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h i g h l i g h t s
� Numerical simulation of a severe NOx pollution case over the Guadeloupe archipelago.
� WRF-LES-FLEXPART used with a microscale downscaling (1 km, 333 m and 111 m).
� Forward simulations of a power plant plume showed good agreement with observations.
� Need of the LES scheme to predict NOx concentrations in the turbulence grey zone.
� Backtrajectories identified realistic sources of NOx in the urban area.
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a b s t r a c t

Tropical islands are characterized by thermal and orographical forcings which may generate microscale air
mass circulations. The Lesser Antilles Arc includes small tropical islands (width lower than 50 km) where a
total of one-and-a-half million people live. Air quality over this region is affected by anthropogenic and
volcanic emissions, or saharan dust. To reduce risks for the population health, the atmospheric dispersion
of emitted pollutants must be predicted. In this study, the dispersion of anthropogenic nitrogen oxides
(NOx) is numerically modelled over the densely populated area of the Guadeloupe archipelago under weak
trade winds, during a typical case of severe pollution. The main goal is to analyze how microscale reso-
lutions affect air pollution in a small tropical island. Three resolutions of domain grid are selected: 1 km,
333 m and 111 m. The Weather Research and Forecasting model (WRF) is used to produce real nested
microscale meteorological fields. Then the weather outputs initialize the Lagrangian Particle Dispersion
Model (FLEXPART). The forward simulations of a power plant plume showed good ability to reproduce
nocturnal peaks recorded by an urban air quality station. The increase in resolution resulted in an
improvement of model sensitivity. The nesting to subkilometer grids helped to reduce an overestimation
bias mainly because the LES domains better simulate the turbulent motions governing nocturnal flows. For
peaks observed at two air quality stations, the backward sensitivity outputs identified realistic sources of
NOx in the area. The increase in resolution produced a sharper inverse plume with a more accurate source
area. This study showed the first application of the FLEXPART-WRF model to microscale resolutions.
Overall, the coupling model WRF-LES-FLEXPART is useful to simulate the pollutant dispersion during a real
case of calm wind regime over a complex terrain area. The forward and backward simulation results
showed clearly that the subkilometer resolution of 333 m is necessary to reproduce realistic air pollution
patterns in this case of short-range transport over a complex terrain area. Globally, this work contributes to
enrich the sparsely documented domain of real nested microscale air pollution modelling. This study
dealing with the determination of the proper resolution grid and proper turbulence scheme, is of sig-
nificant interest to the near-source and complex terrain air quality research community.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Lundquist et al., 2010; Marjanovic et al., 2010; Talbot et al., 2012;
Tropical islands are mostly characterized by strong solar radia-
tion, sea/land thermal contrast and complex topography. These
thermal and mechanical forcings may generate mesoscale and
microscale air mass circulations (Carlis et al., 2010; Jury et al., 2009;
Lef�evre et al., 2010; Lesou€ef et al., 2011; Matthews et al., 2007;
Oliphant et al., 2001; Yang and Chen, 2005; Yu et al., 2014).
Orographical effects of islands on impinging synoptic flow may be
coarsely predicted by the local Froude number Fr (U/Nh), with U the
wind speed, N the buoyancy frequency and h the maximum height.
The Lesser Antilles Arc includes small tropical islands (width lower
than 50 km) which separate the Atlantic Ocean from the Caribbean
Sea. A total of one-and-a-half million people live in this area
extending from Grenada (12.12� N, 61.68� W) to the Virgin Islands
(18.34� N, 64.93� W). Low topography islands (Fr� 1) like Barbados
induce air-mass circulations, such as land-sea breezes and
convective circulations, mainly driven by thermal contrasts
(Mahrer and Pielke, 1976; Whitehall et al., 2013; J€ahn et al., 2015).
Mountainous islands (Fr< 1) like St-Vincent, Dominica and
Montserrat induce air-mass circulations, such as blocking on
windward slopes and calm wind area on the leeward coast, mainly
driven bymechanical effects (Smith et al., 1997, 2012; Poulidis et al.,
2016). These orographically/thermally induced airflows occurring
at meso- and micro-scale must be studied to understand the
mechanisms which drive dispersion and transport of air pollutants
in the atmospheric boundary layer of these small islands.

Air quality over the Lesser Antilles islands is affected bymultiple
sources: anthropogenic emissions, volcano plumes and fumaroles,
saharan dust, sargassum seaweed (H2S gas released). Apart from
the large-scale origin of saharan dust and the regional-scale origin
of volcanic eruption plumes, all major sources are local, linked with
different island-scale wind regimes: inland, orographical, coastal,
windward and leeward. In the focused area, the most important
anthropogenic sources are generation of electric power and trans-
port activities. The electricity of the Lesser Antilles islands is mainly
generated by coal and diesel power plants which induce permanent
pollutant gas plumes. The terrain complexity (topography, coastline
and land-use) and the small distance between potential industrial
sources and residential areas located at less than 2 km would
suggest the need for subkilometer meteorological fields to well
reproduce the main governing factors of air pollution: transport
driven by local flows and dispersion driven by shear/buoyancy
production.

Real numerical weather simulations including dynamical
downscaling from large-scale to mesoscale resolution (100e1 km)
are numerous in the literature (Carlis et al., 2010; C�ec�e et al., 2014;
Jury et al., 2009; Lef�evre et al., 2010; Madalaa et al., 2015; Nguyen
et al., 2010; Seaman et al., 2012; Srinivas et al., 2015; Whitehall
et al., 2013; Yang and Chen, 2005). Most of these numerical
studies are made with the Weather Research and Forecasting
model (WRF; Skamarock et al. (2008)). These real nestedmesoscale
simulations associated with 1D ensemble-mean turbulence
schemes, have shown their good ability to reproduce the main
features of regional meteorological phenomena. Downscaling from
meso- to micro-scale (<1 km) resolution associated with 3D Large
Eddy Simulation scheme, is recent. The nesting from an 1D
ensemble-mean turbulence scheme to Large-Eddy 3D closure
scheme is at this stage sparsely documented (Mirocha and Kirkil,
2010; Mirocha et al., 2014; Mu~noz-Esparza et al., 2014). Most
studies dealing with this topic have been made with the coupled
model WRF-LES which simulated realistic microscale meteorolog-
ical variable fields (Chu et al., 2014; Joe et al., 2014; Liu et al., 2010;
Zhu, 2008b). Joe et al. (2014) coupled WRF-LES with the Eulerian
chemical model (WRF-Chem) to apply real Large Eddy nesting to
multiple pollution sources modelling over a densely populated area
of Oakland. The 250-m grid concentration outputs allow to high-
light the need for explicit LES turbulent mixing instead of param-
eterized ensemble-mean turbulence to predict high exposure areas.
The discrete grid of Eulerian models like WRF-Chem generates
numerical diffusion errors (Brioude et al., 2013). Therefore in case
of emissions from point sources, near-source concentrations are
better represented by Lagrangian models which are independent
from computational grid. Unlike Eulerian models, Lagrangian
models have small computational costs. FLEXPART-WRF (Brioude
et al., 2013), associating the Lagrangian Particle Dispersion Model
FLEXPART (Stohl et al., 2005) and the regional meteorological
model WRF, has been applied and validated for mid-range and
long-range transport cases (de Foy et al., 2009; Angevine et al.,
2013; Sandeepan et al., 2013; Heo et al., 2015; Madalaa et al.,
2015). However, FLEXPART-WRF model has not been tested for
very short-range transport and microscale resolution grids.

The main goal of the present work is to analyze the need for
microscale nesting to prevent atmospheric pollution risks over a
complex terrain. The case of the densely populated area of a small
mountainous island, the Guadeloupe archipelago, is examined. This
study showing the first evaluation of the FLEXPART-WRF model
sensitivity at subkilometer resolutions has also of significant in-
terest to near-source air quality research.

During a real case meteorological situation of weak trade winds,
the transport and dispersion of nitrogen oxides (NOx) emitted by
the main power plant of Guadeloupe, is analyzed for three reso-
lutions. Model outputs are evaluated with data recorded by two air
quality stations. In the focused area, the main sources contributing
to NOx are the main power plant and vehicles on the primary road
network. In order to identify the contribution of power plant and
road traffic, inverse-modelling plumes of recorded NOx peaks are
also examined.
2. Methods

2.1. Description of the site

The Guadeloupe archipelago is located in the middle of the
Lesser Antilles arc at 16.22� N and 61.55� W(Fig.1). This archipelago
includes two main islands: Basse-Terre, a mountainous island with
a maximum elevation height of 1467 m and Grande-Terre, a low
topography island with a maximum elevation height of 135 m. As
written by C�ec�e et al. (2014), the special feature of Guadeloupe is
the combination of two types of small island: the mechanical
convective island of Basse-Terre (Fr< 1 and width� 50 km) and the
thermal convective island of Grande-Terre (Fr� 1 and
width� 50 km). Half of the total population, 200,000 people, live in
the area located in the middle of the archipelago (16.20� N,
61.64� W; 16.28� N, 61.5� N) (Fig. 1). The low topography of this
coastal region forming a basin between the two main islands
(Fig. 1b) could generate calm winds and specific airflows in the
atmospheric boundary layer. It is important to predict surface wind
fields in this urban area which includes the main anthropogenic
sources of atmospheric pollution: the main diesel power plant PWP
(red circle, Fig. 1c) and the primary road network PRN (magenta
lines, Fig. 1c). Observational data from the surface weather station
WS2 (Fig. 1b) indicate that in this region of interest, under weak
trade winds (�5 m s�1), a cold surface layer decreases the local
wind speeds to null values during the night (Br�evignon, 2003).



Fig. 1. Map of the Guadeloupe archipelago, including the 50-m resolution terrain height (m) and locations of four 1-h recording weather stations (red stars), one 1-Hz recording
weather station (red diamond), two 15-min recording air quality stations; (a) The cyan rectangle corresponding to the most densely populated area zoomed in (b) and (c), including
locations of two 15-min recording air quality stations and main power plant of the archipelago, respectively: AQS1 (red triangle), AQS2 (red square) and PWP (red circle); (c)
indicating locations of the primary road network PRN (magenta lines) and the secondary one (grey lines). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Under the same synoptic wind regime, at the weather station WS1
(Fig. 1b), D’Alexis et al. (2011) observed occurences of a reversed
westerly nocturnal flow linked with sudden fall of 2-m air tem-
perature. The coastal location of the observational point suggested
that this westerly cold flow pushing the easterly trade winds
offshore may be induced by the nocturnal landesea thermal
contrast as a land-breeze. Plocoste et al. (2014) field campaign
showed that a similar westerly nocturnal flow appeared on the
leeward coast of Grande-Terre, in Pointe-�a-Pitre city (Fig. 1c). This
circulation would transport VOCs from a landfill to residential
areas. Plocoste et al. (2014) defined this nocturnal flow as a thermal
breeze probably generated by an urban heat island. To identify the
origin of this nocturnal flow observed on both sides of the urban
area, C�ec�e et al. (2014) used the regional meteorological modelWRF
at spatial resolution of 1 km and temporal resolution of 1 h over the
Guadeloupe archipelago. For three real cases of weather type linked
with trade wind strength, strong (z12 m s�1), medium (z6 m s�1)
and weak (z3 m s�1), hourly 1-km output fields show good
agreement with observational data from 5 surface weather stations
and upper air soundings. These simulated data fields allowed to
compensate for the lack of observational data over the Guadeloupe
archipelago. Under weak trade winds, during the day, the convec-
tion is enhanced by the landesea thermal contrast and the marine
air-flow converges over lands. During the night, under weak trade
winds, the model shows a good ability to reproduce the observed
westerly flow. According to C�ec�e et al. (2014), this is a downslope
wind initiated on the cold windward slopes of the Soufri�ere vol-
cano. This flow extents downstream on the windward coast of
Basse-Terre, then reaches the agglomeration area as far as Pointe-
�a-Pitre city. This kind of local circulations occurring over industrial
plumes and the primary road network may enhance the risk for the
health of the population. The small size of the region of interest
(15.6 km � 8.9 km) and the small distance between potential in-
dustrial sources and residential areas located at less than 2 km
suggest that the temporal resolution of 1 h and the spatial resolu-
tion of 1 km, respectively used in the C�ec�e et al. (2014) study should
be decreased.
2.2. Simulation dates

The D’Alexis et al. (2011) observational study based on mea-
surements of the 1-Hz recording station WS1 (red circle, Fig. 1b)
allowed to record the only 10-min surface meteorological data in
the region of interest. To validate the sub-hourWRF data sets of the
present study, the simulation dates have been selected from the
D’Alexis et al. (2011) field campaign period corresponding to the
year 2007. The NOx concentrations recorded during this year at
AQS1 (i.e., the air quality station closest to the industrial area,
Fig. 1c) indicate that the month of December testifies to the major
pollution events (Fig. 2a1 and b1). During this dry season month,
the largest hourly averaged concentration is observed between
0700 LT and 0800 LT, this period corresponding to the transition
between nocturnal and diurnal wind regimes (Fig. 2a2 and b2). In
December 2007, 40% of the 10-min wind speeds recorded at WS1
(i.e., the weather station closest to the industrial area, Fig. 1c) are
lower than 3 m s�1 and 27% of the 10-min wind directions are
westerly (Fig. 3). The study of three days of high NOx concentrations
and two days of weak pollution shows that NOx peaks recorded in
December at AQS1 are linked with weak winds and nocturnal
westerly flows (Fig. 4).

C�ec�e et al. (2014) hourly 1-km numerical results allowed to
analyze the onset and development of a nocturnal westerly
downslope flow occurring during the weak trade winds period:
0600 UTC 3 Decembere0600 UTC 5 December 2007 (with UTC
corresponding to LTþ 4). In order to evaluate the contribution of
sub-hour 1-km simulations and microscale simulations to this
previous analysis, the same dates are examined with a time period
reduced to 24 h: 1200 LT 3 Decembere1200 LT 4 December 2007.
The hourly averaged NOx concentrations (green triangles, Fig. 2a2)
and the maximum values (red circles, Fig. 2b2) recorded at AQS1
during this period show that the selected days faithfully represent a
typical case of severe pollution in the city of Pointe-�a-Pitre. The
clear sky and the small 24-h accumulated amount of rain (0.4 mm
recorded byWS2) during this meteorological situation suggest that
wet deposition removal processes of NOx would be inhibited.



Fig. 2. NOx concentrations (mg m�3) recorded at AQS1 (i.e., the air quality station closest to the industrial area) in 2007: (a1) month means, (b1) month peaks, (a2) mean hourly
values during December and (b2) maximum hourly values during December; with the hourly averaged concentrations (green triangles) and the maximum concentrations (red
circles) recorded during the studied 24-h period. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Wind rose of the 10-m wind speed (m s�1) and direction (�N) data recorded
every 10 min at WS1 (i.e., the weather station closest to the industrial area) during the
month of December 2007.

Fig. 4. Hourly surface data observed during five days, 3 December 2007 (blue circles),
10 December 2007 (black triangles), 14 December 2007 (magenta triangles), 22
December 2007 (green circles) and 23 December 2007 (red circles): (a) NOx concen-
trations (mg m�3) recorded at AQS1, (b) the 10-m wind speed (m s�1) recorded at WS1
and (c) the 10-m wind direction (�N) recorded at WS1. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)
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2.3. Real nested Large-Eddy simulation setup

Three resolution grid outputs are compared in the present
study: 1 km, 333 m and 111 m. The 333 m grid size corresponds to
the usually called “turbulence grey zone” or “terra incognita”where
the turbulent motions could not be entirely parameterized by an
ensemble-mean scheme or mainly resolved by an LES scheme
(Honnert et al., 2011; Wyngaard, 2004). In order to determine if at
this resolution, the 1D ensemble-mean scheme, associated with
lower computational costs, could well predict pollutant concen-
trations, an additional simulation is made in the 333 m domain
with the 1D ensemble-mean scheme. This additional simulation
also allows to dissociate grid resolution effects from the turbulence
scheme ones. The Numerical Weather Predicted model WRF ARW
V3.4.1 (Skamarock et al., 2008) is employed to produce 1-km, 333-
m and 111-m resolution meteorological fields with a history in-
terval of 10 min. These meteorological outputs are needed to force
the Lagrangian Particle Dispersion Model FLEXPART-WRF (Brioude
et al., 2013). The real nesting from largescale to microscale
resolutions is performed with six domains D1, D2, D3, D4, D5 and
D6 respectively associated to grid spacings 27 km, 9 km, 3 km,1 km,
333 m and 111 m (Fig. 5). As described by C�ec�e et al. (2014), the
outermost domain (D1) covers 80 � 80 grid cells in the central
Atlantic area from South America to the Dominican Republic
(Fig. 5a). The innermost domain (D6) covers 168 � 99 grid cells in
the densely populated area of Guadeloupe (Fig. 5b). In the three
finest-grid domains (D4, D5, D6), the topography of the
Guadeloupe archipelago (domains D4, D5 and D6) was interpolated
from the Institut G�eographique National (IGN) 50-m topographic
map and its land-use was interpolated from the 25-m Corine Land
Cover map (CLC2006, EEA (2007)) pre-converted to 24 USGS land-



Fig. 5. WRF domains IOA: (a) two-way mesoscale nesting including domain D1 (white, 27 km of resolution), domain D2 (cyan, 9 km of resolution), domain D3 (grey, 3 km of
resolution), domain D4 (yellow, 1 km of resolution); (b) one-way microscale nesting including domain D4, domain D5 (green, 333 m of resolution) and domain D6 (red, 111 m of
resolution). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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use categories (Anderson et al., 1976; Pineda et al., 2004). All do-
mains have 70 unequally spaced half vertical eta-levels with the
lowest half level at 13 m AGL. The first 3000 m are set with 43
vertical levels. The model top is set at 100 hPa pressure level (i.e.
the tropopause). To prevent reflections of gravity-wave energy at
the top boundary, Rayleigh damping on vertical velocity option is
turned on with a damping layer depth of 5 km. Most of C�ec�e et al.
(2014) physics parameterizations are applied. In all domains, the
surface layer is parameterized with Monin-Obukhov similarity. The
WRF single-moment 6-class microphysics scheme Hong and Lim
(2006) is selected. However, observational data showed that the
cloud cover was negligible during the studied period in the focused
area: a clear sky linked with a small 24-h accumulated amount of
rain (0.4 mm recorded by WS2). The radiation is computed by the
Rapid Radiative Transfer Model (RRTM) longwave scheme (Mlawer
et al., 1997) and the Dudhia shortwave scheme (Dudhia, 1989). To
well simulate radiation processes over the complex topography of
Guadeloupe, the slope effects and the neighboring-point shadow
effects are parameterized for domains D3, D4, D5 and D6. The Noah
land surface model (Chen and Dudhia, 2001) is selected with the
SST skin option which simulates the sea skin temperature diurnal
cycle. In all domains the convection is explicitly resolved except for
domain D1 where the Kain-Fritsch scheme Kain (2004) parame-
terizes the convection. In mesoscale domains (D1, D2, D3 and D4),
the PBL is modelled by the ensemble-mean non-local-K YSU
scheme Hong et al. (2006) which is associated with the horizontal
first-order Smagorinsky closure. Comparative studies of WRF PBL
schemes showed that YSU scheme was the best during convective
boundary layer Shin and Hong (2011); Hu et al. (2010). However,
under nocturnal stable conditions, the YSU scheme (WRF versions
earlier than 3.4.1 version) had a tendency to inhibit vertical wind
gradient (Hu et al., 2013). The decrease of nocturnal vertical mixing
in the 3.4.1 version of WRF (used here), allows to improve simu-
lation of wind speed in the lower layers during the night (Hu et al.,
2013). This PBL scheme also showed good performances for WRF-
LES coupling in cases of real nested microscale simulations (Joe
et al., 2014; Talbot et al., 2012; Zhu, 2008a, b). In microscale do-
mains (D5 and D6), the PBL is resolved explicitly by 3D Large Eddy
Simulation equations (Moeng et al., 2007) with the 1.5 order TKE
closure (Lilly, 1967). The WRF-333m-LES and WRF-111m-LES sim-
ulations have a time step of 0.3 s and 0.1 s, respectively. An addi-
tional 333-m simulation is made running the microscale domain
D5 with the PBL YSU scheme (WRF-333m-YSU).

The real nested Large-eddy simulations are performed in two
steps. First, a two-way four-level downscaling (D1, D2, D3 and D4)
allows to obtain 1-km meteorological fields over the Guadeloupe
archipelago with a history interval of 10 min (WRF-1km-YSU). In
this mesoscale nesting, domain D1 is 6-hourly initialized with
meteorological data from the 110 km NCEP FNL operational model
global tropospheric analyses (continuing from July 1999, available
online at http://rda.ucar.edu/datasets/ds083.2/). Then, a one-way
two-level downscaling (D5 and D6) is used to obtain 333-m and
111-m meterorological fields over the focused urban area with a
history interval of 10 min (i.e., WRF-333m-LES and WRF-111m-
LES). In order to determine how the resolution affects the model
performance, the one-way downscaling excluding nested feedback
impacts should be preferably used. Lateral boundary conditions of
domain D5 in WRF-333m-YSU and WRF-333m-LES are defined
every 10 min by the 1-km domain D4 outputs which are pre-
interpolated with a cubic-spline method.

This setup is used to simulate a time period of 60 h (from
1800 UTC 2 December to 0600 UTC 5 December 2007). The first 12-
h results are not examined, this period corresponds to the typical
spinup time period (Hu et al., 2010).

2.4. Lagrangian Particle Dispersion Model setup

The main goal of the present numerical study is to analyze ef-
fects of microscale resolutions on the dispersion of NOx emitted by
anthropogenic sources in a densely populated area of Guadeloupe.
The main sources of NOx in this region are the most important
diesel power plant PWP and vehicles on the primary road network
PRN. The Lagrangian Particle Dispersion Model FLEXPART-WRF
(Brioude et al., 2013; Stohl et al., 2005) is used to simulate the
forward and backward dispersions of NOx in domains D4, D5 and
D6: FLEXPART-1km-YSU, FLEXPART-333m-YSU, FLEXPART-333m-
LES and FLEXPART-111m-LES. The respective WRF grids (i.e.,
WRF-1km-YSU, WRF-333m-YSU, WRF-333m-LES and WRF-111m-
LES) are used for single pollution simulations corresponding to
each domain. The vertical grid includes 38 terrain-following levels
with the first level at 10 m AGL and the model top at 3000 m AGL.
The WRF outputs reinitialize FLEXPART-WRF model every 10 min.
The main meteorological input variables include: mass-weighted
time-averaged wind fields, friction velocity, heat sensible flux and
PBL height. The PBL turbulence is parameterized by the Hanna
scheme (Hanna, 1982) which computes turbulent profiles
depending on stability conditions of the PBL.

The dispersion of NOx emitted by the power plant PWP is

http://rda.ucar.edu/datasets/ds083.2/
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simulated in domains D4, D5 and D6, during a period of 24 h:
1200 LT 3 Decembere1200 LT 4 December 2007. Like concentra-
tions measured by the air quality stations AQS1 and AQS2, simu-
lated concentrations are averaged and saved every 15min. The PWP
plume is represented by a column of 30 � 30 � 340 m centered at
61.5515� W and 16.2280� N (Fig. 1c). The plume base corresponds
with smokestack height of 60 m AGL. Following PWP plume
observational pictures, the plume top is set at 400 m AGL. Ac-
cording to the Pollutant Emissions French Register, the power plant
PWP released 9.790 kilotons of NOx (equivalent NO2) in 2007. On
the basis of this amount, the NOx total mass emitted by PWP during
24 h is set to 26.820 tons with a constant emission rate as no hourly
profile information is available. This assumption might increase the
uncertainties in the calculated NOx concentrations. In the model,
the concentrations are calculated on the basis of the number of
trajectories located within each grid cell and their mass fraction.
The larger the number of released particles is, the better the particle
mass fraction statistics for each grid cell are represented. Hence, for
a given resolution grid, an optimal number of trajectories to run in
the model needs to be estimated. In order to determine this
number corresponding to result stability, several simulation tests
have been made with a number of particles released every 15 min
ranging from 5000 to 60,000 particles. These tests have shown that
the result stability is reached for 1-km grid, 333-m grid and 111-m
grid, with the respective number of particles emitted every 15 min
during the 24-h period: 20,000, 30,000 and 50,000.

Backward simulations allow to analyze retroplume and sources
of NOx peaks recorded at AQS1 and AQS2. In the region of interest,
the power plant PWP and the primary road network PRN are the
potential sources of this pollution (Fig. 1c). Because of the short
distances between these sources and the air quality stations (e.g.,
the distance from PWP to AQS1 is equal to 1.75 km and the distance
from PRN to AQS2 is equal to 650 m), the simulation period is set to
24 h from peak times with a history interval of 5 min. Source
sensitivity fields, related to the residence time of particles in grid
cells, are obtained for the three resolution grids. The residence time
is linked with the number of particles flowing in each grid cell. The
smaller the grid cell is, the shorter the residence time of a particle in
this cell is. In order to determine the number of particles to release,
several simulation tests have been made with respectively 25,000,
50,000 and 100,000 released particles. These tests have shown that
to keep residence time values consistent in the 111-m grid, it is
necessary to use 100,000 particles. This number of released parti-
cles is also used for the two larger grids. The particles are released
at observed peak times in each domain. The air quality stations are
represented by boxes of 20 � 20 � 10 m at 10 m AGL. These boxes
are centered on AQS1 location (16.2385� N, 61.5377� W) and AQS2
location (16.2573� N, 61.5917� W).

3. Results and discussion

3.1. Effects of the resolution on simulated meteorological fields

3.1.1. Comparison of terrain data for the three resolutions
The relatively flat topography of the focused area includes the

highest terrain elevation of 131m on thewindward slopes of Basse-
Terre island (Fig. 6d). The low topography around the source PWP
and the station AQS1 suggests weak shear inhibiting turbulent
motions and particle dispersion. The 1-km interpolated topography
smoothes this basin area between Basse-Terre island and Grande-
Terre island (Fig. 6a). While the 333-m interpolated topography
renders the main relief patterns, the 111-m grid defines most de-
tails of the original 25-m topography (Fig. 6).

The main land-use categories in the region of interest include:
marine surfaces, urban and built-up land and crops/wood mozaic
(Fig. 7d). These land-use categories determine albedo and rough-
ness length values which are critical parameters affecting skin
surface temperature and friction velocities. When the albedo de-
creases, the skin surface temperature has greater values which may
induce turbulent rising motions. Great roughness length values
generate higher friction velocities and lower surface horizontal
wind speeds. The thermal land-sea contrast is a significant forcing
inducing local circulations, like diurnalenocturnal con-
vergenceedivergence of surface winds over land (C�ec�e et al., 2014).
The 1-km resolution grid represents poorly the 25-m resolution
coastline with PWP and AQS1 located in marine areas (Fig. 7a). The
increase in resolution to 333-m spacing grid allows to better
represent the industrial area including PWP while AQS1 is still
located in the sea (Fig. 7b). The 111-m resolution landuse map
defines most details of the 25-m resolution coastline and shows
realistic landuse categories for PWP and all observational surface
stations (Fig. 7c).

3.1.2. Evaluation of simulated meteorological fields
Four surface meteorological variables (2-m temperature, 2-m

water vapor mixing ratio, 10-m wind speed and direction) are
evaluated with observational data recorded at WS1 and WS2
(Figs.1b and 8). The 24 h period of the particle dispersionmodelling
(1200 LT 3 Decembere1200 LT 4 December 2007) is studied. While
the 1-h recorded data fromWS2 allow an approximated evaluation
of the 10-min model outputs (Fig. 8a1ea4), the 1-Hz recorded data
from WS1 allow an evaluation at a specific history interval of
10 min (Fig. 8b1eb4). As described by C�ec�e et al. (2014) for wind
speed, WS1 and WS2 have respectively an accuracy of 2% (with a
resolution of 0.01 m s�1) and 1 m s�1. Thus instead of WS1, WS2 is
unable to record wind speed values lower than 1 m s�1 which are
common during the night. This induces missing values for 10-m
wind speed and direction observed at WS2 urban station
(Fig. 8a3 and a4).

The 2-m air temperature and the 2-m water vapor mixing ratio
are theworst simulated variables atWS2 location (Fig. 8a1ea4). For
the four simulations (i.e., WRF-1km-YSU, WRF-333m-YSU, WRF-
333m-LES and WRF-111m-LES), the simulated temperature is
overestimated during the night with a maximum bias of 4 �C at
0800 LT. On the contrary, the simulated water vapor mixing ratio is
globally underestimated with a bias of 2.5 g kg�1). For the three
resolutions, the WS2 location corresponds to the urban land-use
category which is parameterized by large heat storage and low
evaporation whereas WS2 sensors are located over airport grass-
land. Wind speed and direction seem to be well simulated at WS2
(Fig. 8a3 and a4). During the night, simulation outputs show oc-
currences of westerly flows. Unfortunately, these nocturnal circu-
lations linked with wind speed lower than 1 m s�1 cannot be
recorded by WS2 wind sensor. For the three resolutions, the loca-
tion of WS1 coastal station corresponds to the mangrove land. At
this land-sea interface point, the four variables seem better simu-
lated in the 111-m grid (red line, Fig. 8b1eb4). For the 2-m tem-
perature, WRF-1km-YSU, WRF-333m-YSU and WRF-333m-LES
outputs show similar values with large underestimations of the
nocturnal radiative cooling (Fig. 8b1). The maximum difference
between observational data and these outputs reaches 3.7 �C at
0530 LT. For all simulations, themodel inhibits the diurnal variation
of air temperature and overestimates the water vapor mixing ratio
(Fig. 8b1 and b2). The wind speed is the worst simulated variable
with a model steady overestimation of 2 m s�1 during the night
(Fig. 8b3). These errors would be generated by model roughness
length smaller than reality. These overestimated wind speeds could
induce underestimated concentrations in the particle dispersion
model. For the three resolutions, the model well reproduces the
westerly downslope flow occurring on the windward slopes of



Fig. 6. Maps of topography (m): (a) 1-km resolution grid, (b) 333-m resolution grid, (c) 111-m resolution grid, (d) original 50-m resolution grid with diamond, star, triangle, square
and circle corresponding respectively to weather station WS1, weather station WS2, air quality station AQS1, air quality station AQS2 and power plant PWP; magenta line indicating
the 25-m resolution coastline. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Map of land-use categories in the focused area with water bodies (white), urban and built-up land (red), mixed forest and mangrove (grey), dryland cropland and pasture
(yellow), crops/wood mozaic (green), deciduous broadleaf forest (orange), mix shrubland/grassland (blue), herbaceous wetlands (cyan); diamond, star, triangle, square and circle
corresponding respectively to weather station WS1, weather station WS2, air quality station AQS1, air quality station AQS2 and power plant PWP; black line indicating the 25-m
resolution coastline; (a) 1-km resolution grid, (b) 333-m resolution grid, (c) 111-m resolution grid, (d) original 25-m resolution grid. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

R. C�ec�e et al. / Atmospheric Environment 139 (2016) 98e112104
Basse-Terre island (Fig. 8b4). During this established nocturnal
circulation, non-real west-southwest wind directions linked with
increased wind speed are simulated. These biases may be induced
by errors in parameterization of friction velocity at this coastal
mangrove area.

Overall, for the two locations and the four meteorological vari-
ables, timeseries shows slight differences between the four simu-
lations. In order to estimate the effects of microscale dowscalling on
model performance, a statistical evaluation is needed. The error
estimators (MBE, MAE, IOA) are computed with observational data
recorded at WS1 station (Table 1) and at AQS2 station (Table 2).
These statistical error estimators are described in the appendix. The
index of agreement IOA is based on variations of theMAE (Willmott
et al., 2012). As written by C�ec�e et al. (2014), the model perfor-
mance is considered as bad, good, and very good when IOA values
are respectively: negative, between 0 and 0.5 and above 0.5.

At WS1 location, for any grids and any variables (Table 1), the
model shows good scores (i.e., IOA values above 0) and generally
the rise of resolution improves the model sensitivity. For any case,
the use of LES scheme instead of the YSU scheme at 333 m reso-
lution, slightly enhances the model prediction. The wind speed is
the worst simulated variable. This may be explained by the
nocturnal model overestimations previously described and by large
observed variations of wind speed (i.e., mean and standard



Fig. 8. Comparison between WRF-1km-YSU (blue line), WRF-333m-YSU (black line), WRF-333m-LES (green line), WRF-111m-LES (red line) and observational data (grey circles) for
four variables: (a1,b1) 2-m air temperature (�C), (a2,b2) 2-m water vapor mixing ratio (g kg�1), (a3,b3) 10-m wind speed (m s�1), (a4,b4) 10-m wind direction (�N) at two locations,
(a1ea4) 1-h recording weather station WS2 and (b1eb4) 1-Hz recording weather station WS1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Surface WRF data evaluation at WS1 location during the period of 24 h (144 points).

Air temperature (�C) Vapor mixing ratio (g kg�1) Wind speed (m s�1) Wind direction (�N)

Obs mean 24.56 15.68 1.50 272.55
Obs std dev 3.09 1.19 1.33 40.21
WRF-1km-YSU
MBE 0.81 1.29 0.93 �15.58
MAE 2.24 1.34 1.39 44.78
IOA 0.60 0.35 0.33 0.66
WRF-333m-YSU
MBE 0.85 1.11 0.83 �21.12
MAE 2.35 1.16 1.29 41.68
IOA 0.58 0.43 0.37 0.68
WRF-333m-LES
MBE 0.74 1.04 0.81 �16.72
MAE 2.32 1.14 1.27 41.22
IOA 0.59 0.44 0.38 0.69
WRF-111m-LES
MBE �0.03 0.70 0.57 �17.14
MAE 1.29 0.81 1.13 39.06
IOA 0.77 0.61 0.45 0.70

Table 2
Surface WRF data evaluation at AQS2 location during the period of 24 h with a time
step of 15 min (40 points available).

Wind speed (m s�1) Wind direction (�N)

Obs mean 1.33 328.87
Obs std dev 0.49 35.93
WRF-1km-YSU
MBE 0.05 �32.64
MAE 0.68 70.11
IOA 0.16 0.76
WRF-333m-YSU
MBE 0.47 �6.49
MAE 0.78 44.90
IOA 0.01 0.85
WRF-333m-LES
MBE 0.43 �1.75
MAE 0.67 44.44
IOA 0.16 0.86
WRF-111m-LES
MBE 0.38 0.52
MAE 0.67 40.79
IOA 0.16 0.86
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deviation have the same order of magnitude). With very good
scores for the four simulations (i.e., IOA values above 0.5), the wind
direction and the 2-m air temperature are the best simulated var-
iables. Contrary to the dynamical variables, for 2-m temperature
and vapor mixing ratio, the nesting from the 333-m grid to the 111-
m grid allows to significantly improve modeleobservations
agreement. This would be induced by the buoyant turbulent mo-
tions which are better resolved at the LES scale of 111 m than at the
“turbulence grey” scale of 333 m.

The 10-mwind speed and direction data recorded every 15 min
at the air quality station AQS2 are used to evaluate the model at a
second grid point (Table 2). During the 24-h studied period, due to
the weak sensitivity of the AQS2 wind sensor (minimum wind
speed recorded of 0.5 m s�1), only 40 observational data are
available. At this location, the wind direction is very well simulated
with a significant improvement with the nesting to the 333-m
resolution. For the wind speed, except the WRF-333m-YSU simu-
lation which has the worst score, the models have the same good
IOA value for all grids. Overall, in this urban area characterized by a
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relative flat topography (Figs. 6 and 7), the grid resolution has a
small impact on the predicted 10-m winds.
3.1.3. Expected accumulation areas
In FLEXPART-WRF, turbulent mixing is parameterized by the

Hanna scheme which computes standard deviations of turbulent
velocity fluctuations depending on Richardson number values (i.e.,
stability conditions of the ABL). The following Richardson number
values: negative, null, between 0 and 0.2, and greater than or equal
to 0.2, correspond respectively to stability regimes: unstable,
neutral, mechanical turbulent and stable. During the day, convec-
tive turbulent motions in unstable ABL enhance the dispersion of
particles whereas the nocturnal stable condition enhances their
accumulation. In order to predict areas of particle accumu-
lationedispersion, the gradient Richardson number representing
the ratio between the buoyant production and the shear production
of turbulence is defined between 13 m AGL and 100 m AGL as:

Ri ¼
g
Tv

vqv
vz�

vU
vz

�2
þ
�
vV
vz

�2; (1)

where g is the gravitational acceleration, Tv is the virtual temper-
ature at 100 m AGL, qv is the virtual potential temperature, U and V
are the horizontal wind components. This dimensionless ratio is
averaged on a diurnal period (3 December 1200e1800 LT) and on a
nocturnal period (3 December 2200 LTe4 December 0600 LT).

In diurnal and nocturnal conditions, the WRF-333m-LES and
WRF-111m-LES domains show quite similar Richardson number
patterns (Fig. 9). During the day, most parts of the focused area are
under unstable dispersive conditions, rising motions would
enhance the dispersion of emitted particles (Fig. 9a1ea4). The
subkilometer resolution domains allow to predict a shear-driven
dispersion area on the leeward side of Grande-Terre
(Fig. 9a2ea4). During the night, there are significant biases for
accumulation areas between the 1-km resolution domain and the
microscale ones (Fig. 9b1eb4). While the WRF-1km-YSU output
predicts these potential pollution areas on the west side of the
urban areas, the three finer domains locate them on the east side
including the industrial area (PWP source) and the city of Pointe-
�a-Pitre (AQS1 station). This suggests that compared to the sub-
kilometer domains, the 1-km resolution domain would underesti-
mate nocturnal concentrations of NOx emitted by PWP and the
induced health risk in this part of the domain. At 333-m resolution,
the YSU turbulence scheme tends to predict smaller potential
pollution areas than the 3D LES scheme.
Fig. 9. Averaged diurnal (a1ea3) and nocturnal (b1eb3) gradient Richardson number for th
(a2,b2) WRF-333m-YSU, (a3,b3) WRF-333m-LES and (a4,b4) WRF-111m-LES with location
interpretation of the references to color in this figure legend, the reader is referred to the
3.2. Forward modelling of NOx emitted by PWP

3.2.1. Diurnal and nocturnal dispersion of PWP NOx

During the afternoon, the first 100-m levels and 5 h averaged
horizontal wind fields are characterized by wind speeds lower than
4.5 m s�1 and a convergence area linked with sea breeze circula-
tions (Fig. 10a1ea4). Compared to the LES domains, the 1 km- and
333m-YSUwind speeds are generally larger inhibiting the lowwind
area simulated on the leeward side of Grande-Terre. Around the
PWP source, the YSU outputs show an east southeast mean wind
direction whereas the LES output indicates a south southeast wind
direction. The first 100-m levels and 5 h averaged diurnal NOx
concentrations are plotted for values between 25 and 200 mg m�3

(Fig. 10b1eb4). The 1-km plume is confined in one grid at the left of
PWP location with low maximum value of 59 mg m�3. The
FLEXPART-333m-LES and FLEXPART-111m-LES plume extends in
the industrial area (2.5 km from PWP) with near-source concen-
trations exceeding the World Health Organization risk value of
200 mg m�3. At the PWP, the maximum values of concentrations
simulated in FLEXPART-333m-LES and FLEXPART-111m-LES do-
mains, reach respectively 228 and 423 mg m�3. The FLEXPART-
333m-YSU plume extends in the same direction as the FLEXPART-
333m-LES one. However, at this resolution, the YSU outputs asso-
ciated with larger wind speeds produce near-source concentrations
well lower than the risk value of 200 mg m�3.

The nocturnal PWP plume is analyzed averaging wind speeds
and NOx concentrations values between 2200 LT and 0600 LT. The
mean simulated nocturnal wind field seems to depend less on the
three selected resolutions (Fig. 11a1ea4). For the four simulations,
the westerly downslope wind initialized on the mountain wind-
ward slopes, extends to Grande-Terre island, flowing over the in-
dustrial area and PWP location. This particular flow converges with
land-breeze circulations on the leeward coast of Grande-Terre is-
land. The averaged NOx concentrations are plotted for values be-
tween 25 and 400 mg m�3 (Fig. 11b1eb4). As for the diurnal case,
the simulated near-source concentrations increase with the reso-
lution. Maximum values simulated in FLEXPART-1km-YSU, FLEX-
PART-333m-YSU, FLEXPART-333m-LES and FLEXPART-111m-LES
are respectively: 191, 412, 460 and 957 mg m�3. This rise in near-
source concentration is linked with a lower volume of grid cells.
Instead of these concentration peaks, the averaged FLEXPART-
333m-YSU, FLEXPART-333m-LES and FLEXPART-111m-LES NOx
plumes are quite similar. For the four simulations, the plume (25
and 100 mg m�3) extends to the northside of the urban area, taking
apparently a direction opposed to the mean wind patterns. This
part of the plume located in a calm wind area, corresponds to the
deposition of NOx emitted above 250m AGL (i.e. top of the westerly
e four simulations including terrain elevation (black contours): (a1,b1) WRF-1km-YSU,
s of AQS1, AQS2 and PWP, respectively red triangle, red square and red circle. (For
web version of this article.)



Fig. 10. Diurnal plume averaged on the first 100 m AGL and on the temporal period of 1200 LT to 1700 LT, (a1ea3) averaged horizontal wind speed (m s�1), (b1eb3) averaged
concentration (mg m�3) for the four simulations: (a1,b1) FLEXPART-1km-YSU, (a2,b2) FLEXPART-333m-YSU, (a3,b3) FLEXPART-333m-LES and (a4,b4) FLEXPART-111m-LES with
locations of AQS1 (magenta triangle), AQS2 (magenta square) and PWP (magenta circle). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 11. Nocturnal plume averaged on the first 100 m AGL and on the temporal period of 2200 LT to 0600 LT, (a1ea3) averaged horizontal wind speed (m s�1), (b1-b3) averaged
concentration (mg m�3) for the four simulations: (a1,b1) FLEXPART-1km-YSU, (a2,b2) FLEXPART-333m-YSU, (a3,b3) FLEXPART-333m-LES and (a4,b4) FLEXPART-111m-LES with
locations of AQS1 (magenta triangle), AQS2 (magenta square) and PWP (magenta circle). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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downslope flow).
3.2.2. Evaluation of NOx simulated concentrations
For the 24 h period, surface NOx simulated concentrations are

compared with the 15-min recorded data from AQS1 and AQS2
(Fig. 12). The two main sources of NOx are located less than 2 km
from AQS1: the primary road network PRN and the PWP plant are
located respectively at 1.6 km east and 1.7 kmwest of AQS1 (Fig.1c).
From midnight to 1000 LT, the westerly nocturnal flow transports
PWP NOx to AQS1 location (Fig. 12a1ea3). Globally, observational
pollution peaks (0115, 0330 and 0715 LT) are reproduced for the
four simulations with a tendency to overestimate concentrations.
This current bias is probably induced by an input emitted total mass
larger than reality. For the three resolutions, the most important
peak of 236 mg m�3, observed at 0715 LT, is the best simulated peak.
The AQS1 station is located at the convergence area between the
westerly downslope flow and the easterly land breeze flow. FLEX-
PART-1 km-YSU shows large overestimations between 0000 LT and
0400 LT. During this period, the 1-km output indicates a sustainable
north-west direction whereas the subkilometer outputs simulate
wind shear which seems more realistic.

The AQS2 station is located 4.7 km northwest of PWP and 650 m
north of primary road network PRN. Model results show that
diurnal and nocturnal circulations are able to transport NOx from
PWP to AQS2 (Fig. 12b1). While the two LES domains largely
overestimate the peak observed at 2115 LT, the four simulations
underestimate the main peak observed at 0730 LT. This
underestimation occurring near PRN and at rush-hour traffic seems
linked with vehicle NOx emissions not taken into account in the
model. This can also be explained by the overestimated WRF
nocturnal surface wind speeds (observed at WS1 location). This
peak observed and simulated at 0730 LT is linked with very low
wind speed values induced during the transition between the
nocturnal westerly flow and the diurnal easterly trade winds
(Fig. 12b1eb3). At AQS2 location, the FLEXPART-333m-YSU con-
centrations follow variations of the FLEXPART-1km-YSU concen-
trations with a current overestimation of 20 mg m�3. Overall, model
outputs fit AQS1 observational concentrations better than AQS2
ones. As previously remarked in the WRF outputs validation, the
surface wind fields simulated at AQS2 are quite similar for the three
resolutions (Fig. 12b2 and b3). This suggests that at this inland
urban location, microscale turbulent motions would have minor
impacts on mean mesoscale diurnal and nocturnal circulations.

Concentrations simulated at the closest station from the source
(AQS1) are evaluated with statistical tools (Table 3). The first 12 h
are removed to avoid model concentration values equal to zero. For
the four simulations, despite large observed variations (std dev of
53.5 mg m�3), IOA values show good performance scores, including
an improvement of model sensitivity with the increase in resolu-
tion. Indeed, with respective IOA values of 0.5, 0.5 and 0.6, the
333m-YSU, 333m-LES and 111m-LES outputs have very good
agreement with the observations. As graphically remarked, the
model tends globally to overestimate NOx concentrations. While
the nesting to subkilometer grids helps to reduce the MAE by



Fig. 12. Comparison between FLEXPART-1km-YSU (blue line), FLEXPART-333m-YSU (black line), FLEXPART-333m-LES (green line), FLEXPART-111m-LES (red line) and observational
data (grey circles) at AQS1 location (a1ea4) ans AQS2 location (b1eb4), for three variables: (a1,b1) 10-m concentration (mg m�3), (a2,b2) 10-m horizontal wind speed (m s�1),
(a3,b3) 10-m wind direction (�N). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Simulated surface concentration (mg m�3) evaluation at AQS1 location during the
period from midnight to 1200 LT with a time step of 15 min (48 points).

1km-YSU 333m-YSU 333m-LES 111m-LES

Obs mean 45.6 45.6 45.6 45.6
Obs std dev 53.5 53.5 53.5 53.5
MBE 32.9 5.5 11.9 8.0
MAE 49.1 40.0 36.9 32.4
IOA 0.4 0.5 0.5 0.6

R. C�ec�e et al. / Atmospheric Environment 139 (2016) 98e112108
9 mg m�3, the use of the LES scheme in the 333-m grid domain
allows to decrease it by 3 mg m�3. LES domains better simulate
turbulent motions governing the pollution dispersion in this
convergence area between the westerly downslope flow and the
easterly land-breeze.

3.3. Backward modelling of NOx deposition peaks

In order to analyze the effects of resolution on source identifi-
cation model, the two important peaks observed at AQS1 and AQS2
are simulated. These peaks are recorded by AQS1 at 2330 LT and
0715 LT with respective concentration values: 71 mg m�3 and
236 mgm�3. For AQS2 these peaks occur at 2215 LTand 0730 LTwith
respective concentration values: 27 mg m�3 and 120 mg m�3. Back-
ward plume and source sensitivity are examined with 24-h aver-
aged residence times. In order to examine the contributions of the
primary road network PRN and the contributions of the power
plant PWP, the residence time is vertically integrated in two layers,
respectively 50e200 m AGL and 100e300 m AGL.

3.3.1. NOx deposition peaks recorded by AQS1
During the first part of the night, before 2330 LT, the easterly

land-breeze is predominant around AQS1 in the city of Pointe-
�a-Pitre (Fig. 12a3). The PWP plant can hardly be the source of the
peak of NOx. The previous forward simulations show concentration
values equal to zero at this time (Fig.12a1). For the four simulations,
24-h backward plumes suggest that the primary road network area
located at 1.5 km from AQS1, may be the source of this deposition
(Fig. 13). The increase in resolution allows to reproduce a more
accurate plume from AQS1 to the source. Compared to FLEXPART-
1km-YSU and FLEXPART-333m-LES, FLEXPART-333m-YSU and
FLEXPART-111M-LES predict that NOx would be emitted from a
second, southern section of PRN (Fig. 13a2,b2,a4,b4). However, the
FLEXPART-333m-YSU extends the potential source area easterly
beyond the PRN location.

During the 24-h period, the most important peak was observed
at AQS1 at the beginning of the morning at 0715 LT. At this time, the
four forward outputs well simulate occurrence of this maximum
deposition linking with a well established westerly flow
(Fig. 12a1ea3). The back trajectories permit to examine the main
trajectory of the particles emitted by the PWP plant (Fig. 14). To
better define the plume from AQS1 to PWP plant, the residence
time vertically integrated between 100 and 300 m AGL is analyzed
(Fig. 14b1eb4). While FLEXPART-1km-YSU indicates a potential
source area extending on the southside of the industrial area, the
microscale models show a sharper plume flowing over the marine
zone from PWP location.

3.3.2. NOx deposition peaks recorded by AQS2
The pollution peak observed at 2215 LT at AQS2 was selected

because at this time the four forward outputs simulate a simulta-
neous overestimated peak (Fig. 12b1). This fact would suggest
contribution of PWP which is located at 4.7 km from AQS2. During
this period, the westerly downslope flow is established around
AQS2 but it is not extended to PWP location. Therefore NOx emitted
by the power plant may be transported to AQS2. For this peak,
while FLEXPART-1km-YSU predicts the closer PRN section as the
only source, FLEXPART-333m-YSU, FLEXPART-333m-LES and
FLEXPART-111m-LES simulate PWP as the second source (Fig. 15).
Themicroscale nesting allows to simulate themain trajectory of the
industrial plume in the PWP sensitivity layer (Fig. 15b2eb4). In this
vertical layer, in addition to the main back trajectory to PWP, the
FLEXPART-333m-LES output shows a southern back trajectory. This
secondary retroplume would be induced by particle recirculations
during the transition between easterly diurnal flows and westerly
nocturnal flows.

The time 0730 LT represents both the rush-hour traffic and the
very low wind speed period induced by the transition from the
westerly nocturnal flow to the easterly trade winds (Fig. 12b2 and
b3). The four backward simulations predict the section of PRN
which is located at 650 m from AQS2 (Fig. 16). The southern large
area of high residence time values predicted by FLEXPART-WRF-
111m in the PWP sensitivity layer, seems to be induced by the



Fig. 13. 24-h backward plume from AQS1 location 2330 LT 03 Dec with normalized residence time vertically integrated between 50 and 200 m AGL (a1ea3) and integrated between
100 and 300 m AGL (b1eb3); (a1,b1) FLEXPART-1km-YSU, (a2,b2)) FLEXPART-333m-YSU, (a3,b3) FLEXPART-333m-LES, (a4,b4) FLEXPART-111m-LES; with AQS1 (triangle), AQS2
(square), PWP (circle), PRN (magenta line) and the secondary road network (grey lines). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 14. 24-h backward plume from AQS1 location 0715 LT 04 Dec with normalized residence time vertically integrated between 50 and 200 m AGL (a1ea3) and integrated between
100 and 300 m AGL (b1eb3); (a1,b1) FLEXPART-1km-YSU, (a2,b2)) FLEXPART-333m-YSU, (a3,b3) FLEXPART-333m-LES, (a4,b4) FLEXPART-111m-LES; with AQS1 (triangle), AQS2
(square), PWP (circle), PRN (magenta line) and the secondary road network (grey lines). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 15. 24-h backward plume from AQS2 location 2215 LT 03 Dec with normalized residence time vertically integrated between 50 and 200 m AGL (a1ea3) and integrated between
100 and 300 m AGL (b1eb3); (a1,b1) FLEXPART-1km-YSU, (a2,b2)) FLEXPART-333m-YSU, (a3,b3) FLEXPART-333m-LES, (a4,b4) FLEXPART-111m-LES; with AQS1 (triangle), AQS2
(square), PWP (circle), PRN (magenta line) and the secondary road network (grey lines). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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particle accumulation in the transition layer between the first 200-
m levels westerly downslope flow and the upper levels easterly
trade winds (Fig. 16b4).
4. Summary and conclusions

The main goal of this study was to analyze how microscale
resolutions affect air pollution modelling in a small tropical island
during a real case of weak trade winds. Three resolutions of domain
grid have been selected: 1 km, 333 m and 111 m. The WRF-LES
model was used to produce real nested microscale meteorological
fields starting from 6-h global analysis data with a resolution of 1�.
In order to dissociate the resolution effects from the turbulence
scheme effects in the “turbulence grey zone”, an additional 333-m
grid simulation was made with the ensemble-mean YSU scheme.
Then the WRF-1km-YSU, WRF-333m-YSU, WRF-333m-LES and



Fig. 16. 24-h backward plume from AQS2 location 0730 LT 04 Dec with normalized residence time vertically integrated between 50 and 200 m AGL (a1ea3) and integrated between
100 and 300 m AGL (b1eb3); (a1,b1) FLEXPART-1km-YSU, (a2,b2)) FLEXPART-333m-YSU, (a3,b3) FLEXPART-333m-LES, (a4,b4) FLEXPART-111m-LES; with AQS1 (triangle), AQS2
(square), PWP (circle), PRN (magenta line) and the secondary road network (grey lines). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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WRF-111m-LES weather outputs initialized the Lagrangian Particle
Dispersion Model FLEXPART with an interval time of 10 min. The
present study was focused on NOx air pollution in the densely
populated area of the Guadeloupe archipelago, during a typical day
of severe pollution. In this area, the twomain sources of NOx are the
power plant PWP and the primary road network PRN. The forward
dispersion of the PWP plume was first analyzed to determine risk
areas for people. Then, peaks recorded by two air quality stations
have been backward simulated to identify their source.

For the three resolutions, the forward simulations with a history
interval of 15 min, show good ability to reproduce nocturnal peaks
recorded by the urban air quality station AQS1 which is located at
1.7 km from the power plant PWP. The increase in resolution
resulted in an improvement of model sensitivity. However, the
model tends globally to overestimate these NOx peaks. The nesting
to subkilometer grids helps to reduce the MAE by 9 mg m�3 and the
use of the LES scheme in the 333-m grid domain allows to decrease
it by 3 mg m�3. LES domains better simulate turbulent motions
governing the pollution dispersion in the convergence area be-
tween the westerly downslope flow and the easterly land-breeze.
The current overestimation error could also be linked with the
approximate emitted total mass (i.e. annual mean) which would be
larger than reality.

For the two peaks observed at each station, AQS1 and AQS2, the
backward sensitivity outputs identified the two realistic sources of
NOx in the area: PWP and PRN. Globally, the increase in resolution
helps to produce sharper inverse-plume with a more accurate
source area. In some cases, while the 1-km resolution outputs
identify the road PRN as the only source, the FLEXPART-333m-YSU,
FLEXPART-333m-LES and FLEXPART-111m-LES outputs show the
additional contribution of the power plant PWP.

This study showed the first application of the FLEXPART-WRF
model to microscale resolutions. Overall, the coupling model
WRF-LES-FLEXPART is useful to simulate the pollutant dispersion
during a real case of calmwind regime over a complex terrain area.
The forward and backward simulation results showed clearly that
the subkilometer resolution of 333 m is necessary to reproduce
realistic air pollution patterns in this case of short-range transport
over a complex terrain area. The simulation results also indicated
that at this scale (i.e., 333 m) corresponding to the “turbulence grey
zone”, the 3D Large Eddy Simulation scheme is needed to improve
the simulated forward concentrations while the YSU 1D ensemble-
mean turbulence scheme may be used to identify sources of
pollution. The LES nesting from the 333-m to 111-m resolution al-
lows to slightly improve the accuracy of air pollution fields and to
better simulate near-source high concentration areas.
The present results need to be validated with more observa-
tional data recorded by air quality stations closer to the potential
NOx sources in the archipelago. In order to improve the particles
dispersion modelling at microscale resolution, the FLEXPART tur-
bulence schemes using the WRF turbulent kinetic energy, need to
be tested. This first study dealing with realistic microscale air
pollution modelling over a small tropical island offers prospects for
applications to anthropogenic sources and other local emission
sources (e.g., H2S gas released by coastal sargassum seaweed, vol-
cano plume and fumaroles) affecting the air quality of the Lesser
Antilles islands.

Globally, this work contributes to enrich the sparsely docu-
mented domain of real nested microscale air pollution modelling.
This study dealing with the determination of the proper resolution
grid and proper turbulence scheme, is of significant interest to the
near-source and complex terrain air quality research community.
The comparison between resolutions and turbulence schemes
would also help the FLEXPART-WRF users to optimize the compu-
tational costs which restrict operational applications. The present
approachmay be used as a decision tool for policy-makers; it can be
applied to near-source and complex terrain cases to predict asso-
ciated risks for the population health.
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Appendix A

The statistical tools used in the present study are widely used in
numerical studies (C�ec�e et al., 2014). Firstly, individual model-
prediction errors are defined as ei¼ Pi�Oi (i¼ 1,2,…,n), where Pi
and Oi are respectively model predictions and in situ observations.
The mean bias error is defined as MBE ¼ n�1 Pn

i¼1 ei ¼ P � O. The
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mean absolute error is written as MAE ¼ n�1 Pn
i¼1

�����ei
�����. Willmott

et al. (2012) developed index of agreement (with the value range
of [�1, 1]), correlated with MAE variations. This index is expressed
as

IOA ¼

8>>>>><
>>>>>:
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���
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(2)

As in C�ec�e et al. (2014), a value of IOA of 0.5, indicates that the
sum of error-magnitudes is one half of the sum of perfect-model-
deviation and observed-deviation magnitudes. On the other hand,
a value of IOA2 of �0.5, means that the sum of error-magnitudes is
twice the sum of the perfect-model-deviation and observed-
deviation magnitudes.
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