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a b s t r a c t

In order to control and manage urban air quality, public authorities require an integrated approach that
incorporates direct measurements and modelling of mean pollutant concentrations. These have to be
performed by means of operational modelling tools, that simulate the transport of pollutants within and
above the urban canopy over a large number of streets. The operational models must be able to assess
rapidly a large variety of situations and with limited computing resources.

SIRANE is an operational urban dispersion model based on a simplified description of the urban
geometry that adopts parametric relations for the pollutant transfer phenomena within and out of the
urban canopy.

The streets in a city district are modelled as a network of connected street segments. The flow within
each street is driven by the component of the external wind parallel to the street, and the pollutant is
assumed to be uniformly mixed within the street. The model contains three main mechanisms for
transport in and out of a street: advection along the street axis, diffusion across the interface between the
street and the overlying air flow and exchanges with other streets at street intersections.

The dispersion of pollutants advected or diffused out of the streets is taken into account using
a Gaussian plume model, with the standard deviations sy and sz parameterised by the similarity theory.
The input data for the final model are the urban geometry, the meteorological parameters, the back-
ground concentration of pollutants advected into the model domain by the wind and the emissions
within each street in the network.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental policies and legislation induce public authorities
to adopt strategies to manage air pollution and to minimise its
impact on human health and the environment. To accomplish these
tasks it is necessary to have tools to characterise urban air pollution
levels. For several years, in almost all European and North American
cities, this characterisation mainly relied on the direct measure-
ments of concentration of the different pollutant species. Never-
theless, even if these measurements provide direct information of
the air pollution level at given positions, they do not provide an
exhaustive picture of the distribution of air pollution throughout
urban areas nor the possibility to evaluate the impact of a new
traffic plan. For this reason, during the last decade, public author-
ities have increasingly adopted pollutant dispersion models to
complement the information provided by monitoring networks.
zzoni).

All rights reserved.
Based on mathematical descriptions of the phenomena gov-
erning pollutant transport in the atmosphere, these models allow
us to estimate the temporal and spatial evolution of air pollutants,
providing essential information to estimate their impact on envi-
ronment and human health.

Several modelling tools are available nowadays. However, given
the wide range of phenomena and scales involved, it is not possible
to model pollutant dispersion in the atmosphere with a unique
model. A large variety of models have been therefore developed,
depending on the length scales characterising the dispersion
phenomena. Five characteristic scales are usually identified: the
continental scale (w1000 km), the regional scale (w100 km), the
urban scale (w10 km), the district scale (w1 km) and the street
scale (w100m).Within all these scales, the district scale is certainly
the one that has been hitherto the least studied. However, this scale
is the one that is mainly associated with the details needed to
define pollutant cartographies in urban areas.

Pollutant dispersionmodelling at the district scale must account
for the modification to the atmospheric flow due to the presence of
a city. As summarised by Roth (2000), the main effects are the
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List of symbols

a Albedo (e)
CD,build Buildings drag coefficient (e)
Cld Cloud coverage (octas)
Cp Specific heat capacity at constant pressure of air

(Cp ¼ 1005 J kg�1 K�1)
Cstreet Spatially averaged concentration in street canyons

(kg m�3)
Cstreet,ext Concentration above roof level (kg m�3)
ddistrict Displacement height of the district (m)
f Coriolis parameter ( f ¼ 4psin(2pf/360)/86,400)
Fm Momentum flux (m4 s�2)
Fb Buoyancy flux (m4 s�3)
g Gravitational acceleration (g ¼ 9.81 m s�2)
h Atmospheric boundary layer depth (m)
H Street height (m)
H0 Sensible heat flux between ground and atmosphere

(W m�2)
Hbuild Mean height of the streets (m)
Hs Height of the source of pollutant (m)
Hs,eff Effective height of the source of pollutant (m)
DH Plume rise (m)
k1 Chemical reaction constant (s�1)
k2 Chemical reaction constant (m6 mol�2 s�1)
k3 Chemical reaction constant (m3 mol�1 s�1)
Kturb Turbulent diffusivity (m2 s�1)
L Street length (m)
LMO MonineObukhov length (m)
N BrunteVaïsälä frequency (s�1)
Pr Precipitations intensity (mm h�1)
Pstreet Air flux along the street (m3 s�1)
Pvert Vertical air flux within a street intersection (m3 s�1)
QG Heat flux in the ground (W m�2)
QE Latent heat flux ground-atmosphere (W m�2)
QI Pollutant flux entering in the street at the upwind

intersection (kg s�1)
Qwash Wet deposition flux within the street (kg s�1)
Qpart,gr Dry deposition flux within the street (kg s�1)
Q S Pollutant flow rate at the source (kg s�1)
Q S,eff Effective pollutant flow rate after wash-out (kg s�1)

RN Net radiation (W m�2)
T0 Temperature at ground level (K)
Ta Air temperature (K)
TL Lagrangian time scale (s)
u* Friction velocity (m s�1)
u(z) Wind speed (m s�1)
ud Mass exchange velocity between street canyon and

atmosphere (m s�1)
Uext Measured wind velocity (m s�1)
Um Plume advective velocity (m s�1)
Ustreet Averaged wind velocity along the street axis (m s�1)
w* Convective velocity scale (m s�1)
W Street width (m)
z0,build Aerodynamic roughness of the street walls (m)
z0,district Aerodynamic roughness of the district (m)
zm Averaged height of the pollutant plume (m)
zT Thermal roughness of the district (m)
q(z) Potential temperature (K)
q0 Potential temperature at ground level (K)
q* Friction temperature (K)
4 Wind direction with respect to the street axis (degree)
f Site latitude (degree)
jm, jh Businger universal functions
a PriestleyeTaylor coefficient (e)
3 District emissivity (e)
gext
q

Vertical gradient of potential temperature in the
atmosphere (K m�1)

k Von Karman constant (k ¼ 0.4)
lP Obstacle density (e)
lF Frontal obstacle density (e)
lveg Rate of the surface covered by vegetation (e)
L Wash-out rate (s�1)
c solar elevation (degree)
na Cinematic viscosity of the air (m2 s�1)
ra Air density (kg m�3)
sv Standard deviation of the transversal velocity (m s�1)
sw Standard deviation of the vertical velocity (m s�1)
s4 Standard deviation of the horizontal wind direction

(degree)
z NO2 emission rate (e)
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presence of intense shear layers at the top of the urban canopy, the
wake diffusion induced by buildings which enhances turbulent
transport of momentum, heat, moisture and pollutants and the
drag induced by buildings. Furthermore, emission sources at this
scale are particularly difficult to model, since they are due to
inhomogeneous and unsteady traffic fluxes and other kind of
distributed emissions, for example heating and industries. In order
to model flow and dispersion phenomena at this scale two choices
are then available:

� a complete reconstruction of the urban geometry within the
computational domain and the solution of the system of the
governing equations by means of computational fluid
dynamics (CFD) codes;

� a simplified description of the urban geometry and a para-
metrisation of the mass and momentum transfer within and
above the urban canopy.

The current hardware capabilities already allows the computa-
tion of wind fields for air quality modelling purposes over entire
urban districts with CFD diagnostic models (e.g. Hanna et al., 2006;
Flaherty et al., 2007; Singh et al., 2008) or with prognostic models
(e.g. Trini Castelli et al., 2004; Duchenne and Armand, 2010).

However, when a district of hundreds of streets is considered
and a large amount of the urban pollutant emissions has to be taken
into account, the application of diagnostic and prognostic CFD
codes requires computational costs that are still unfeasible for
operational purposes.

An operational approach has therefore to be based on a simpli-
fied description of the urban geometry and on the pollutant
transfer phenomena. This requires us to:

� characterise the lower part of the atmospheric boundary layer,
where the flow dynamics are typically determined by the size
and the density of the buildings and by the street geometry
(Christen et al., 2007; Rotach, 1993; Kastner-Klein et al., 2004;
Salizzoni et al., 2009a);

� estimate the advective pollutant fluxes along the street axis
(Soulhac et al., 2008; Barlow et al., 2009);

� parameterise the mass exchange between the recirculating
region within the street canyons and the external flow (Gomes
et al., 2007; Cai et al., 2008; Salizzoni et al., 2009b);
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� parameterise the mass exchange at street intersections
(Soulhac et al., 2009; Tomlin et al., 2009; Carpintieri and
Robins, 2010).

In the last twenty years few models for pollutant dispersion in
an urban district have been developed. SBLINE (Namdeo and Colls,
1996) assumes that the pollutant in each street is due to the
contribution of sources located in the street itself and those located
in the surrounding streets. This is taken into account by a Gaussian
model, assuming that the plume of pollutants is transported as if
there were no buildings. The direct contribution of the street is
computed with the model CPBM (Yamartino and Wiegand, 1986)
which evaluates the mass exchanges at street intersections.

Similarly, ADMS-Urban (McHugh et al., 1997) provides a module
to compute mean concentration in the regions of the domain where
the street canyon effect arises. For each street canyon, the concen-
tration is computed as the sum of two components: the background
concentration due to street canyon trapping effect and the concen-
tration related to the direct contribution of vehicles emissionswithin
the street. The street canyon trapping effect is parameterised using
theDanishOperational Street PollutionModel (Hertel andBerkowicz,
1989). This street canyonmodule is activated when the street aspect
ratio between the averaged height H of the buildings bordering one
street and its width W is larger than 0.5, otherwise pollutant
concentration are determined from Gaussian plume distributions.
The dispersion of pollutant emitted within the street is modelled by
a Gaussian plume, whose lateral spreading is computed by specific
relations for the turbulent fluctuations within the canyon.

The aim of developing a new modelling tool for pollutant
dispersion at the district scale hasmotivated the long term research
program undertaken at the Laboratoire deMécanique des Fluides et
Acoustique de l’Ecole Centrale de Lyon in the last fifteen years. The
result of this work is a new pollutant dispersion model, named
SIRANE. SIRANE adopts an approach different to the ADMS-Urban
and SBLINE models. The model is based on the street network
concept and on a decomposition of thewhole flow into the external
atmospheric and the urban canopy sub-flow.

The aim of this paper is to give a detailed presentation of the
parametrisation adopted in the model. In the second part of this
Fig. 1. The different components of the SIRANE model. (a) Modelling a district by a network
a street intersection. (d) Modified Gaussian plume for roof level transport.
study (Soulhac et al., submitted for publication) we will present
a validation of the model against field data.
2. Model outline

SIRANE is an urban pollutant dispersion model conceived to
simulate pollutant dispersion emitted from line sources (e.g. traffic
emissions) and point sources (e.g. chimneys) at the district scale,
for typical length scales ranging from a few hundreds metres to few
kilometres. SIRANE adopts a quasi-steady approximation. Typically,
the time step is assumed to be equal to 1 h, as in almost all pollutant
dispersion models. This choice is motivated by the spectral gap
(Stull, 1988) between the time scale associated to the dynamic of
atmospheric turbulence and that related to variation of the
synoptic meteorological conditions. For each time step pollutant
dispersion is computed assuming steady conditions and concen-
tration are estimated independently from that in the previous time
step, i.e. assuming no contribution of the pollutant emissions
emitted previously. It is therefore evident that this approach
reveals its limits in case of calm wind conditions persisting over
several hours. This can induce a significant accumulation of
pollutants over the urban area which will not be taken into account
by the model.

The starting point of SIRANE is the decomposition of the domain
in two sub domains, the external atmosphere and the urban
canopy. Therefore the model is made up of two independent
modules to compute flow and dispersion within the urban canopy
and in the overlying atmospheric boundary layer.

The streets in a district are modelled as a simplified network
(Fig. 1a) of connected street segments e represented by boxes. The
flow within each street is driven by the parallel component of the
external wind and the pollutant is assumed to be uniformly mixed
over the volume of the street. In order to compute the mean
concentration within each street, SIRANE accounts for three
transport mechanisms within the canopy:

- Convective mass transfer along the street (Soulhac et al., 2008)
due to the mean wind along their axis (Fig. 1b);
of streets. (b) Box model for each street, with corresponding flux balance. (c) Fluxes at



Fig. 2. Buildings geometry in a real urban district (Lyon, VI arrondissement).
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- Turbulent transfer across the interface (Salizzoni et al., 2009a)
between the street and the overlying atmospheric boundary
layer (Fig. 1b);

- Convective transport at street intersections (Soulhac et al.,
2009). Exchange ratios have been parameterised by a mass
exchange tensor, which accounts for the influence of the
external flow direction (Fig. 1c).

The flow above the street network is described by the
MonineObukhov similarity theory. The presence of the roughness
sub-layer just above the urban canopy is neglected and the external
flow is assumed to be uniform in the horizontal plane. The
dispersion of pollutants advected or diffused into the overlying air
is taken into account using a Gaussian plume model (see Fig. 1d),
with the standard deviations sy and sz parameterised by similarity
theory.

In the following sections we describe the geometrical descrip-
tion of the domain (Section 3) and the parametrisations imple-
mented in themodel. These concern the flow and dispersionwithin
the urban canopy (Section 4) and above roof level (Section 5). Then
we present the models of the physico-chemical transformation
adopted in SIRANE (Section 6) and the numerical methods adopted
to solve the final system of linear equations (Section 7) Finally, we
recall the main shortcomings of the model (Section 8) and we give
an overview on the validation of SIRANE which have been per-
formed so far (Section 9).

3. Geometrical description of the district

Pollutant dispersion at the district scale is influenced by the
multitude of buildings in the district whose geometry must be
taken into account in any model. The main difficulty is to find the
compromise between the need for accurate description of the
urban geometry, the minimisation of the costs of collection and
management of cartographic data and highly resolved (in time and
space) computations. The degree of simplification of the urban
geometry which can be reasonably adopted for operational
purposes must therefore be determined.

The real geometry of an urban district is characterised by three
main length scales which act differently on pollutant dispersion
patterns:

� Topography scale (L > 100 m): The influence of these variations
on dispersion phenomena can be taken into account indirectly,
by defining the three-dimensional velocity field above roof
level over the whole domain. This can be reconstructed by
means of numerical simulations at a larger scale with prog-
nostic models or by means of mass consistent diagnostic
models assuming as an input the data collected in several
stations over the whole domain. However, SIRANE currently
neglects these variations and assumes an external flow devel-
oping over a flat surface with a uniformly distributed rough-
ness (Section 5.1) due to smaller scale geometrical details. The
adoption of a three-dimensional velocity field is the object of
current development of the model.

� Buildings scale (L w 10 m): the size, spacing and orientation of
the buildings has a primarily role in influencing dispersion
patterns at the district scale. This information must therefore
be retained in the modelled street network. Details on the
procedure adopted by SIRANE to construct the street network
are given below.

� Details of the buildings geometry (L < 1 m): even if the details of
the buildings geometry (doors, chimneys, balconies.) can
have significant influence at the local scale (Salizzoni et al.,
2008; Salizzoni et al, 2009b), it is unrealistic to build
complete data set including this information. For this reason
small scale geometry elements are neglected by SIRANE.
Nevertheless, recent studies (Salizzoni, 2006) have shown the
most influent effect of the smaller scale geometry on the
pollutant dispersion within the canopy can be taken into
account by defining an aerodynamic roughness coefficient of
the building walls and by eventually modifying the para-
metrisation of the mass exchange velocity between the canopy
and the overlying atmospheric flow. To date SIRANE takes into
account the effect of the roughness of building walls to
compute the meanwind velocity along the canyon axis. Effects
of small scale roughness on the pollutant transfer between
canyons and the atmosphere may be taken into account in
future version of the model.

Summarising, SIRANE neglects the influence of the topography
and models the effects of smaller scale details of the building
geometry as a uniformly distributed wall roughness. The only scale
that is explicitly represented inSIRANE is therefore thebuilding scale.

Fig. 2 shows the geometry of the buildings in a real urban
district reconstructed from available geographical data sets. This
geometry is still too complex to be fully represented in a dispersion
model for operational purposes. A further simplification is there-
fore needed. The approach adopted by SIRANE is to represent
a district as a network of connected streets (Fig. 1a), each of them
with a rectangular section. For clarity, Fig. 3 shows an example of
the simplifications of the urban geometry adopted in the model.
The real urban geometry (Fig. 3a) constitutes different elements,
namely the streets, courtyards and buildings, with geometries with
different degrees of complexity. The flow developing within this
domain is characterised by recirculating regions which retain
pollutants above a fictive interface situated approximately at roof
level (Fig. 3b). The region below this interface is referred to as the
‘urban canopy’. Since the flow dynamics and the dispersion
patterns within the canopy differ significantly from those in the
atmospheric boundary layer, we split the domain into two distinct
regions and adopt specific parametrisation of pollutant dispersion.

The canopy is comprised of interconnected (streets) and isolated
spaces (mainly courtyards). Since emissions are rarely placed
within these latter spaces, SIRANE neglects their presence, since it
assumes that they do not contribute to pollutant transferwithin the
canopy (Fig. 3c). The concentration in these regions will be
assumed equal to that in the air just above roof level in the external
atmospheric flow.

The interconnected streets (Fig. 4a) aremodelled as a network of
boxes (Fig. 4b). Pollutant transfer between adjacent boxes and from
each box to the overlying atmosphere is modelled by a series of



Fig. 3. Description of the urban geometry in the model SIRANE. The domain is split in
two: 1) the urban canopy, represented by a street network and 2) the overlying
atmospheric boundary layer flow. Regions shaded in yellow are those modelled as
a street network. Regions shaded in grey are not modelled in the street network. (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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specific parametrisations whose details are elucidated in the next
sections.

The external atmospheric flow is modelled as a boundary layer
flow over a rough surface (blue interface in Fig. 3b) according to
MonineObhukov theory (Section 5.1). Fig. 3c shows that in the
‘canopy module’ the geometry of the streets is represented
explicitly (although with several simplifications), whereas in the
‘external flow module’ the overall effect of the canopy on the
atmospheric boundary layer flow is modelled by an aerodynamic
roughness length and a displacement height.

This approach is well adapted to model a district characterised
by a high building density, but cannot be extended to areas with
Fig. 4. Representation of a district including street canyons and open terrain zones. The reg
view); b) District representation in SIRANE (plan view); c) Real district geometry (cross se
references to colour in this figure legend, the reader is referred to the web version of this
sparse density of buildings (see Fig. 4b and c). In SIRANE these
regions, which may concern squares, parks or rivers are treated as
open terrain and therefore modelled as part of the external atmo-
spheric flow (cf. Fig. 4b). In particular, it is assumed that the tran-
sition between an open terrain region and the urban canopy is
defined by an abrupt subjective canopyeatmosphere interface.
Therefore a plume of pollutant emitted at ground level in an open
terrain region will be then displaced at roof level at the canopye
atmosphere interface (blue line in Fig. 4d).

In order to differentiate the street canyons and open terrain it is
necessary to adopt a threshold value for the street aspect ratio and
that is not imposed in SIRANE. As a general criterion we generally
assume that:
W/H > 3 / open terrain

W/H � 3 / street canyon

3.1. Size of the streets and traffic emissions

Summarising, SIRANE models each street as a cavity of rectan-
gular section, characterised by its length L, width W and height H,
an aerodynamic roughness parameter z0,build, with a distributed
pollutant release of mass rate QS. The problem is therefore to esti-
mate these quantities from urban geometry and traffic data sets,
where vehicle fluxes and emissions data are stored. To this end we
have developed a series of complementary computational tools,
which help the user in the set up of the SIRANE network.

An example of the input data for SIRANE is given in Fig. 5a and b,
showing the urban GIS data set superposed to the SIRANE network
(Fig. 5a) and the traffic network (Fig. 5b). The set up of the SIRANE
network is subject to many problems. The first is to estimate the
uniform length, width and height of each street from the real
geometry of the urban facades, which are by nature discontinuous
and of variable orientation (Fig. 5a). The second is that the traffic
network is often defined neglecting details of the urban geometry
and therefore does not necessarily coincide with the street network
(Fig. 5b). The data provided by the two networks must therefore to
be merged together.
ions modelled as a street network are shaded in yellow. a) Real district geometry (plan
ction); d) District representation in SIRANE (cross section). (For interpretation of the
article.)



Fig. 5. Example of input data for SIRANE: a) Building geometry and SIRANE network made up of arcs (street) and nodes (intersections). b) Building geometry and traffic network.
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The first step is to clearly map the SIRANE street network. This is
made up by segments, which cannot cross buildings walls, and
nodes, which represent street intersections (Fig. 5a). Once the
network has been defined, a numerical tool computes the width,
the height and the length of the street. The length is simply the
distance between two nodes. The estimate of the width is more
complicated and is as follows. Moving along the street axis we
consider only the buildings within a buffer zone both to the right
and the left sides (Fig. 6). We then retain only the building walls
that have the same orientation as the street axis and which delin-
eate the street boundary. Finally the area between these façades
and the street axis (for both sides of the street) is computed and the
average width of the street estimated. The same numerical tool
allows us to use the GIS data set to estimate the average height of
the building bordering each street segment. This numerical
procedure provides also further information on the street geom-
etry, such as the facade porosity and the facade fractioning ratio.
These parameters are useful in order to evaluate if the geometry of
a street is too variable to be represented by a constant value. In that
Fig. 6. Procedure for the estimate of the s
case the street can be split in two or more segments joined by
a fictive intersection. A result of this procedure is given in the
second part of this study (Soulhac et al., submitted for publication).

The second step consists of defining a correspondence between
the segments of the SIRANE street network with the segment of the
traffic network (Fig. 5b). This is done with another numerical tool
that projects the traffic emission values in each segment of the
traffic network onto the nearest segment of the SIRANE network.

4. Flow and dispersion within the urban canopy

4.1. Flow in the urban canopy

4.1.1. Flow within the streets
The flow dynamics within a street canyon are characterised by

a complex structure and this has been the object of several inves-
tigations (Dobre et al., 2005; Soulhac et al., 2008). Summarising,
this flow is made up of a recirculating component on the cross
section of the street which is superposed on a flow along the street
treet widths in the SIRANE network.



Fig. 7. Sketch of the flow patterns within street intersections (Soulhac et al., 2009).
a) Horizontal sections of the streamlines e numerical simulations (Soulhac et al., 2009)
b)Vertical airfluxat the junction of two streetswith differentwidths (jPstreet,1j> jPstreet,2j).
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axis (Soulhac et al., 2008). The dynamics of this flow depend on the
geometrical details of the streets and on the dynamics of the
external boundary layer flow, which determines the forcing of the
flow within the street. Since SIRANE has been conceived to
compute spatially averaged concentrations within each street, we
are not interested in the details of the flow within it. Instead we
concentrate on the spatially averaged wind velocity along the street
axis, Ustreet, which is responsible for a mean advective flux at the
upstream and downstream edges of the canyon.

The averaged velocity Ustreet is assumed to be given by a balance
between the turbulent entrainment at roof level and the drag on
building walls (Soulhac et al., 2008). We therefore neglect both the
effect of pressure gradients and the other entrainment effects of
moving vehicles (e.g. Vachon et al., 2002). Applying these
assumptions Soulhac et al. (2008) show that the velocity Ustreet can
be computed as:

Ustreet ¼ UHcosð4Þ
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where J0, J1, Y0 and Y1 are Bessel functions, u* is the friction velocity
of the overlying boundary layer flow, 4 is the external wind
direction with respect to the street axis, H and W are the street
height and width, respectively, and z0,build is the aerodynamic
roughness of canyon walls. The averaged velocity Ustreet is used in
order to compute the mass balance within each street and the
balance of air fluxes at intersections (Section 4.2.1). For further
details on the model of the flow within the street we refer the
reader to Soulhac et al. (2008).

4.1.2. Flow within street intersections
The flow patterns within a street intersection are strongly

related to the size, orientation and relative distance of the buildings
bordering the streets that form the intersection (Soulhac et al.,
2009). In this study the authors identify two kinds of intersec-
tions. When the street ratio of the streets is sufficiently high,
forming a ‘simple intersection’, the flow within the intersection is
almost decoupled from that in the external flow. Conversely, for
low aspect ratios, in ‘large squares’, the external flow penetrates
deeply into the urban canopy. In the present version of SIRANE the
pollutant dispersion in large squares is modelled identically to that
in open terrain whereas the pollutant dispersion in simple inter-
sections is modelled by a specific parametric module (Section
5.2.2). In order to distinguish these two cases a threshold value for
the street aspect ratio is need. In our previous work we have so far
considered an intersection to be ‘simple’ if its diameter W < 3H.
Conversely, if W > 3H, the intersection is designated an ‘open
terrain region’ (Soulhac et al., submitted for publication).

The aim of the flow model within street intersections is to
determine how the air fluxes are split between the different streets
connected at the intersection. Numerical simulations (Soulhac
et al., 2009) have shown that the flow in a street intersection can
be modelled by taking into account two main features: the hori-
zontal air flux from one street to another and the vertical air flux
between the urban canopy and the external atmosphere.

The horizontal air flux is estimated assuming that the flow
dynamics within the intersection is two-dimensional, i.e. that the
topology of the streamlines does not depend on the vertical
distance from the ground (Soulhac et al., 2009). This assumption is
mainly based on the observation that the streamlines hardly cross
each other (Fig. 7a) and there is therefore very little vertical vari-
ation in the mean flow at any point in the intersection.

The vertical air flux is modelled by a simple balance of the air
volumes entering and leaving the intersection. When the air flow
rate through the cross sections of the upwind and downwind
streets are different, a vertical air flux results. The simplest example
is given for a junction of two streets with varying cross section as
shown in Fig. 7b. To model the behaviour of these flow patterns,
SIRANE adopts a drastic simplification of the flow dynamics. Firstly
it is assumed that the mean velocity within each street connected
to the intersection verifies equation (1). The air flux in each street of
index i, connected to the intersection, is computed as:

Pstreet;i ¼ xHWUstreet;i (2)

where x ¼ 1 for streets upwind of the intersections (entering flux)
and x ¼ �1 for downwind streets. The vertical air flux leaving the
intersection can then be computed by applying mass conservation
over the volume of the intersection:

Pvert ¼
X

i˛intersection
Pstreet;i (3)

To estimate the flux of pollutant from one street to another it is
necessary to compute the convective flux Pi,j between the streets i
and j of an intersection. To that end, it is assumed that the
streamlines from different street upwind of the intersection do not
cross and that the flow within the intersection is two-dimensional
(Fig. 8). The coefficient Pi,j is then determined by simply estimating
the mean air fluxes entering and leaving the intersection.
4.2. Dispersion within the canopy

Since the pollutant concentration within a street canyon
depends on that in the surrounding streets and the overlying
atmosphere, we cannot compute this concentration aside from that
in the other canyons. It is thus necessary to solve a system of linear
equations with unknown the spatially averaged concentration in
each street of the computational domain. In the following para-
graph we present the equations composing this system.

4.2.1. Spatially averaged concentration within street canyons
The (time hourly) spatially averaged concentration Cstreet in each

street of the district is modelled by a box model, computing



Fig. 8. Model of the air fluxes on the horizontal plane within a street intersection.
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a balance of the pollutant fluxes entering and leaving the street
volume (Fig. 9). Assuming steady state conditions, this mass
balance over the street volume can be written as:

Q SþQ IþQ part;H|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Fluxes in

¼ Q H;turbþHWUstreetCstreetþQ part;grþQ wash|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Fluxes out

(4)

where QS is the pollutant mass rate emitted within the street, QI

represents the flux of pollutants advected by the mean flow along
the street axis and entering at the upwind intersection (Section
4.2.3), Qpart,H is the sedimentation flux of solid particles entering
the street through the street-atmosphere interface, HWUstreetCstreet
is the flux of pollutants advected by the mean flow along the street
axis and leaving at the downstream edge of the street, QH,turb is the
flux of pollutants exchanged by turbulent diffusion at the street-
atmosphere interface (Section 4.2.2), Qpart,gr is the deposition
flux of solid particles towards the ground (any eventual re-
suspension is taken into account by the source term QS) and
Qwash is the amount of pollutant per unit time washed-out by wet
deposition (Section 6.2)

Equation (4) allows us to relate the spatially averaged pollutant
concentrationwithin the street to that in the upwind streets and to
that above roof level, in the external atmospheric flow.

In the following paragraphs we present the parametric relations
adopted to model all terms of (4). For brevity we will not give
details on the model for Qpart,H since dry deposition phenomena
will be neglected in the model validation presented in the second
part of this study (Soulhac et al., submitted for publication).

4.2.2. Turbulent transfer street-atmosphere
The turbulent transfer between a street canyon and the over-

lying atmospheric flow is an unsteady process characterised by
high intermittency. The energy for this process is provided by the
kinetic energy of the external flow, whose forcing action on the
Fig. 9. Mass balance within a street canyon.
canyon flow is determined by the dynamics of a region of high
shear at the interface between the two parts of the flow. The
unstable condition of this region results in a flapping motion of the
shear layer and a subsequent intermittent inflow of turbulent
structures into the canyon which induces a bulk transfer between
the canyon and the external flow (Salizzoni et al., 2009a).

Using the box model approach, we can parameterise this
turbulent transfer by means of an exchange velocity, referred to as
ud. The velocity ud represents an integral variable, which therefore
depends on all features characterising the turbulent flowwithin the
street canyon. Generally, we can assume that ud depends on the
geometrical parameters of the canyon, the dynamical conditions of
the atmospheric turbulence and the wind direction.

Several studies have attempted to define the dependence of ud
on the dynamical conditions of the external flow (Kim and Baik,
2003; Salizzoni et al., 2009a), the wind direction (Soulhac, 2000)
and the canyon geometry (Hoydysh and Dabberdt, 1988; Salizzoni,
2006). More recently some authors have also investigated the
influence of thermal fluxes at canyon walls (Sini et al., 1996;
Offerle et al., 2007) and trees within the canyon (Buccolieri
et al., 2009).

These studies have shown that the exchange velocity is driven
by the external flow velocity Uext but depends also on the turbu-
lence level and the structure of the atmospheric flow (Salizzoni
et al., 2009a). Concerning the canyon geometry, it is well know
that ud is strongly dependent upon the aspect ratio of the street
(Hoydysh and Dabberdt, 1988), the form of the canyon (Soulhac,
2000), its length and the orientation of the external wind.
However, more recent studies have demonstrated that even smaller
scale geometrical details can significantly alter the vertical mass
exchange (Salizzoni, 2006).

It is worth noting that the mechanisms governing these trans-
port processes are extremely complex and that any analytical
model of this mass transfer requires simplifying assumptions.

As a first approximation, SIRANE assumes that ud does not
depend on the geometry of the canyon and is therefore only
defined by the external flow condition. The transfer velocity can be
considered proportional to sw, the intensity of the standard devi-
ation of the vertical velocity at roof level, and estimated (Soulhac,
2000; Salizzoni et al., 2009a) as

ud ¼ swffiffiffi
2

p
p

(5)

Therefore the vertical flux QH,turb in (4) can be expressed as:

Q H;turb ¼ swWLffiffiffi
2

p
p

�
Cstreet � Cstreet;ext

	
(6)

where Cstreet and Cstreet,ext are the mean concentration within and
above the street, respectively, W and L are the street length and
width and sw is the standard deviation of the vertical velocity
computed at roof level as indicated in Section 5.1.3.

4.2.3. Pollutant transfer at street intersections
The aim of the pollutant transfer model at street intersections is

to estimate the upwind pollutant flux QI,j entering street j. The rate
of pollutant transfer between two crossing streets i and j is
a function of the exchange coefficient Pi,j, which in turn depends on
the wind direction 4. However, this coefficient does not take into
account the turbulent mixing but only the topology of the mean
streamlines within the intersections (Soulhac et al., 2009). By
assuming that the turbulent mixing within the intersection mainly
depends on larger scale fluctuations, its effect can be modelled by
considering the standard deviation of the wind direction. We can
therefore define a time averaged exchange coefficient as:



Fig. 10. Vertical structure of the urban boundary layer in neutral conditions.
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P̂ i;jð40Þ ¼
Z

f ð4� 40Þ Pi;j ð4Þ d4

with f ð4� 40Þ ¼ 1
s4

ffiffiffiffiffiffi
2p

p exp

"
� 1

2

�
4� 40
s4

�2
# (7)

where 40 is the average wind direction and s4 the standard devi-
ation of the wind direction.

The flux leaving the intersection from street j can be expressed
by taking into account the contribution of all streets connected at
the intersection:

Q I;j ¼
X
i

P̂i;jð40ÞCstreet;i þ Pext/jCI;ext (8)

The second term of (7) represents the flux from the external flow
(therefore related to a concentration CI,ext) and which enters the
intersection vertically. The flux Pext/j is computed considering only
the case of air from the external flow entering the intersection
(Pvert < 0) and assuming that the incoming flux is distributed in the
streets downwind of the intersection proportionally to the flow rate
in each street:

Pext/j ¼ maxð�Pvert;0Þ
Pstreet;jP

street downwind to the intersection
Pstreet;i

(9)

5. Flow and dispersion above the roof level

5.1. Flow

The description of the atmospheric boundary layer flow in
SIRANE has three main objectives:

� To determine the characteristics of the atmospheric flow and
turbulence needed to estimate the pollutant dispersion in the
external atmospheric flow (Section 5.2).

� To compute the parameters describing the flow within the
canopy as a function of the forcing induced by the external
atmospheric flow (Section 4.1).

� To evaluate the intensity of the atmospheric turbulence in
the lower part of the boundary layerflow inorder to estimate the
turbulent pollutant fluxes between the urban canopy and the
overlying atmosphere (Section 4.2.2).

The external boundary layer flow is modelled using Monine
Obukhov similarity theory. The flow is assumed homogeneous in the
horizontal plane. Therefore all dynamical parameters of the flow are
assumed to depend on the vertical coordinate z only. It is well known
8>><
>>:

jmðzÞ ¼ 2ln½ð1þ xÞ=2� þ ln

�
1þ x2

	�
2
�� 2arctanðxÞ þ p=2 if LMO < 0 ðunstableÞ

with x ¼ ð1� 16zÞ1=4
jmðzÞ ¼ 0 if LMO ¼ 0 ðneutralÞ
jmðzÞ ¼ �5z if LMO>0 ðstableÞ

(11)
that in the flow above roughness elements this condition is not valid
below a height (Fig. 10) which is approximately equal to
z* ¼ H þ 1.5 W (Raupach et al., 1980). For z < z*, the flow is directly
influenced by the wake of each building and the flow cannot be
considered to be horizontally homogeneous. Nevertheless, the
dynamical properties of this region of the flow, usually referred to as
the ‘roughness sub-layer’, cannot be represented satisfactorily by
a universal description, since it depends on the particularity of each
single building geometry (Raupach et al., 1980). Therefore, for
simplicity, SIRANE neglects the presence of the roughness sub-layer
and assumes that the profiles given by the MonineObukhov theory
extend through the whole boundary layer down to roof level.

The external boundary layer flow model presented in the
following paragraphs is mainly inspired by reviews of meteoro-
logical pre-processor given by Holtslag and Van Ulden (1983),
Fisher et al. (1998) and of the parametrisations adopted by the
ADMS model (CERC, 2001).

5.1.1. Mean velocity and temperature profiles
According to MonineObukhov similarity theory, the mean

velocity field within the atmospheric boundary layer above roof
level may be modelled by the following relation (Garratt, 1992):

uðzÞ ¼ u�
k

"
ln

 
z�ddistrictþ z0;district

z0;district

!

�
�
jm

�
z�ddistrictþ z0;district

LMO

�
�jm

�
z0;district
LMO

��#
(10)

where z0,district and ddistrict are the aerodynamic roughness and the
displacement height of the district (Section 5.1.2) and LMO is the
MonineObukhov length, defined as

LMO ¼ � rcpqu3�
kgH0

being H0 the sensible heat flux between the ground and the atmo-
sphere (see Appendix). The function, jm is defined as (Businger et al.,
1971):
The vertical profile of potential temperature is given by Garratt
(1992):

qðzÞ ¼ q0 þ
q�
k

�
ln
�
zþ zT
zT

�
�
�
jh

�
zþ zT
LMO

�
�jh

�
zT
LMO

���
(12)

where q0 is the potential temperature at ground level and zT is the
thermal roughness of the district (Section 5.1.2) and the function jh

is defined as:
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8>><
>>:

jhðzÞ ¼ 2ln½ð1þ xÞ=2� if LMO < 0 ðunstableÞ
with x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 16z

p
jhðzÞ ¼ 0 if LMO ¼ 0 ðneutralÞ
jhðzÞ ¼ �5z if LMO>0 ðstableÞ

(13)

5.1.2. Aerodynamic roughness, displacement height and thermal
roughness

The influence of the buildings composing the urban district on
the vertical profiles of mean velocity is modelled, as it is usual, by
two parameters, the aerodynamic roughness length z0,district and
the displacement height ddistrict. Both of them are input parameters
of SIRANE, and have therefore to be previously computed by the
user. These quantities can be estimated with several empirical
models, which are based on site observations and wind tunnel
experiments. An extensive review of these models is given by
Grimmond and Oke (1999) whereas an example of a procedure of
their estimate a real case study is presented in the second part of
this study (Soulhac et al., submitted for publication).

The thermal roughness is computed from the aerodynamic
roughness by the following relation (Garratt, 1992):

zT ¼ z0exp
h
� k

6:2Re1=4s � 5

�i
with Res ¼ u�z0

na
(14)

5.1.3. Atmospheric turbulence
The intensity of the turbulent fluctuations within the atmo-

spheric boundary layer can be characterised by vertical profiles of
the standard deviation of the three components of the wind
velocity su, sv and sw. The profiles adopted in SIRANE are those
given by the following relations (Hunt et al., 1988; CERC, 2001):

Standard deviation sv

8>< sv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:3 w2� þ ½2 u� ð1� 0:8 z=hÞ�2

q
if LMO < 0 - unstable
>: sv ¼ 2 u� ð1� 0:8 z=hÞ if LMO/N - neutral
sv ¼ 2 u�ð1� 0:5 z=hÞ3=4 if LMO>0 - stable

(15)

Standard deviation sw
8>>>><

>>>>:
sw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2wc þ s2wn

q
if LMO < 0 - unstable

with swc ¼
ffiffiffiffiffiffiffi
0:4

p
w� 2:1ðz=hÞ1=3ð1� 0:8z=hÞ and swc ¼ 1:3u�ð1� 0:8z=hÞ

sw ¼ 1:3u�ð1� 0:8z=hÞ if LMO/N -neutral
sw ¼ 1:3u�ð1� 0:5z=hÞ3=4 if LMO>0 -stable

(16)
where h is the boundary layer height (Section 5.1.4) and w* is the
convective velocity scale, defined as:

w� ¼ u�
�

h
kLMO

�1=3

(17)

The Lagrangian integral time scale is modelled as (Hunt et al.,
1988; CERC, 2001):8>>>>>>>>>>><
>>>>>>>>>>>:

TL ¼
1

1:3sw

"
2:5

zþz0;district
þ N
sw

þ4
h
þ 1
zu

#�1

stableatmosphere

TL ¼
h

LMO
þ1
3

h
LMO

þ1

"
0:6

zþz0;district
þvu
vz

þ2
h
þ 1
zu

#
sw

unstableatmosphere

with zu ¼max

h�z;

sw
N

�
(18)
where N ¼
ffiffiffiffiffiffiffiffi
g
T0

vq
vz

q
is the BrunteVaïsälä frequency and T0 is the

temperature at ground level.

5.1.4. Boundary layer height
The height h of the atmospheric boundary layer is strictly

related to its thermal stratification. In a stable or neutral atmo-
sphere, h can be considered as time independent and can therefore
be computed as a function of the meteorological condition at
a given time. In an unstably stratified atm h varies with time
because of a thermal forcing induced by the thermal fluxes from the
ground (Batchvarova and Gryning, 1991). The boundary layer depth
in unstable conditions depends then not only on the conditions at
a given time but also on the conditions at previous times. The
relations adopted to model the boundary layer depths in different
stability conditions are:

Stable atmosphere (LMO > 0) (Nieuwstadt and Tennekes, 1981)

h ¼ LMO

3:8

�
� 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2:28

u�
fL

r �
(19)
MO

Neutral atmosphere (LMO / N)

In a neutrally stratified atmosphere (19) reduces to:

h ¼ 0:3
u�
f

(20)

Unstable atmosphere (LMO < 0) Batchvarova and Gryning (1991)

dh ¼ 1:4w3� þ 5u3�
g (21)
dt
T0
gextq h2

where gext
q

¼ vq=vz is the vertical gradient of potential tempera-
ture in the atmosphere and T0 is the temperature at ground level.
Assuming that these parameters are time independent, this
differential equation has the implicit analytical solution
t2 � t1 ¼ c2

2a1

"�
h2
c

� 1
�2

�
�
h1
c

� 1
�2

þ2ln
�
h2 þ c

h1 þ c

�#
;

with

8>><
>>:

c ¼ a2
a1

a1 ¼ 1:4H0

raCpgextq

and a2 ¼ 5u3�T0
ggext

q

(22)

Here, h1 and h2 are the boundary layer depths at time t1 and t2,
respectively. This relation is used to compute the boundary layer
depth for each hourly time step. The computation is initialised at
the sunrise with the nocturnal value given by equation (19).
5.2. Dispersion over roof level

5.2.1. Gaussian plume model
The pollutants transported in the urban atmospheric boundary

layer are emitted by elevated sources (stacks) or within the urban



Fig. 12. Plume reflection at the top of the urban canopy and at the boundary layer.
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canopy. These latter sources, whose intensity is referred to as QH,turb
in equation (4), are modelled as a series of point sources at roof
level (Fig. 11). QH,turb can therefore be positive when the pollutant
flux is directed from the streets to the atmosphere, or negative, if
the flux is directed downward from the atmosphere to the under-
lying street canyons. In SIRANE, line source of pollutant in open
terrain are modelled as a series of point sources.

The pollutant dispersion phenomena taking place above roof
level are simulated by a Gaussian plumemodel. Plume reflections at
the top of the boundary layer and at roof level z ¼ Hbuild (Hbuild
represents the mean height of the buildings over the district) are
simulated by the image source technique (Fig. 12).

Therefore, the concentration field resulting from a point source
of pollutant placed at (xs, ys) is given by :

cðx;y;zÞ ¼ QS;effffiffiffiffiffiffi
2p

p
Umsy

exp

"
�1
2
ðy�ysÞ2

s2y

#
�
h
pdfz


z�Hs;eff

�
þpdfz


z�2HbuildþHs;eff

�
þpdfz


z�2hþHs;eff

�i
(23)

where QS,eff is the effective mass flux emitted by the source (taking
into account the effects of wet deposition, Section 6.2), sy is the
standard deviation of the plume in the transverse direction (Section
5.1.4) and Hs,eff is the effective height of the source, computed as the
sum of the real source height Hs and the plume rise DH, estimated
according the model of Briggs (1984).

Um is the plume advective velocity defined:

Um ¼

Z
uðzÞ$cðx; y; zÞdzZ

cðx; y; zÞdz
(24)

The function pdfz represents the vertical distribution of
concentrations. In a neutral or stable boundary layer, this distri-
bution has a Gaussian form:

pdfzðzÞ ¼ 1ffiffiffiffiffiffi
2p

p
sz
exp

�
� 1
2
z2

s2z

�
(25)

where sz is the vertical standard deviation of the plume (Section
4.2.2). In an unstable atmosphere, the convective upward thermals
Fig. 11. Modelling of pollutant transfer at roof level as a series of point sources; the
arrow indicates the wind direction.
induce an asymmetric distribution of the mean concentration
(Luhar and Britter, 1989). This effect can be modelled with a bi-
Gaussian distribution:

pdfzðzÞ ¼ aþHðz� ŵtÞffiffiffiffiffiffi
2p

p
szþ

exp

"
� 1
2

ðz� ŵtÞ2
s2zþ

þ a�½1� Hðz� ŵtÞ�ffiffiffiffiffiffi
2p

p
sz�

exp

"
� 1
2

ðz� ŵtÞ2
s2z�

#

with

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ŵ ¼ �swc

2
szþ ¼ swþtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ t=2TL
p and sz� ¼ sw�tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ t=2TL
p

swþ ¼ sw
k

þ
ffiffiffiffiffiffi
p

32

r
swc and sw� ¼ sw

k
�

ffiffiffiffiffiffi
p

32

r
swc

aþ ¼ k
swþ
sw

and a� ¼ k
sw�
sw

k ¼
�
1þ

�
1
4
� 3p

32

��
swc

sw

�2��1=2

(26)

where swc is the convective component of the vertical velocity
fluctuation (Section 5.1.3). The Gaussian model is a function of
parameters which depend on the vertical coordinate z. This
distance from the ground is computed as an average height,
referred to as zm, where

zm ¼

Z
z$cðx; y; zÞdzZ
cðx; y; zÞdz

(27)

and c(x,y,z) is the pollutant distribution within the plume.

5.2.2. Modelling of plume standard deviations
The standard deviations sy and sz in the relations (25) and (26)

are functions of the downstream distance from the source x. Their
spatial evolution essentially depends on the intensity of atmospheric
turbulence and consequently on the thermal stratification of the
atmosphere. SIRANE assumes two kinds of parametrisation of these
terms. The first is based on the well known PasquilleGifford stability
classes (Briggs, 1973; Pasquill and Smith, 1983). The second is based
on a continuous parametrisation of these standard deviations, based
on the approaches proposed by Weil (1985), Venkatram (1992) and
CERC (2001):
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Standard deviation sy
sy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2y;s þ


s4

p

180
x
�2r

with

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

sy;s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2y;c þ s2y;n

q
with

8>>>>>><
>>>>>>:

sy;c ¼
ffiffiffiffiffiffiffi
0:3

p w�tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:751=3

w�t
h

r
sy;n ¼ 2


1� 0:8

z
h

� u�tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2:5

u�t
h

r if LMO < 0-unstable

sy;s ¼ svtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2:5

u�t
h

r if LMO/N -neutral

sy;s ¼ svtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2:5

u�tLMO

h2

r if LMO>0 -stable

(28)
Standard deviation sz8>>>>>> sz ¼ swtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t

r if LMO < 0 -unstable
>>><
>>>>>>>>>:

1þ
2TL

sz ¼ 0:4swt if LMO/N -neutral

sz ¼ swtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6:25þ N2t2

1þ 2Nt

s if LMO>0 -stable
(29)

where sv, sw, s4 and N are computed at the averaged height of the
plume zm.
6. Physico-chemical processes

We briefly present here the model of the physico-chemical
transformation included in SIRANE. These concern the Chapman
cycle for nitrogen oxides and ozone transformations and wet
deposition. SIRANE also includes a model for dry deposition flux,
referred to as Qpart,H (4), that is not presented here.
6.1. Chemical reactions

Pollutant dispersion phenomena at the district scale are charac-
terised by a typical time scale of a few tens ofminutes.Most chemical
transformations occurring in the atmosphere have longer time scales
and can therefore be neglected here. Nevertheless some chemical
reactions take place over periods which are sufficiently short so as to
modify significantly the concentrationfieldof somepollutant species.
This happens for example for nitrogen oxideswhose reactions induce
the formation or the destruction of ozone (Seinfeld, 1986). For this
reason SIRANE adopts a simple chemical model to take into account
these transformations. The nitrogen cycle in the atmosphere involves
several complex reactions. However the main chemical trans-
formations are taken into account by the Chapman cycle:
8>><
>>:

k1 ¼ 1
60

�
0:5699�

h
9:056$10�3ð90� cÞ

i2:546� 
1� 0:75

�
Cld
8

�3:4
k3 ¼ 1:325$105exp

�
�1430

T

�h
m3 mole�1 s�1

i

�
NO2 þ hn/

k1 NOþ O�

O� þ O2/
k2 O3

NOþ O3/
k3 NO2 þ O2

(30)

where k1, k2 and k3 are kinetic constant of reaction. It is worth
mentioning that the reactivity of the radical O� is high, so that the
characteristic time of the reaction is negligible compared to that of
the other reactions. Firstly, SIRANE computes the concentration
field of nitrogen dioxides NOx (NO þ NO2) as if it were a passive
pollutant. Secondly, by assuming a photo-stationary equilibrium
condition, the chemical model implemented in SIRANE provides
the estimate of the concentration of NO, NO2 and O3 from the
concentration of NOx:8>>>>>>>><
>>>>>>>>:

½NO2� ¼
b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4c

p

2½NO� ¼ ½NO�bþ½NO2�bþ½NOx�d�½NO2�
½O3� ¼ ½O3�bþ½NO2�bþz½NOx�d�½NO2�
b ¼ k1

k3
þ ½O3�bþ½NO�bþ2½NO2�bþð1þ zÞ½NOx�d

c ¼ �½O3�bþ½NO2�bþz½NOx�d
	�½NO�bþ½NO2�bþ½NOx�d

	
(31)

Here, the quantities within square brackets represent molar
concentrations, [NOx]d is the concentration of the passive quantity
NOx computed by SIRANE, [NO]b, [NO2]b and [O3]b are the back-
ground concentrations of NO, NO2 and O3 respectively, and z is the
ratio [NO2]/[NOx] at the emission.

In order to solve the systems of equation two options are
possible. The first is to assume that the ratio k1/k3 is constant with
time and uniform in the whole district. In this case the value of the
ratio k1/k3 can be fixed by the user as an input parameter. The
second is consider to that ratio k1/k3 is uniform over the domain but
is not constant for each time step. In fact, k1 (NO2 photolysis rate)
depends on the solar light intensity whereas k3 depends on the
temperature. These dependences can be modelled by the relations
(Kasten and Czeplak, 1980; Seinfeld, 1986)
!h
s�1
i

(32)
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where c represents the solar elevation and Cld is the cloud
coverage. More sophisticated models for the photolysis rate k1 can
be found in the literature. These are however generally unfit for
operational purposes (Seinfeld, 1986).

6.2. Wet deposition

Wet deposition phenomena are parametrised by means of
a wash-out rate factor, referred to as L (s�1). Assuming that the
wash-out of a pollutant species by a water droplet is irreversible,
the flux of pollutant wash-out can be expressed by integrating the
particle absorption along the vertical (Slinn, 1984):

Fdðx; yÞ ¼
ZþN

z¼0

L$cðx; y; zÞdz (33)

In order to take into account these effects on a plume dispersing
in the atmosphere, the effect of wash-out can be modelled by
a time-varying pollutant emission rate by an ‘effective pollutant
flow rate after wash-out’:

QS;eff ðtÞ ¼ QSexpð�LtÞ (34)

Similarly, by applying (33) to the volume of the street, the wash-
out flux Qwash in (37) can be expressed as:

Qwash ¼ L$HWL$Cstreet (35)

The wash-out rate depends on the intensity of precipitations,
referred here as Pr and expressed in (mm h�1), according to the
following relation (Jylha, 1991):

L ¼ a$Prb (36)

where a and i are constants which depend on the pollutant species.
As a first approximation, in the present version of SIRANE, it is
assumed that a¼ 10�4 hmm�1 s�1 and b¼ 1 for all pollutant species.

7. Numerical resolution

The mass balance within the street i can be finally expressed as

QS;iþQI;iþ¼swWLffiffiffi
2

p
p

�
Cstreet;i�Cstreet;ext;i

	þHWUstreetCstreet;i

þL$HWL$Cstreet (37)

where QI,i is the pollutant flux entering the street from the upwind
intersection, computed from equation (8). Equation (37) represents
the first equation of a coupled system. The other equations that
complete the system are those referred to the mass balance in the
street intersections (equation (8)) and two other relations given by
a sum of Gaussian plumes of the form of equation (23). These
provide the concentrations above each street and intersections,
referred to as Cext,i and Cext�int,I respectively.

Assuming that H, W and Ustreet are known, we dispose of four
coupled linear equations, where the unknown factors are:

� The concentration Cstreet,i in the street i.
� The concentration Cext,i above the street i.
� The convective flux QE,i entering in the street i by the upwind
edge.

� The concentration Cext�int,i above the intersection i.

The problem can then be formalised by a matrix equation:

A$x ¼ b
where x represents a vector whose components are the
unknown factors of the problem. Defined as NR and NI the numbers
denoting streets and intersections, the linear system is then
composed by 3NR þ NI equations with 3NR þ NI unknowns. When
a district with lateral dimension of about 1 km is considered,NR and
NI can be larger than 100 and the size of matrix A becomes very
large. It is then difficult to apply exact methods to solve the linear
system (e.g. LU factorization). Therefore an iterative GausseSeidel
method is adopted. In order to improve the convergence of the
method, the matrix A is ordered depending on the wind direction,
since the concentration within any street a point depends only on
the sources located upstream. In this way the iteration needed to
obtain a converged solution are reduced of about 30% compared to
a resolution of the disordered system.

8. Short-comings of the model

It is worth noting that, in its present version, SIRANE does not
provide any specific module for concentration calculation in case of
low wind conditions, which are therefore critical for pollutant
dispersion modelling, as in most dispersion models. In order to
summarise the other main limitations of the model we refer the
three geometrical length scales defined in Section 3.

Topography scale (L > 100 m)

SIRANE assumes that the wind field in the atmospheric
boundary layer is uniform in the horizontal plane and neglects the
presence of a roughness sub-layer above roof level. This limits the
size of the domain for the application of the model, which is also
restraint to the case of districts over flat or almost flat terrain.

Building scale (L w 10 m)

The model SIRANE was conceived to simulate pollutant
dispersion in a street network with a high density of buildings. In
these cases the flow fields within the canopy and that in the
overlying atmospheric flow appear decoupled (Salizzoni, 2006).
Therefore a simple parametrisation of the turbulent mass
exchanges based on a box model is able to provide reliable results.

This approach fails when the density of the buildings is lower, in
case of streets partially border by buildings or within large squares. In
all this cases the flow patterns are significantly more complex
(Salizzoni, 2006) than that observedwithin and highly packed groups
of buildings, and the flow within the canopy shows a higher interac-
tionwith that in the external atmospheric flow. Further development
of the model may therefore include a parameterisation of mass
exchange velocity street-atmosphere depending on the street aspect
ratio, an exchange model for streets partially bordered by buildings
and for pollutant exchange within large squares, that are both desig-
nated as open terrain regions in the present version of the model.

Details of building geometry (L w 1 m)

SIRANE does not include any direct information at a scale
smaller than that of the building scale. As an output, SIRANE
provides an averaged value of pollutant concentration over the
whole volume of the street canyon. Further improvement of the
model would require the coupling of SIRANE with a street canyon
model providing non uniform spatial distribution of the pollutant
within the street due to the characteristic recirculating wind
component in the street (Soulhac and Perkins, 2000). Similarly, the
model does not provide the spatial distribution of pollutant within
street intersections. The intersection are modelled as nodes in the
SIRANE network and do not have any physical dimension.



Fig. 13. Example of the pollution cartographies computed with SIRANE over the whole urban area of Lyon (concentrations are expressed in mg m�3).
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9. Validation of the model and future development

SIRANE has already been used to compute street level concen-
trations in several large European cities. These include Paris, Gre-
noble, Le Havre, Rouen, Chambery and Lyon (Soulhac et al., 2003)
where SIRANE is currently adopted by public Authorities as oper-
ational tool for air quality management and Turin, Milan, Florence
(Garbero et al., 2010; Biemmi et al., 2010; Giambini et al., 2010). An
example of the pollution cartographies obtained with SIRANE over
the city of Lyon is shown in Fig. 13.

Detailed validations of the model have been performed and will
be published shortly. These concern:

� a field validation in an urban district of Lyon (which is pre-
sented in the part II of this study) analysing the sensitivity of
the model to traffic emissions, meteorological data and
geometrical data of the street network (Soulhac et al.,
submitted for publication);

� a validation against wind tunnel results on an idealised urban
geometry (Garbero, 2008) to test the parametrisation of the
dispersion phenomena implemented in SIRANE;

� a validation against wind tunnel results in a small scale model
of a real urban district (Carpentieri et al., 2009).

Some of the shortcomings of the model presented in Section 8
will be overcome in future versions. These will mainly concern
the possibility of taking into account a three-dimensional wind
field. It will therefore be possible to perform simulations over larger
domains, for example a whole urban area, taking into account the
Fig. 14. Energy balance at ground level in steady conditions; we consider that the net
radiation Rn and the diffusive heat flux towards the ground QG are positive when
directed downwards and that the sensible heat flux H0 and the latent heat flux QE are
positive when directed upwards.
non uniformity of the atmospheric conditions above the urban
canopy due to topographic effects.

A further version of the code for unsteady pollutant emissions has
been developed. This new model, named SIRANERISK, is conceived
in order to provide estimates of the mean and standard deviation of
the concentration of a passive scalar emitted during an accidental
release within an urban district. To that purpose, it couples the
pollutant dispersionmodel within the urban canopywith a Gaussian
puff model for the outer atmosphere. The model provides estimates
of mean and standard deviation of pollutant concentration by
combining a Gaussian puff model and semi-empirical relations for
the intensity of the fluctuations (Cierco et al., 2010).
10. Conclusions

In this paper we have presented the SIRANE model, for atmo-
spheric urban pollutant dispersion, which adopts a simplified
descriptionof the urban canopyand aparametrisation of thepollutant
transfer phenomena within and above it. The external flow is
described assuming self-similar relations for the mean and standard
deviation of the three velocity components. The dispersion in this
external flow is determined by a simple Gaussian model. To model
flowanddispersionwithin theurban canopy, SIRANEadopts the street
network approach: the streets in a district are modelled as a network
of street segments connected by nodes that represent intersections.
Each street segment is representedbyabox: amassbalancewithin the
box is conducted, taking into account inward and outwards fluxes as
well as the strength of pollutant sources placed within it.

SIRANEwas conceived in order to simulate themain phenomena
characterising the transport of pollutant at the district scale:

� Street canyon phenomena (retention of pollutant within
recirculating flow regions within the urban canopy)

� Pollutant transfer within street intersection
� Transport in the urban boundary layer above roof level
� Simple chemical reactions (Chapman cycle NOeNO2eO3)
� Particle transport (not presented here)
� Wet deposition.

SIRANE is an operational tool, which can treat a large variety
of situations, rapidly, and with limited computing resources in
order to investigate the effect of air pollution in urban area, and
namely to:
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� Produce pollution cartography at the district scale, comple-
mentary to direct measurements of monitoring stations

� Evaluate the reliability of direct measurements
� Estimate of the exposure of the population to air pollution
� Evaluate the impact of new urban plans, traffic plans or policies
for road traffic emission reduction

� Forecast pollution.

The model, which has been validated against wind tunnel
experiments and field measurements campaigns, is currently
adopted in several European cities as operational tools for air quality
management.
Appendix. Estimate of the sensible heat flux in SIRANE’s
meteorological pre-processor

The sensible heat fluxH0 between earth surface and atmosphere
can be directly measured by means of a sonic anemometer.
However, for pollution dispersion studies this information is rarely
available. Therefore H0 has to be estimated indirectly by means of
an energy balance at ground. Assuming stationary conditions and
homogeneity over the earth surface this balance writes (Fig. 14):

RN ¼ H0 þ QE þ QG (A1)

where RN is the net radiation, QE the latent heat flux and QG is the
diffusive heat flux towards the ground. In case that these param-
eters are not measured directly, they are modelled as follows:

Net radiation RN
RN ¼ KY

Incident short wave

� K[

Reflected short wave

þ LY
Incident long wave

� L[
Reflected long wave

(A2)
The models for the different terms needed to compute the net
radiation are given in the relations (A3)e(A6). The incident solar
flux is (Kasten and Czeplak, 1980):
KY ¼
8<
: ð990sinðjÞ � 30Þ

 
1� 0:75

�
Cld
8

�3:4
!

dayðsinðjÞ>0Þ
0 nightðsinðjÞ < 0Þ

with

8><
>:

sinðjÞ ¼ sinðfÞsinðdÞ þ cosðfÞcosðdÞcos
�
2p
24

ðtHTU � 12Þ
�
¼ solar elevation

d ¼ 23:45sin
�
2p
365

ðjþ 284Þ
�

(A3)
where j is the day number (from 1 to 366), tHTU is the local hour, f
the site latitude and Cld is the cloud coverage index (octas). The
reflected solar radiation is:

K[ ¼ aKY (A4)

where a is the albedo of the district which is assumed to be equal to
0.18, as suggested by Stull (1988). The infrared radiative flux
emitted by clouds and atmosphere is estimated as (Swinbank,
1963; Holtslag and Van Ulden, 1983):

LY ¼ LYatm þ LYcloud ¼ 0:94:10�5sT60 þ 60ðCld=8Þ (A5)
whereas the infrared radiative flux emitted by the earth surface is
(Holtslag and Van Ulden, 1983):

L[ ¼ 3sT40 þ 0:12RN (A6)

where 3is the district emissivity, assumed to be 0.88 (Stull, 1988).
Substituting equations (A3)e(A6) in (A2), we obtain the following
relation for the net radiation:

RN ¼
ð1� aÞKY þ


0:94$10�5T20 � 3

�
sT40 þ 60ðCld=8Þ

1:12
(A7)

Latent heat flux QE

Following Priestley and Taylor (1972) and Holtslag and Van
Ulden (1983), the latent heat flux is estimated as:

QE ¼ a
1

1þ g=s
ðRN � QGÞ þ 20a (A8)

with
s
g

¼ exp½0:055ðT0 � 279Þ� (Van Ulden and Holtslag, 1985) and
where a is the PriestleyeTaylor coefficient, which depends on the
soil saturation rate and on the presence of vegetation (a ¼ 0/ dry
ground; a ¼ 1 / wet ground with vegetation. SIRANE computes
the PriestleyeTaylor coefficient as follow:

adry ¼ 1:0lveg (A9)

where lveg is the rate of the surface of the district covered by
vegetation. In case of precipitations SIRANE impose a ¼ 1 and
a ¼ max (adry; 0.45) for the first hourly time step after the rain, in
order to take into account the presence of water on the ground and
on the building walls (De Haan, 1999).
Heat flux in the ground QG

De Bruin and Holtslag (1982) suggest to estimate the heat flux
towards the ground as a function of the net radiation:

QG ¼ cGRN (A10)

In urban areas, Hanna and Chang (1992) adopt cG ¼ 0.3.

Sensible heat flux H0
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Substituting equations (A8)e(A10) in equation (A1) we finally
obtain that:

H0 ¼ 1þ ð1� aÞs=g
1þ s=g

0:7RN � 20a (A11)
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