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� We present a validation study of an
updated version of the SIRANE
model.

� Model results are compared to field
data collected in Lyon over a whole
year.

� SIRANE reproduces well spatial and
temporal variations of pollutant
concentrations.

� Analysis of the results allows identi-
fying possible improvements of the
model.
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We present a validation study of an updated version of the SIRANE model, whose results have been
systematically compared to concentrations of nitrogen dioxide collected over the whole urban
agglomeration of Lyon. We model atmospheric dispersion of nitrogen oxides emitted by road traffic,
industries and domestic heating. The meteorological wind field is computed by a pre-processor using
data collected at a ground level monitoring station. Model results are compared with hourly concen-
trations measured at 15 monitoring stations over the whole year (2008). Further 75 passive diffusion
samplers were used during 3 periods of 2 weeks to get a detailed spatial distribution over the west part
of the city. An analysis of the model results depending on the variability of the meteorological input
allows us to identify the causes for peculiar bad performances of the model and to identify possible
improvements of the parameterisations implemented in it.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, there are four different main approaches generally
adopted for the operational modelling of the atmospheric pollutant
dispersion at the urban scale: i) modified Gaussian models (e.g.
zzoni).
Stocker et al., 2012), Lagrangian models (e.g. Tinarelli et al., 2012),
fast Computational fluid Dynamics models (e.g. Brown et al., 2013),
and street network models (e.g. Soulhac et al., 2011). Despite an
increasing interest in the street network approach arising in recent
years (Belcher et al., 2015), it remains the less employed, and as far
as we are aware, SIRANE (Soulhac et al., 2012, 2011) is the only
operational model based on this approach which is currently used
for air quality evaluations. In France, SIRANE is adopted by several
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local authorities for air pollution management and is used for the
pollutant exposure assessment in epidemiologic studies
(Jacquemin et al., 2013; Morelli et al., 2016; Ouidir et al., 2015;
Padilla et al., 2016). Other pilot studies on urban air pollution
have been performed in Turin (Castagnetti et al., 2008; Garbero
et al., 2010), Florence (Giambini et al., 2010), and Milan (Biemmi
et al., 2010).

To date, the SIRANEmodel has been validated against both wind
tunnel experiments (Carpentieri et al., 2012; Salem et al., 2015;
Soulhac, 2000) and on-site measurements. However, the only
validation study published in the literature and based on open field
measurements is limited to a unique district of Lyon and over a time
period of two weeks only (Soulhac et al., 2012). This paper aims in
filling this gap, by presenting an exhaustive validation of the SIR-
ANE model at the urban scale based on on-site measurements,
similar to those realised for other similar models, e.g. ADMS-Urban
(D _edel _e and Mi�skinyt _e, 2015; Harsham and Bennett, 2008; Mohan,
2011; Righi et al., 2009).

This new validation study, which is intended to complete pre-
vious results presented by Soulhac et al. (2012), is performed over a
whole year (2008) and over the whole urban area of Lyon
(36 � 40 km) with an updated version of the model (SIRANE 2.0).

2. Description of the SIRANE 2.0 model

SIRANE is an operational model simulating pollutants disper-
sion at the local urban scale, assuming steady meteorological
conditions over hourly time steps (Soulhac et al., 2011). The inputs
of the SIRANE model are the urban geometry, the meteorological
data, the industrial, traffic, and surface emissions, and the back-
ground concentration. The only chemical reactions taken into ac-
count concern the Chapman cycle NO-NO2-O3, computed assuming
a photo-stationary equilibrium (Seinfeld, 1986).

In the urban canopy, the street network is represented by a
series of connected boxes, each of them characterised by a length L,
width W, height H, and having walls characterised by a uniform
aerodynamic roughness. The pollutant concentration in each street
is estimated by means of a mass balance taking into account three
main transfer processes: the convective transport along the street,
the turbulent transfer at roof level, and the dispersion at street
intersections.

The atmospheric flow above roof level is modelled as a surface
boundary layer over a rough surface and pollutant dispersion is
modelled by means of a generalised Gaussian puff model, with
ground reflection. Standard deviations of the Gaussian puffs are
computed according to the Monin-Obukhov similarity theory. Note
that, in the previous version of the SIRANE model, the dispersion
patterns occurring over subsequent hourly time steps were
considered as independent one from the other. This is a main
limitation when simulating dispersion under low-wind conditions,
during which the pollutant emitted within the domain are not
necessarily advected outside of it within an hour. To overcome this
limitation, SIRANE 2.0 adopts a Gaussian puff model, based on a
double error function distribution (Cierco et al., 2010), and aggre-
gating emissions occurring over previous time steps within large
grid cells (typically 1 km � 1 km). The emissions include elevated
sources (industries) and surface distributed sources (domestic
heating) as well as all contributions given by the vertical fluxes at
roof level, due to the turbulent exchanges between street canyons
and overlying atmosphere (modelled as series of point sources at
roof height). Note that, in an urban area of a medium European city,
the street network can be made up of several tens of thousands of
streets, so that the calculation of pollutants concentration in the
overlying atmosphere requires summing the contribution of tens of
thousands Gaussian plumes. From a computational point of view,
this task is therefore very expensive when considering a large
number of receptors. In the case considered in this paper for
example, the concentration map of consists in a 10 meters resolu-
tion grid on a 36 km � 40 km domain, i.e. 14.4 millions of receptors
(see graphical abstract). To reduce this computational time, SIRANE
2.0 adopts a new algorithm. This allow evaluating the pollutant
concertation at a given receptor, by differentiating the contribution
of sources placed close to it, within a given buffer zone, and all
other sources located outside of it. Within the near-field buffer
region all pollutant emissions at roof level and above it are treated
individually and modelled by a Gaussian puffs. All other sources
located outside this buffer, whose dimensions are of order
1.5 � 1.5 km, are instead aggregated into surface sources of di-
mensions 300 m � 300 m.

3. Case study

The study concerns the urban Agglomeration of Lyon over a
36 km� 40 km domain. Time-series of NO2 concentration used for
the model validation were collected in different measurement sites
(Fig. 1) over the whole year 2008 by Atmo Auvergne Rhone Alpes,
the local authority for air quality. These include hourly measure-
ments provided by 15 permanentmeasurement stations, which can
be classified in 4 different categories: suburban stations (Côti�ere de
l’Ain, Genas, Saint-Exup�ery et Ternay), stations placed on high-
intensity traffic roads (Berthelot, Grand-Cl�ement, Lyon
p�eriph�erique, Mulati�ere et Vaise), stations close to industrial sites
(Feyzin et Saint-Fons) and stations within the urban agglomeration
and away from high-intensity traffic roads (Gerland, Lyon centre,
Saint-Just et Vaulx-en-Velin). For these stations, missing hourly
data do not exceed 3% over the whole year 2008. The validation is
based on the concentration of NO2 for two main reasons: i) NOX
emissions estimates are generally more reliable than those of PM
(Pouliot et al., 2015); ii) estimating NO2 concentration requires a
chemical module to simulate the Chapman cycle.

Since almost no data was available for the west part of the city,
measurements from these 15 stations were completed with series
of two-week average measurements by means of passive diffusion
tubes (PDT) located over 75 sites (Fig. 1) during Intensive Obser-
vational Periods (IOP).

The three IOPs of two weeks each (Table 1) allowed us to have
measurements in different periods of the year and namely in
winter, in summer and in an intermediate season (spring). The
duration of each period was limited by the availability of our eco-
nomic resources. All 3 IOPs for the PDTs use the same sampling
sites. Each IOP is broken out into two one-week periods, since
during each IOP we performed two independent measurements of
one week each. The location of the PDTs was chosen in order to
cover a part of the town which is densely populated and where
there are no fixed monitoring stations. Their location was also
chosen in order to cover different kind of land use and in order to
have a high spatial resolution of the concentration field, at least in
this limited part of the domain.

It is well known (e.g. Nash and Leith, 2010) that PDTs generally
tend to overestimate pollutant concentrations. This feature was
also extensively discussed in the Part II of the present study (i.e,
Soulhac et al., 2012), where we also provided a detailed digression
of the experimental methods for using the PDTs and their charac-
teristics (precision and accuracy). Therefore, during the intensive
observation periods, we have placed 3 temporary stations equipped
with analysers in the same positions of three passive diffusion
tubes: Valvert, Francheville and Pierre Benite. The positions of
these three movable stations are shown in Fig. 1. The comparison
between the two sets of data allowed us to find a calibration co-
efficient of the PDTs (see Fig. 2).



Fig. 1. Studied domain and network of streets of the SIRANE simulation (UTM31 coordinates). Street canyons are represented in red and open roads are represented in grey.
Monitoring stations are represented in blue (BER: Berthelot; COT: Côti�ere de l’Ain; FEY: Feyzin; GC: Grand-Cl�ement; GEN: Genas; GER: Gerland; LC: Lyon centre; LP: Lyon
p�eriph�erique; MUL: Mulati�ere; STE: Saint-Exup�ery; STF: Saint-Fons; STJ: Saint-Just; TER: Ternay; VAI: Vaise; VAU: Vaulx-en-Velin). Passive samplers are represented in green. Bron
meteorological station is in violete. The three movable stations for the IOPs are in rose: VAI: Vaise; FRV: Francheville; PBT: Pierre Benite. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Dates of the intensive observational periods.

IOP Begining of exposure End of exposure

IOP 1 e Week 1 30/01/2008 13 h 06/02/2008 13 h
IOP 1 e Week 2 06/02/2008 13 h 13/02/2008 13 h
IOP 2 e Week 1 30/04/2008 12 h 07/05/2008 14 h
IOP 2 e Week 2 07/05/2008 14 h 14/05/2008 13 h
IOP 3 e Week 1 16/07/2008 13 h 23/07/2008 13 h
IOP 3 e Week 2 23/07/2008 13 h 30/07/2008 13 h

Fig. 2. Calibration of the PDTs measurements against measurements provided by an-
alyzers placed on movable monitoring stations.
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The domain includes a network of 21833 streets (Fig. 1), whose
geometrical characteristics have been determined using the nu-
merical tools presented in Soulhac et al. (2011), and applied to a GIS
data set. This allows us to compute for each street, its length L,
height H and width W, and to identify the streets that are classified
as ‘canyons’, i.e. with an aspect ratio W/H � 3. These cover
approximately 15% of the total length of the street network. The
geometrical characteristics of the street canyons within the domain
are given in Fig. 3, wherewe show the probability density functions
of the aspect ratios L/H and W/H of all street labelled as ‘canyons’.

The preparation of the input of the traffic related emissions is
the same as that presented in Soulhac et al. (2012). Traffic emissions
are represented as line sources whose intensity is estimated by
coupling the traffic model DAVISUM with the emission model
COPERT IV (Ntziachristos and Samaras, 2000).

In the domain, we also consider 83 elevated sources (industries)
and distributed emissions from domestic heating and other sour-
ces, provided by the emission cadaster of the air-quality association
of the Auvergne Rhône Alpes region. The cadaster is built with a
top/down (dis-aggregation of national data to city-level data) and a
bottom/up approach (aggregation of local data like traffic count to
city-scale level data) combined with the use of emissions factors
from modelling or metrological experimentations. Sources are
classified, based on the activity sectors according to the Selected
Nomenclature for Air Pollution (SNAP) and considered as a Euro-
pean standard. The inventory, made at the city-level, was distrib-
uted and spatially aggregated on a regular 1 � 1km grid. Each cell
contains contributions of the 11 SNAP source categories. The dis-
tribution of traffic, industrial and domestic heating sources (as
annual average) is plotted in Fig. 4. The emissions of the domestic
heating are modulated over the year according to the external air
temperature.

The meteorological wind field is reconstructed with an hourly



Fig. 3. Geometrical characteristics of the network of street canyons in Lyon: a) histograms of the non-dimensional length L/H of the canyons and of their b) aspect ratio W/H.

Fig. 4. Spatial distribution of the intensity of the a) traffic (line) sources, b) industrial (point) sources, and c) surface distributed domestic heating sources.
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time-step and according to the Monin-Obuhkov similarity theory,
from data registered at the M�et�eo-France station in Bron (Fig. 1).
Dominant wind direction is North-South, with wind speeds that
generally do not exceed 6 m s�1 (Fig. 5a). The stability conditions
computed by the meteorological pre-processor are presented in
Fig. 5b, where we plot the inverse of the Monin-Obukhov length



Fig. 5. Annual statistics of data collected at the Bron meteorological station in 2008: a) Windrose and b) probability density function of the ratio 1/LMO.
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(LMO). The distribution of LMO
�1 suggests an equal repartition be-

tween stables (LMO>0) and unstable (LMO<0) atmospheric condi-
tions. Note that the high frequency of the condition LMO

�1 in the range
]0.1; 0.2] is due to the fact that we have imposed a minimum value
for LMO ¼ 100 z0 (De Haan, 1999), where z0 is the aerodynamic
roughness length of the urban area. The reason for this is to exclude
high stability conditions whose occurrence, over an urban area, are
precluded by the presence of heat anthropogenic fluxes and intense
wind shear.

The estimate of a background concentration is a major problem
for the modelling of pollutant concentration at the local urban scale
(Tchepel et al., 2010). This concentration is due to the contribution
of all pollutant sources located outside the studied domain. These
can be estimated bymeasurements of monitoring stations placed at
the border of the domain and far away from traffic axes (D _edel _e and
Mi�skinyt _e, 2015; Giambini et al., 2010; Tchepel et al., 2010) or by
running a dispersion model over a larger (regional) domain (Pineda
Rojas and Venegas, 2013; Silver et al., 2013; Soulhac et al., 2003).
Here we use as background values the concentration measured at
the Saint-Exup�ery monitoring station, located at the east border of
the domain and at a distance of approximately 30 km from the city
center (its location is referred to as ‘STE’ in Fig. 1). This background
concentration is considered as uniformly distributed all over the
domain and added to the concentrations estimated by SIRANE
before applying the chemistry module.

As it is customary in the recent literature, the performances of
the SIRANE model are evaluated by means of statistical indices
(Table 2), as proposed by Chang and Hanna (2004). These indices
are: the fractional bias FB, the relative error ER, the normal mean
square error NMSE, the correlation coefficient Corr, the geometric
mean bias MG, the geometric variance VG and the fraction of pre-
diction within a factor of two of observations (FAC2).

Optimal values of these indices, i.e. provided by a perfect model,
are 0 for FB, ER and NMSE, and 1 for Corr, MG, VG et FAC2. Ac-
cording to Chang and Hanna (2004) et Chang et al. (2005) the
performances of a model can be considered as ‘good’ if the
following criteria are met: �0.3 � FB � 0.3, NMSE� 4,
0.7 � MG � 1.3, VG � 1.6 et FAC2 � 0.5. Note that these scores are
more restrictive than those presented recently by the same authors
for the case of urban areas (Hanna and Chang, 2012). Comparisons
with data provided by PDTs are of course averaged over the two
weeks along which the experimental data have been collected.
4. Model performances

As a first step, we analyse the results concerning the Intense
Observation Periods, including both permanent stations and pas-
sive diffusion tubes. Aim of this analysis is to evaluate the accuracy
of the model in reproducing the spatial inhomogeneities of the
ground level pollutant concentration on the whole domain. As
shown in Fig. 4, SIRANE results are in a general good agreement
with the weekly averaged concentration measured. Nevertheless,
we notice that the larger biases are observed in the locations where
the concentrations are the highest.

A rapid overview of the results presented in Fig. 6 suggests that
results in the IOP1 and IOP2 show less bias than those in the IOP 3,
i.e. that the model performs better in winter/spring rather than in
summer. We will further comment on this in the analysis of the
results, at the end of sect. 5.

As a second step, we focus on the comparisons between
modelled and measured hourly averaged concentrations on these
fixed monitoring stations. We begin by focusing on temporal sig-
nals registered in four stations, which are representative of the four
categories previously identified: suburban (Côtiere de l’Ain), in-
dustrial (Feyzin), traffic road (Mulati�ere) and urban (Lyon centre).

Data referring to the first IOP are presented in Fig. 7 and show
that SIRANE reproduces accurately the temporal variations of NO2
concentrations, even though the gap between the two is sometimes
large, exceeding a factor of two. Note in particular the clear dis-
crepancies occurring at the Mulati�ere station, where the model is
unable to reliably predict the peaks of pollution in the early
morning, at the rush hour. This feature will be analysed in detail in
sect. 5.

Modelling results provided by SIRANE show a high spatial
variability of NO2 concentration over the domain (see the graphical
abstract, showing a map of the annual mean concentration for the
Lyon agglomeration and city centre), highlighting the high impact
of traffic related pollution.

Measured and modelled annual mean concentrations, respec-
tively mMes, and mSIR, are generally in good agreement (Fig. 8).
Nevertheless, as already noticed in case of weekly averages, the bias
can be larger than 10 mg m�3 in correspondence to the stations



Table 2
List of the statistical indices used to quantify the accordance between the numerical and the experimental data sets; Cm and Cp are the measured and predicted concentrations,
respectively.

Index Definition Optimal value Criteria

Fractional bias FB ¼ 2ðCm�CpÞ
ðCmþCpÞ

0 �0:3 � FB � 0:3

Relative error
ER ¼

 
2jCm�Cpj
ðCmþCpÞ

! 0

Normal mean square error
NMSE ¼ ðCm�CpÞ2

CmCp

0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
NMSE

p
� 2

Correlation coefficient
Corr ¼ ðCm�CmÞðCp�CpÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðCm�CmÞ2ðCp�CpÞ2
q 1

Geometric mean bias MG ¼ expðlnðCmÞ � lnðCpÞÞ 1 0:7 � MG � 1:3

Geometric variance VG ¼ expððlnðCmÞ � lnðCpÞÞ2Þ 1 VG � 1:6

Fraction in a factor of 2 FAC2: fraction of data that satisfy 0:5 � Cp

Cm
� 2 1 FAC2 � 0:5

Fig. 6. Comparison of simulated and measured NO2 mean concentrations for the different Intensive Observational Periods [mg.m�3].
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where the concentration are the highest (larger than 55 mg m�3).
The values of the bias are positive (Table 3), implying that con-
centrations are generally underestimated by the model.

The model performances (Table 3) shows that SIRANE satisfies
all criteria suggested by Chang and Hanna (2004) and Chang et al.
(2005), for all monitoring stations, except for one, the monitoring
station Vaise, where the indices FB (0.38) and MG (1.53) exceed the
limits. Something similar also occurs for the station named
Mulati�ere where FB (0.26 and 0.16 respectively) and MG (1.27 and
1.18 respectively) are relatively large, even though they are within
the Chang and Hanna (2004) limits.

Results in Table 3 highlights the general tendency of SIRANE in
underestimating pollutant concentration, especially for the
monitoring stations placed close to the most congested traffic axes:
Grand-Cl�ement, Lyon p�eriph�erique, Gerland. Note that these un-
derestimations do not depend on the location of the receptors and
concern evenly measurement stations placed within street canyons
and in ‘open field’. For this reason, the discrepancies between
model and measurements cannot be specifically attributed to the
parametric laws adopted to simulate pollutant transfer within the
urban canopy. A possible explanation for these discrepancies is
related to vehicles emissions factors, whose modelled values, as
suggested by previous authors (e.g. Berkowicz et al., 2006; Smit
et al., 2008), are suspected to underestimate the real ones.
Recently, O'Driscoll et al. (2010) provide evidence that COPERT
modelling results significantly underestimate NO2 and NOx



Fig. 7. Comparison of the NO2 concentration during the IOP 1; measurements are in black whereas SIRANE results are in red. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. Comparison between modelled and measured NO2 annual means concentration
[mg.m�3] at the 15 permanent monitoring stations.

Table 3
Comparison of SIRANE results with data from the monitoring stations during 2008 (bold

mMes [mg.m�3] mSIR [mg.m�3] FB ER

Optimal value 0 0
0.3 � FB � 0.3

COT 23.26 22.11 0.05 0.38
GEN 33.36 31.95 0.04 0.40
STE 17.78 19.81 �0.11 0.28
TER 29.41 24.15 0.20 0.47

BER 52.50 52.93 �0.01 0.34
GC 47.06 40.06 0.16 0.43
LP 50.67 49.97 0.01 0.41
MUL 79.05 67.59 0.16 0.44
VAI 59.10 40.20 0.38 0.49

FEY 33.84 31.72 0.06 0.44
STF 35.35 33.14 0.06 0.40

GER 38.08 36.13 0.05 0.39
LC 37.95 43.18 �0.13 0.41
STJ 36.78 40.05 �0.09 0.41
VAU 26.67 28.00 �0.05 0.45
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emission from Euro 6 diesel cars. Jaikumar et al. (2017) show that
the standard emission models (like COPERT) under predict the real
emissions by 30e200%, depending upon different driving modes.
Note however that, based on our results, we are not in the position
of proving that this is the actual cause for the underestimations in
the model predictions.
5. Discussion

We evaluate the model performances depending on the mete-
orological input parameters, namely the wind intensity (U), the
wind direction (q) and the stability condition (LMO

�1 ), and the location
of the measurements points (street canyons, proximity of roads,
etc…). We focus on two statistical indices only, FB and NMSE. Note
that this analysis is different from a ‘classical’ sensitivity analysis, as
the one presented in the part II of this study (Soulhac et al., 2012),
evaluating the effects of a progressive variation of the values of the
input data on the model output.

To that purpose we begin by dividing the 15 stations in five
different groups: urban traffic stations (located in street canyons),
sub-urban traffic stations (located in ‘open field’), urban (located in
red values exceed the criteria of Chang and Hanna (2004) and Chang et al. (2005)).

NMSE Corr MG VG FAC2

0 1 1 1 1
NMSE2 � 4 0.7 � MG � 1.3 VG � 1.6 FAC2 � 0.5

0.25 0.79 1.00 1.32 0.83
0.23 0.71 0.99 1.38 0.81
0.06 0.96 0.81 1.15 0.90
0.35 0.65 1.20 1.52 0.74

0.18 0.64 1.02 1.24 0.87
0.33 0.65 1.09 1.38 0.79
0.26 0.63 1.00 1.34 0.81
0.31 0.60 1.18 1.41 0.78
0.38 0.66 1.53 1.52 0.73

0.30 0.59 1.06 1.46 0.76
0.30 0.71 0.99 1.34 0.82

0.25 0.67 1.01 1.31 0.83
0.24 0.66 0.83 1.35 0.80
0.26 0.67 0.87 1.35 0.80
0.26 0.75 0.82 1.48 0.77
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a dense urban area but away from busy roads), industrial stations
(located close to industrial facilities), and background stations
(located away from both industrial, residential and traffic sources).

Results of this analysis, presented in Fig. 9, show that the values
of FB and of the NMSE exhibit significant variations depending on
the values of the meteorological parameters. The indices concern-
ing the traffic stations, both in urban and sub-urban areas, tend to
increase for large wind velocities, indicating a degradation of the
model estimates. However this tendency cannot be any longer
identified in the rest of the urban stations, as well as in the in-
dustrial and the background stations. Focusing on the wind direc-
tion q, we observe that the trends of the data relative to the four
typologies of stations are very different. This is also what can be
observed when analysing the trend of the variations depending on
the stability conditions. The global picture is therefore not clear and
does not allow us to conclude about an eventual dependence of the
model performances on peculiar meteorological conditions. All we
can state is that the FB of the traffic stations data (both within the
urban area and outside of it) are markedly positive, revealing a
general underestimation of the model predictions. The FB of in-
dustrial, urban and background stations are instead closer to zero.

To push further our analysis we therefore have to disaggregate
our data and analyse the behavior of the data collected station by
station. Again, when analyzing the results presented in Fig. 10, we
observe that for some stations the performances of the model are
clearly worse than for others. However, we cannot clearly identify a
unique trend of the evolution of the FB and the NMSE as a function
of the values of the meteorological parameters. This means that, in
order to explain the discrepancies between model and measure-
ments, we have to analyse singularly the characteristics of each
station. In doing so, we restrict our attention to two traffic stations,
Vaise and Mulati�ere, the ones that exhibit the larger discrepancies
between measurements and model results.

The worse performances of the results for the Vaise Station can
be explained by its location. The district of Vaise is actually
bordered by two hills, forming a small valley within which the air
circulation is somehow decoupled to that occurring in the rest of
the agglomeration. This particular morphological condition can
actually produce an accumulation of pollutant within this district,
due to the recirculation flows occurring in this small valley. This
complex air circulation is not reproduced by the SIRANE meteo-
rological input, which actually assumes that the flow over the
whole urban area is modelled according to Monin-Obhukov simi-
larity theory, i.e. homogeneity on the horizontal plane. SIRANE is
therefore not able to simulate any of these effects inducing an
accumulation of air pollutant within this district. Its predictions
tend then to a systematic underestimate of real concentration
values. To improve these predictions it would be therefore neces-
sary to include more complex three dimensional meteorological
fields over the domain.

Concerning the Mulati�ere station, there are two main features
that deserve to be discussed. The first concerns the bad model
performances for wind directions that are close to q ¼ 270�, the
second those occurring for highly unstable conditions, i.e. large
negative values of LMO

�1. As shown in Fig. 12, when q z 270�, the
FB is close to 0.6 and the NMSE attains 0.8. To explain this we refer
to Fig. 11a, where we show the details of the location of the mea-
surement station. This is located nearby the highway (direction N-
S) and relatively close to a long and tall building. It is worth
remembering that SIRANE does not distinguish the case of a street
which is partially bordered by buildings from the case of a street in
open field (not bordered by building at all). Therefore, according to
the model, when the wind direction is q ¼ 270� the measurements
station will not intercept the pollutant plume generated by the line
source representing the traffic emissions along the highway. In the
reality, however, the presence of an elongated building beside the
highway produces a recirculating region in its wake. This recircu-
lating flow pattern can then induce for the transport of the
pollutant plume in the opposite direction to that of the overlying
wind (Fig. 11b). There is therefore a direct contribution of the traffic
emissions along the highway on the concentrations registered at
the station which is completely neglected by the model. This
feature is likely to explain the large values of FB and NMSE, and
therefore the significant underestimation of the model predictions,
for these peculiar wind directions. This example enlightens the
need of introducing new parameterisations in the model for the
dispersion in streets that are only partially bordered by buildings.

Concerning the influence of the stability condition, we clearly
notice (Fig. 10) that, for unstable conditions (LMO

�1 < �0.8), the model
performances are significantly deteriorated. This is the main reason
for the systematic discrepancies observed in the time series of the
concentrations initially presented in Fig. 7. The time series of NO2
concentrations registered at the Mulati�ere station presented in
Fig. 7 are also shown in Fig. 12, where we also superpose the evo-
lution of LMO

�1. It is evident that in correspondence of negative
peak of LMO

�1, in the second part of the time series, the model
systematically underestimates the concentration, and is unable to
reproduce the peak characterising the morning rush hour. The
reason for this is likely to rely on the parameterisation of the plume
width in case of strongly unstable atmospheric conditions and that
over predicts the dispersion and the mixing close to the source.
Note that this feature can also provide a reliable explanation for the
better performances of the model in simulating pollutant disper-
sion during the winter and the spring time rather than in summer,
as suggested by the scatter plot presented in Fig. 6. The improve-
ment of the near-field dispersion of traffic-related ground-level
plumes is therefore an aspect that requires further research work,
which in turn will require specific in-situ observations by several
measurement stations.

6. Conclusion

This paper presents a validation study of the SIRANE 2.0 urban
air quality model, whose performances have been evaluated
against on site measurements of nitrogen dioxide over the Lyon
urban area and over a whole year. This new version of SIRANE in-
cludes algorithms to treat distributed pollutant emissions over a
whole urban agglomeration. The model validation was performed
by a systematic comparisonwith NO2 concentration measurements
obtained through three intensive measurement campaigns by
means of 75 measurement points equipped by passive diffusion
tubes and through continuous measurements of hourly averaged
concentrations from 15 permanent monitoring stations (over the
whole year 2008). Based on the criteria proposed by Chang and
Hanna (2004) and Chang et al. (2005), the overall model perfor-
mances can be considered as « good », in reproducing both the
temporal and spatial variability of NO2 concentrations. Neverthe-
less, results clearly show that SIRANE has a tendency in under-
estimating the experimental values, notably those registered close
to the most congested traffic axes. These differences have been
discussed and related to the influence of peculiar physical pro-
cesses. This analysis allowed us to identify three possible modifi-
cations to improve the model: i) the inclusion of a three-
dimensional velocity field over the urban agglomeration, which
would make SIRANE more reliable to simulate dispersion in cities
characterised by the presence of a complex orography: ii) the
parameterisations of the dispersion in streets partially bordered by
buildings, i.e. that cannot be considered as ‘street canyons’ but in
which flow and dispersion are highly affected by the buildings
wakes; iii) the parameterisation of the near-field dispersion of



Fig. 9. Evaluation of the FB and NMSE as a function of three meteorological parameters, i.e. wind velocity U, wind direction q and inverse of the Monin-Obukhov length, for the four
typologies of monitoring stations.
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Fig. 10. Evaluation of the FB and NMSE as a function of three meteorological parameters, i.e. wind velocity U, wind direction q and inverse of the Monin-Obukhov length, for the six
monitoring stations referred to as ‘traffic’ (placed both within street canyons and in open field).
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Fig. 11. Mulati�ere monitoring station: a) photograph of the station, placed beside the highway and close to a long building b) sketch of flow and dispersion patterns in the wake of
the long building for a wind direction equal to q ¼ 270� .

Fig. 12. Measured (black) and modelled (red) concertation at Mulati�ere superposed with the evolution of the inverse of the Monin-Obhukov length (in blue, with values on the right
axis). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

L. Soulhac et al. / Atmospheric Environment 167 (2017) 377e388 387
pollutant emitted at ground level by vehicular emissions in strongly
unstable atmospheric conditions.
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