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� Improved PM10 vertical dispersion by urban canopy model (UCM) and Corine land-use.
� Higher influence of using UCM than different planetary boundary layer (PBL) schemes.
� Uncertainties of PM10 distribution related to the PBL height and PM10 emissions.
� Significant influences of vertical mixing on PM10 vertical dispersion.
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a b s t r a c t

Impacts of meteorological modeling in the planetary boundary layer (PBL) and urban canopy model
(UCM) on the vertical mixing of pollutants are studied. Concentrations of gaseous chemical species,
including ozone (O3) and nitrogen dioxide (NO2), and particulate matter over Paris and the near suburbs
are simulated using the 3-dimensional chemistry-transport model Polair3D of the Polyphemus platform.
Simulated concentrations of O3, NO2 and PM10/PM2.5 (particulate matter of aerodynamic diameter lower
than 10 mm/2.5 mm, respectively) are first evaluated using ground measurements. Higher surface con-
centrations are obtained for PM10, PM2.5 and NO2 with the MYNN PBL scheme than the YSU PBL scheme
because of lower PBL heights in the MYNN scheme. Differences between simulations using different PBL
schemes are lower than differences between simulations with and without the UCM and the Corine land-
use over urban areas. Regarding the root mean square error, the simulations using the UCM and the
Corine land-use tend to perform better than the simulations without it. At urban stations, the PM10 and
PM2.5 concentrations are over-estimated and the over-estimation is reduced using the UCM and the
Corine land-use. The ability of the model to reproduce vertical mixing is evaluated using NO2 mea-
surement data at the upper air observation station of the Eiffel Tower, and measurement data at a ground
station near the Eiffel Tower. Although NO2 is under-estimated in all simulations, vertical mixing is
greatly improved when using the UCM and the Corine land-use. Comparisons of the modeled PM10

vertical distributions to distributions deduced from surface and mobile lidar measurements are per-
formed. The use of the UCM and the Corine land-use is crucial to accurately model PM10 concentrations
during nighttime in the center of Paris. In the nocturnal stable boundary layer, PM10 is relatively well
modeled, although it is over-estimated on 24 May and under-estimated on 25 May. However, PM10 is
under-estimated on both days in the residual layer, and over-estimated on both days over the residual
layer. The under-estimations in the residual layer are partly due to difficulties to estimate the PBL height,
to an over-estimation of vertical mixing during nighttime at high altitudes and to uncertainties in PM10

emissions. The PBL schemes and the UCM influence the PM vertical distributions not only because they
influence vertical mixing (PBL height and eddyediffusion coefficient), but also horizontal wind fields and
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humidity. However, for the UCM, it is the influence on vertical mixing that impacts the most the PM10

vertical distribution below 1.5 km.
© 2015 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/).
1. Introduction

Uncertainties of chemistry-transport models (CTM) have
diverse origins: physico-chemical parameterizations (vertical
dispersion, deposition velocities, chemical mechanism, etc.), input
data (land-use data, emission inventories, meteorological fields,
chemical kinetic constants, etc.) and numerical approximations
(grid sizes, time steps, etc.). According to Mallet and Sportisse
(2006), Roustan et al. (2010) and Tang et al. (2011), the largest
uncertainties for ozone (O3) and particulate matter (PM) concen-
trations are related to vertical dispersion and the number of vertical
levels.

The vertical dispersion in CTM is mostly controlled by the
planetary boundary layer (PBL) height and a turbulent flux
modeled by an eddyediffusion coefficient (Kz). The meteorological
fields including the PBL height and Kz are not directly calculated in
CTM but they are obtained from meteorological models.

The PBL height and Kz are determined by the heat and mo-
mentum exchanges between the PBL and the surface. In meteoro-
logical models, they are calculated by a PBL scheme
(parameterization) and, therefore, the choice of the PBL scheme
plays an important role (Borge et al., 2008; Kim et al., 2010, 2013).
De Meij et al. (2009) and Appel et al. (2010) presented the in-
fluences of meteorological models on PM concentrations. They
estimated that uncertainties of PBL heights from the different
models are one of the major sources of the differences in the PM
concentrations.

In strongly urbanized areas, the PBL height and Kz are signifi-
cantly affected, particularly during nighttime, by anthropogenic
heat release and geometric characteristics of urbanized areas, i.e.,
the existence of urban canopy, which lead to changes in vertical
gradients of temperature and wind velocity (e.g., Dupont et al.,
1999). To take into account the urban effects in meteorological
models, urban canopy models have been developed (Kusaka et al.,
2001; Martilli et al., 2002; Salamanca et al., 2010). Uno et al. (1989)
and Dandou et al. (2005) showed that using urban canopy models
leads to a significant increase of Kz during nighttime.

Various instrumented platforms have been used to investigate
the vertical dispersion of pollutants in the PBL: fixed platforms
(surface stations) and mobile platforms (automobile, aircraft,
balloon, satellite, etc). Because of their capabilities of tracking the
evolution of pollutants over time, lidars are widely employed on
fixed platforms (Menut et al., 1999; Chen et al., 2001; Guibert et al.,
2005; Chou et al., 2007), aircrafts (Flamant et al., 1997), satellites
(Kaufman et al., 2003) or ground-based mobile platforms (Raut and
Chazette, 2009; Royer et al., 2011). Some studies have included
comparisons of measured and modeled vertical distribution of
pollutants over Europe (Guibert et al., 2005) or Paris and its suburbs
(Greater Paris) (Royer et al., 2011) during daytime. However, to our
knowledge, there is no numerical study of the vertical distribution
of pollutants in the nocturnal boundary layer and the residual layer
over Greater Paris.

In our previous study (Kim et al., 2013), meteorological
modeling in the PBL was performed over Greater Paris in May 2005
using the Weather Research and Forecast model (WRF) and the
simulated meteorological fields were evaluated by comparison to
observational data. The uncertainties linked to PBL schemes as well
as to urban canopy modeling were investigated. It showed that
urban canopymodeling is essential to reproduce the increase of the
nocturnal PBL from the suburbs to the center of Paris. As the next
step, the influence of urban canopy models on the vertical disper-
sion of pollutants is studied and compared to the influence of
meteorological modeling in the PBL. To estimate the model per-
formance, the modeled aerosol vertical distribution is compared to
the distribution retrieved by a ground-based mobile lidar (GBML)
system over Greater Paris during nighttime and early morning.
First, a description of the model and the modeling setup is given.
Then, simulations with different set-up (choice of PBL scheme and
urban canopy model) are evaluated through comparisons of
pollutant concentrations to observational data obtained by a sur-
face measurement network, data at an upper air monitoring sta-
tion, and lidar measurements. The comparisons to data are used to
examine how concentrations are affected by the PBL scheme and
the urban canopy model. The upper air observation station on the
Eiffel Tower allows to gain more insights on the vertical structure of
pollutants (nitrogen dioxide (NO2) and O3). The vertical distribution
of PM10 (particles of aerodynamic diameter lower than 10 mm)
concentrations are studied using data retrieved by the lidar. Finally,
sensitivity studies are conducted to understand which meteoro-
logical fields mostly affect the PM10 vertical distribution when
different PBL schemes and/or urban canopy modeling are used.

2. Model description and setup

2.1. Model description: Polyphemus

The chemistry-transport model Polair3D (Sartelet et al., 2007) of
the air-quality platform Polyphemus version 1.6 (Mallet et al., 2007;
http://cerea.enpc.fr/polyphemus) is used to model gaseous chem-
ical species, including O3, nitric oxide (NO) and NO2, and PM.
Within Polair3D/Polyphemus, the aerosol dynamics is modeled
using SIREAM (Size REsolved Aerosol Model) (Debry et al., 2007)
coupled to the Super-SORGAM secondary organic aerosol module
(Kim et al., 2011) and the CB05 chemical kinetic mechanism
(Yarwood et al., 2005). This modeling system has been successfully
applied to Greater Paris to model PM10 vertical distribution during
daytime (Royer et al., 2011).

2.2. Modeling domain and setup

Three modeling domains are used with one-way nesting (see
Fig. 1). The largest domain covers western Europe and part of
eastern Europe with a horizontal resolution of 0.5� � 0.5� (35.0� N
e 70.0� N,15.0� We 35.0� E). The first nested domain covers France
with a resolution of 0.125� � 0.125� (41.5� N e 51.1� N, 4.0� W e

10.1� E) and the smallest domain covers Greater Paris with a res-
olution of 0.02� � 0.02� (48.1� N e 49.2� N, 1.4� E � 3.5� E).

The vertical resolution of the three modeling domains consists
of 21 levels defined at fixed altitudes above ground level (AGL),
with a finer resolution near the surface. The altitudes of the vertical
upper boundary of the grid cells are 40, 100, 200, 300, 400, 500,
600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400,
3000, 4000, 6000 m AGL.

The simulation over Europe is carried out for one month from 1

http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://cerea.enpc.fr/polyphemus
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May to 31 May 2005. The U.S. Geological Survey (USGS) land cover
is used. Meteorological inputs are obtained from a reanalysis pro-
vided by the European Centre for Medium-Range Weather Fore-
casts (ECMWF). Anthropogenic emissions of gases and PM are
generated with the European Monitoring and Evaluation Pro-
gramme (EMEP) inventory for 2005. Biogenic emissions are
computed as in Simpson et al. (1999) and sea-salt emissions as in
Monahan et al. (1986). For initial conditions, lateral and top
boundary conditions, daily means are extracted from the outputs of
the global chemistry and aerosol model, Interaction Chimie-
A�erosols (INCA) coupled to the Laboratoire de M�et�eorologie
Dynamique general circulation model (LMDz) for this study (http://
www-lsceinca.cea.fr/).

The nested simulation over France is performed from 7 May to
31 May 2005. Meteorological inputs are obtained from the Fifth-
Generation NCAR/Penn State Mesoscale Model (MM5) (Dudhia,
1993), with a horizontal resolution of 12 km and a vertical resolu-
tion of 29 levels between 0 m and 13,700 m. The cylindrical pro-
jection is used in the Polair3D simulation whereas the Lambert
conformal conic (LCC) projection is used in the MM5 simulation.
The meteorological data were converted from the LCC projection to
the cylindrical projection. Initial and boundary conditions are
extracted from outputs of the simulation over Europe.

The domain for the nested simulation over Greater Paris is
presented in Fig. 2. Initial and boundary conditions are extracted
from outputs of the simulation over France. Meteorological inputs
are obtained from the WRF model version 3.3 with a horizontal
resolution of 0.03125� and 24 vertical sigma levels between 18 m
and 16,100 m AGL refined near the surface. There are five to six
levels below 400 m (depending on topography), which represent
the nocturnal boundary layer in this study. The WRF simulation
over Greater Paris is detailed in the companion paper (Kim et al.,
2013). Four WRF simulations are performed, changing the PBL
scheme and with/without the urban canopy model (UCM, Kusaka
et al., 2001). The two PBL schemes, which performed best in Kim
et al. (2013) for meteorological modeling, are used: the Yonsei
University (YSU) scheme (Hong et al., 2006), a nonlocal closure
scheme, and the Mellor-Yamada-Nakanishi and Niino (MYNN)
Fig. 1. Three modeling domains for Polair3D/Polyphemus simulations. The domain over Eu
correspond to domain 2 and 3, respectively.
scheme (Nakanishi and Niino, 2004), a local closure scheme. Using
the UCM in the WRF model leads to changes in the modeling of the
meteorological fields, e.g., wind speed, temperature, humidity and
PBL height. It affects the vertical distribution of atmospheric pol-
lutants by modifying PBL height and mixing strength. Geometric
(building height/width, road width, urban area ratio) and thermal
parameters (anthropogenic heat, thermal conductivities, heat ca-
pacity) have a significant effect on UCM modeling. However, these
parameters are attached to high uncertainties, and it is difficult to
choose representative values, especially with a limited number of
urban land-use types. The UCM parameters used here are the same
as in Kim et al. (2013). Most of them are based on Kusaka et al.
(2001). The annual anthropogenic heat release is 70 W m�2,
based on thework of Allen et al. (2011). Kusaka et al. (2001) showed
that the diurnal variations of surface temperature from the UCM,
which is a single-layer model, are close to those from multi-layer
models. In addition, the UCM includes the anthropogenic heat
release in the total sensible heat flux, which is not explicitly rep-
resented in the multi-layer models.

In Polair3D/Polyphemus, Kz is parameterized following Troen
and Mahrt (1986) and Louis (1979). The parameterization of Louis
(1979) is used to calculate the coefficients, except in the unstable
convective boundary layer. The parameterization of Louis (1979)
depends on the vertical gradient of the wind speed v as follows

Kz ¼ l2F
����
Dv

Dz

���� (1)

where l is the mixing length and F is the stability function. In the
unstable convective boundary layer, the coefficients are calculated
using the parameterization of Troen andMahrt (1986), as it tends to
be more robust for a fine discretization of vertical levels near the
surface.

Kz ¼ u�kzF�1
�
1� z

h

�p
(2)

where u* is the surface friction velocity, k is the Von K�arm�an
rope corresponds to domain 1 and the nested domains over France and Greater Paris

http://www-lsceinca.cea.fr/
http://www-lsceinca.cea.fr/


Fig. 2. Modeling domain over Greater Paris. The black lines show the geographical boundary of the administrative department and the thick lines correspond to the boundary of the
departments in the Île-de-France region. Locations of the BDQA stations over Greater Paris are also presented: stars, circles and triangles show the urban, suburban and rural
stations, respectively. The yellow gradation shows the urban fraction of the land-use data. The black box presents Paris and its near suburbs strongly urbanized. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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constant set to 0.4, F is the non-dimensional shear, h is the PBL
height and the exponent p is set to 2 for this study.

A preprocessing tool calculates Kz frommodeled meteorological
variables, such as wind velocity and PBL height, which are obtained
from the WRF simulation. To estimate the influence of the Kz

parameterization on the PM10 vertical distribution, the Kz extracted
from outputs of the WRF simulations with the YSU and the MYNN
schemes (Kz for heat) are compared to the Kz obtained from the
Polyphemus preprocessing tool. A minimum value of Kz is set. This
minimum Kz corresponds to a background diffusion, which is often
used in PBL schemes to prevent numerical problems. It is also called
numerical diffusion (Hong and Pan, 1996; Shin and Hong, 2011).
When the Polyphemus preprocessing tool computes Kz, a minimum
Kz is set as in the WRF PBL schemes for the sake of consistency. The
minimum value of the coefficient is set to 10�6 m2 s�1 except in the
lowest layers (Pleim, 2011) where it is set to 0.2 m2 s�1.

2.3. Episode of the simulation over Greater Paris

The nested simulation over Greater Paris is carried out from 9 to
27 May. This simulation period was chosen because of the avail-
ability of measurements between 24 and 27 May 2005. The mea-
surement campaign is introduced below in details.

The weather conditions (clear sky and weak winds) during this
period were favorable to local-scale air quality study. Local-scale
flow dominated the dispersion of pollutants because of weak
synoptic flow. Strongly developed anticyclones prevented disper-
sion, led to low precipitation, resulting in high pollution levels.

2.4. AIRPARIF emission inventory

For the nested simulation over Greater Paris, anthropogenic
emissions are generated with the AIRPARIF (air quality agency of
the Paris region) inventory (http://www.airparif.asso.fr/) for 2005
over the Île-de-France region and with the EMEP inventory outside
(see Fig. 3).

The AIRPARIF inventory includes emissions of nitrogen oxides
(NOx: NO and NO2), sulfur dioxide (SO2), carbon monoxide (CO),
non-methane volatile organic compounds (NMVOC), PM10, PM2.5
(particulate matter of aerodynamic diameter lower than 2.5 mm),
methane (CH4) and ammonia (NH3) from various sources: point
sources, mobile sources (traffic, railroad and aircrafts) and fixed
surface sources. Annual emissions are provided for different SNAP
(Selected Nomenclature for sources of Air Pollution) categories. The
annual emissions by SNAP categories are given in Table 1 (AIRPARIF,
2004). Road transport is the dominant category for NOx (52%), CO
(77%) and PM10 (36%) followed by non-industrial combustion
plants. For NOx, agricultural activities contribute about 10% of total
emissions (including 3% for agricultural equipments in the category
‘other mobile sources and machinery’). The AIRPARIF emission in-
ventory covers Paris, its suburbs and outer rural regions (see Figs. 2
and 3). The significant contribution of agricultural activities on NOx

is due to this large coverage of the inventory. Major sources for
emissions of NMVOC are solvent use (41%) and road transport
(29%). SO2 is emitted mostly by combustion in plants (energy: 41%,
non-industrial: 42% and manufacturing: 10%).

Emissions are distributed over grid cells and diluted in the
whole volume of the grid cells. The number of grid cells in the
AIRPARIF inventory is 12,040 with a horizontal resolution of
0.0136� � 0.009�. For point sources and aircraft sources, the heights
of the emissions are given in the inventory. However, for point
sources, the effective height of emissions is computed taking into
account plume rise following the parameterization of Briggs
modified by Hanna and Paine (1989).

The temporal variations of emissions are obtained by applying
temporal factors (monthly, daily and hourly) available from AIR-
PARIF to the annual emission data. These factors are available by
SNAP categories. The temporal fractions of the annual emissions for
May are presented in Table 1. A low fraction (4.6%) is used for the
category ‘Non-industrial combustion plants’, which includes do-
mestic heating, because of seasonally warm meteorological
conditions.

The chemical speciation of VOC is given by the Institut für
Energiewirtschaft und Rationelle Energieanwendung (IER, http://
www.ier.uni-stuttgart.de/index.en.html) for simulations over
Greater Paris and CORINAIR (CO-oRdinated INformation on the
Environment in the European Community e AIR)'s speciation for
simulations over Europe and France (EEA, 2006). The size distri-
bution of primary PM are evaluated following EMEP guidelines
(Simpson et al., 2003) and the chemical speciation of CityDelta for
Milan is used (http://aqm.jrc.ec.europa.eu/citydelta/).

The limitations of this inventory are well described in AIRPARIF
(2011). The PM chemical speciations are not provided and the
volatility of primary organic aerosol is not taken into account
(Couvidat et al., 2012). The inventory does not include dust resus-
pension which varies with meteorological conditions and biogenic

http://www.airparif.asso.fr/
http://www.ier.uni-stuttgart.de/index.en.html
http://www.ier.uni-stuttgart.de/index.en.html
http://aqm.jrc.ec.europa.eu/citydelta/


Fig. 3. Area covered by the AIRPARIF emission inventory in the modeling domain over Greater Paris (red lines). Measurement locations over Greater Paris are also presented: star
(Paris-7 and Eiffel Tower), circle (Palaiseau) and diamond (Les Halles). Dashed rectangle corresponds to the limits of the area shown in Fig. 5. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Annual emissions by SNAP categories using the AIRPARIF inventory in the year 2000
(ton yr�1).

Category NOx CO SO2 NMVOC PM10 Fraction
for May (%)

Combustion in energy
and transformation
industries

15,641 4682 27,500 704 2025 5.2

Non-industrial
combustion plants

19,345 69,010 28,473 13,434 6266 4.6

Combustion in
manufacturing
industry

7368 1000 6660 463 488 7.4

Production processes 299 3 354 1837 4009 8.3
Extraction &

distribution
of fossil fuels
and geothermal
energy

0 0 0 6569 0 0

Solvent and other
product use

3 0 0 73,276 0 0

Road transport 84,178 306,341 2324 52,472 7998 8.4
Other mobile

sources and
machinery

14,656 15,086 553 3973 708 8.1

Waste treatment
and disposal

7450 2297 1736 1742 546 8.3

Agriculture 12,441 0 0 0 71 9.4
Other sources

and sinks
0 0 0 24,025 0 0
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emissions.
Table 2
Characteristics of the simulations.

Name PBL
scheme

Using
UCM

Land-use
data

Kz computation

Reference-YSU YSU No USGS Polyphemus
Reference-MYNN MYNN No USGS Polyphemus
UCM-Corine-YSU YSU Yes Corine Polyphemus
UCM-Corine-MYNN MYNN Yes Corine Polyphemus
UCM-Corine-YSU-Kz YSU Yes Corine WRF
UCM-Corine-MYNN-Kz MYNN Yes Corine WRF
2.5. Sensitivity runs

The Polair3D/Polyphemus simulations are labelled Reference-
YSU and Reference-MYNN when meteorological fields are simu-
lated without the UCM in the WRF simulation, but with the YSU
and the MYNN schemes, respectively. When the UCM is used to
compute meteorological fields in the WRF simulation, the recent
Corine (Coordination of Information on the Environment) land-use
data (http://www.eea.europa.eu/data-and-maps/data/corine-land-
cover-2006-raster) is also used to take into account recent land-
use changes over Greater Paris.

The Polyphemus simulations using outputs of the WRF
simulation with the UCM and the Corine land-use are labelled
UCM-Corine-YSU and UCM-Corine-MYNN. To test the sensitivity to
the modeling of the Kz in the Polair3D/Polyphemus simulations
using the Kz computed in the WRF simulations are also performed.
They are labelled UCM-Corine-YSU-Kz and UCM-Corine-MYNN-Kz.
The list of the conducted simulations with their characteristics is
presented in Table 2.

3. Comparisons to observational data

3.1. Surface observations

We compare pollutant concentrations obtained from the simu-
lations over Greater Paris (9e27 May) to a French surface obser-
vation database for air quality, Base de Donn�ees de la Qualit�e de
l'Air (BDQA). There are five types of stations in the BDQA database:
rural, suburban, urban, traffic and industrial stations (ADEME,
2002). Considering the representativeness of the types and the
grid size of the simulations, only the rural, suburban and urban
stations are taken into account in the comparisons. Hourly obser-
vations of PM10, PM2.5, O3 and NO2 are available for 2005. Details on
the measurements are presented at http://www.atmonet.org/and
the locations of the BDQA observation stations are displayed in
Fig. 2. The statistical indicators used in this study are the root mean
square error (RMSE), the mean fractional bias and error (MFB and
MFE), and the mean normalized bias and gross error (MNB and
MNGE). They are defined in Table 3. A cut-off value is typically
applied to evaluate O3 modeling performance for regulatory pur-
poses (high O3 concentrations). Because this study focuses on
nighttime modeling (low O3 concentrations), this cut-off value is
not applied in this study except in Section 3.1.1. Modeled

http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster
http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster
http://www.atmonet.org/
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concentrations are compared to observations from the BDQA
database in Tables 4ae4d.
3.1.1. Statistics averaged over all stations
For O3, the MNGE of the four Polair3D/Polyphemus simulations

varies between 0.14 and 0.17 using a 60 mgm�3 threshold, while the
MNB varies between �0.07 and 0.02. These results meet perfor-
mance standards, typically MNGE � 0.3 and jMNBj � 0.15 (Russell
and Dennis, 2000). For PM10, following Boylan and Russell (2006),
the model performance goals (jMFBj � 0.30 and MFE � 0.50) and
criteria (jMFBj � 0.60 andMFE� 0.75) are met for all four Polair3D/
Polyphemus simulations. For PM2.5, the model performance criteria
are met for all 4 simulations, but the model performance goals are
met for 3 simulations (Reference-YSU, UCM-Corine-YSU and UCM-
Corine-MYNN). The MFB varies between 0.09 and 0.26 and the MFE
between 0.43 and 0.46 for the 3 simulations. For the Reference-
MYNN simulation, although the model performance goal is met
for the MFE (0.48), it is not met for the MFB (0.32).
3.1.2. Variations of statistics with station types
The modeled concentrations in the Reference-YSU and UCM-

Corine-YSU simulations are compared to the BDQA database at
different types of stations (see Tables 4ae4d).

At urban stations, the modeled concentrations of PM10 and
PM2.5 in the Reference-YSU simulation are over-estimated. The
over-estimation at urban stations is due to an under-estimated
vertical mixing. The over-estimation is reduced with higher verti-
cal mixing in the UCM-Corine-YSU simulation. At a suburban sta-
tion (only one station is available for PM2.5 measurements), the
modeled concentration of PM2.5 in the Reference-YSU simulation is
over-estimated. However the PM10 concentration is under-
estimated, partly because the PM2.5 fraction of total PM10 is over-
estimated in the modeling compared to observations. At rural
stations, PM10 is under-estimated for both the Reference-YSU and
UCM-Corine-YSU simulations. Slightly better statistics are obtained
compared to suburban stations.
3.1.3. Variations of statistics with the PBL schemes
Statistics obtained with the Reference-YSU and Reference-

MYNN simulations are compared. Using the MYNN scheme rather
than the YSU scheme leads to higher surface concentrations for
PM10, PM2.5 and NO2, suggesting weaker vertical mixing near the
surface. For PM10, the statistics are better with the YSU scheme
except for the MFB which is slightly better with the MYNN scheme.
For PM2.5, the statistics are better when the YSU scheme is used
rather than the MYNN scheme because the over-estimation of
PM2.5 is lower with the YSU scheme. The YSU scheme better esti-
mates O3 and NO2 concentrations. The differences in O3 and NO2
concentrations between the YSU and MYNN schemes are lower
than those in PM10 and PM2.5 concentrations.
Table 3
Definitions of the statistical indicators.

Indicators Definitions

Root mean square
error (RMSE)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
Pn

i¼1ðci � oiÞ2
q

Mean fractional bias
(MFB) and mean
fractional error (MFE)

1
n
Pn

i¼1
ci�oi

ðciþoiÞ=2 and 1
n
Pn

i¼1
jci�oi j

ðciþoiÞ=2

Mean normalized bias
(MNB) and mean
normalized gross
error (MNGE)

1
n
Pn

i¼1
ci�oi
oi

and 1
n
Pn

i¼1
jci�oi j

oi

ci: modeled values, oi: observed values, n: number of data.
3.1.4. Variations of statistics with the UCM and the Corine land-use
The impacts of the UCM and the Corine land-use on the mean

concentrations of pollutants show a similar tendency at all types of
stations (rural, suburban and urban) with lower surface concen-
trations for PM10, PM2.5 and NO2 because of greater vertical mixing.
Using the UCM and the Corine land-use, the PBL heights increase by
as much as 75% for the YSU scheme and by more than a factor 3 for
the MYNN scheme. The variations of O3 evolve in opposite to the
variations of NO2. The amplitudes of the impacts are lower at rural
stations (from 3% for PM10 to 12% for NO2) than at urban stations
(from 17% for PM10 to 28% for NO2).

Differences between simulations using different PBL schemes
(6% for PM10 and PM2.5, 2% for O3 and 4% for NO2) are lower than
differences between simulations with and without the UCM and
the Corine land-use (using the YSU scheme, 14% for PM10, 20% for
PM2.5, 12% for O3 and 28% for NO2 and using theMYNN scheme,12%
for PM10, 17% for PM2.5, 10% for O3 and 22% for NO2). Lower con-
centrations are obtained for PM10, PM2.5 and NO2 in the UCM-
Corine simulations and the statistics are globally improved. The
lower concentrations at the surface stations in the UCM-Corine
simulations are due to stronger vertical mixing. For PM2.5, the
UCM-Corine simulations perform better than the Reference simu-
lations because the over-estimation of PM2.5 is reduced. For PM10,
the UCM-Corine simulations give better statistics, except for the
MFB. The modeled means are under-estimated in the UCM-Corine
simulations, whereas they are well estimated in the Reference
simulations. In opposite to PM10, PM2.5 and NO2, for O3 the UCM-
Corine simulations lead to higher mean concentrations. This in-
crease in O3 concentration is due to the decrease in NO2 concen-
tration in the UCM-Corine simulations. The NO2 concentrations at
the urban station in Paris, Les Halles (Fig. 4) are significantly
different during themorning rush hour between the Reference-YSU
and UCM-Corine-YSU simulations. The peaks in the figure corre-
spond to the increase of NO2 during the rush hour according to the
temporal variations of the NO2 emissions. For the formation of O3,
as Paris is in a VOC-limited regime (Kim et al., 2009), an increase of
NO2 leads to a decrease of O3 according to the O3 isopleth of
Seinfeld and Pandis (1998). As NO2 is lower in the UCM-Corine-YSU
simulation, O3 is higher especially at night.

3.1.5. Impact of the eddyediffusion coefficient
As shown Tables 4ae4d, the concentrations of PM10, PM2.5 and

NO2 in the UCM-Corine-YSU-Kz and UCM-Corine-MYNN-Kz simu-
lations are systematically lower than those in the UCM-Corine-YSU
and UCM-Corine-MYNN simulations, respectively because Kz are
higher (see Fig. 6b, d, f, h). The concentrations of O3 in the UCM-
Corine-YSU-Kz and UCM-Corine-MYNN-Kz simulations tend to be
higher than the UCM-Corine-YSU and UCM-Corine-MYNN
simulations.

Comparisons of surface PM10 concentrations to measurements
at the BDQA stations show that the UCM-Corine-MYNN-Kz and
UCM-Corine-YSU-Kz simulations do not systematically perform
better than the UCM-Corine-MYNN and UCM-Corine-YSU simula-
tions. Although the UCM-Corine-MYNN-Kz and UCM-Corine-YSU-
Kz simulations have slightly lower RMSE than the UCM-Corine-
MYNN and UCM-Corine-YSU simulations, they also have higher
bias as the mean PM10 concentrations are lower. However, for
PM2.5, the UCM-Corine-MYNN-Kz and UCM-Corine-YSU-Kz simu-
lations perform better than the UCM-Corine-MYNN and UCM-
Corine-YSU simulations, as modeled concentrations are lower.
The opposite is observed for O3 and NO2with better performance of
the UCM-Corine-MYNN and UCM-Corine-YSU simulations.

3.1.6. Variations of statistics between daytime and nighttime
In Table 5, we present PM10 concentrations averaged over 11



Table 4a
Comparison of modeled concentrations to observations from the BDQA database: (a) PM10, (b) PM2.5, (c) O3 and (d) NO2. Mean statistical scores at all stations and scores at
different station types (urban, suburban and rural) are presented.

Station type Station number Observed meana,b (mg m�3) Modelc Modeled meana,b (mg m�3) RMSEa (mg m�3) MFBa MFEa MNBa MNGEa

Total 17 17.0 R-YSU 17.0 9.5 �0.06 0.41 0.08 0.44
R-MYNN 18.0 10.1 0.00 0.41 0.16 0.47
UC-YSU 14.6 8.4 �0.17 0.41 �0.05 0.39
UC-MYNN 15.9 8.6 �0.09 0.40 0.03 0.41
UC-YSU-Kz 14.1 8.3 �0.19 0.41 �0.08 0.39
UC-MYNN-Kz 13.9 8.5 �0.20 0.42 �0.08 0.39

Urban 11 17.8 R-YSU 19.2 10.4 0.02 0.39 0.17 0.45
R-MYNN 20.3 11.3 0.08 0.41 0.25 0.51
UC-YSU 15.9 8.6 �0.13 0.39 �0.01 0.39
UC-MYNN 17.5 9.0 �0.04 0.39 0.09 0.42
UC-YSU-Kz 15.4 8.5 �0.15 0.39 �0.04 0.38
UC-MYNN-Kz 15.0 8.9 �0.17 0.41 �0.05 0.39

Suburban 3 17.0 R-YSU 14.1 9.0 �0.21 0.45 �0.08 0.41
R-MYNN 15.1 8.8 �0.14 0.41 �0.01 0.40
UC-YSU 12.8 9.0 �0.29 0.46 �0.16 0.39
UC-MYNN 13.8 8.7 �0.22 0.43 �0.10 0.38
UC-YSU-Kz 12.3 9.0 �0.32 0.47 �0.19 0.39
UC-MYNN-Kz 12.5 9.0 �0.31 0.46 �0.18 0.39

Rural 3 13.7 R-YSU 11.7 7.0 �0.20 0.43 �0.08 0.39
R-MYNN 12.4 7.0 �0.13 0.41 0.0 0.40
UC-YSU 11.3 6.9 �0.22 0.43 �0.10 0.39
UC-MYNN 12.1 6.7 �0.14 0.40 �0.03 0.38
UC-YSU-Kz 11.2 6.8 �0.22 0.43 �0.10 0.38
UC-MYNN-Kz 11.4 6.7 �0.20 0.41 �0.09 0.37

a Mean values over all stations. The statistical indicators are calculated for each station and then they are arithmetically averaged.
b Mean concentrations from 9 to 27 May.
c R-YSU: Reference-YSU, R-MYNN: Reference-MYNN, UC-YSU: UCM-Corine-YSU, UC-MYNN: UCM-Corine-MYNN, UC-YSU-Kz: UCM-Corine-Kz and UC-MYNN-Kz: UCM-

Corine-MYNN-Kz.
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urban stations. The daily mean concentrations are compared to
those calculated during daytime (0800 UTC to 2000 UTC) and
nighttime (2100 UTC to 0700 UTC of next day). The PM10 concen-
trations with the Reference-YSU and Reference-MYNN simulations
are over-estimated during nighttime. The over-estimation during
nighttime are significantly reduced using the UCM and the Corine
land-use. However the concentrations during daytime are also
influenced by using the UCM and the Corine land-use and under-
estimated. The under-estimation of PM10 during daytime implies
that the emission inventory may need improvements as discussed
in Section 3.3.2.
Table 4b
Comparison of modeled concentrations to observations from the BDQA database: (a) PM
different station types (urban, suburban and rural) are presented.

Station type Station number Observed meana,b (mg m�3) Model Mo

Total 5 11.1 R-YSU 15.
R-MYNN 16.
UC-YSU 12.
UC-MYNN 13.
UC-YSU-Kz 11.
UC-MYNN-Kz 11.

Urban 4 11.5 R-YSU 16.
R-MYNN 17.
UC-YSU 12.
UC-MYNN 14.
UC-YSU-Kz 12.
UC-MYNN-Kz 11.

Suburban 1 9.8 R-YSU 12.
R-MYNN 12.
UC-YSU 10.
UC-MYNN 11.
UC-YSU-Kz 9.
UC-MYNN-Kz 9.

a, b, c: for the detailed caption of the table, see Table 4a.
3.2. Upper air observations: the Eiffel Tower

Although the stations included in the BDQA database are surface
stations, AIRPARIF (http://www.airparif.asso.fr/) monitors the up-
per air quality with a station located at the fourth floor (319 m AGL)
of the Eiffel Tower. It is useful to compare the concentration at the
Eiffel Tower (hereafter Eiffel) to a nearby surface station (Paris-7) to
diagnose the vertical distribution of pollutants, although only NO2

is monitored at Paris-7. The station Paris-7 is an urban background
station which is situated in urban center and sufficiently distant
from road traffic. The locations of the monitoring stations are
presented in Fig. 5. Modeled concentrations are compared to ob-
servations at Eiffel and Paris-7 in Table 6.

The Reference-YSU and Reference-MYNN simulations lead to
10, (b) PM2.5, (c) O3 and (d) NO2. Mean statistical scores at all stations and scores at

deled meana,b (mg m�3) RMSEa (mg m�3) MFBa MFEa MNBa MNGEa

5 9.7 0.26 0.46 0.53 0.70
5 10.7 0.32 0.48 0.64 0.78
4 6.9 0.09 0.43 0.27 0.53
7 7.8 0.17 0.45 0.40 0.62
7 6.3 0.04 0.41 0.20 0.48
1 6.1 �0.01 0.41 0.14 0.47
4 10.4 0.28 0.47 0.57 0.72
5 11.6 0.34 0.49 0.69 0.81
9 7.1 0.10 0.43 0.28 0.54
4 8.2 0.19 0.46 0.42 0.63
2 6.5 0.05 0.40 0.21 0.49
5 6.2 0.00 0.41 0.16 0.47
0 7.3 0.15 0.45 0.40 0.62
7 7.3 0.22 0.45 0.46 0.64
5 6.0 0.05 0.43 0.22 0.52
1 6.3 0.10 0.44 0.30 0.56
8 5.6 �0.01 0.41 0.14 0.46
4 5.4 �0.05 0.42 0.10 0.46

http://www.airparif.asso.fr/


Table 4c
Comparison of modeled concentrations to observations from the BDQA database: (a) PM10, (b) PM2.5, (c) O3 and (d) NO2. Mean statistical scores at all stations and scores at
different station types (urban, suburban and rural) are presented.

Station type Station number Observed meana,b (mg m�3) Model Modeled meana,b (mg m�3) RMSEa (mg m�3) MFBa MFEa MNBa MNGEa

Total 30 56.4 R-YSU 61.9 22.6 0.11 0.38 0.46 0.66
R-MYNN 60.9 23.3 0.09 0.39 0.46 0.67
UC-YSU 69.5 25.7 0.28 0.39 0.83 0.92
UC-MYNN 66.7 24.7 0.23 0.38 0.71 0.83
UC-YSU-Kz 71.0 26.5 0.31 0.40 0.88 0.95
UC-MYNN-Kz 70.0 25.5 0.30 0.39 0.89 0.96

Urban 16 53.6 R-YSU 57.5 22.4 0.06 0.42 0.43 0.68
R-MYNN 55.7 23.1 0.02 0.43 0.40 0.68
UC-YSU 67.7 26.4 0.30 0.43 0.97 1.06
UC-MYNN 63.9 25.4 0.23 0.41 0.80 0.93
UC-YSU-Kz 68.7 26.7 0.32 0.43 1.00 1.08
UC-MYNN-Kz 70.0 27.5 0.36 0.44 1.14 1.20

Suburban 5 58.3 R-YSU 64.1 22.5 0.15 0.36 0.48 0.64
R-MYNN 63.6 23.0 0.14 0.36 0.50 0.67
UC-YSU 72.2 26.0 0.30 0.38 0.85 0.91
UC-MYNN 68.6 23.8 0.24 0.35 0.68 0.78
UC-YSU-Kz 73.2 26.6 0.31 0.39 0.86 0.93
UC-MYNN-Kz 71.7 24.9 0.29 0.37 0.80 0.86

Rural 9 60.2 R-YSU 68.6 23.1 0.19 0.33 0.51 0.63
R-MYNN 68.7 24.0 0.19 0.35 0.53 0.66
UC-YSU 71.4 24.2 0.24 0.34 0.59 0.67
UC-MYNN 70.6 24.2 0.23 0.34 0.57 0.67
UC-YSU-Kz 74.0 26.1 0.28 0.36 0.67 0.74
UC-MYNN-Kz 68.9 22.1 0.20 0.32 0.49 0.59

a, b, c: for the detailed caption of the table, see Table 4a.

Table 4d
Comparison of modeled concentrations to observations from the BDQA database: (a) PM10, (b) PM2.5, (c) O3 and (d) NO2. Mean statistical scores at all stations and scores at
different station types (urban, suburban and rural) are presented.

Station type Station number Observed meana,b (mg m�3) Model Modeled meana,b (mg m�3) RMSEa (mg m�3) MFBa MFEa MNBa MNGEa

Total 32 28.2 R-YSU 27.7 18.9 �0.15 0.54 0.14 0.64
R-MYNN 28.8 19.0 �0.11 0.53 0.18 0.64
UC-YSU 19.9 18.0 �0.42 0.64 �0.15 0.57
UC-MYNN 22.5 17.8 �0.31 0.59 �0.05 0.57
UC-YSU-Kz 18.9 18.2 �0.47 0.66 �0.19 0.57
UC-MYNN-Kz 16.4 19.0 �0.55 0.69 �0.26 0.58

Urban 25 31.0 R-YSU 31.2 20.5 �0.13 0.53 0.15 0.62
R-MYNN 32.5 20.7 �0.08 0.52 0.20 0.63
UC-YSU 22.4 19.3 �0.40 0.62 �0.16 0.54
UC-MYNN 25.4 19.2 �0.29 0.58 �0.05 0.55
UC-YSU-Kz 21.3 19.4 �0.45 0.64 �0.20 0.54
UC-MYNN-Kz 18.1 20.4 �0.56 0.69 �0.30 0.54

Suburban 5 21.7 R-YSU 18.5 15.2 �0.29 0.58 �0.04 0.57
R-MYNN 18.8 15.0 �0.26 0.55 �0.02 0.56
UC-YSU 12.6 15.8 �0.56 0.70 �0.32 0.53
UC-MYNN 14.7 14.9 �0.43 0.62 �0.22 0.51
UC-YSU-Kz 12.0 15.9 �0.60 0.72 �0.36 0.53
UC-MYNN-Kz 11.3 16.0 �0.63 0.72 �0.39 0.52

Rural 2 9.8 R-YSU 8.3 8.2 �0.16 0.65 0.57 1.12
R-MYNN 7.8 8.3 �0.18 0.61 0.41 0.97
UC-YSU 7.3 7.8 �0.22 0.66 0.46 1.07
UC-MYNN 6.9 7.7 �0.24 0.63 0.34 0.96
UC-YSU-Kz 5.9 8.4 �0.41 0.73 0.30 1.07
UC-MYNN-Kz 7.8 8.2 �0.22 0.71 0.56 1.19

a, b, c: for the detailed caption of the table, see Table 4a.
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similar NO2 concentration at both Eiffel and Paris-7. Both simula-
tions model well the observed mean NO2 concentration at Paris-7.
However, NO2 is strongly under-estimated at Eiffel. The observed
NO2 concentration at Eiffel is about half that at Paris-7, while the
modeled NO2 concentration at Eiffel is only 17e19% of the modeled
NO2 at Paris-7, suggesting that vertical mixing is under-estimated
in the Reference simulations. The ratio of NO2 concentrations at
Eiffel and Paris-7 is improved using the UCM and the Corine land-
use. However, the NO2 concentrations are still under-estimated at
both Eiffel and Paris-7.
Because O3 concentration is not available at Paris-7, a compar-
ison of the O3 concentration at Eiffel to the concentration averaged
over the BDQA urban stations (see Table 4c) may be useful. The
Reference simulations over-estimate the concentrations of O3 at
Eiffel. The observed concentration of O3 at Eiffel is similar to the
concentration averaged over the BDQA urban stations. However,
the modeled concentration at Eiffel is significantly higher than the
concentration averaged over the urban stations. Similarly to the
increase of O3 with the UCM-Corine simulations at BDQA ground
stations (see Section 3.1), concentrations of O3 are slightly lower



Fig. 4. Temporal variations of observed and modeled NO2 concentrations from 9 to 27
May at an urban station in Paris, Les Halles (48.86� N, 2.35� E).
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than those of the Reference simulations when the UCM and the
Corine land-use are used because of the increase in NO2 concen-
trations. In the UCM-Corine simulations, the O3 concentration at
Eiffel is closer to the O3 concentration averaged over surface sta-
tions, suggesting that vertical mixing is better simulated even
though it may still be under-estimated. This conclusion is in
agreement with Kim et al. (2013) who found that the UCM and the
Corine land-use improved the modeling of the PBL height over
Greater Paris.

3.3. Comparisons to lidar measurements

The PM10 vertical distribution was measured using a GBML
during the air quality observation campaign, LIdar pour la Sur-
veillance de l'AIR (LISAIR) in Greater Paris from 24 to 27 May 2005
(Raut and Chazette, 2009). Observations of the aerosol extinction
coefficients profiles by the GBML were performed to retrieve the
vertical distribution of PM10. Observations performed on 24 and 25
May at nighttime illustrate the presence of an inversion layer
trapping pollutants at low altitudes and a residual layer at higher
altitudes. PM10 gradients between the suburbs of Paris (Palaiseau)
and Paris center (Les Halles) were observed, and observations along
main roads and the beltway of Paris were carried out. The routes
followed by the automobile embarking the lidar are presented in
Fig. 5. Locations of observation stations and route taken for the measurements of the GBML.
(Palaiseau) to Paris center (Les Halles) on 24 and 25 May, respectively. Red marks are for th
measurements on the beltway during rush-hour on 25 May. The black lines show the geograp
to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Details on the GBMLmeasurements can be found in Raut and
Chazette (2009). PM10 concentrations are deduced from the lidar
signal following Raut and Chazette (2009) by taking into account
influence of humidity on extinction coefficients. A discussion on the
influence of humidity and comparisons of extinction coefficients
are presented in A. In the following, we compare the vertical con-
centrations of PM10 retrieved by the lidar to the modeled
concentrations.
3.3.1. Comparison at Les Halles (urban station) before traffic
Fig. 6a presents the vertical distribution of PM10 at Les Halles,

Paris center on 24 May at 0357 UTC. The Reference simulations
over-estimate surface PM10 concentration: 9 mgm�3 from the BDQA
database vs 37 mg m�3 (YSU) and 36 mg m�3 (MYNN). Because
vertical mixing is greater (see Section 3.1.4) and Kz is higher in the
PBL in the UCM-Corine simulations (see Fig. 6b), the over-
estimations are reduced in the UCM-Corine simulations:
26 mg m�3 with YSU scheme and 24 mg m�3 with the MYNN
scheme. PM10 is over-estimated in the nocturnal boundary layer in
all the simulations while PM10 is under-estimated in the residual
layer and over-estimated above. PM10 concentrations in the
Reference-YSU simulation are higher than those in the Reference-
MYNN simulation between 0.2 and 0.7 km, because the PBL
height computed in the WRF simulation for the Reference-MYNN
simulation is lower (169 m) than that for the Reference-YSU
simulation (690 m). As shown in Section 3.1.4 for surface concen-
trations, in the first 200 m, differences in PM10 concentrations
induced by using the UCM and the Corine land-use are larger than
differences induced by using different PBL schemes. However, the
opposite is observed between 200 m and below the residual layer.
Although PM10 concentrations tend to be under-estimated in the
residual layer, the Reference-MYNN simulation manages to repro-
duce the observed residual layer between 0.8 and 1.1 km. However,
it under-estimates the PM10 concentrations between 1.1 and 1.5 km,
which may be due to regional transport as suggested by Raut and
Chazette (2009).

Fig. 6e presents the vertical distribution of PM10 at Les Halles,
Paris center on 25 May at 0357 UTC. Comparisons of Fig. 6a and e
allow one to compare the PM10 vertical distributions at the same
place and same time on different days (i.e., different weather
conditions). Less developed PBL on 25May results in higher surface
PM10 concentrations (25 mg m�3) than on 24May (9 mg m�3). While
the Reference simulations over-estimate surface PM10 concentra-
tion: 76 mg m�3 with the YSU scheme and 69 mg m�3 with the
Blue and brown marks show the route for the measurements from the suburbs of Paris
e measurements on the beltway of Paris before rush-hour and green marks are for the
hical boundary of the administrative departments. (For interpretation of the references



Fig. 6. Observed and modeled PM10 vertical distributions at Les Halles (48.86� N, 2.35� E) and Palaiseau (48.71� N, 2.22� E) are compared in the left column. PBLH are planetary
boundary layer height estimated by the lidar or diagnosed in the simulations. Black circles in (a), (e) and (g) represent observed PM10 at the surface stations. In the right column,
modeled Kz are shown.
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MYNN scheme, the results obtained in the UCM-Corine simulations
agree qualitatively well with the observed surface PM10: 31 mg m�3

with the YSU scheme and 37 mg m�3 with the MYNN scheme. The
PBL height is under-estimated in all simulations (264 m maximum
for the UCM-Corine-YSU simulation against 477 m from the mea-
surements), leading to an under-estimation of PM10 between 0.2
and 0.5 km above the modeled PBL height. As on 24 May, PM10 in
the residual layer tends to be under-estimated but over-estimated
above.

3.3.2. Comparison at Palaiseau (suburban station) before traffic
Fig. 6c presents the vertical distribution of PM10 at Palaiseau, a

suburb of Paris on 25 May at 0309 UTC. PM10 is under-estimated in
all the simulations below 0.9 km and over-estimated above 0.9 km.
The PBL height is under-estimated in all simulations (119 m
maximum for the UCM-Corine-YSU simulation against 321 m from
the measurements). The Reference-YSU and Reference-MYNN
simulations reproduce the residual layer between 0.2 and 0.6 km
but underestimate concentrations. The lower concentrations in the
residual layers are partly linked to uncertainties in local PM10
emissions, mostly in dust resuspension. Amato et al. (2009) pre-
sented a model of road dust resuspension in Barcelona. The model
calculates a percentage of the total traffic emissions for the road
dust resuspension. This percentage is 37% for PM10. In general,
meteorological conditions in Paris differ to those in Barcelona.
However, the weather conditions (clear sky and weak wind) during
this period were favorable to dust resuspension with low precipi-
tation. Therefore, although results for Barcelona should not be used
for Paris, they may be adequate to Paris for this particular dry
period. If this percentage is applied to the traffic emissions from the
AIRPARIF inventory in Table 1, PM10 emissions by road transport
would increase from 7998 ton yr�1 to 12,695 ton yr�1 including
4697 ton yr�1 of dust resuspension. This amount would account for
17.5% of total PM10 emissions, in agreement with the estimation



Fig. 6. (continued).
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(17%) of Amato et al. (2009).
3.3.3. Influence of traffic
To study the influence of automobile traffic on PM10 concen-

trations, measurements performed at the same place (Les Halles) at
Table 5
Comparison of modeled concentrations to observations averaged from 9 to 27 May
for 11 urban stations of the BDQA database (mg m�3).

Whole day Daytime Nighttime

Observation 17.8 19.4 16.1
Reference-YSU 19.2 19.0 19.4
Reference-MYNN 20.3 19.6 21.1
UCM-Corine-YSU 15.9 16.9 14.9
UCM-Corine-MYNN 17.5 18.0 16.9
UCM-Corine-YSU-Kz 15.4 16.0 14.7
UCM-Corine-MYNN-Kz 15.0 14.8 15.2
0357 UTC (before rush hour) and at 0755 UTC (during rush hour)
are compared in Fig. 6e and g. Surface PM10 concentrations from the
BDQA database increase from 25 mg m�3 at 0357 UTC to 54 mg m�3

at 0755 UTC. At 0755 UTC, surface PM10 concentrations are over-
estimated in the Reference simulations: 77 mg m�3 with the YSU
scheme and 75 mg m�3 with the MYNN scheme, but they are well
modeled in the UCM-Corine simulations: 49 mg m�3 with the YSU
scheme and 57 mg m�3 with the MYNN scheme. Lidar measure-
ments show a large increase of PM10 concentrations in the PBL,
from concentrations lower than 30 mg m�3 at 0357 UTC to con-
centrations higher than 90 mg m�3 at 0755 UTC. PM10 concentra-
tions at 0755 UTC aremore under-estimated in the PBL than at 0357
UTC. This suggests that the non-inclusion of dust resuspension in
the emission inventory is particularly significant under conditions
of high traffic. PM10 concentrations are under-estimated in the PBL,
even though the PBL height is under-estimated in all simulations



Table 6
Comparison of modeled concentrations to observations at the Eiffel Tower and Paris-7 stations.

Stations Observed meana (mg m�3) Model Modeled meana (mg m�3) RMSE (mg m�3) MFB MFE MNB MNGE

O3 Eiffel 55.9 Reference-YSU 77.4 31.3 0.40 0.44 0.93 0.97
Reference-MYNN 77.9 32.2 0.40 0.45 0.95 0.99
UCM-Corine-YSU 76.0 30.0 0.37 0.44 0.85 0.91
UCM-Corine-MYNN 74.5 29.2 0.36 0.43 0.82 0.87
UCM-Corine-YSU-Kz 76.5 30.9 0.38 0.45 0.88 0.95
UCM-Corine-MYNN-Kz 74.5 30.0 0.35 0.43 0.85 0.92

NO2 Eiffel 22.0 Reference-YSU 8.1 19.8 �0.83 0.88 �0.50 0.61
Reference-MYNN 7.8 20.4 �0.89 0.94 �0.53 0.63
UCM-Corine-YSU 11.2 16.4 �0.58 0.67 �0.36 0.51
UCM-Corine-MYNN 11.7 16.7 �0.53 0.63 �0.32 0.49
UCM-Corine-YSU-Kz 10.4 17.1 �0.66 0.75 �0.41 0.56
UCM-Corine-MYNN-Kz 11.7 16.3 �0.56 0.67 �0.33 0.52

Paris-7 43.8 Reference-YSU 43.4 21.5 �0.21 0.41 �0.11 0.34
Reference-MYNN 45.2 22.6 �0.16 0.35 �0.07 0.31
UCM-Corine-YSU 32.3 22.6 �0.54 0.58 �0.37 0.41
UCM-Corine-MYNN 35.8 22.5 �0.47 0.52 �0.31 0.37
UCM-Corine-YSU-Kz 31.2 22.9 �0.36 0.49 �0.22 0.40
UCM-Corine-MYNN-Kz 25.5 26.0 �0.53 0.60 �0.35 0.45

a Mean concentrations from 9 to 27 May.
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(362 m maximum in the UCM-Corine-YSU simulation against
403 m from the measurement).
3.3.4. Impact of the eddyediffusion coefficient
Fig. 6b, d, f and h compare Kz on 24 May 0357 UTC at Les Halles,

on 25 May 0309 UTC at Palaiseau, on 25 May 0357 UTC and 0755
UTC at Les Halles respectively. At all places and times, the Kz

extracted from outputs of the WRF simulation with the MYNN
scheme is significantly different from the preprocessed Kz in Poly-
phemus. The differences are lower if the YSU scheme is used rather
than the MYNN scheme in the WRF simulation, because the
parameterization of Kz in the YSU scheme is based on themethod of
Troen and Mahrt.

As expected, the influence of using Kz extracted from outputs of
theWRF simulation on the PM10 vertical distribution is higher with
the MYNN scheme than with the YSU scheme, suggesting that the
impact of preprocessed Kz in Polyphemus is low when the YSU
scheme is used in the WRF simulation. However, the differences of
PM10 concentrations between the UCM-Corine-MYNN and UCM-
Corine-MYNN-Kz simulations are higher than those between the
UCM-Corine-YSU and UCM-Corine-MYNN simulations on 25 May
0357 UTC and on 25 May 0755 UTC at Les Halles.

Despite the higher Kz values in the UCM-Corine-MYNN-Kz and
UCM-Corine-YSU-Kz simulations than in the UCM-Corine-MYNN
and UCM-Corine-YSU simulations, PM10 still tends to be under-
estimated in the residual layers.
4. Sensitivities of wind, temperature, humidity and Kz on
strongly urbanized regions

In the previous sections, we analysed the results by assuming
that using different PBL schemes and/or the UCM and the Corine
land-use mostly impacts vertical mixing and the PBL height.
However, in addition to vertical mixing, it may also impact other
Table 7
Characteristics of the simulations with modified meteorological fields.

Name PBL scheme Using UCM

Reference-MYNN-Wind MYNN No
Reference-MYNN-Humidity MYNN No
Reference-MYNN-Mixing MYNN No
UCM-Corine-YSU-Wind YSU Yes
UCM-Corine-YSU-Humidity YSU Yes
UCM-Corine-YSU-Mixing YSU Yes
meteorological parameters, such as wind, temperature and
humidity.

To estimate which meteorological fields mostly impact the PM10
vertical distribution when using different PBL schemes, and/or the
UCM and the Corine land-use, we conducted additional simulations
with modified meteorological fields. For sensitivity to PBL schemes,
the Reference-MYNN simulation was repeated with some modified
meteorological variables (see Table 7 for a list of simulations). In
these sensitivity simulations, we replaced ameteorological variable
with the variable modeled using the YSU scheme. The examined
variables are wind fields (speed and direction), temperature, hu-
midity and Kz. We compare the differences in vertical distribution
of PM10 concentrations between the sensitivity simulations and the
Reference-MYNN simulation over a sub-domain strongly urbanized
for most grid cells, the Greater Paris (see Fig. 2 for the domain). The
sub-domain represents an urban region: the urban fraction of the
land-use data is larger than 0.9. As this sub-domain is quite ho-
mogeneous, influence of domain-averaging may be low. Fig. 7aec
present the differences for wind fields, humidity and Kz respec-
tively. The impact of using wind fields modeled by the YSU scheme
is significant from the surface to about 3 km of altitude. The
maximum domain-averaged difference is about 8% at about 2 km of
altitude. The differences between the Reference-MYNN simulation
and the Reference-MYNN-Wind simulation are important
compared to the total differences between the Reference-YSU and
Reference-MYNN simulations presented in Fig. 8d (50% of the total
difference at the surface). The impact of using temperature
modeled by the YSU scheme is lower than that of wind fields. The
domain-averaged difference is lower than 3% and negligible above
1 km of altitude (not shown). The impact of using humidity
modeled by the YSU scheme is significant between 1 and 3 km of
altitudewith a maximum of 10% at 1.7 km. Below 1.5 km of altitude,
the impact of Kz is significant and the maximum domain-averaged
difference is about 5%.
Land-use data Modified meteorological field

USGS Wind fields from YSU
USGS Humidity from YSU
USGS PBLH and Kz from YSU
Corine Wind fields without UCM/Corine
Corine Humidity without UCM/Corine
Corine PBLH and Kz without UCM/Corine



Fig. 7. Differences in domain-averaged concentrations of modeled PM10 between the Reference-MYNN simulation and sensitivity simulations for 4 days between 9 and 12 May
2005. The dashed lines correspond to domain-averaged concentrations and the shaded regions show the range of local values. The simulations are listed in Table 7.
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For sensitivity to the UCM and the Corine land-use, the UCM-
Corine-YSU simulation was used as the reference simulation and
sensitivity simulations were conducted (see Table 7 for a list of
simulations). We replaced a meteorological variable with the var-
iable modeled without the UCM and the Corine land-use. We
compare the differences in vertical distribution of PM10 concen-
trations between the sensitivity simulations and the UCM-Corine-
YSU simulation. Fig. 8aec present the differences for wind fields,
humidity and Kz respectively. For the sensitivity to the UCM, the
impacts of temperature, wind fields and humidity are lower than
for the sensitivity to the PBL schemes. The maximum domain-
averaged differences are 4% and 3% for wind fields and humidity,
respectively. However, the impact of Kz (about 5%) is similar to that
for the sensitivity to the PBL schemes from the surface to 1.5 km of
altitude. Fig. 8d shows that most of differences below 1.5 km of
altitude between the Reference-YSU and UCM-Corine-YSU simu-
lations is caused by the increase of modeled PBL height and Kz with
the UCM and the Corine land-use.
5. Conclusions

Sensitivities of the vertical dispersion of pollutants to different
meteorological and physical parameterizations (PBL schemes, UCM
and Kz) were studied using off-line meteorology (WRF) and
chemistry-transport (Polair3D/Polyphemus) models. Two different
PBL schemes were used (theMYNN and YSU schemes) and the UCM
was turned on and off.

Comparisons at surface stations (BDQA network) and at an up-
per air station (the Eiffel Tower) show that simulations with the
UCM and the Corine land-use globally perform better. At surface
stations, PM2.5 is better modeled with the UCM, as well as PM10 to a
lesser extent. The impacts of the UCM on PM10 are greater at urban
stations than at suburban and rural stations. However, for O3, using
the UCM does not improve the modeled surface concentrations.
The UCM leads to an increase of mixing and therefore to lower NO2
concentrations and higher O3 near the surface. As O3 concentra-
tions tend to be slightly over-estimated at surface stations, using
the UCM increases this over-estimation. However, at the upper air



Fig. 8. Differences in domain-averaged concentrations of modeled PM10 between the UCM-Corine-YSU simulation and sensitivity simulations for 4 days between 9 and 12 May
2005. The dashed lines correspond to domain-averaged concentrations and the shaded regions show the range of local values. The simulations are listed in Table 7.
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station, NO2 and O3 are both better modeled using the UCM,
because the UCM better represents vertical mixing, which was
under-estimated. Higher surface concentrations are obtained for
PM10, PM2.5 and NO2 with the MYNN scheme than the YSU scheme,
suggesting weaker vertical mixing in the MYNN scheme. Differ-
ences between simulations using different PBL schemes are lower
than differences between simulations with and without the UCM
and the Corine land-use.

Concerning the comparisons of the modeled PM10 vertical dis-
tributions to the distributions obtained from lidar measurements,
PM10 is under-estimated in the PBL on 25 May but over-estimated
on 24 May during nighttime at Paris center (Les Halles). The over-
estimation of PM10 in the PBL on 24 May is greater with the YSU
scheme than the MYNN scheme because lower PBL height with the
MYNN scheme leads to weaker vertical mixing. Using the UCM and
the Corine land-use leads to stronger vertical mixing for both PBL
schemes at Les Halles. PM10 concentrations tend to be under-
estimated in the residual layer while they tend to be over-
estimated over the residual layer. The under-estimation of PM10
concentrations is linked to uncertainties in PM10 emissions, in
particular, road dust resuspension, and to an over-estimation of
vertical mixing during nighttime at high altitudes.

Using two different PBL schemes in WRF leads not only to
different vertical mixing parameters (Kz and PBL height), but also to
different horizontal winds and humidities. They all influence the
PM10 distribution computed by the CTM. The difference caused by
wind fields accounts for 50% of the total difference at the surface.
Using the UCM and the Corine land-use affects PM10 vertical dis-
tribution by the increase of modeled PBL height and Kz below
1.5 km of altitude and by the differences in wind fields and hu-
midity aloft.

The results of this work imply that the model performance for
the PM10 vertical dispersion is improved using the UCM and the
Corine land-use over urbanized areas. In particular, the vertical
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mixing strength in the nocturnal boundary layer is significantly
improved over suburban and urban regions. However, further im-
provements are necessary in modeling diurnal variation of
pollutant concentrations using the UCM and the Corine land-use.
The diagnosis of nocturnal boundary layer heights still needs to
be improved, particularly over suburban regions. In this study, only
one urban category of land-use data was used. More categories of
urban land-use data would be required to take into account more
accurate geometric and thermal characteristics in the WRF model.
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Fig. A1. Observed and modeled extinction coefficients (a) at Les Halles (48.86� N, 2.35� E)
humidities (RH) are shown in the right column.
Appendix A. Comparison of extinction coefficients

In the comparisons of the PM10 vertical distributions in
Section 3.3, PM10 concentrations were derived from lidar
measurements by Raut and Chazette (2009) using an empirical
optical-to-mass relationship between dry PM10 concentrations
in the PBL and dry extinction coefficients. This relationship was
established from nephelometer and TEOM (Tapered element
oscillating microbalance) in-situ measurements (Raut and
Chazette, 2009). However, depending on the relative humidity
(RH) and their chemical composition, particles may absorb
water vapor. The extinction coefficient obtained from lidar
measurements is a wet one, that is, it takes into account all
chemical components of particles including water. This wet
extinction coefficient was used instead of the dry one to derive
PM10 concentrations.
and Palaiseau (48.71� N, 2.22� E) are compared in the left column. Modeled relative



Fig. A1. (continued).
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Fig. A2. Vertical profiles of observed and modeled RH. Observations are performed using the radiosonde at Trappes (48.78� N, 2.00� E).
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To assess the role of water in the comparisons of the PM10
vertical distributions, wet (awet) and dry (adry) extinction co-
efficients computed from the simulations were compared to each
other and to extinction coefficients obtained from lidar measure-
ments in Fig. A1. The computation of the awet and adry from the
simulations was done using a postprocessing tool of Polyphemus
(Real and Sartelet, 2011).

The comparison of awet to observation (see Fig. A1) exhibits
similar patterns to the comparison of PM10 concentrations (see
Fig. 6). On 24 May 0357 UTC at Les Halles, they are slightly over-
estimated in the PBL below 0.7 km and under-estimated above
0.8 km. They are under-estimated on 25 May in both the PBL and
the residual layer.

The differences between the simulated adry and awet are not
significant for the three profiles of 25May while they are important
on 24 May 0357 UTC at Les Halles, especially between 0.5 km and
1 km height when the YSU scheme is used to compute meteoro-
logical fields (Fig. A1a). The low differences between adry and awet

are due to relatively low RH because the low RH can be lower than
deliquescence RH.

The higher differences between adry and awet on 24 May 0357
UTC are a consequence of high RH. When the YSU scheme is used,
RH reaches a value of almost 100% in the residual layer (see
Fig. A1b). However, this high RH is not observed by the radiosonde
at Trappes on 23 May 2305 UTC (see Fig. A2a). The station at
Trappes is 27 km southwest of Paris and is in an urban environ-
ment. The RH are over-estimated below 1 km height, suggesting an
over-estimation of awet. However the over-estimation of RH on 24
May 2330 UTC (see Fig. A2b) did not bring an over-estimation of
awet below 1 km height. It implies uncertainties about the in-
fluences of RH on awet.

In conclusion, awet should not be significantly different from adry
for the vertical profiles of 24 and 25May, and the empirical optical-
to-mass relationship used to derive PM10 concentrations from
extinction coefficients may be used.
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