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Abstract

Experimental and modelling results of the dynamics of a sea-breeze event and its
effects on the three-dimensional (3-D) redistribution of the gaseous SO2 are presented
within the framework of a particularly flat and industrialized coastal area of the North
Sea. The measurements were carried out at ground level with the stations of the local5

air quality monitoring agency and with two optical remote sensing instruments. The
remote sensing setup consisted of a lidar and a sodar whose measurements allowed
us to determine the layers of the lower troposphere during a sea-breeze event up to
1400 m height. The experimental results and measurements of industrial SO2 in the
atmosphere are compared to the numerical simulations of the 3-D atmospheric non-10

hydrostatic chemistry model Meso-NH-C. The transport and the dispersion of gaseous
SO2 are studied above the neighbouring industrial and urban areas. We show how the
evolution and the redistribution of the SO2 concentrations at ground level are related
to the structure and the dynamics of the sea breeze. The gaseous SO2 is brought
back inland as soon as the sea breeze commences, mixed inner the thermal internal15

boundary layer and transported inland by the gravity current up to the sea-breeze front,
where gases and particles are uplifted. The elevation of the polluted air masses by
the sea-breeze system favours the nucleation of the emitted compounds due to the
increase of the relative humidity in the uplifted layer. We show how the dynamical
conditions during and after the sea breeze lead to storage of SO2 near and above the20

emitting industrial coastal areas, and favour the formation of acidic aerosol particles.

1 Introduction

For commercial installations, the industrial activity is highly developed in coastal ar-
eas, leading to a concentration of plants likely to cause serious pollution events. This
risk comes from the continuous emission of aerosols and gaseous pollutants resulting25

from common industrial activity, and also from one-off, unavoidable incidents or acci-
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dents in the industrial processes. In such a coastal context, the sea breeze represents
a critical meteorological phenomenon which acts on the transport and dispersion of
the atmospheric pollutants, and leads to high pollution levels near the ground and to
a lift effect carrying pollutants into the more elevated layers (Stull, 1988; Miller et al.,
2003).The sea breeze is actually a complex phenomenon whose dynamics radically5

change the structure of the lower troposphere, and which relies heavily on the mete-
orological synoptic conditions and the local topography (Physick, 1980; Abbs, 1986;
Venkatram, 1986; Durand et al., 1989; Garratt, 1990; Luhar et al., 1998; Steyn, 1998;
Kouchi et al., 1999; Nazir et al., 2005; Augustin et al., 2006). The air quality fore-
casting within an industrialized coastal area requires a very fine understanding of the10

sea-breeze features and dynamics (Stull, 1988; Ohba et al., 1998; Mahrt, 1999; Srini-
vas and Venkatesan, 2005; Harris and Kotamarthi, 2005). In this paper, we use field
experiments and numerical simulations to analyse the impacts of the sea-breeze oc-
currence on the local and the regional pollution above a flat industrialized region. The
research campaign relies on remote sensing with lidar and sodar systems, and local15

meteorological and air quality measurements, to identify the sea-breeze event and the
pollution episode and validate the Meso-NH-C numerical simulation.

As a tracer of the industrial emissions, we have chosen the gaseous SO2 among the
wide variety of the emitted industrial compounds. The gaseous SO2 is well known as a
precursor for sulphuric acid particles (H2SO4) involved in acidic deposition, global cli-20

mate, and global ozone layer (Jacobson, 2002). The effects of acid deposition include
the acidification of surface waters and the subsequent damage to aquatic ecosystems,
the harm to forests and vegetation, as well as the corrosion of materials and structures
(Seinfeld and Pandis, 1998). Emissions of sulphur dioxide particles can affect humidity
and cloud formation as in the stratosphere (Noholt et al., 2005). The accretion of acid25

particles to water droplets and the formation of acid clouds are two major processes for
acidic depositions. A feature of industrial areas is the emission of plumes with high sul-
phur dioxide concentration. The understanding and the forecasting of the atmospheric
events leading to the formation of acid deposition is thus of importance. Half of the
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SO2 concentration disappears by oxidation in the first ten kilometres from its source of
emission (Hewitt, 2001), the lifetime of the SO2 is about a day (Hains, 2007), which
is comparable with the space-time scale of the sea-breeze phenomenon. Thus the
transport and dispersion by sea-breeze is indispensable to understanding air pollution
in the coastal zone.5

The study began on 15 September 2003, in a French industrial area of the North Sea,
namely the Flanders region, which is a coastal plain characterized by a flat topography
up to 40 km away from the coastline, and where the highest hill rises to 200 m above
sea level (a.s.l.), such that we can consider sea-breeze events in this area as simplified
sea-breeze cases. The occurrences of the sea-breeze phenomenon during the year10

2003 reached 70 sea breezes in the Flanders littoral of the Nord Pas de Calais region
(source: ATMO Nord Pas de Calais). For 30% of the sea breezes recorded at the
Saint Pol sur Mer meteorological station, a southern wind blew above the city before
the onset of the breezes. In such a configuration, the wind is opposed to the inland
propagation of the sea-breeze flow. We will be studying this precise meteorological15

condition which is a representative case of sea-breeze phenomenon in the Flanders
area.

The chosen industrial area spreads along the Dunkerque coastline on the French
side of the Flanders area, but it could have been in any of the neighbouring industrial
sites such as London or Antwerp. Figure 1 shows the city and the nested domains20

which are used in the Meso-NH-C numerical simulations. As in many equivalent in-
dustrial ports, the city developed in the 70’s at the vicinity of the industries, so that its
210 000 inhabitants live very close to the pollution sources. It is also located north of
the Nord-Pas de Calais region, which is one of the most densely populated regions
of France with 4 millions inhabitants. The main SO2 sources in this industrial area25

are the petrochemistry and iron and steel metallurgic activities. The cumulated SO2
emissions have been estimated at 22 340 tons for the year 2000 by the authorities in
charge of the surveillance of the industry (DRIRE-Direction Régionale de l’Industrie, de
la Recherche et de l’Environnement). In a study devoted to volatile organic compounds,
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the city’s background pollution has been proven to come from urban sources, but major
pollution phenomena can be attributed to the industrial emissions (Badol et al., 2007).
Measurements of acid PH as low as 2.8 in 2001 have already shown the acidity of
the rain precipitations in this area (Ledoux, 2003). According to Whelpdale and Miller
(1989) during the Background Air Pollution Monitoring Program of the World Meteoro-5

logical Organization, rain precipitations in northern Europe are known to be among the
lowest PH levels worldwide. Along the Dunkerque coastline, the SO2 ground pollution
is featured by high peaks with a concentration of a few hundreds µg m−3; for instance,
the local authorities for air quality monitoring recorded a 920µg m−3 in 2002 (April
2002; source: Bulletin de l’air n◦100, ATMO Nord Pas de Calais). The occurrence of10

sea breezes in the Dunkerque coastal area is at the origin of preventive actions which
justified a specific meteorological study to understand the processes involved in the
transport and the dispersion of these locally emitted pollutants.

This paper is organized as follows. In Sect. 2, the structure of the lower troposphere
and its dynamics during the sea-breeze period will be described from the experimental15

and modelling results. In the next section, the ground-level distribution of the SO2
concentration from the air-quality monitoring stations will be analysed with regard to
the main steps of the sea-breeze dynamics. The 3-D non-hydrostatic model Meso-
NH-C will help explaining the SO2 transport and dispersion in Sect. 4. Finally, the role
of the sea-breeze system on the redistribution of the pollutants will be discussed in20

Sect. 5 as well as the evolution of the atmospheric environment in which pollutants are
released.

2 Dynamics and structure of the lower troposphere

The study took place on 15 September 2003, during which a high pressure system
was observed on Germany and Central Europe, while low pressures were located in25

the north of Norway. A light south-east synoptic wind blew above the studied area
during the morning. During the sea-breeze period, the sea-breeze flow was com-
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ing from the north and was thus opposite to the synoptic wind, both perpendicular to
the coastline. Then the synoptic wind veered progressively to a north-westerly direc-
tion in the afternoon. In the paper (Talbot et al., 2007), the sea-breeze dynamics for
this day were determined by analysing the measurements from the ground-based lidar
and sodar, the meteorological measurements and the numerical simulations with the5

non-hydrostatic mesoscale model Meso-NH (the experimental set is described in the
Sect. 2.2 and illustrated by Fig. 2). For clarity, in this paper we have only repeated
the main results concerning the sea-breeze dynamics and the atmospheric structure,
which will be further used to analyse the conditions of transport of pollutants and their
changing environment.10

2.1 Sea-breeze dynamics

The sea breeze onset was determined by locating the sea-breeze front on the time
series of the wind speed and direction. A sudden change of the wind direction from
south-easterly to northerly in this case and a progressive increase of the wind speed
have shown that the sea-breeze began at 11:00 UTC on the Dunkerque coastline. The15

temperature, the wind direction and the wind speed simulated by the model have been
successfully compared with the measurements at the meteorological stations. The
computed temperatures and the wind directions were found to be in close agreement
with the measured ones, while the wind speeds were slightly underestimated by the
model. For the studied day, the modelled onshore flow initiated by the sea-breeze20

extends up to 50 km inland from the Flanders coast, before veering clockwise due to
the effect of the Coriolis’ force.

An acceleration of the sea-breeze flow was observed at the ground stations and also
simulated by the model. The duration of this acceleration was estimated to 210 min
beginning from the sea breeze onset. Significant consequences of this acceleration on25

the atmospheric dynamics followed:

– The turbulence in the sea-breeze front intensified and the vertical dimension of
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the front was growing as the gravity current accelerated.

– The sea-breeze front brought up air masses from the gravity current in the above
layers.

– The marine air masses in the gravity current were redistributed in altitude by the
breeze front and transported by the synoptic wind in a seaward recirculation zone5

just above the gravity current; that increased the amount of humidity in the up-
per layers. Thus the sea-breeze system consequently stratified the inland lower
troposphere with this inflow of fresh marine air.

2.2 Atmospheric stratification from ground-based remote sensing instruments and
modelling results10

The structure of the lower troposphere and its evolution were deduced from the mea-
surements of the lidar and the sodar, both located at Petite-Synthe, 6 km away from
the coastline (Fig. 2). The stratification of the lower troposphere was first determined
from the lidar measurements by using the contrast of the aerosols distribution between
consecutive layers, which induces a corresponding contrast of their light scattering15

properties. A transition between 2 layers is then generally featured by a jump of the
lidar signal associated with the backscattering variation through the layers transition.
The inflexion point method (IPM) using this property (Menut et al., 1999; Chen et al.,
2001) was employed to determine the stratification. The thermal internal boundary-
layer (TIBL) thickness has been measured and an upper highly reflective layer (HRL)20

has also been detected. The acoustic sodar system provided further informations on
the vertical wind profile, up to 750 m, and also on the vertical structure of the atmo-
sphere thanks to the echo and the variance of the vertical wind velocity σ2

w . The sea-
breeze gravity current top was localized at the highest altitude with a north-easterly
wind direction. The TIBL was identified by the turbulence activity measured with the25

vertical velocity variance σ2
w . The sea-breeze front was also detected within the sodar
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range between 12:30 UTC and 13:30 UTC thanks to the high acoustic echo due to
turbulence.

The stratification of the sea-breeze system is reported in Fig. 3 and hereafter dis-
cussed. The lidar and the sodar both show a TIBL with a stationary thickness around
150–200 m from 13:30 UTC to 17:00 UTC. The TIBL thickness decreases down to5

about 100 m until 20:00 UTC. The gravity current layer top can be observed on the
sodar wind profiles between 15:00 UTC and 20:00 UTC, around 350–400 m before
decreasing down to 300 m in the late afternoon (red circles in Fig. 3). The gravity cur-
rent also corresponds to the top of the HRL observed by the lidar (white rectangles in
Fig. 3). It should be noted that the continental boundary layer is advected above the10

sea-breeze system by the southerly synoptic wind and can also be observed by the
lidar around 1000–1100 m (not drawn here). Finally, a stable multilayer structure was
also observed with the lidar from 19:00 UTC and will be discussed in Sect. 5.

The Meso-NH numerical simulations are in agreement with the structure and the dy-
namics of the sea breeze detected by the remote sensing instruments and the ground-15

based meteorological data. The turbulence and the vertical ascents were clearly shown
to increase in the vicinity of the sea-breeze front inside the sea-breeze system. The
top of the TIBL was marked by a decrease of the water vapour mixing ratio. The hu-
midity of the TIBL resulted from the onshore mixing of the thin Marine Boundary Layer
(MBL) (about 100 m) inside the TIBL. Peak values of the water vapour mixing ratio were20

located just above the gravity current. The sea breeze system comprises air masses
coming offshore from the MBL which increase in altitude by means of vertical ascents
in the sea-breeze front. The headwind, located between 500 m and 1000 m above sea
level (a.s.l.) and behind the sea-breeze front, was also simulated. This headwind was
characterized by its significant offshore subsiding wind. The offshore flow transported25

the air masses swept upwards by the front and blended them by shearing at an altitude
just above the gravity current.
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3 Ground-level observation of the SO2 redistribution by the sea-breeze

3.1 The air quality monitoring network

Regulated gaseous pollutants are being monitored by a local organization, called
ATMO Nord – Pas-de-Calais. Figure 2 illustrates the distribution along the coastline
of the air quality monitoring ground stations (blue dots) as well as the major sources of5

emitted SO2 (yellow dots). The SO2 concentrations are measured, in the Dunkerque
area, by eight air quality monitoring stations. Table 1 shows the classification of each
station into one of four categories (traffic, suburban, urban and industrial) used by the
French environment administration (ADEME) for defining the target pollutants of each
station. The main stations of the Dunkerque area are categorised as “industrial”. One10

station categorised as “traffic”, DK2 station, is located eastward of the industrial area,
and two other stations categorised as “urban” (DK8 and DKB stations) are located
southward of the industrial area.

3.2 Time series of the SO2 ground concentration

Before the sea-breeze onset, pollutants released by the industrial and urban sites were15

carried seaward by the south-easterly synoptic wind. When the sea breeze started,
the flow direction near the ground reversed and brought the pollutants back landward.
Figures 4a to h show the as-measured SO2 concentrations with a fifteen minutes aver-
aging time, at the eight air quality monitoring stations. The passage of the sea-breeze
front above each station is indicated by a vertical dashed red line; this was determined20

from the measurements of the nearest meteorological ground station. The sea-breeze
onset is indicated on the time series of the air pollutants by peaks of the SO2 con-
centration, which were observed at the stations downwind of the sources (DK5, DK7
and DKB) in the south of the industrial area (Fig. 4c, d and f). Although stations DKC
and DKD are close to the industrial area, the sea-breeze effect on these stations was25

not immediate (Fig. 4g and h), because they are located too westerly from the main
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sources. Station DK3, located on the seashore in the north of the industrial area, had
high concentrations before the sea-breeze front passage, due to the influence of the
industrial fumigations under a south-easterly flow (Fig. 4b). For this station, the SO2
concentration reached its peak before the sea-breeze onset and then decreased dur-
ing the sea-breeze period. The stations DK2 and DK8 are located respectively east5

and south-east of the industrial area, and were not downwind of the industrial sources
during the sea-breeze event (Fig. 4a and e). Low increases in the SO2 concentrations
were observed for some stations (35µg m−3 at DK2 and 20µg m−3 at DK8) after the
passage of the sea-breeze front. As for DK3, this station was not directly subjected to
the pollutants sources and their measured concentration of a few tens of µg m−3 gives10

an idea of the seaward pollution generated before the sea breeze under the south-
easterly wind.

4 Modelling of the 3-D transport and dispersion of the SO2 by the sea-breeze

Because the ground observations are sparse and the range of the remote-sensing
measurements is only a few kilometres, numerical simulations were conducted to pro-15

vide the greater spatial scale of the sea-breeze system (some tens of kilometres). The
3-D numerical simulations give a complementary tool to describe in a continuous spa-
tiotemporal way the sea-breeze system and complete the set of the measurements for
a better understanding of the lower troposphere dynamics and pollutants dispersion.

4.1 The Mesoscale Non Hydrostatic Chemistry (Meso-NH-C) model20

The standard version of the atmospheric non-hydrostatic model Meso-NH has been
jointly developed by the French “Centre National de Recherches Météorologiques”
(CNRM) and the “Laboratoire d’Aerologie” (CNRS) (Lafore et al., 1998). The model
is used here with grid nested fields in the standard configuration, with the following pa-
rameterizations: ISBA surface scheme (Noilhan and Planton, 1989; Noilhan and Mah-25
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fouf, 1996; Calvet et al., 1998; Boone et al., 1999), urban surface scheme (Masson,
2000), ECMWF radiation scheme (Morcrette, 1991), 1D turbulence for low horizon-
tal resolution fields (Bougeault and Lacarrere, 1989), 3-D turbulence and large-eddy
simulation mode (Deardorff, 1972; Cuxart et al., 2000) for the highest horizontal reso-
lution field. Sea-surface fluxes were calculated using the Charnock relation (Charnock,5

1955).
Meso-NH was coupled to the chemical model Meso-NH-C to compute the transport

and the dispersion of chemical pollutants (Stockwell et al., 1997, Tulet et al., 2000, Mari
et al., 2000, Tulet et al., 2003). The simulations, starting at 00:00 UTC to 24:00 UTC,
were carried out using outputs of the ARPEGE models (Déqué et al., 1994) for the initial10

and boundary conditions for the day of 15 September 2003. The simulations were done
with 2 nested models whose domains are superimposed over the geographic area in
Fig. 1. The model with a 5-km horizontal resolution covers the north of France, the
south-east of England and a part of Belgium, and spreads over 320 km from north to
south and from east to west. The inner 1-km resolution model is centred on Dunkerque15

with 64 by 64 grid mesh points and a 2-s time step. The vertical grids include 50 levels
up to 3000 m a.g.l. with a first level at 10 m above the ground.

The chemical reactions were computed with the reduced chemical scheme RELACS
for aqueous-phase chemistry (Crassier et al., 2000) and dry deposition was activated
(Wesely, 1989). The wet deposition was still at a development stage and thus not20

taken into account in this version of the model. The 37 chemical elements used in
the RELACS scheme were set at low ratios of concentration in the atmosphere at the
onset of the simulation. The industrial SO2 emission rates were estimated from the
cumulated annual emissions declared by the four main companies indicated on Fig. 2
(DRIRE, 2001). These specific sources were positioned on the grid-mesh in a 1-km25

resolution model and the surface emissions rates were computed by averaging these
emissions on the mesh surface. In this way, the position and the relative weight of the
sources are taken into account in the simulation, but we must note here that this gives
an approximation of the instantaneous emission rates, because the simulation does
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not include the temporal variability coming from the industrial processes and activities.
The computed concentration of SO2 has then to be interpreted in a qualitative way.

4.2 The sea-breeze system and the SO2 three-dimensional distribution

Figure 5 represents a comparison of the observed and the computed evolution of the
normalized concentration of SO2 at the stations DKB and DKD, which are close enough5

to be downwind of the sources at the sea-breeze onset. The concentration is accurately
reproduced in time by the model for DKB (Fig. 5a) when the sea breeze brought the
pollutants back. However, the computed peak of pollution at DKD appeared later than it
actually did (according to measurements) (Fig. 5b) due to a slight variation in the wind
direction. The DKD station was downwind of the industrial plumes later in the model. At10

this scale and considering the proximity between the stations and the emitting plants,
a precise comparison of the experimental and computed concentrations would need a
higher model resolution and a fine modelling of the industrial plumes which is beyond
the scope of this paper.

The distribution of the SO2 concentration inside the sea-breeze system is illustrated15

in Fig. 6a and b representing horizontal maps of the concentration along the sea shore
(white plain line) at a 10-m and 350-m altitude a.g.l. The landward advection of SO2 is
located either inside the MBL (above the sea) or inside the TIBL (inland), and is clearly
limited by the sea-breeze front (Fig. 6a), while the seaward advection of SO2 stands
above the gravity current (Fig. 6b). The SO2 concentration at the 10-m level increases20

by travelling above the industrial area (Fig. 6a) up to the sea-breeze front, and delim-
iting thus an area where high concentrations can be found. This is in agreement with
the ground-stations downwind of the industrial sources (DK5, DK7 and DKB), show-
ing higher concentration as the sea-breeze front passes over. The TIBL trapped and
mixed the pollutants released by the ground sources. The gravity current carried them25

horizontally inland up to the sea-breeze front where they were carried up and mixed.
Figure 7 shows a vertical view of the SO2 concentrations along a north-south line.

Once the pollutants were being moved in altitude by the sea-breeze front, they were
16000
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distributed seaward by the headwind, located in altitude at the top and behind the
sea-breeze front. The shearing between the synoptic wind and the opposite gravity
current created an area of low wind speed, where the pollution remains just above the
gravity current. Transport of pollutants was governed at this altitude by the synoptic
wind while the gravity current was developing inland, perpendicularly to the coastline,5

in accordance with Gilliam et al. (2004).

5 Signature of the sea-breeze on the air pollution at local and regional scales

The signature of the sea-breeze on the air pollution at local and regional scales is seen
through the SO2 transport and dispersion in the numerical simulations. The use of SO2
as a tracer of the industrial emissions helps in understanding the consequences of10

the sea-breeze event on the general environmental evolution of gaseous and aerosols
pollution in the lower layers of the troposphere.

5.1 Ground-level pollution at local and regional scale

At ground level, the stations’ measurements showed that the sea breeze has immedi-
ate and lasting consequences on the local pollution near the sources, as soon as the15

sea breeze started. Since the vertical mixing is limited to the height of the thin TIBL,
the trapping and mixing of the released pollutants inside the TIBL led to instantaneous
high-level pollution at stations downwind of the industrial sources (DK5, DK7 and DKB).
On the other hand, some stations became isolated from the direct emissions (DK3 in
Fig. 6a), but their measurements revealed a background pollution with somewhat ele-20

vated SO2 concentration instead of clean maritime air (Fig. 4b). This latter observation
shows that the local pollution is not only related to the main sources but also that it
cannot be isolated from the history of the pollution in the area. In this example, an
offshore reservoir was created before the sea-breeze onset, and the reversing of the
wind brought back this pollution, which added to the direct industrial emissions under25
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the sea-breeze. The trapped pollutants are channelled up to the sea-breeze front and
this ground-level pollution was delimited by the front line and thus concerns the regional
scale.

5.2 Pollution of the lower troposphere

On reaching the sea-breeze front, the gaseous and aerosols pollutants remain in ele-5

vated layers. Figure 8 represents the redistribution of the lower troposphere pollutants
at the end of the day and at a low altitude above the studied area. At 350 m a.g.l. and
17:00 UTC, the pollutants carried up by the front, were dispersed seaward over their
emission area, above a remaining northern flow (Fig. 8a). At 18:00 UTC, the model
showed peaks of the SO2 concentration whose altitude corresponded to the top of the10

HRL detected by lidar (Fig. 8b). In the evening, the air masses travelled slowly and
remained in nearby areas with a rotation of the wind, veering progressively clockwise,
most likely with the help of the Coriolis’ force (Simpson, 1995) and the inland nocturnal
radiative cooling. At this level, the lidar also indicated that the structure of the lower
troposphere considerably changed during the evening. Figure 8c shows a lidar scan15

at 21:00 UTC showing that the lower troposphere has been more and more stratified
as the night approached. The elevated pollution thus stayed in this stable multilayered
structure during the night and its chemistry has to be linked with the physical properties
of these layers.

At the mesoscale, during the night from 15 to the 16 September, the winds veered in20

an anticyclonic circulation around the English Channel Strait. Figure 9 superimposes
the computed wind velocities and the distribution of the SO2 concentration at 300 m
and 06:00 UTC on 16 September. This shows that the local pollutants were forced to
remain near their areas of emission until the next day and the next sea breeze. The
gaseous SO2, and more generally the gaseous pollutants and aerosols, came back25

above or nearby the industrial coastal area and can therefore contribute significantly
to the photochemical activity at the start of the new day, 16 September. The pollutant
concentrations in the lower layers inside this stratified atmosphere is likely to decrease
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because of the wet and dry deposition and the intermittent bursts of turbulence activity
during night time (Weber and Kurzeja, 1991; Poulos et al., 2002; Mahrt et al. 1998a;
Coulter, 1990; Howell and Sun, 1999; Salmond, 2005).

5.3 Effects on the aerosols and chemical compounds

The sea-breeze front brought the pollution emitted from the coastal area and marine air5

from the MBL above the altitude of the gravity current. As a result, high values of SO2
concentrations, as well as a high mixing ratio of water vapour, were computed inside
the TIBL and in the vicinity of the gravity current and above it. Therefore the pollutants
emitted in the sea-breeze system stayed in an environment of relatively high humidity.
According to Khoder’s work (2002), the conversion rate of SO2 into particles of sulphate10

is improved by high ratios of relative humidity and ozone concentrations. One of the
mechanisms of conversion of SO2 leads to sulphuric acid gas (H2S04). H2SO4 has a
low saturation vapour pressure and condenses easily onto particles (Marti et al., 1997).
The conversion of SO2 to H2SO4 requires 3 steps: conversion to bisulphite (HSO−

3 ),
which reacts with oxygen to form sulphur trioxide (SO3) and then reacts with water to15

form sulfuric acid, as indicated in Eqs. (1.1), (1.2) and (1.3).

OH(g) + SO2(g) + M(g) → HSO−
3(g) + M(g) (1.1)

HSO3(g) + O2(g) → SO3(g) + HO2(g) (1.2)

SO3(g) + H2O(g) → H2SO4(g) (1.3)

Where M is a molecule (N2 or O2) which dissipates energy by collision.20

Under the dynamic conditions of a sea breeze, the SO2 distributed and trapped by
the sea breeze can enhance the concentration of sulphate particles in the elevated air
layers due to a rising amount of relative humidity by adiabatic cooling. The other mech-
anisms of conversion of SO2 to particle phase are its dissolution into water-containing
particles (Eq. 2) and then its aqueous-phase oxidation.25

SO2(g) + H2O(l) → H+
(aq) + HSO−

3(aq) (2)
16003
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There are 3 components intervening in the aqueous phase oxidation of HSO−
3 : dis-

solved O2 (Eq. 3), dissolved O3 (Eq. 4) or dissolved H2O2 (not presented here).
The O2 oxidation is sensitive to the presence of catalysts such as Mn and Fe, which

increase the speed of the reaction.

HSO−
3(aq) +

1/2O2(aq) → H+
(aq) + SO2−

4(aq) (3.1)5

SO2−
4(aq) + 2H+

(aq) → H2SO4(aq) (3.2)

Such reaction is likely to happen because of the presence of a Ferro-manganese fac-
tory at immediate proximity to the major SO2 source of the Dunkerque industrial area.

To be valuable, the following O3 oxidation needs sufficient ozone concentrations be-
cause of the little solubility of O3 in water. Such reaction is therefore enhanced during10

intense photochemical activity.

HSO−
3(aq) → H+

(aq) + SO2−
3(aq) (4.1)

SO2−
3(aq) + O3(aq) → O2(aq) + SO2−

4(aq) (4.2)

SO2−
4(aq) + 2H+

(aq) → H2SO4(aq) (4.3)

If the concentration of sulphate particles increases, it can enhance the nucleation and15

condensation processes. The redistribution of the industrial pollutants in a thin layer
above and in the vicinity of the top of the gravity current can potentially increase the
concentrations of secondary pollutants by intense photochemical activity during the
day and contribute to the nucleation process of secondary organic aerosols (Song et
al., 2005; Ng et al., 2007; Johnson et al., 2004; Johnson et al., 2005). The coastal air20

masses have turned, at the end of a sea-breeze day, into a stable horizontal multilayer
structure, which was carried back inland by a rotation of the wind. Consequently, during
night time, the detection of a multilayer structure observed by the lidar between 300
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and 550 m (Fig. 8c) can be characterized by aerosols particles whose origins could be
attributed to both industrial and urban local sources.

Near industrial coastal areas sea breezes can possibly generate acid clouds at the
top of their sea-breeze front. A strong intensity of the sea-breeze gravity current en-
hances the vertical mixing in the sea-breeze front and favours the formation of sea-5

breeze cumuli. Figure 10 represents the condensation in g/kg of water (colour) at the
top of the sea-breeze front on 15 September 2003 at 12:00 UTC. The isolines rep-
resent concentrations of the SO2 emitted from the industrial area during the day and
the pollutant concentrations can be found at the top of the sea-breeze front, where a
sea-breeze cumulus is forming. The version of the model we used doesn’t take into10

account heterogeneous chemical reactions and thus wet deposition. The condensa-
tion of water vapour originating from sea – land air dynamics can change the phase
of the circulating chemical pollutants within the sea-breeze system and enhance the
formation of (sulphuric) acid clouds in the vicinity of the sea-breeze front.

6 Conclusions15

The structure of the lower troposphere during a sea-breeze event and its impact on the
redistribution of the industrial SO2 emissions have been shown by combining numer-
ical simulations and ground observations of active remote sensing instruments and
meteorological and air quality monitoring stations. Vertical profiles produced by the
simulations were compared to the lidar and the sodar vertical observations while hor-20

izontal computed fields at the ground level were correlated with the available ground
measurements at the meteorological and the air quality monitoring stations.

It was shown that the TIBL trapped and mixed the pollutants emitted from the ground,
while the gravity current transported this air mass inland, horizontally and close to the
ground. Pollutants emitted before the sea-breeze onset were dispersed in the MBL.25

In the sea-breeze front, the pollutants emitted inside the sea breeze were swept away
and blended by the vertical turbulence to the top of the sea-breeze front. Elevated
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concentrations of pollutants were found in the headwind, which is characterized by
a significantly subsiding offshore wind resulting from the synoptic wind and the sea-
breeze front, just behind the sea-breeze head. Redistribution of SO2 is shown by the
model above the gravity current at the altitude of a High Reflectivity Layer (HRL). The
offshore synoptic flow carried the air masses swept upward by the front and blended it5

by shearing at the top of the HRL.
The polluted air mass located above the gravity current and the sea, which contained

the pollutants emitted in the industrial area, can later generate a stable horizontal mul-
tilayered structure, as observed by the lidar and computed by the model.

Under intense sea-breeze conditions, the SO2 in industrial coastal areas is very10

likely to form acid aerosol particles by adiabatic cooling of the uplifted polluted layer.
The sea-breeze front can be involved in the formation of acid clouds and the polluted
layer can directly lower the PH of precipitations, leading to acid rain.

SO2 was used as a tracer in this study but is of course accompanied by a wide
variety of volatile organic compounds and aerosols. This study shows that the sea15

breeze occurrence leads to the formation of an elevated reservoir of pollutants relating
to a regional scale larger than the sea-breeze dimensions. This reservoir is recycled
the next day either in a new sea-breeze system or in the atmospheric boundary layer
outside the sea-breeze system, and will thus add to the fresh pollutants and participate
in the next day’s photochemistry. By keeping the pollutants close to their emission point20

at a regional scale, a succession of breeze days can then lead to an amplification of
the background regional air pollution.
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Table 1. Classification of the air quality monitoring stations according to the French Agency for
Environment and Energy Management.

Station Category Station Category

DK2 traffic DK8 urban
DK3 industrial DKB urban
DK5 industrial DKC industrial
DK7 industrial DKD industrial
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Figure 1: Geographical position of the area studied. The two Meso-NH-C nested models used 

for the numerical simulation are represented by the two black contours. The 5-km lower 

horizontal resolution model covers the South-East of England, North of France and part of 

Belgium. The 1-km higher horizontal resolution model covers the Dunkerque area. 

 

Fig. 1. Geographical position of the studied area. The two Meso-NH-C nested models used for
the numerical simulation are represented by the two black contours. The 5-km lower horizontal
resolution model covers the South-East of England, North of France and part of Belgium. The
1-km higher horizontal resolution model covers the Dunkerque area.
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Figure 2 : Position of the lidar and sodar instruments (red dot) and location of the ATMO 

Nord - Pas-de-Calais and Météo-France ground stations in the Dunkerque area: the 

meteorological stations are represented by violet dots and the stations measuring the pollutant 

concentrations by blue dots. The yellow dots highlight the major sources of emitted SO2. 

 

Fig. 2. Position of the lidar and sodar instruments (red dot) and location of the ATMO Nord –
Pas-de-Calais and Météo-France ground stations in the Dunkerque area: the meteorological
stations are represented by violet dots and the stations measuring the pollutant concentrations
by blue dots. The yellow dots highlight the major sources of emitted SO2.
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Figure 3: Sea-breeze structure at Petite-Synthe deduced from the lidar measurements with the 

IPM method (black diamonds: thermal internal boundary-layer top, white rectangles: top of 

the highly reflective layer (HRL) and from the sodar measurements (red circles: sea-breeze 

gravity current top, red asterisks: local decreasing of the vertical velocity variance  at the 

top of the thermal internal boundary-layer). 

2
wσ

 

Fig. 3. Sea-breeze structure at Petite-Synthe deduced from the lidar measurements with the
IPM method (black diamonds: thermal internal boundary-layer top, white rectangles: top of the
highly reflective layer (HRL) and from the sodar measurements, red circles: sea-breeze gravity
current top, red asterisks: local decreasing of the vertical velocity variance σ2

w at the top of the
thermal internal boundary-layer).
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Figure 4 : Temporal evolution of the SO2 concentration measured at the air quality monitoring 

stations on September 15th, 2003. Dashed lines indicate the passage of the sea-breeze front 

above each station. 

 

Fig. 4. Temporal evolution of the SO2 concentration measured at the air quality monitoring
stations on 15 September 2003. Dashed lines indicate the passage of the sea-breeze front
above each station.
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(a)      (b) 

Figure 5. Observed and computed evolution of the normalized SO2 concentration at (a) DKB 

station and (b) DKD station. 

 

Fig. 5. Observed and computed evolution of the normalized SO2 concentration at (a) DKB
station and (b) DKD station.
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(a)      (b) 

Figure 6: Horizontal cross section at 1200 UTC of the industrial SO2 concentration in ppbv 

(colour scale) and horizontal wind velocity (arrows) simulated by the model (a) at 10 m above 

ground level (a.g.l.) and (b) at 350 m a.g.l.. Stations are represented by triangles, the four 

main sources of SO2 by black dots. The position of the sea-breeze front is represented by the 

dashed white line and the coastline by the plain white line. The west-east distance along the 

abscissa axis is 60 km. 

 

Fig. 6. Horizontal cross section at 1200 UTC of the industrial SO2 concentration in ppbv (colour
scale) and horizontal wind velocity (arrows) simulated by the model (a) at 10 m above ground
level (a.g.l.) and (b) at 350 m a.g.l. Stations are represented by triangles, the four main sources
of SO2 by black dots. The position of the sea-breeze front is represented by the dashed white
line and the coastline by the plain white line. The west-east distance along the abscissa axis is
60 km.
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Figure 7: North-south vertical cross section of industrial SO2 concentrations in ppbv (colour 

scale) simulated by the model, with the wind velocity in the cross section (vectors) at 1400 

UTC. The south-north distance along the abscissa axis is 45 km. The coastline is represented 

by the white dot. 

 

 

Fig. 7. North-south vertical cross section of industrial SO2 concentrations in ppbv (colour scale)
simulated by the model, with the wind velocity in the cross section (vectors) at 14:00 UTC. The
south-north distance along the abscissa axis is 45 km. The coastline is represented by the
white dot.
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(a)       (b) 

 
(c) 

Figure 8. Redistribution of the pollutants above the areas of emission, at low altitude. (a) 

Horizontal Meso-NH-C cross section of SO2 concentrations at 350 m above ground level at 

1700 UTC. (b) Computed profile of SO2 concentrations above the DKB station at 1800 UTC, 

with respective transition zones detected by Inflexion Point Method: tops of the high 

reflectivity layer at 300 m and the thermal internal boundary layer at 150 m. (c) Lidar scan of 

the lower troposphere at 2100 UTC: a multilayered structure is detected to 600 m. 

 

Fig. 8. Redistribution of the pollutants above the areas of emission, at low altitude. (a) Horizon-
tal Meso-NH-C cross section of SO2 concentrations at 350 m above ground level at 17:00 UTC.
(b) Computed profile of SO2 concentrations above the DKB station at 18:00 UTC, with respec-
tive transition zones detected by Inflexion Point Method: tops of the high reflectivity layer at
300 m and the thermal internal boundary layer at 150 m. (c) Lidar scan of the lower tropo-
sphere at 21:00 UTC: a multilayered structure is detected to 600 m.
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Figure 9. Horizontal cross section of the SO2 concentration in ppbv (colour scale) and the 

wind velocity (black arrows) at 0600 UTC on September 16 at 300 m. The black lines 

represent the coastlines of the English Channel and the North Sea. 

 

Fig. 9. Horizontal cross section of the SO2 concentration in ppbv (colour scale) and the wind
velocity (black arrows) at 06:00 UTC on 16 September at 300 m. The black lines represent the
coastlines of the English Channel and the North Sea.
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Figure 10: 45 km of vertical south-north cross section computed by the model, at 1200 UTC 

and from 0 to 1400 m, of the condensed water in g/kg (colours), with the SO2 concentration in 

ppbv (isolines) and the projection of the wind speeds in the cross section (vectors). The sea-

breeze front can be visualized by the vertical distribution of SO2 and at its top can be seen a 

sea-breeze cumuli. 

 

Fig. 10. 45 km of vertical south-north cross section computed by the model, at 12:00 UTC
and from 0 to 1400 m, of the condensed water in g/kg (colours), with the SO2 concentration
in ppbv (isolines) and the projection of the wind speeds in the cross section (vectors). The
sea-breeze front can be visualized by the vertical distribution of SO2 and at its top can be seen
a sea-breeze cumuli.
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