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Abstract. A series of high-resolution (1 km) numerical sim-  Consequently, a number of processes of pollution trans-
ulations with a limited-area numerical model has been perport and dispersion have been identified. Vortices in the wake
formed over Reunion Island. In the dynamical context of aof the island were found to cause counterflow circulation
regular maritime flow perturbed by a major topographic ob-and trapping of polluted air masses near the north-western
stacle such as Reunion Island, the objectives are to identifgoast. These air masses may in turn be sucked by anabatic
the main atmospheric circulations at local-scale over the iswind systems during daytime (upslope and sea breezes) in
land and to improve the understanding of local-scale transthe cirques and up to the summits of the island, and especially
port and dispersion of pollutants emitted from local sourcesto Piton Mddo (2200 m) where a new observatory of the In-
To investigate the effects of topography and land surfacedian Ocean background atmosphere is being built. A “cap
heating on low-level flows over the island, simulations repre-effect” above the mountains downstream from the volcano
sentative of austral winter were performed in idealized con-(to the south-east of the island), and especially above Piton
ditions keeping the radiative forcing plus a background eastMaido, might occur in case of development of inland and
south-easterly synoptic flux of varying strengths, typical of upslope breezes on the west coast. In this case, air pumped
the prevailing trade-wind conditions. from lower layers may protect the observatory from the vol-

The numerical experiments show mainly that flow splitting ¢&nic plume forced to pass over a “cap” of low-level air clean
of the trade-wind occurs around the island, with enhanced®f volcanic emissions.
winds blowing along the coast lines parallel to the synop-Keywords. Meteorology and atmospheric dynamics (Gen-
tic flux, due to the lateral constriction of the flow by the is- era| or miscellaneous)
land and resulting Venturi effect. Blocking occurs on the is-
land side facing the trade-wind. The north-western area on
the leeside is screened from the trade-wind by high moun-
tains, and this enables the development of diurnal thermally1 Introduction
induced circulations, combining downslope and land-breeze
at night, and upslope and sea breeze at daytime. Flow splitA series of high-resolution numerical simulations with a
ting is modulated by radiative convergence toward the is-limited-area numerical model has been performed over Re-
land at daytime, and divergence from the island at night.union Island with the aim of better understanding of local-
Stronger winds than the large-scale trade-wind occur alongcale transport and dispersion of pollutants emitted from
the coast at daytime (Venturi effect), whereas at night, thelocal sources. This numerical study has been partly con-
trade-wind flow is pushed few kilometres offshore by diver- ducted in the perspective of the new atmospheric research

gence of cooled air from the land. station of Piton Mé&o, a summit at 2200 m above sea level
At night, the trade-wind flow is pushed few kilometres off- O the west coast of the island (see location “MAI" in
shore by divergence of cooled air from the land. Fig. 1), in the frame of the developing Atmospheric Physics

Observatory of La Reunion (Observatoire de Physique de
I’Atmosphere de la Runion, OPAR as French acronym,
http://opar.univ-reunion.r The future Piton M&lo station

Correspondence tD. Lesowef aims to be a reference observatory for atmosphere monitor-
BY (dorothee.lesouef@univ-reunion.fr) ing in the Southern Hemisphere, and a key component of the
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observation system GAW (Global Atmosphere Watch) for flow separation around the obstacle. Theoretical considera-
the global atmosphere change studies driven by the Worldions of flow regimes in some experiments can be found in

Meteorological Organization (Baray et al., 2006). Among the paper of Brighton (1977), which is a qualitative study of

the scientific questions raised in this paper, it is examinedhree-dimensional flow patterns at low Froude numbers (e.qg.
to what extent local orographic perturbations of the synop-less than unity). The variety of phenomena induced by the
tic wind and local wind systems are responsible for verticalatmospheric flow past single isolated islands has been docu-
transport of air pollutants originating from the island bound- mented by numerous specific studies using satellite and aerial
ary layer, and could affect ground-based measurements at tt@bservations, as well as numerical techniques. For instance,
future Piton Médo observatory devoted to the monitoring of field campaigns based on data collected during the 1985 Joint
background atmospheric composition (greenhouse gases atthwaii Warm Rain Project and the 1990 Hawaiian Rainband

aerosols). Project (Austin et al., 1996; Rasmussen et al., 1989; Smo-

Beyond this concern is also monitoring and control of lo- larkievicz et al., 1988) show that gravity waves, rainbands
cal air-quality at Reunion Island, but also more generally inand deep convection may form as result of the trade-wind
other mountainous tropical islands. The meso-scale modeflow impinging on a tropical island. Besides, when wind
ALADIN-Reunion, which provides operational meteorolog- flows around an island, a wind wake develops on the lee
ical forecasts for the south-western Indian Ocean, is currentlyside. The wind intensity is lessened closed to the obstacle
performed at a horizontal resolution around 10km, whichdue to island shielding and large wind-stress curl occurs in
is too coarse to represent atmospheric processes below thiee wake. There are also some documentations of the for-
global scale of Reunion Island (50 ksi70 km). Though, if  mation of vortex streets in the wake of Madeira and the Ca-
one wants to establish connections between local pollutiomary Islands (Chopra and Hubert, 1965; Zimmermann, 1969;
sources and receptors, it is fundamental to accurately simuMoll, 1971). Smith and Grubisic (1993) utilized observa-
late the atmospheric flow below the global scale, includingtions collected during the Hawaiian Rainband Project to an-
circulations in the main canyons and cirques of the island, aslyze the flow in the wake of the Big Island of Hawaii and
well as radiative effects on the slopes. found counter-rotating lee vortices.

The main sources of air pollution over this small but highly ~ Thermally driven circulations in the atmosphere are gen-
inhabited island (over 800 000 inhabitants) are thermal poweerated by local thermal contrast between land and sea, or
plants, sugar factories, the main urban cores and intense rodaetween heated or cooled air adjacent to mountain slopes,
traffic all around the island. Eruptions of the Piton de la and free air at the same altitude but uninfluenced by the sur-
Fournaise volcano in the south-east part of the island ardace. Over islands characterized by steep topography, the
also sporadic but major sources of pollution. For instancedaytime upslope and sea-breezes, or the nighttime downs-
during the April-May 2007 eruption, the air-quality standard lope and land-breezes combine at coastal locations, and their
for ecosystem and human health protection was exceeded faespective effects are difficult to discriminate. Descriptions
sulfur dioxide at several inhabited locations in the north-westof thermally driven circulations for tropical islands can be
part of the island (opposite from the location of the eruption).identified in the meteorological literature, regarding partic-
Some other locations closer to the volcano were surprisinglyularly the Hawaiian Islands. The combined effects of the
less affected. Therefore, to understand such observations, $iea (land) breeze, mountain (valley) breeze and the trade-
is needed to investigate local air-pollution transport patternswvind have been highlighted in the past mostly by observa-
with a high resolution model. tional studies of the island-induced wind regimes (Leopold,

Reunion Island is a major topographic obstacle (abovel949; Eber, 1957; Mendonca, 1969; Garett, 1980; Schroeder,
3000m) located in the influence of very regular east-1981). The thermally driven daytime upslope/sea-breeze
south-easterly trade-wind. Stable flows perturbed by threeflow and nighttime downslope/land-breeze flow (Schroeder
dimensional obstacles are a classic topic in fluid mechanic®t al., 1977; Feng and Chen, 1998) become significant espe-
and meteorology (Brighton, 1978). The presence of an iso<cially in areas with weak surface winds due to island block-
lated island disturbs the uniform background flow and pro-ing (Smolarkiewicz et al., 1998). These diurnal circula-
duces various flow patterns, such as blocking on the wind-tions can develop cloud and precipitation patterns (Chen and
ward side, Venturi effect on the laterals, and vortices in theWang, 1994).
lee. The flow may go above or around the island depending The objective of the present study is not to contribute to
on vertical static stability, maximum obstacle elevation andan already considerable amount of knowledge on local me-
speed of the impinging flow. The relevant parameter to dis-teorology on islands, but rather to investigate the question
tinguish flow regimes is the Froude number, which is propor-of local-scale transport and dispersion of pollutants emitted
tional to the ratio of kinetic to potential energfA=U/Nh from local sources in the context of a quasi-stationary and
whereU is the mean upstream flow speed,is the Brunt-  uniform maritime flow (the east-south-easterly trade-wind
Vaisila frequency and: the height of the obstacle). Val- in our context) perturbed by a major topographic obstacle
ues well below unity are characteristic of the “flow-around” such as Reunion Island. Few studies have investigated this
regime, i.e. blocking on the windward side of the island, andquestion until now. To our knowledge, we are only able to

Ann. Geophys., 29, 539, 2011 www.ann-geophys.net/29/53/2011/



D. Lesowf et al.: Numerical simulations of local pollution transport over Reunion Island 55

mention the major photochemistry experiments MLOPEX |
and Il conducted at the Mauna Loa Observatory (MLO) on |
the island of Hawaii. A comprehensive set of measurements}
of photochemically-related trace gases, radical species, an¢
photolysis rates was deployed to characterize photochemistry
at synoptic scale and transport processes in the remote frei
troposphere. Hahn et al. (1992) discussed the influence of
local meteorology on Hawaii in order to aid the interpreta- f
tion of the photochemical observations performed during the |
experiments. Their finding is that atmosphere composition |
sampled at MLO is mainly modulated by alternating ups- |
lope/downslope (day/night) thermally-induced winds. Under |
upslope conditions, low-level air masses sampled at MLO |
are characterized by high moisture, low ozone levels, and}
some contribution of island emissions (e.g. CO, NMHC) (At-

las and Ridley, 1996). However these studies, mainly basec

on in-situ observations at MLO, did not investigate the local N

transport mechanisms in themselves. The question of pollu- w<—$—>£

tion transport to inhabited locations of the island was also out | s 40kn

of their scope. £ TR T TYITTTE
Beside the island of Hawaii, numerous studies reporting *%E ‘ e 0B, 3605

atmospheric composition measurements have been carrie: |
out at numerous continental high-altitude observatories (typ-
ically above 2000 m) in the world: Niwot Ridge in the Col- 18000
orado mountains (Fehsenfeld, 1983), in the southern Ap-
palachian mountains (Zaveri et al., 1995), at the high-alpine
research station Jungfraujoch in Switzerland (Zellweger et
al., 2000), Mt. Fuji in Japan (Tsutsumi and Matsueda, 2000),
Mt. Cimone in Italia (Bonasoni et al., 2000), Mt. Abu in In-
dia (Naja et al., 2003), Pic du Midi in the Pyrenees (Cheva-
lier et al., 2007). A common concern in these studies is the
influence of surface emissions and the atmospheric bound-
ary layer on ambient meteorology and chemistry at the sta-
tions. They emphasized various dynamical processes respor
sible for vertical transport of air pollutants originating from
the lowland boundary layer, and contributing to the ther-
mal pumping of the low-level atmospheric layers and vertical
mixing over the mountains (high turbulence owing to the ter-
rain roughness, thermally induced circulations, favored shalig. 1. The used nested model domains (horizontal resolutions:
low and deep convection and direct orographic lifting of syn- 4km (top), 1km (bottom)). The place names used in this paper
optic flows). Moreover, among the above-mentioned stud-are indicated on the bottom panel. The colorscale represents the
ies, some of them highlighted different diurnal behaviors of elevation of the terrain in m (from MesoNH model).

surface ozone concentrations at low-elevation plain and val-

ley sites on one side, and at high-elevation mountainous lo-

cations on the other side. At low elevations, ozone follows The purposes of this paper are to (i) identify atmospheric
a typical solar radiation cycle with high concentrations dur- circulations at the scale of the island and (ii) to study to what
ing the day associated with locally generated photochemicaéxtent they could affect the atmospheric composition mea-
production and important vertical mixing, and low nocturnal sured at Piton Mo and in the inhabited areas of the island.
values due to chemical loss by nitrous oxide and depositiorSection 2 summarizes needed elements on Reunion Island’s
process in the stable nocturnal atmosphere. Observations geography and on specific meteorological features. The ide-
high-elevation ground stations, like at Mauna Loa, often ex-alized numerical strategy and the model set-up are detailed in
hibit a reversed diurnal ozone cycle: minimum values duringSect. 3. The flow patterns at the scale of the island induced
the day are mainly due to the local topographically-inducedby impinging trade-wind flows of various strengths are ana-
wind systems bringing upwards ozone-depleted air from thdyzed in Sect. 4.1, as well as the modulations due to land sur-
boundary layer to the top of the mountain. face heating and cooling. The influence of the atmospheric

2700

10km |
21,5265§
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il . massives dominated by two major summits: Piton des Neiges
(3070 m a.s.l.) and Piton de la Fournaise (2632m a.s.l.). The
prevailing humid trade-wind flow impinging on the complex
topography causes large spatial variations in local weather
ranging from extremely wet and rainy conditions on the
windward side to much drier conditions on the leeward side.
In the lee of the island, corresponding to regions of weak
winds, the surface flow fluctuates diurnally, thermally con-
trolled by temperature contrasts between land and sea on the
one hand, and due to heated/cooled mountain surface on the

. | other hand.

y T Piton Mddo, where the future atmospheric observatory
—_— gs 92-2006 ) ) ) . ) ) . .

for i Do o hgs. 5659 1 is going to be established, is a high-altitude site situated
=== Dasibi Night

on the north-west coast at 2200 m above sea level (location
“MAI” in Fig. 1). No in-situ composition measurements
; 5 5 2 & 8 7 g T o T have been yet conducted there, but as the Mauna Loa ob-
Vonths servatory, it might be under the influence of air vertical mo-
Fig. 2. Seasonal evolution of ozone concentration at Piton Tex-tlonS inducing chemical exchanges between the atmospheric
tor (TEX, see Fig. 1) at 2100 m altitude in the South East of Re- boundary layer and the free troposphere. Gr_oﬁmd'based
union Island during daytime (green curve) and night time (red ©20N€ measurements by a UV photometer Dasibi 1008 RS
curve), from October 1998 to October 1999, and average value overe performed during one year at an other elevated site
ozone concentration at the same altitude from radiosoundings (avin Reunion Island (Piton Textor 2150 m a.s.l., in the South
erage monthly averaged data from 1992 to 2006, and monthly dat&ast; see location “TEX” in Fig. 1) (Bhugwant et al., 2001).
from October 1998 to October 1999, blue curves). Monthly meansThese observations also indicated an ozone cycle with di-
of ground-based ozone have been calculated separating nighttimgrnal minimum and nighttime recovery (Fig. 2). Monthly
(from 22:00h to 07:00h, local time) and daytime (from 08:00h means of ground-based ozone have been calculated, separat-
to 20:00h, local time) measurements. Data provided by F. Posnying nighttime (from 22:00 h to 07:00 h) and daytime (08:00 h
J. M. Metzger and C. Bhugwant. to 20:00 h). They are compared in Fig. 2: ozone values ob-
served during the night are greater than those observed dur-

boundary layer and the transport of pollutant passive tracer.én.g the datl)y by abo.ut 5 ppbb This”p attern — té/pgcag of moun-
to Piton Mddo will be discussed respectively in Sects. 4.1 tainous o servatongs — IS basically governed by aytime up-
ard transport of air which, in the background atmosphere

and 4.2. Section 5 summarizes the conclusions and presen‘@ . . .
the research perspectives. over the ocean, is poorer in ozone in the Iower levels than
at the altitude of the station, as revealed by a climatology of
ozone balloon-soundings launched from the island (Fig. 3).
2  Environmental context As at Piton Textor, one can expect that the composition of
the ambient atmosphere at Piton M@ is intermittently in-
Reunion Island (2107 S, 5832 E) is an isolated mountain- fluenced by ozone-depleted air or atmospheric constituents
ous island located in the Indian Ocean, about 800 km eastransported from lower levels.
of Madagascar. Reunion’s climatic context is typical of the The Piton de La Fournaise volcano (2632 m a.s.l.) is a typ-
tropical ocean. The island is most of the time under the in-ical basaltic shield volcano located in the southeastern part of
fluence of the east-south-easterly trade-wind. This wind prethe island and is one of the world’s most active and produc-
vails throughout the year but strengthens during austral wintive volcanoes. Bhugwant et al. (2002) showed that it can be
ter from May to November (Baldy et al., 1996). A wind in- responsible for S@ pollution events observed over a large
version resulting from the descending branch of the Hadleypart of the island. The plumes of gases released during erup-
cell circulation is the main characteristic of the wind vertical tions can endanger health and environment. During the ma-
distribution over Reunion: low-level easterlies are oppositejor eruption in April 2007, high concentrations of 3@ere
to upper-level westerlies. This inversion occurs at aroundrecorded in the southern part of the island close to the erup-
4000m above sea level (Taupin et al., 1999) and is a pertion, but also in the south-western and north-western parts,
sistent feature of the trade-wind pattern. It coincides withwhich are densely populated and where the number of hos-
a temperature inversion (due to synoptic subsidence cappingitalizations for asthma increased (Viane et al., 2009). The
convection in the low layers over the ocean) and behaves aglumes of gases might also affect the chemical measurements
a barrier for the development of clouds (Hastenrath, 1991). recorded at Piton Mdo. This question is addressed in this
Reunion Island’s complex topography is composed ofstudy.
deep canyons, cirques, ravines and ridges, with two main
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Fig. 3. Mean vertical profiles of potential temperature (K), relative humidity (%) agd@pbv) during austral winter (black curves) and
modelisation (red lines).

3 Description of the numerical experiments tions prevailing on Reunion Island. Further, a number of
identified transport mechanisms might be easily transposed
Performing studies in idealized conditions allows to isolateto other tropical islands.
the most important mechanisms governing real atmospheric In this work, we used the three-dimensional, non-
phenomena. Here, we intended to investigate the effects dfiydrostatic, limited-area research model, MesoNH. This has
topography and land surface heating/cooling on low-levelbeen developed in a joint effort by CNRM (National Center
flows, while avoiding the complexity of real-case situations. of Meteorological Research, &oFrance) and LA (Labo-
Thus, only the major elements of the physical problem wereratory of Aerology, Toulouse University). It is based on the
kept in an idealized configuration, namely (i) the topogra- Lipps and Hemler (1982) anelastic system and is able to sim-
phy and surface characteristics of the island, (ii) a steadylate atmospheric flows ranging from large turbulent eddies
uniform background flow representative of large scale tradeto the synoptic scale. A detailed description of the model dy-
wind, and (iii) solar radiation. namical core can be found in previous publications (Lafore et
The physical configuration of an isolated island impinged al., 1998; Stein et al., 2000). It is appropriate for dynamical
by the trade-wind is particularly well suited for simulations studies over steep topography and is equipped with a full set
in idealized mode, because of the steadiness and the quasf parameterizations allowing to represent accurately various
uniformity of the background synoptic flow at the scale of physical processes.
the model domain, the absence of relief at its boundaries, and To suitably capture flow patterns at the scale of the
the quasi constant sea surface temperature. This real physiain topographic features of the island, high resolution was
cal configuration is quite simple, and due to this the presentedequired but in the same time, the model lateral boundaries
simulations, although idealized, are expected to have a gooflad to be sufficiently far from the island so that the imping-
degree of representativeness of typical atmospheric condiing uniform flow was not perturbed by the island at the model

www.ann-geophys.net/29/53/2011/ Ann. Geophys., 296932011
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Table 1. Model nesting configuration for MesoNH.

Domain nested  Horizontal Horizontal Domain Stretched Time step
grid points  resolution (m)  extension (I@m vertical grid (s)
1 80x 80 4000x 4000 320x 320 72 levels 20

1stlevel: 40m
near model top (27km):
600m
2 100x 100  1000x 1000 100x 100 5

boundaries upstream of the obstacle. Therefore the simula- Simulations described in this paper were performed with
tions were run using two nested models with different res-the following set of physical parameterizations, success-
olutions and geographical covers. The outer domain coverfully used in many previous studies with MesoNH at high
320x 320 kn? with 80x 80 grid points, while the inner do- resolution over complex mountainous terrain (e.g. Asen-
main covers 10& 100 kn? with 100x 100 grid points. Both  cio et al., 2003; Martinez et al., 2010; Richard et al.,
models are centered at 213 and 55.5E. One-way grid- 2011; and many other publications listed lattp://mesonh.
nesting (i.e. the outer low-resolution model driving the lat- aero.obs-mip.fr/mesonh/Subgrid turbulence is parameter-
eral boundary conditions of the inner high-resolution model,ized with a one-dimensional, 1.5-order closure scheme, in-
but without retroaction of the latter on the former) was suf- volving a prognostic equation for turbulent kinetic energy
ficient for our study since we were only interested in fine- (Cuxart et al., 2000) and using the Bougeault and Lacarr
scale processes in the inner high-resolution mbdite two ~ (1989) mixing length. The orography was obtained from
nested domains had horizontal resolutions of 4 km and 1 kmthe GTOPO30 databasédt{p://eros.usgs.gov/#/Findata/
respectively (Fig. 1). In previous studies, the 1 km resolutionProductsand Data Available/gtopo30info) and the land
appeared to be sufficient to well simulate thermally-inducedcover was taken from the ECOCLIMAP database (Masson
circulations and thermal pumping over extremely steep ancet al., 2003). The surface soil and vegetation processes
complex terrain (De Wekker et al., 2004; Gheusi et al., 2008) were simulated by the Interface Soil Biosphere Atmosphere
Another point concerning the resolution is its smoothing ef- (ISBA) model (Noilhan and Planton, 1989). The Morcrette
fect and the resulting effective height of the island. The two (1991; also Mlawer et al., 1997) radiation scheme of the
main massives of the island peak at 2770 and 2330 m a.s.ECMWEF treating both visible and near infra-red radiation
in the model, compared to 3070 and 2632 m in reality. Thus,s used to calculate the radiative fluxes and called every
the differences are small and the overall flow regime over thel800s. For the warm water phases, the used microphysical
island cannot be affected by excessive smoothing. scheme was of Kessler type, and a parameterization of atmo-
The common vertical grid includes 72 terrain-following spheric ice was also employed (Pinty and Jabouille, 1998).
levels up to 27 km in Gal-Chen and Sommerville (1975) ver- A subgrid condensation scheme was activated to account for
tical coordinate. Vertical stretching of the model levels al- non-resolved orographic clouds (Chaboureau and Bechtold,
lowed increased resolution near the soil to obtain a finer de2002, 2005).
scription of the atmospheric boundary layer. Grid spacing The model was initialized at 00:00 UTC (04:00LT), close
varied from 40 m near the ground to 600 m in the highestin time to the nocturnal temperature minimum. The com-
levels. The detailed features for each model subdomain arputations were carried out over a period of 48 h. Stationary
summarized in Table 1. Some details on the lateral boundarand horizontally uniform “large-scale” fields (thereafter LS
conditions for each model is given below in the text. fields) of wind, potential temperature and specific humid-
ity were defined with the view to both initialize the model
and force the lateral boundary conditions of the outermost
model during the run. The lateral boundary conditions used
for the outermost model were open and externally forced by
the LS fields. As for many usual applications of MesoNH,
1in a sensitivity test comparing the one-way and two-way ap- our configuration required simultaneously to let the short-
proaches, significant differences in the finer models might arise onlyscale waves out of the model domain with minimum reflec-
if the flow would cross out the limit of the fine-model domain, then tjon at the boundaries, and the LS fields get into the model
again in. Only in this case the fine model would be influenced at itsby boundary forcing. This was achieved through the use of

boundary by fields from the coarse model which would be different .° i o 4 radiation/relaxation method described in Lafore et
in the one-way and two-way simulations. As the presented figures

show, this almost never occurs in our simulations. al. (1998).
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DAYTIME
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2700, |

2100.

1800, 3

Fig. 5. Initialization of the ABL passive tracer: the blue layer is
used for this purpose. Itis defined as a 500 m-deep terrain following
layer, but limited at a ceiling altitud®& = 1000 m. The tracer was
initialized to the arbitrary value 1000 in this blue layer, but zero
above. During the model run, the tracer is refreshed at each time-
step to 1000 in the blue layer, but outside it is freely advected and
diffused by the model dynamics.

1500.

1200, £

600,

300.

Table 2. Main characteristics of the numerical experiments.

] 11405. 22810 34215 45820 087085,
tazzE- o1

ALIZO  ALIZ5  ALIZ10

(21,06845/55,20) 14:00LT  (21,06845/55,75E) —
' NIGHTTIME Trade-wind direction / ESE ESE
o Trade-wind strength  Onm$ 5ms1 10ms?
Radiative forcing YES YES YES

SPC 6A ozonesondes. The mean balloon profiles were then
simplified into four layers with constant gradients of poten-
tial temperature and relative humidity (Fig. 3). These ideal-
ized profiles were finally used by the model as LS fields. The
LS wind was prescribed horizontally and vertically uniform
and constant in time, blowing from east-south-east. Three
different numerical experiments were carried out with back-
ground synoptic flow of 0, 5 and 10 ms Hereafter the sim-
ulations will be referred to as ALIZO0, ALIZ5 and ALIZ10,
respectively. The trade-wind temperature inversion plays a
crucial role in controlling vertical motions in the tropical tro-
7 20 posphere. It acts as a lid which effectively limits convection
o odR below 4000 m (Taupin et al., 1999). The trade-wind temper-
T ature inversion was maintained in the simulations by a forced
Fig. 4. Simulation ALIZO: W-E vertical cross section of the island Subsidence of 5.1¢ms ™! at 4000 m. The characteristics of
(indicated in Fig. 9, top) showing the ABL tracer concentration (per the numerical experiments are summarized in Table 2.
mil of the concentration in the "ABL", see Sect. 3 and Fig. 5) at  The experiment ALIZ0 was performed to check the abil-
14:00LT (top) and 00:00 LT (bottom). ity of the model to generate thermally driven wind systems.
Without background wind and under the only influence of so-
lar radiation, ALIZ0 simulated successfully the development
These LS fields were designed to be representative of thef upslope thermal breezes on the island and accompanying
trade-wind layer of the troposphere in austral winter. For thisupward export over the mountains of air from the low levels
goal, idealized profiles of potential temperature and relativeduring daytime, and opposite motions and transport during
humidity have been inspired by a climatology (Fig. 3) basednight (Fig. 4). At daytime, upslope breeze brings air from
on balloon soundings in the frame of the SHADOZ network the boundary layer to the top of the mountain. At night-
(Thompson et al., 2003). The balloon soundings used for theime, downslope breeze generates a subsiding motion and
climatology have been performed in austral winter betweenproduces the opposite effect. This alternating vertical trans-
1992 and 1997 at Gillot airport (21.96, 55.48 E) in the  port is well illustrated by the concentration of the boundary
North of the island using Vaisala radiosondes and EnSci Z &layer tracer found near the mountain tops, which is greater

1800,

1500

800
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than 800 per mil at daytime but lower than 500 at nighttime. 5504 DAYTIME s, S6O0E
fwind - A R TR 20,6360
However, the absence of synoptic wind is a very uncommon T Y o - @ . & I‘oc
meteorological situation in this region, and thus, no further kﬁ&\\\\: W '§ Q AW 20
will be said about simulation ALIZ0 beyond this verification. . arapgh @ o L ]
Various passive tracers have been released in the mode : poe =N A Q 3 } o ; 5. /| 2
in order to characterize dynamical processes in the lower at- E. RN A /f‘\/‘
mospheric layers and the related transport of air-masses. Tt 3 Woar { ; 650
understand the influence of the atmospheric boundary layel N | \:Q { } 2\ -
(ABL), especially at Piton Mo, it was useful to define two NE N 5.00
passive tracers. The first one (“ABL tracer” thereafter) is ini- E -
. . s E 4.00
tialized to 1000 per mil in the ABL (0 elsewhere), then forced N 50
to 1000 per mil in the ABL at every time-step and let free to ISV : o
diffuse above. The ABL is here modeled as a fix 500 m-thick \5\';«\\\&:;\ S s
terrain-following layer limited at a ceiling altitude of 1000 m ,:;5:.\"‘:::2\\\ : 150
(Fig. 5). Admittedly this is an oversimplification. Never- 571‘51;?%\\ 0°
theless it is a simple and sufficient manner to distinguish air ;M,/,P//:g Y b 00
masses which have passed through the lowest atmospheri %"= - f S o 21,5265
layers, and whose composition might have been influenced == sz, %= a e T e

by the surface. The second passive tracer (pseugivaer
thereafter) imitates crudely the behavior of ozone, in order N
to study the effect of the vertical transport and redistribution
of this strongly stratified field (Chevalier et al., 2007). An
averaged profile of ozone mixing ratio has been established
from the observations of the SHADOZ network during aus-
tral winter and enabled to initialize the pseudg+@acer in
the following way: its concentration is 20 ppbv at sea level,
increases by 8.5 ppbv km up to 54 ppbv at an altitude of
4000 m, and then by 1 ppbv km above (Fig. 3). A variable
component is added to the ozone concentration between thi
ground and the altitude of 4000 m to mimic the diurnal cycle
of ozone production/loss, in the form of sinusoidal oscilla-
tions with maximum amplitude of5 ppbv at sea level and
vanishing at 4000 m a.s.l. It is characterized by a minimum
at 02:00a.m. and a maximum at 02:00 p.m. (local time). PSS, . S, S SV,
To describe pollution plumes over the island, several pas-...* .. . w%. S0t
sive tracers have been emitted from local sources, which
are relatively well identified at Reunion Island. Their lo- Fig- 6. Simulation ALIZ5 —wind speed (color scale) and vectors
cation is also shown in Fig. 1. Pollutants are emitted on|yat the first model level above the ground, at 11:00LT (top) and
at low altitudes because human activities are concentrate83:00 LT (bottom).
along the coastline due to the steep orography of the island.
Thg: anthropogenic' sources are located in Saint .Denis, thg Simulation results
main town (DEN), in Le Port (POR) where there is a ther-
mal power plant, in Bois-Rouge (BRG) andin Le Gol (GOL) 4.1 Flows at the island scale
where there are sugar factories. The last tracer accounts for
natural pollution caused by the eruptions of the Piton de la4.1.1 Hydraulic character of the atmospheric flow
Fournaise (PDF) volcano in the south-east part of the island. around the island and thermally-induced effects
Pollution passive tracers were released at ground level from
the grid cell containing the source point. The tracer concen-Among the patterns generated by the trade-wind flow im-
tration at the source point is forced to an arbitrary value ofpinging on the island, low-level flow separation around the
1 at every time step. The concentration far from the sourceobstacle is an important hydraulic behavior well reproduced
thus represents a dilution ratio with respect to the concentraby the model (Fig. 6). This meteorological feature is in fact
tion at the source point of emission. The set of passive tracernked to the blocking of the trade-wind flow by the island
is summarized in Table 3. due to the existence of several stable inversion layers inhibit-
ing deep vertical motions. Reunion’s elevated topography
acts effectively as a substantial obstacle to the trade-wind

T A,
I

— R A SR,

.

0.50
N 0.00
o nd 071 5265
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Table 3. Characteristics of passive tracers used in the simulations.

Passive tracers  Function Motivation

1 (ABL) Tracer of the atmospheric boundary layer (se®ertical exchanges between the atmospheric
Fig. 4) boundary layer and the free troposphere

2 (03) Imitates @ stratification and produc-
tion/destruction in the ABL

3 (DEN) Passive pollutant emitted from St Denis, théollution plumes from anthropogenic sources
main city

4 (POR) Passive pollutant emitted from the power plant
located in Le Port

5(GOL) Passive pollutant emitted from the sugar fac-
tory, located in Le Gol

6 (BRG) Passive pollutant emitted from the sugar fac-
tory, located in Bois-Rouge

7 (PDF) Passive pollutant emitted from the volcanéollution plume from the volcanic natural
Piton de la Fournaise source

confined below the inversion usually near 4km altitude, and 2 -
constrained to flow around the island. This is especially the
case in the lowest levels, since another lower inversion layer,,
exists at the top of the marine boundary layer. So the trade-®
wind flow is blocked on the windward side of the island
and split in two branches (Soler, 1997). This flow regime 3 -
is confirmed by low values of the Froude Number calcu-
lated with the mean Brunt-8sala frequency in the trade-
wind layer (V =0.015s1) and the characteristic height of
the island g = 2500 m). For typical wind speeds of 5m's

and 10 ms?, the Froude numbers are 0.13 and 0.26, respec-3
tively.

In the numerical experiment ALIZ5, at nighttime, the w |
combination of stabilization by cooling near the surface, land ®
breeze and downslope nocturnal drainage flows pushes off-o
shore the trade-wind flow separation. In the daytime, the sit-e 7 .
uation reverses. Figure 6 shows the streamlines of the sur- > 4 6 8 10 12 14 16 18 20 22 24
face wind field from ALIZ5 at 11:00LT and 03:00LT: the
streamlines in the lower layers pass above the ground close

to the coast at daytime or even penetrate inland under the;y 7 \yind speed (solid line) and wind direction (dotted line) at

influence of thermal confluence, whereas at nighttime, thepierrefonds, obtained from averaged hourly observations (source:
streamlines are pushed offshore under the influence of thetveoFrance) during the austral winter in 2007.

mal divergence. This feature of the trade-wind flows will be
referred to as "trade breathing” hereafter. Mean wind data
recorded at Pierrefonds, located in the south-west of the is- In the numerical experiment ALIZ10, the “trade breath-
land, indicate increased mean wind speed in the early aftering” is less visible. In the north-west area screened by the
noon due to direct exposure to the trade-wind. Converselyprography, breeze circulations still prevail. To illustrate this,
the flow reaches its minimum speed at nighttime when thethe land/sea breeze regime in Le Port city located in this re-
trade-wind flow is pushed offshore (Fig. 7). gion was well captured by the model in qualitative agreement
On the leeward side screened by the island, local air cirwith observations. The wind direction given by the model
culations differ. Thermally induced winds dominate the cir- was indeed compared to climatology of averaged hourly ob-
culation (Fig. 6), whereas on the windward and lateral sidesservations, during an austral winter (Fig. 8). Both observed
of the island, day/night alternating breeze systems are muchnd modeled values display a wind reversal with a decrease
less evident (even though thermal effects modulate the tradesf the wind force around 10:00 LT and 19:00LT. The wind
wind flow regime). coming from the west (i.e. counterflow with respect to the

T
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T
100

80

Local hour
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Fig. 8. Wind direction at POR (solid line: mean hourly observations ~ 1800.

over the austral winter 2007, dotted line: simulation ALIZ10). 1 .50,
1 §1700.

3 Mis50.

trade-wind) during the day indicates clearly the prevalence
of thermal pumping.

The trade-wind flow splitting causes at daytime the accel-
eration of air along the south coast, which is almost parallel
to the flow. Known as the Venturi effect, the wind velocity is
clearly higher in this area (Fig. 6) compared to its surround-
ings due to airflow constriction with the necessity of air mass
conservation. Here, the similarity of the flow in the low lev-
els with a hydraulic flow around an obstacle (e.g. a bridge
pillar) is striking. This is due to the temperature inversion
capping the boundary layer, and thus separating two air lay- N N
ers with contrasting density. To accelerate in response to the oz o 14:00 LT
lateral constriction of the flow along the island, the flow con- “""™" ™™™
verts gravitational potential energy into kinetic energy. As Fig. 9. Horizontal map showing the altitude of the 296 K isentrope
result, the top of the boundary layer lowers as the flow accel{colorscale in m) in the experiment ALIZ5 at 02:00 LT (top) and
erates. This flow pattern is successfully simulated in ALIZ5, 14:00 LT (bottom).
and it's well visible in Fig. 9 especially at daytime. The flow
accelerates along the south coast of the island, and the re-
lated compression of the boundary layer exemplified by the4.1.2 ABL influence at Piton M&do
altitude of the 296 K-isentrope along the flow is well visible
in the model. Conversely, Fig. 9 shows also that the blockedThe ability of the model to simulate thermally-induced ver-
flow on the southeastern edge of the island corresponds ttical transport (Fig. 4) and the use of a tracer of air originat-
higher values of the 296 K-isentrope altitude compared to théng from the low levels (“ABL” passive tracer described in
value far upstream. Sect. 3) allowed, to some extent, to materialize and display

Another feature of the flow pattern in the wake of the is- the vertical exchanges between the ABL and the free tropo-
land is the occurrence of large swirls (e.g. in Fig. 15, topsphere.
panel). Accompanying counter-flows turned out to play an By analogy with atmospheric measurements conducted at
important role in pollutant dispersion, as it will be shown in many high mountain stations, ground data at Pitoridda
Sect. 4.2. are expected to reveal the intermittent influence of the ABL

following a diurnal cycle: local winds are expected to
bring air from the ABL upwards during daytime and down-
wards during nighttime. Consequently, as in the background

3 §1200.

Do M21,5260 8
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T il — L Ivso
3500. = -1 8700
650 mit of Piton Mddo under the action of upslope flow (Fig. 10,
S000 ] < i . top). Consequently, the concentration in ABL passive tracer

rises to 80% at the summit of Piton Né@ during the day

50 (Fig. 11). Ozone-poorer air from lower layers mixes with the
400 ozone-richer air in the free troposphere, and this causes a di-
350 lution that reduces the concentration of the pseugar&xer.

;e At nighttime, the situation reverses: under the action of the
00 downslope flow (Fig. 10, bottom), the concentration of the
150, ABL passive tracer decreases whereas the concentration of
100. the pseudo-@tracer rises to its free-tropospheric value.

oL

4.2 Dispersion of pollutants

0. 11406. 22810. 34216. 45620
(21,0684 /55,20 ) 00:00LT (21,06845/55,75 F)

In order to analyze the influence of local pollution sources
F|g 10. Simulation ALIZ5 — vertical cross section (W‘E, indicated on ground measurements at Plton |Mm and dlscnmlnate
on Fig. 9, top) of th(_a AI_3L tracer concentration (colorscale in per it from background pollution, it was interesting to study
EE'(')EL::? concentration in the ABL) at 13:00LT (top) and 00:00LT e ransport of a non-reactive pollutant (e.g. sulfur diox-
' ide which is the main pollutant emitted from various point
sources at Reunion Island and is quasi non-reactive on the
o ) ~_ time scales of our simulations), modeled by the constant
atmosphere, ozone concentration increases with height in themission of a passive tracer from different source points in
first kilometers above the ground (Fig. 3), an opposite diur-ihe model. The source points correspond to pollution sources

nal cycle is expected for ozone concentration (i.e. minimumy,q|| identified at Reunion Island (see Fig. 1 and Sect. 3).
at daytime, maximum at night), as it was observed at Piton

Textor in the south-east of Reunion island (see Sect. 2 and.2.1 Dispersion of anthropogenic pollutants

Fig. 2). This phenomenon can be explained by thermally-

induced local wind systems (or at least the thermal influ-In the numerical experiment ALIZ5, the transport of passive
ence of the island surface on the general flow making thetracers emitted at the surface from the leeward side (POR,
streamlines converge at daytime to the centre of the islandDEN, and GOL) are controlled by thermally driven wind
as showed in simulation ALIZ5, Fig. 6). During daytime, air systems. In the daytime the tracer emitted from POR is
originating from low levels reaches progressively the sum-indeed not dispersed offshore but kept on the island by the
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Fig. 12. ALIZ5 — horizontal field of the tracer dilution ratio (per mil ~ Fig. 13. ALIZ5 — horizontal field of the tracer dilution ratio (per
of the concentration at emission point) at the first model level abovemil of the concentration at emission point) at the first model level
the ground, emitted from POR, at 07:00 LT (top) and 14:00 LT (bot- above the ground, emitted from BRG, at 11:00 (top) and 15:00 LT
tom). (bottom).

graphic features on air masses: In the daytime, valleys and
upslope/sea-breeze flow (Fig. 12; similar results — not showrcanyons act as chimneys pumping pollutants from lowest lay-
— were obtained for DEN and GOL tracers). These upwarders and transporting them upward, possibly to Pitoridda
winds systems tend to bring polluted air masses from the In experiment ALIZ5, the weak land-breeze and the trade-
coast to the Mafate cirque (situated in the west-center; avind on the northeastern coast scatter the passive tracer emit-
natural circular depression of volcanic origin surrounded byted from the sugar factory at Bois-Rouge (BRG) over the sea
abrupt walls). These air masses are channeled along canyonsiring the night and the morning (Fig. 13). In the daytime,
such as “Rivére des Galets” for the tracers from DEN and the synoptic flow seems to rather disperse it along the north
POR and “Rivere St Etienne” for the tracer from GOL. It coast toward St Denis. A part of the plume is kept under the
seems hence likely that a part of this pollution reaches thechanneling effect of La Rigre des Galets and therefore it is
summit of Piton M&o above the Mafate cirque. Thus the pumped inland owing to the upslope/sea-breeze. In contrast,
simulations highlight channeling effects resulting from topo- in the experiment ALIZ10, this passive tracer plume from
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Fig. 14. ALIZ10 — horizontal field of the tracer dilution ratio Fig. 15. ALIZ10 — horizontal field of the tracer dilution ratio
(per mil of the concentration at emission point) at the first model (per mil of the concentration at emission point) at the first model
level above the ground, emitted from BRG, at 11:00 LT (top) and level above the ground, emitted from DEN, at 07:00 LT (top) and
15:00 LT (bottom). 16:00 LT (bottom).

BRG, is blown by the synoptic flow and dispersed continu-4.2.2 Dispersion of the volcanic passive tracer
ally northwestward away from the island (Fig. 14).

The numerical experiment ALIZ10 also underlines the ef- Since the site of the future Piton i observatory is located
fect of vortices in the wake of Reunion Island on the dis- few ten kilometers downstream from the Fournaise volcano,
persion of pollutants passive tracers. For instance, the padt could thus become a strategic site to monitor the composi-
sive tracer emitted from the main town St Denis (Fig. 15), tion of volcanic plumes on the long term. This is the reason
is firstly carried offshore north-westerly by the synoptic flux, why a passive tracer emitted from the summit of the volcano
and then the reverse currents in the wake bring back a part ofvas released in the model. The numerical experiments en-
the passive tracer plume to the western coast. Thus, polluabled to identify possible scenarii of volcanic tracer trans-
tion appears trapped on the leeside coast of the island due feort.
counter-flowing vortices in the wake. The trade-wind disperses the volcanic plume globally

northwestward. In simulation ALIZ10, the volcanic plume
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p— . T - T The influence of the volcanic plume at Piton da thus

N ! N - S potentially depends on the strength of the trade-wind. In-
\ / N Y i deed when the thermal pumping is sufficiently developed in
the northwest of the island (ALIZ5), this creates above the
relief downstream from the volcano, especially above Piton
so10. 200 Maido, a cap of clean air from the low levels, especially

' above Piton M&lo. The volcanic plume is thus forced to

pass over the cap and hence does not impact the observatory
(Fig. 16, top). In the numerical experiment ALIZ10, the syn-
optic wind prevails over thermal pumping and consequently
the “cap effect” does not occur (Fig. 16, bottom). In con-
10. clusion, it appears that during daytime, the strength of the
synoptic wind might be an important parameter controlling
the influence of thermal pumping and in turn the detection
of the volcanic plume at Piton Mao. This must be con-
firmed by future continuous SOmeasurements planned at
Piton Médo.
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5 Conclusion and perspectives
Fig. 16. Vertical cross section Fournaise (21°Z%555.76 E) —

Maido (21.03 S/55.32 E) (indicated on Fig. 9, bottom) of volcanic
tracer dilution ratio (per mil of the concentration at emission point)
at 16:00 LT (top: ALIZ5, bottom: ALIZ10).

Atmospheric circulations at local-scale over complex terrain
of Reunion Island have been investigated in this paper with
a series of high resolution numerical simulations aiming to
identify typical mechanisms of local air-pollution transport.

is detectable continually at ground level along a SE-NW line Numerical experiments representative of austral winter were
and it seems to be carried horizontally by the synoptic flow.carried outin an idealized configuration keeping as main el-
In the numerical simulation ALIZ5 in contrast, the volcanic €ments the radiative forcing plus a background east-south-
plume breaks away from the surface area in the afternoog@sSterly synoptic flux of varying strengths, typical of the pre-
(except in the close vicinity of the volcano) (Fig. 16). There- Vailing trade-wind conditions.
fore the Piton Médo is under the influence of the volcanic ~ Our simulations highlighted the main following flow pat-
plume either continually in the experiment ALIZ10, or only terns, important to understand pollution transport over Re-
intermittently — during the night — in the experiment ALIZ5 union Island:
(Fig. 17).

— Flow splitting of the trade-wind occurs around the is-

land.
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— Wind acceleration occurs along the coast lines parallelAcknowledgementsThis work was granted access to the HPC re-
to the synoptic flux, due to the lateral constriction of sources of IDRIS under the allocation 2007-[0111076] made by
the flow by the island and resulting Venturi effect. This GENCI (Grand Equipement National du Calcul Intensif). The au-
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quence for the observatory, minimum concentrations ofBaray, J.-L., Leveau, J., Baldy, S., Jouzel, J., Keckhut, P., Berga-
ozone and maximum concentrations of anthropogenic metti, G., Ancellet, G., Bencherif, H., Cadet, B., Carleer, M.,
pollutants are expected at daytime. David, C., de Magre, M., Faduilhe, D., Godin Beekmann, S.,
Goloub, P., Goutall, F., Metzger, J.-M., Morel, B., Pommereau,
— A “cap effect” above reliefs downstream from the vol-  J.-P., Porteneuve, J., Portafaix, T., Posny, F., Robert, L., and Van

cano, and especially Piton N, might occur depend- Roozendael, M.: An instrumented station for the survey of ozone
ing on the strength of trade-wind. If the latter are suf- and climate change in the southern tropics, J. Environ. Monit., 8,
ficiently weak and allow the development of breezes on  1020-1028, 2006.

the west coast, air pumping from lower layers protectsBhugwant, C., Riwre, E., Keckhut, P, and Leveau, J.: Vari-

the mountains from the volcanic plume, forced to pass ability of carbonaceous aerosols, ozone and radon at Piton
O : ' . . Textor, a mountain site on Runion island (south-western In-

ver f low-level air clean of volcanic emis- ) ' : .

:ioensa cap” of low-level air clean of volcanic €mis- — jian Ocean), Tellus B, 53(5), 546-563, doi:10.1034/j.1600-

0889.2001.530503, 2001.

In order to corroborate the main findings in a more realis-Bhugwant, C., Sja, B., Perron, L., Riére, E., and Staudacher,
T.: Impact Egional du SO2 d’origine volcanique induit par

?Ea??;rglsgeu;itrlﬁg;iég‘f Si:ﬁz?ar;[osr::dxl'EZiebS\?enr:(k))r:ggéeSpvg:’tlha I’_'eruption du I_Diton de la Fournaise en juin—juillet 2001, Pollu-

. . . . tion atmosperique 176, 527-539, 2002.

field campaign and aimed to validate the model and chary 40 p., Stohl, A., Cristofanelli, P., Calzolari, E., Colombo, T.,
acterize the vertical structure and temporal evolution of the  anq Evangelisti, F.: Background ozone variations at Mt. Cimone
local planetary boundary layer around and inside the island station, Atmos. Environ., 34, 5183-5189, 2000.

using a mobile LIDAR instrument. This work will be pre- Bougeault, P. and Lacame, P.: Parameterization of orography-
sented in a coming paper. induced turbulence in a mesobeta-scale model, Mon. Weather
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