, the land breeze from the4.1 Stratification above Vallon Dol by UV lidar measure-
south-east returns. As illustrated by the radar measurements  ments

in Fig. 6, the dynamic situation at Obs is much more com-

plicated than at Vallon Dol, since competition between local Lidar measurements from 05:30 UTC until 19:30 UTC con-
and mesoscale breezes occur in the city centre. In agreesist of a continuous succession of vertical scans of ozone
ment with the surface station located at CAAM, the UHF and extinction (except for maintenance between 13:30 and
profiler detects a westerly local breeze setting at 09:00 UTC14:30). A convenient way for obtaining insight into the
This is confined under a 350 m high with a southerly flow whole day dynamics is to build time-height maps by a ver-
above. The dynamic situation evolves rapidly since the westtical projection and to smooth the extinction or the ozone
erly breeze layer becomes thinner and is no longer detectedoncentration determined along individual beams. The back-
from 11:00 UTC above the 200 m height. The mesoscaleground of Fig. 7 displays such a time-height map for the ex-
southerly breeze, which is settled in altitude between 200 ntinction, where the extinction vertical distribution reveals that
and 700m at 11:00 UTC, extends in the afternoon up tothe lower troposphere is structured in several evolving layers.
1300m. It is useful to note that the southerly sea breezeTlhe fine structure of the lower troposphere is then determined
reaches the surface only once in the afternoon between 15:38y analysing the individual backscattering signals with the
and 17:30 UTC (Fig. 2c). Consequently, the competition be-inflexion point method, in order to determine precisely the
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Fig. 7. Time-height section of extinction coefficient derived from the UV lidar made on 25 June 2001. Stratification transitions (determined
by IPM) are superimposed on the extinction map: lower layer top (black diamonds), residual layer top (white diamonds), middle layer top
(rectangles), interface layer (blue bars) and fine layer (triangles).

C.2 (Log(m?®)) by black diamonds and white rectangles. This middle layer
e T T T is surmounted by an upper layer above 800m a.s.|. The
-1?5- -15.1 -14.2 -13.3 -12.4 -11.5 three layer scheme may be recognized in the afternoon, af-
| 1) TR Nl T R RPN ter 16:00 UTC. However, from 13:00 up to 16:00 UTC, the
0.9 - stratification becomes more complex, due to an optically het-
o.sl ¢ i erogeneous zone embedded between homogeneous layers,
T l’ which will be referred to as an interface layer. As this in-
x 07 3 terface layer is heterogeneous and the slope method for ex-
g . / i tinction is not valid in this region, the corresponding region
2 has been localized specifically with blue bars. During the in-
= 0.5 = terface layer occurrence, the middle layer is not easily visible
= 0.l / 1 but reappears as the interface layer vanishes (after 15:30).
0.3 — 4.2 Stratification above Marseille by radar measurements
galalelal o laladal o lol slals Lol . o , , )
06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 The vertical stratification can also be studied using vertical

TIME (HOURS-UTC) profiles of the structure coefficient of the air refractive in-
dex (Cﬁ) measured by the UHF radar. High values of this
Fig. 8. Time-height section of radar reflectivity in terms of the struc- parameter are located at the boundary layer top (Zi), where
ture function parameter for index of refraction(Cderived from  gjgnificant humidity gradients are associated with turbulence.
UHF profiler observations made on 25 June 2001 (superimposegrha (2 vertical profiles allow a temporal examination of the
black curve indicate fZmaxima). boundary layer depth. Over a continental surface, the con-
vective boundary layer depth steadily increases and its top is
. - . _defined by a continuous line of,%Onaxima. In the present
layer transitions. The detected layer transitions are superimg <o (see Fig. 8), Zi increases discontinuously from 400 m
posed on the extinction time-height maps in Fig. 7. at 08:30 up to 750 m at 14:30 UTC, since three successive

The extracted fine structure shows that the lower tropo-~2 axima can be observed at 08:30-09:30. 11:00—12:30
sphere has numerous superimposed layers which evolve du(ri-ﬁd 13:30—14:30 UTC. Between these maxirh% values
ing the day. From 09:00 UTC, after the W sea-breeze settingjocrease signi.ficantly. ’

up to 12:00 UTC, the lower troposphere may be divided into
at least three layers. This triple layer scheme is composed
of a lower layer with a high extinction (1-1.8 krh), whose

top is located by black diamonds (see Fig. 7). This lower
layer is surmounted by a middle layer with lower extinc-
tion (<0.7knr! between 08:00 and 12:00 UTC) enclosed
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Temperature and TIBL top at Observatoire Westerly wind component and TIBL top at Observatoire
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Fig. 9. (a) Temperature antb) westerly wind component measured at the surface at Obs and TIBL top from UHF profiler on 25 June.

4.3 Layers dynamics discussion As observed at Obs, the surface temperature and the TIBL
top variations at Vallon Dol are also well correlated as shown

4.3.1 Thermal internal boundary layer in Fig. 10.

4.3.2 Southerly sea-breeze flow evolution above the TIBL
Interpretation of the UV lidar signals shows that the low-

est layer (below 600m a.s.l.) is characterized by a repetiAAccording to the sodar, the middle layer above the TIBL
tive height increase followed by a discontinuity. The ABL (Fig. 7) is a southerly flow which may be identified as the S
displayed on Fig. 7 develops up to 600 m at 09:00 UTC be-sea-breeze flow coming above the W sea breeze flow by con-
fore the breeze. A first discontinuity occurring at 09:00 UTC sidering the sea-breeze crossing. This southerly flow is ob-
corresponds to the Vallon Dol W sea-breeze developmentserved the whole day long, except during the interface layer
The lower layer with high extinction (1.8 knt) may then  occurrence. This layer is characterized by a low extinction
be identified as the thermal internal boundary layer (TIBL), but the backscattered signal is greater than the TIBL one.
which develops when the marine flow encounters the shore-

line (Nazir et al, 2005). Let us note that a resid- 4-3-3 Interface layer

ual layer above (white diamonds) quickly disappears at .
about 10:00 UTC. The TIBL continuously thickens up to Another layer, located above the S sea breeze, is detected by

600 m a.s.l. at about 12:00 UTC, when a second disconti-the UHF radar (Fig. 6) above 1300 m a.s.l. at 11:00 UTC and

nuity occurs. A new TIBL develops at 12:30 UTC and thick- 900m as.l. at 14:.00 UTC This layer is gssomated V.V'th an
ens, etc. The scenario repeats twice: between 12:30 UT asterly rov.v. Extinction 'S_ low (0.8 krril)_m the morning

and 15:00 UTC and more subtly between 15:00 UTC and ut from 13:00 UT(? t0 16:00 UTC, the lidar qletect; a het-
18:00 UTC (the Vallon Dol sea-breeze end). Hence, the€rogeneous layer (interface Iayer.) whose altitude increases
TIBL evolution is observed both by UV lidar in Vallon Dol with the S sea breeze top from 15:00 UTC.

and UHF in Marseille’s center (see Fig. 8). This particular

behaviour of the boundary layer is the consequence of th& Main atmospheric dynamical features

sea-breeze intensity variations already described in detail in

Puygrenier et al. (2005). In a sea-breeze system, the contithe ground-based meteorological stations over Marseille’s
nental boundary layer depth depends on the transit duratiodomain, the northern measurements from the UV lidar and
of the marine air over the land surface. The longer the transisodar, and the downtown radar have been investigated to
duration is, the thicker the continental boundary layer. On 25bring up relevant low troposphere dynamical elements. Two
June, the westerly wind component intensity has a periodianain local phenomena govern the boundary layer. Crossed
variation, as shown in Fig. 9. When the sea breeze is low, thesoutherly and westerly sea breezes first compete the whole
temperature increases and the boundary layer depth rises. Qtay long over the whole town. The westerly sea breeze per-
the contrary, when the sea breeze intensity is high, the mapendicular to the coastline dominates in the morning but the
rine air has less time to homogenise its potential temperaturéarger scale southerly sea breeze extends in the afternoon,
profile and the boundary depth can be very low. pushing to the north and up to the town centre.
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Temperature and TIBL top at Vallon Dol (25/06/2001) interface layer. High ozone concentration regions are mainly

s
d

. . located within the W sea-breeze TIBL (120 to 239m™3),
] mixing the pollutants in a layer whose depth varies several
1m0 times in the day. Is the TIBL ozone concentration related to
the breeze pulsations? The TIBL ozone has been extracted
from lidar measurements at a 325 m altitude, and is compared
N 1 with the TIBL height deduced from lidar signals at Vallon
/\\\ ™ Dol (Fig. 12).
¥ AV \ 1 4so Each TIBL discontinuity associated with a sea-breeze
] \ strengthening is systematically associated with an abrupt
ozone decrease. During the ABL development before the
- breeze, the ozone had reached a 2§02 concentration at
o 30 09:00 UTC. The W sea breeze setting is accompanied with an
N SO, FOULTO DU G RO WL S 60Mgm—f£zone decrease. The ozone concentra_tion r.eaches
T | Time (UTC) 210ugm—° (12:00 UTC) by following the TIBL thickening
—e—TBLtop | and abruptly decreases to about one-half of the concentra-
tion, whereas the solar radiation is strongest and would im-
Fig. 10. Evolution of the TIBL top from UV lidar and temperature Ply @ photochemical production. This behaviour then repeats
measurements at ground. twice with a decreasing ozone concentration amplitude, how-
ever. Hence, the TIBL ozone clearly depends on the pulsed
sea breeze advecting cold air from the western coast over
Secondly, the westerly sea-breeze pulsed nature compliMarseille’s northern harbour. Moreover, dilution and produc-
cates the dynamics. The interface layer occurrence is a thirtion processes competition result in a TIBL ozone decrease
phenomenon of minor importance for the boundary layer.during each breeze intensification. Finally, the above S sea-
Both the sea-breeze confrontation and westerly sea-breez@reeze is distinguished from the W sea breeze by a weaker
pulsation phenomena influence the low layers’ structure andzone concentration<(120.gm~2), whereas the interface
dynamics, particularly the boundary layer. Schematically,layer carries more polluted air masses.
the northern part of the town is dependent on the westerly
sea breeze and the stratification results from a lower west6.2 Downtown surface ozone distribution and local phe-
erly flow, generally surmounted by a southerly sea-breeze nomena crossed analysis
flow (except during the interface layer occurrence). The
pulsed nature of the westerly flow induces repetitive TIBL The downtown area is alternatively subjected to the pulsed
height variations. The town southern region is only under theWW sea breeze or the S sea breeze at ground level. We now
southerly sea-breeze influence and the stratification is due tévestigate the role of these local phenomena on downtown
a southerly flow, which may be surmounted by an interface0zone surface concentration.
layer of easterly flow. The geographical limit between these Air quality network ground stations (AIRMARAIX) are
crossed southerly and westerly sea breezes at ground leviicated at St Marguerite south of town near GLM, at 5 Av-
moves as the southerly sea breeze becomes stronger than tgaues in the town centre near CAAM, and Obs. The St Mar-
westerly sea-breeze flow. These features are signatures guerite ozone concentration level is about twice that of 5 Av-
atmospheric dynamics and their relationship with ozone andnues for the whole day long (see Fig. 13). Moreover, both

aerosols evolution will be investigated in the following sec- 0zone curves are quite similar, with 2 maxima in the after-
tion. noon. However, the timing is different although these sta-

tions are very close (5 km). Their maximum concentration is
reached at about 16:00 UTC at St Marguerite and 18:00 UTC
6 Pollutants distribution under crossed and/or pulsed  at5Avenues. The 5 Avenues ozone remains constant (09:00—-
sea-breeze local phenomena 14:00 UTC) when the solar radiation is strongest. Wind com-
parisons explain these peculiarities.
6.1 Northern ozone vertical distribution and local phenom-  The St Marguerite ozone concentration and GLM wind di-
ena crossed analysis rection are displayed in Fig. 14. The W sea breeze domi-
nates at GLM from 08:30 to 13:30 UTC, with a 106m—3
The UV lidar measurements provide a continuous verticalmaximum ozone concentration before being replaced by the
distribution monitoring of ozone, which is combined withthe S sea breeze. The sea-breeze alternation is featured by a
lidar stratification in Fig. 11. The ozone map is consistentrapid 30.gm—2 ozone jump and a relatively strong concen-
with the previous extinction distribution (Fig. 7) and reveals tration remaining along the S sea breeze (14:00-19:00 UTC).
the ozone features of the specific TIBL, S sea breeze ané new ozone collapse occurs when the S sea breeze ends
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Fig. 11. Ozone concentration time-height map from UV lidar measurements on 25 June 2001, superimposed with lidar stratification. ABL
top (black diamonds: before 09:00 UTC), thermal internal boundary layer top (black diamonds: after 09:00 UTC), residual layer top (white
diamonds), S sea breeze top (rectangles), interface layer (blue bars) and fine layer (triangles).

Ozone concentration at 325 m ASL and TIBL top at Vallon Dol
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Fig. 13. Hourly ozone concentrations from AIRMARAIX air qual-
ity network at 5 Avenues and at St Marguerite.

top fluctuations deduced from UHF data, shown in Fig. 16.

Although the similar comparison for the Vallon Dol site

(19:00 UTC). The alternation of W and S breezes occurs Iate(Fig_ 12) showed correlated oscillations of the ozone con-

at5 Avenues (about 15:30 UTC), with a shorter S sea-breezgenirations and the TIBL top, the situation downtown does
period (Fig. 15) which is also associated with an increase ingt exhibit such a simple relationship. Ozone pollution
ozone concentration. The correlation between ozone and '0(:Iassically rises during the morning to Z@m~23 at about

cal events does not explain the relative ozone levels whicthg.00 UTC. Three important decreases down tggon3
depend on many other regional factors. The ozone horizonza then be observed during the W sea-breeze period: at
tal distribution is strongly related to the horizontal extentand{p.00 12:00 and 14:00 UTC at Obs. The first one coincides
dynamics of the local events. Finally, let us note that theyyit the first collapse of the TIBL top and other decreases
poor hourly ozone resolution does not allow us to observenapnen when the sea-breeze intensity is low and the TIBL top

the consequences of a rapid pulsed breeze.

is high. The relationship between ozone and TIBL is, how-

The W pulsed sea breeze may be analysed using the suever, quite different than that observed at Vallon Dol, and the
face ozone concentration measured at 5 Avenues with a betorrelation is less clear downtown than in the suburbs (Puy-
ter resolution (15 min). The ozone is compared to the TIBL grenier et al., 2005). The pulsed sea breeze seems to have a

www.ann-geophys.net/24/2809/2006/
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Wind direction and ozone at Marseille (South, 25/06/2001) Ozone concentration at the surface and TIBL
top at Observatoire
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Fig. 16. Comparison of the TIBL top from UHF profiler at Obs
and ozone concentration at the surface at 5 Avenues with a 15-min
/u J130 resolution.
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different impact on the ozone concentration depending on the

locations of the measurement sites. The breeze fluctuationSig. 17. Meteorological dynamical events during the sea-breeze
are a determining factor of the transit duration of the marineperiod delimited by green vertical dashed lines for the W sea-breeze
air mass above the continental surface and consequently, ¢feriod and red lines for the S sea-breeze setting.

the pollution within. The pollution air loading downtown is

obviously quite different from that in the suburbs of Vallon o o
Dol. Ozone is a secondary product and the chemical reacthe aerosol distributions and transformations in this complex

tions occur during transit from source regions. coastal terrain within dense urban area traffic. In order to re-

late the aerosol concentrations and the pulsed breeze stages,
6.3 Downtown aerosols and local phenomena analysis  the downtown sea-breeze period (CAAM) has been first sep-

arated into dynamical events, in order to locate precisely the
Aerosol measurements were performed downtown and maypreeze pulsations. These dynamical events are superimposed
help to define the potential consequences of pulsed seasn Fig. 17 with the CAAM wind speed and wind direction.
breezes on atmospheric pollutant concentrations. The pulseBlach dynamical event is featured by a wind speed reinforce-
nature of the W sea breeze indeed determines the transihent and/or a wind direction change. This method leads to a
time of the marine air above the town and hence the con<lassification of five pulsed W sea-breeze events, called WB1
vection and turbulent characteristics of the low level layersto WB5 and one S sea-breeze called SB, which interrupts the
(Puygrenier et al., 2005). These features should influenc&VB4 sea breeze for a short period.
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The event classification may then be superimposed 0N wind speed and total asrosol concentration at Marseille (25/06/2001)
the CAAM total aerosol concentration for comparison (see ) IWENNER WES | wed) S s 16000
Fig. 18). The maximum aerosol concentration (about Tl
12000 cnm®) is reached in the morning between 05:00 and
08:00 UTC. These high aerosol concentrations may be ex-
plained by intense traffic emissions during the morning rush
hour and by the weak dilution in a thin TIBL. One may note
a short concentration decrease at 07:00 UTC when the W
sea breeze settled. WB2 is characterised by a lower aerosc
concentration, which may be attributed to a wind direction
change and an aerosol source anisotropy, and/or to the low
ering of morning traffic emissions and finally, an increase in
wind speed. Contrarily to the first WB1 and WB2 pulsed 0
breezes, where the relation with aerosol concentrations is no’ 9900 04:00 0800~ 12:00 ~16:00  20:00
obvious, the aerosol concentration correlates with the wind | Zi_ o sreee Time (UT6)
speed variation during WB3 and WB4. Each WB3 or WB4
period is associated first with a wind reinforcement and aFig. 18. Wind speed and meteorological dynamical events during

low TIB!" Wh'(?h could limit the vertical dlllutlon, and seg- the sea breeze period delimited by green vertical dashed lines for W
ondly with a wind speed decrease favouring a TIBL vertical se4 hreeze period and red lines for S sea breeze installation and total
development and then dilution. During each event, aerosolgerosol concentration (obtained from the LEP!I laboratory in charge
result from a competition between aerosol emissions, phoof measurements).
tochemical production and progressively increasing dilution.
During WB3, this competition first leads to a strong aerosol
concentration lowering progressively during the event. Thebased measurements. We have shown that the pollutants’ be-
WB4 period is interrupted by the S sea breeze. The S sehaviour is clearly linked to the local meteorological events.
breeze period is mainly characterised by a weak and conSince the ozone concentration is related to the air mass tran-
stant aerosol concentration. We expect, on the one hand, thatt time above town, both pulse and competing breezes con-
the southern pollution has been efficiently and continuouslytribute to the horizontal ozone heterogeneity. In the town
transported to the north, inside the S sea-breeze layer, and greriphery, pulse sea breezes result in a large amplitude os-
the other hand, that the emissions and production are lowegillating ozone concentration within a TIBL, whose thick-
in the late afternoon. ness evolves periodically. But this effect cannot be clearly
observed downtown, showing that the understanding of the
whole dynamics really needs to consider sources and chem-
7 Conclusion istry along air mass trajectory. The pulse and competing sea-
breezes are also shown to take part in the downtown aerosols
A photochemical pollution event in Marseille has been stud-evolution. Similar analyses could be applied to other large
ied with remote sensing and ground-based measurementswns with complex topography and photochemical pollu-
within the framework of the French ESCOMPTE campaign. tion. Pollution understanding needs to consider the local me-
The ozone UV lidar, the radar, the sodar and ground meteoteorological events, and the local prediction models need to
rological stations are complementary tools to investigate thecombine high resolution and chemistry.
relevant meteorological mechanisms for understanding the
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