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Abstract We investigate the dispersion of a passive scalar within an idealised urban
district made up of a building-like obstacle array. We focus on a street network in which
the lateral dimension of the buildings exceeds the street width, a geometry representative of
many European cities. To investigate the effect of different geometries and wind directions
upon the pollutant dispersion process, we have performed a series of wind-tunnel experi-
ments. Concentration measurements of a passive tracer have enabled us to infer the main
features characterising its dispersion within the street network. We describe this by focusing
on the roles of different transfer processes. These are the channelling of the tracer along
the street axes, the mixing at street intersections, and the mass exchange between the streets
and the overlying atmospheric flow. Our experiments provide evidence of the dependence of
these processes on the geometrical properties of the array and the direction of the overlying
atmospheric flow.

Keywords Network of streets · Obstacle array · Street canyon · Urban air pollution ·
Wind-tunnel experiments

1 Introduction

Air pollution and the potential risks associated with continuous or accidental releases of
toxic material in the urban environment motivate the study of pollutant dispersion within
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small-scale urban-type geometries such as street canyons, street intersections and obstacle
arrays. The presence of buildings and their arrangement significantly affects the flow field and
mass exchange mechanisms and results in extremely complex dispersion patterns. A common
approach to investigate these phenomena is to analyse the dispersion through idealised urban
geometries. Although these geometries necessarily simplify the real urban environment, a
reduction of complexity is essential so as to focus on the physical mechanisms governing the
flow dynamics and the pollutant dispersion.

Several studies on pollutant dispersion in urban areas have focussed on the street scale
by adopting these simplified geometries. Most of the existing literature investigates street
canyons with an external wind direction perpendicular to the axis of the street, in order to
clarify the influence of different dynamical and geometrical parameters on the flow and hence
the pollutant dispersion. Among these studies we cite the recent works of Assimakopoulos
et al. (2003) on the influences of canyon geometry, Salizzoni et al. (2009a) and Solazzo et al.
(2008) on the role of the external atmospheric and traffic induced turbulence respectively,
Gromke and Ruck (2007) on the effects of trees within the canyon, and Sini et al. (1996)
on the influence of solar induced heating of the canyon walls. Some studies have looked at
street intersections (Hoydysh et al. 1995; Soulhac et al. 2009) investigating the flow patterns
and dispersion processes within them.

At the larger district scale (Britter and Hanna 2003), several studies have focussed on
sparse and regular buildings, usually referred to as ‘groups of obstacles’. Flow and dispersion
characteristics in small-scale domains have been studied experimentally by several authors.
Davidson et al. (1995, 1996) performed field investigations and wind-tunnel simulations to
study the near-field behaviour of plumes in relatively sparse cube arrays. The plume spreading
was defined as a function of two key parameters controlling the flow regimes within the array
and the dispersion characteristics. These are porosity factors, namely the plan and frontal
area density of the buildings, usually referred to as λP and λF respectively (Grimmond and
Oke 1999). MacDonald et al. (1997, 1998) examined the effect of the plan area density λP

on plume dispersion in a wind-tunnel and at a field site and expanded the study by consider-
ing different obstacle width-to-height ratios. In all of these experiments, the measured mean
concentration profiles within the array were found to be in good agreement with Gaussian
distribution profiles. Theurer et al. (1996) showed that in more irregular obstacle arrays a
Gaussian plume model can approximately model the concentration distribution only in the
far-field, at distances larger than a ‘radius of homogenization’, whereas in the near-field the
dispersion depends strongly on the local arrangements of the obstacles. Recently, Gailis and
Hill (2006) performed wind-tunnel simulations to investigate the dispersion of a tracer within
a large array of obstacles simulating the large field study MUST (Mock Urban Setting Test)
at the 1:50 scale (Yee and Biltoft 2004). The study demonstrates the physical mechanisms
involved in the development of a dispersing plume within an urban-like environment and
focusses on the spatial evolution of the mean and fluctuating concentrations within the array.

More recently, similar studies have exploited numerical simulations. Hanna et al. (2002)
performed large-eddy simulations through the finite element flow solver FEFLO to investi-
gate mean flow and turbulence within obstacle array configurations consisting of simple cubic
elements. Coceal et al. (2006) performed direct numerical simulations of turbulent flow over
regular arrays of urban-like cubic obstacles and studied the effects of the geometrical layout
on the momentum transfer mechanisms between the canopy and the overlying flows. Santiago
and Martilli (2007) used Reynolds-averaged Navier–Stokes numerical simulations to inves-
tigate wind flow and pollutant dispersion within and above a three-dimensional cubic array.
The results, validated by wind-tunnel data, have been used to improve the understanding of
the three-dimensional flow structure that is responsible for pollutant dispersion.
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Almost all of these studies at the district scale involve low density obstacle arrays in the
so-called ‘wake interference regime’ (Oke 1988), where the velocity field is characterised
by the interaction between the wakes developing downwind of each obstacle. This occurs in
geometries where the spacing between obstacles and their sizes are approximately equal and
it is not possible to distinguish between a ‘street’ bounded by two obstacles and an ‘intersec-
tion’ connecting different streets. In this sense the geometries of these low density obstacle
arrays are similar to that of North American cities or European suburban districts and very
different from those characterising the central districts of most European cities, where the
flow regime is much more similar to a ‘skimming flow’. When the obstacles are densely
packed and the width of the building blocks exceeds that of the streets separating them, the
interaction between the flow developing in different regions of the domain is limited. In
these cases we can therefore identify some properties of the velocity field that characterise
the flow within a street and that clearly differentiate it from that developing at an intersection
or square. Equally, we can quite easily identify the shear layer at the top of the street canyons
as the boundary separating the flow within the urban canopy and the overlying atmospheric
flow. We call this typical urban-type geometry a ‘street network’ (Soulhac 2000): a domain
made up of streets connected via intersections and overlain by a mixing layer at the top whose
dynamics govern the exchanges of momentum and mass with the overlying atmospheric flow.

The aim of the present study is to contribute to the understanding of the dispersion pro-
cesses that take place in a street network and to analyse how they depend on the geometrical
layout (street aspect ratio) and the wind direction. The study focuses on an idealised urban
canopy, made up of regularly spaced obstacles with equal height, that represents a high
simplification of the real urban geometry. However, given that many aspects of the problem
remain poorly understood, this simplification is necessary in order to infer the main features
characterising pollutant dispersion in street networks. Finally, it is worth noting that the street
network geometry investigated here differentiates these experiments from those performed
over other urban idealised geometries in the studies previously cited on pollutant dispersion
within sparse obstacle arrays (Davidson et al. 1996; MacDonald et al. 1997, 1998; Gailis and
Hill 2006). Therefore the results presented here provide additional information that comple-
ments existing datasets and which will be useful in evaluating the performances of numerical
simulations and in validating operational dispersion models.

2 Experimental Set-Up and Measurement Techniques

Our experiments were performed in the atmospheric wind tunnel of the Laboratoire de
Mécanique des Fluides et d’Acoustique of the Ecole Centrale de Lyon, France. This
recirculating wind-tunnel measures 24 m in length, 7.4 m in height and 7.2 m in width
and has a test section 14 m long, 2.5 m high and 3.7 m wide. A neutrally stratified bound-
ary layer was generated by a row of spires and floor roughness elements (Irwin 1981). The
spires were 500 mm high and the floor roughness consisted of nut-covered rectangular obsta-
cles simulating urban blocks that covered the entire working section, in order to avoid the
development of an internal boundary layer due to roughness changes (Sect. 3.1). This exper-
imental set-up, shown in Fig. 1, allowed us to reproduce a boundary layer whose depth δ was
approximately 0.8 m.

The obstacles were squares of side 250 mm in plan and 50 mm high, representing 20-m
high buildings at the 1:400 scale. The obstacles were aligned and densely packed to model
a simplified urban neighbourhood and 14 staggered nuts of 5 mm height were placed over
each obstacle to simulate smaller scale roughness elements, such as roofs and chimneys,
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Fig. 1 Wind-tunnel experimental set-up and source position

characterising the urban geometry (Salizzoni et al. 2008). The ratio between the obstacle
height H and the depth of the boundary layer δ was 1/16 and ensured that a realistic ratio was
preserved. Assuming a typical building height of 20 m, this would correspond to a boundary-
layer thickness of 320 m. Even if the value of δ would correspond to a quite shallow adiabatic
atmospheric boundary layer, it ensures flow dynamics characterised by length scales that are
an order of magnitude larger than H , the length scale imposed by the obstacles close to
the ground. The reference free-stream velocity U∞ at the boundary-layer height was set at
5 m s−1. The Reynolds number Re = U∞δ/ν � 2.6 × 105 and the roughness Reynolds
number Rer = u∗z0/ν � 12 are sufficiently high to ensure the adequate simulation of a fully
rough turbulent flow and therefore the dynamical similarity with a flow at full-scale urban
geometry. Snyder (1981) stated that Rer ≥ 2.5 is required for such a simulation. The obstacle
Reynolds number, based on the obstacle height and the free-stream velocity at that height,
was ReH = UH H/ν � 6700. According to the criterion proposed by Snyder (1992), i.e.
ReH ≥ 4000, this value ensures the dynamical similarity of the flow around an obstacle
immersed in a simulated atmospheric boundary layer.

Dispersion phenomena within and above the array have been studied for different
obstacle configurations and wind directions. As Fig. 2 shows, different configurations have
been obtained by varying the distances between the obstacles. We varied both Sx , the spacing
between the obstacles in the streamwise (x) direction, and Sy , the spacing in the spanwise
(y) direction. The wind direction was varied by rotating a section of the obstacle array, as
shown in Fig. 1: the upwind edge of the rotated section was at a distance of about 7δ from
the beginning of the test section and the geometry of the upwind array was kept unaltered.
As specified in Sect. 3.1, due to experimental difficulties, we could not achieve a perfect
alignment between the x-axis and the external wind direction. Therefore, we define θ as
the angle between the direction of the incident wind and the x-axis of the array (Fig. 2).
It is worth noting that the angle θ is a spatially-averaged quantity, calculated from velocity
measurements performed over the section of interest of the obstacle array.

The values of Sx , Sy and θ for the different configurations studied are summarised in
Table 1, together with the values of the porosity factors λP and λF , calculated according to
the definition given by Grimmond and Oke (1999). Note that Configuration 2 corresponds
to Configuration 3 rotated by 90◦ and that their values of λP and λF are equal.
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Fig. 2 Diagram of the array set up, including the source release position (filled diamond). a Configuration
1: Sy = Sx = H ; b Configuration 3: Sx = 2H Sy = H ; c Configuration 2: Sx = H Sy = 2H . The cross
indicate the different positions where the vertical profiles were recorded

Table 1 Geometrical properties of the array and incident wind direction for the different configurations
studied

Configuration Sx /H Sy/H λP λF (0◦) θ

1 1 1 0.69 0.14 2.5◦, 12.5◦, 27.5◦, 47.5◦
2 1 2 0.59 0.12 2.5◦, 47.5◦
3 2 1 0.59 0.12 2.5◦, 47.5◦

See Fig. 2 for the definitions of Sx , Sy and θ ; see text for the definition of λP and λF

The flow dynamics above the obstacle array were investigated by measuring vertical
profiles of mean and fluctuating wind velocities with hot-wire anemometry, using an X-wire
probe with an acceptance angle of 45◦ and a sampling frequency of 5,000 Hz.

The pollutant source was placed at height H/2 within an intersection located in the
middle of the model at a distance of about 10δ from the beginning of the test section. Ethane
(C2H6) was used as the passive tracer in the experiments because it is neutrally buoyant in
air and concentrations were measured by a flame ionization detector (FID). The low flow
rate employed in the experiments ensured that the gas was quickly diluted and that passive
diffusion started near the source. Calibration was performed by subjecting the FID probe to
a series of known and controlled concentrations over an appreciable range. For each mea-
surement point a 120 s time series was acquired, sampled at a frequency of 300 Hz. This
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averaging time ensures reliable statistics since it is much longer than the typical time scale
of the large vortical structures within the boundary layer, which can be roughly estimated
as δ/u∗ ≈ 3 s, where u∗ is the friction velocity (Sect. 3.1). The uncertainty of the results
was evaluated by collecting repeated runs at the same sampling position. It was found that
the near-field mean concentration values are subjected to uncertainties of the order of 3–5%,
while for the far-field concentration values the error is higher and can reach 10%.

3 Flow Field

The flow within and above a group of obstacles is characterised by complex flow patterns and
extremely complex momentum transfer mechanisms due to non-linear interactions between
the eddies generated in the wake of each obstacle. The complexity of the velocity field in
a group of obstacles can be further increased by inhomogeneous conditions in the external
flow that drives the air motion within the array. This occurs when the inflow wind profile
reaches the obstacle array, since a certain fetch is required for the flow to reach a new equilib-
rium condition (Antonia and Luxton 1971; Belcher et al. 2003). To avoid a further degree of
complexity induced by a roughness change, we placed the obstacles over the entire floor of
the wind tunnel (Fig. 2) that allowed us to minimise the external flow inhomogeneities in the
streamwise direction. In this way we could simulate flow conditions similar to those occur-
ring in infinitely wide arrays, such as those numerically simulated in previous studies (Coceal
et al. 2006; Garbero et al. 2011). We therefore expect to observe different flow behaviours
and dispersion conditions compared to those observed in arrays of finite size, such as those
studied for example by Princevac et al. (2009) and Buccolieri et al. (2010).

In the following, we outline the main characteristics of the velocity field above (Sect. 3.1)
and within (Sect. 3.2) the obstacle array for varying street aspect ratio and incident wind
direction.

3.1 External Velocity Field

To characterise the dynamics of the external velocity field we recorded vertical velocity
profiles over a cross-section of the street network at different positions with respect to the
canopy: at the centres of intersection, longitudinal street, transverse street and obstacle, as
indicated by the cross in Fig. 2. The profiles were recorded starting from a distance of 9.5δ

downstream of the beginning of the test section. At this distance we assume that the devel-
opment of coherent structures in the wake of the vortex generators has already reached an
equilibrium condition and the dynamics of the flow depend only on the scales imposed at
the wall and the boundary-layer depth (Salizzoni et al. 2008). From these measurements we
inferred both the direction and the vertical structure of the external flow for the different
studied configurations.

In this section, we initially present the characteristics of the flow developing over the
obstacle array in Configuration 1, then we discuss how different obstacle configurations
modify the external flow conditions compared to Configuration 1, and finally we focus on
the evaluation of θ , the angle that the external flow forms with the x axis.

Figure 3a and b show the vertical profiles of the streamwise mean velocity and turbulence
intensity for Configuration 1 measured at different streamwise distances from the entrance
to the wind tunnel. It is evident that the profiles do not differ significantly from one another
indicating that the boundary layer has reached an equilibrium condition.
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Fig. 3 Boundary-layer evolution along the streamwise direction. Distances are given from the entrance of the
wind tunnel. Dashed line indicates the obstacle height

The structure of the flow can then be described according to similarity theory (Tennekes
and Lumley 1972). This theory assumes that the turbulent velocity field can be divided into
different regions and that the flow in each region can be described by some form of similarity
solution if appropriate length and velocity scales are chosen. Given this decomposition, the
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Fig. 4 Normalised velocity profiles for the external flow. Diamonds: experimental data from this study; solid
lines: experimental data from Raupach et al. (1991)

lower part of the boundary layer over a rough wall, the so called ‘surface layer’, is then
expected to be composed of two parts: the inertial sublayer, where the flow variables depend
on the vertical coordinate only, and the roughness sublayer, where the flow is not homo-
geneous in the horizontal plane since it is directly influenced by the wakes of individual
roughness elements. In the inertial sublayer the mean velocity profile in neutral conditions
is usually described by the logarithmic law:

U (z)

u∗
= 1

k
ln

(
z − d

z0

)
(1)

where z0 is the aerodynamic roughness and d is the zero-plane displacement. In the literature
several techniques have been developed to determine the values of these parameters. The

method adopted here is that presented by Salizzoni et al. (2008). The value of u∗ =
√

−u′w′
was inferred from the measured Reynolds stress profile in the lower part of the flow field
(Raupach et al. 2006), where u∗ attains an almost constant value. As shown in Fig. 3e
and f, this occurs in the range 0.14 ≤ z/δ ≤ 0.35. The other two parameters, z0 and d ,
are then estimated through a best fit of the mean velocity profile with the logarithmic law
(Eq. 1). Since the logarithmic profile only applies to a fraction of the full velocity profile, it
is necessary to limit the fitting procedure to a subset of the measured profiles. The upper and
lower limits for the subrange are the same adopted to compute the friction velocity u∗.

The computed values of u∗, z0 and d are given in Table 2, together with the uncertainties
associated with their estimation; these were obtained from stochastic simulations of the data,
using the known errors for U, u∗ and z (Salizzoni et al. 2008). The values for z0 and d are in
agreement with previous results for flows over two-dimensional obstacles in the skimming
flow regime (Salizzoni et al. 2008). These show that, when the obstacles are sufficiently
packed together, the zero-plane displacement turns out to be equal to the obstacle height and
the wall roughness is between two and three order of magnitude smaller that the obstacle
size. The vertical profiles of the Reynolds stress −u′w′ and the root-mean-square (r.m.s.) of
the velocity components σu and σw are shown in Fig. 4a–c. The flow variables are presented
in normalised form and are compared to the experimental data of a previous study (Raupach
et al. 1991): the curves obtained from the two datasets show good agreement. We infer that
the profiles of each flow variable normalised on u∗ collapse onto a single curve that is an
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Table 2 Boundary-layer parameters

u∗/U∞ 0.046 ± 0.002
d/δ 0.0625 ± 0.003
z0/δ 0.0011 ± 0.0001

The values are representative of all configurations studied (see text)

invariant function of the normalised vertical coordinate η = (z −d)/δ, as stated by similarity
theory (Tennekes and Lumley 1972). It is worth noting that the scaling of the profiles agrees
well with that predicted by the theory even though the ratio δ/z0 � 930 is quite far from the
asymptotic condition required.

Velocity profiles measured at different streamwise positions for other studied configura-
tions are compared with the respective profiles for Configuration 1. The results indicate that
the mean velocity profiles vary only very slightly for different incident wind directions and
for different geometrical layouts, as shown in Fig. 3c. Some differences can be detected in
the vertical profiles of the turbulence intensity. As shown in Fig. 3d, these differences are
concentrated in the lowest part of the boundary layer, close to the top of the obstacles, in the
roughness sublayer.

The upper limit of the roughness sublayer, which we refer here to as the ‘blending height’
z∗, is defined as the limit where horizontal inhomogeneities remain below an arbitrary
threshold value. Note that the definition of blending height adopted here for a homogeneous
surface differs from that given in the case of heterogenous surfaces (Goode and Belcher
1999), who defined the blending height as the top of the highest extent of the internal bound-
ary layer. We inferred z∗ by quantifying the horizontal inhomogeneity of the velocity field
from the vertical profiles of different flow variables at different positions above the canopy.
Our results indicate that for Configurations 1 and 2 (θ = 2.5◦) the depth of the roughness
sublayer is almost negligible (z∗ � H ) and increases with increasing incident wind direction,
reaching a maximum at θ = 47.5◦. Conversely, in Configuration 3, the depth of the roughness
sublayer is almost the same both for θ = 2.5◦ and θ = 47.5◦ and extends to a height of about
2H from the ground. A detailed investigation of the dynamics of the roughness sublayer is
beyond the scope of this work. Here we only show that the turbulence intensity within it has
similar values for θ = 2.5◦ in Configuration 1 and 2 and increases for an increasing angle of
the incident wind θ = 47.5◦ (Fig. 3d).

Even though the depth of the roughness sublayer varies from one configuration to another,
it is worth noting that, in the remainder of the external boundary layer, the flow is almost
insensitive to the different geometrical layouts and to the incident wind direction, as is
clearly shown by all profiles presented in Fig. 3a–f. We can assume therefore that the values
presented in Table 2 are representative of all configurations studied. This result can be
explained by the fact that the drag on the overlying flow is mainly exerted by the nuts placed
on the top of the obstacles rather than the obstacles themselves. As shown by Salizzoni et al.
(2008), this happens in particular conditions in the skimming flow regime, when the obstacles
are sufficiently densely packed.

From the measurements of the two components of the mean horizontal velocity at z = 3H ,
which occurs above the blending height for all the configurations, we have evaluated the local
wind direction θi (x, y). We used θi (x, y) to compute the spatial average and standard devi-
ation, referred to as θ and σθ respectively. The spatial variability of θ , defined as σθ , was
approximately the same for all configurations and equal to ±2.5◦. We highlight this because,
with inherent experimental difficulties, a parallel wind direction θ = 0◦ was unachievable
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(c)(b)(a)

Fig. 5 Mean flow streamlines and mean velocity field in Configuration 1 (a), Configuration 2 (b) and
Configuration 3 (c). Numerical simulations for θ = 0◦ by Garbero et al. (2011)

in our experiment. When the obstacle array was perfectly aligned with the wind-tunnel axis,
we measured a wind direction of θ = 2.5◦.

3.2 Flow Within the Obstacle Array

The aim here is not to give a detailed description of the velocity field within the obstacle
array, as performed for instance by Coceal et al. (2006) or Santiago and Martilli (2007),
but to point out the characteristics of the flow that is useful for interpreting passive scalar
concentration measurements. To this end we summarise the main results, both numerical and
experimental, obtained in previous works (Soulhac et al. 2008, 2009; Garbero et al. 2011).

3.2.1 Influence of the Geometrical Layout

The numerical and experimental results presented by Soulhac et al. (2009) focus on the influ-
ence of a street intersection on the flow within a street compared to that observed in the case of
a two-dimensional street canyon with an external wind perpendicular to the street axis. They
show that the intersection modifies the classical recirculating flow within the street and that
a vortex with a vertical axis is set up close to the edges of the street inducing a complicated
3-D structure in the mean flow. For an aspect ratio H/Sx = 1 the transverse dimension of this
vortex extends to 1.4Sx and 2.2Sx . However, the influence of the intersection on the flow in
the crossing street depends on the aspect ratio of the street forming the intersection.

Numerically computed mean flow streamlines presented by Garbero et al. (2011)
provide further evidence of the flow patterns that characterise the mean velocity field for
the three different array configurations (Fig. 5). The flow patterns in Configurations 1 and 2
are very similar: a vertical axis vortex close to the intersection is driven by the flow within
the intersection and interacts with the horizontal axis vortex, which in turn is driven by the
external flow. The resulting vortex evolves along the street and when the perturbations due to
the presence of the intersection weaken, it becomes an across-street recirculation vortex. In
these conditions the mean velocity streamlines in the parallel street only weakly interact with
those in the perpendicular streets. Therefore, the flow within the streets in these configura-
tions is almost decoupled from that developing in the crossing streets and from the external
flow. This indicates a general decoupling of the flow that reduces the interaction between
the external and recirculating flows. Conversely, the structure of the flow within the street
in Configuration 3, i.e. Sx = 2H , appears radically different: the recirculating cell with a
vertical axis located close to the intersection is confined to the upwind corner and does not
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occupy the whole section of the crossing street. In this case a strong interaction between the
flows within the street and the intersection is observed. The streamlines originating in the
external flow penetrate into the cavity and a complex vortical structure occurs within the street.

These results show that, for θ = 0◦, the key parameter that determines the structure of the
flow is Sx/H , namely the aspect ratio of the street perpendicular to the wind direction. This
parameter fixes both the size of the interface between the street and the intersection and the
size of the interface between the street and the external flow.

3.2.2 Influence of the Incident Wind Direction

The flow field in a street canyon for any wind direction is characterised by a helicoidal
motion due to the superposition of an across-street recirculation vortex and an along-street
channelling (Dobre et al. 2005; Soulhac et al. 2008, 2009). Assuming the theoretical model
proposed by Soulhac et al. (2008), the component of the spatially-averaged velocity along
the street axis, referred to as Ustreet, can be computed from:

Ustreet(θ) = Ustreet(θ = 0◦) cos θ (2)

where θ is the external wind direction. This model, which has been tested by comparison with
numerical simulations, was developed for the case of an infinitely long street. However, the
presence of intersections at the street edges induces modifications in the flow field within the
street compared to that within an infinitely long street. A quantitative estimate of the influ-
ence of the intersection on the flow within the street was presented by Soulhac et al. (2009),
who calculated the spatially-averaged velocity within it by means of numerical simulations.
Here we present a further estimate, computed by exploiting the experimental data available
from Garbero (2008) that includes measurements of the mean velocity component parallel
to the street axis, Ustreet, along the street axis itself. The measurements were performed at M
different points (yi , x = 0, z = H/2). We hence obtain an estimate for the spatially-averaged
velocity by calculating:

Ustreet � 1

M

M∑
i=1

Upar(yi , x = 0, z = H/2). (3)

In Fig. 6a we compare the values both estimated by Eq. 3 and computed numerically by
Soulhac et al. (2009) for a street of finite length to the theoretical values given by Eq. 2 for a
street of infinite length but identical aspect ratio. We observe some differences between the
estimates obtained by experimental and numerical data, especially for orientations θ = 12.5◦
and θ = 47.5◦. Since the experimental value represents a quite rough estimate, whose reli-
ability should be verified by means of more detailed velocity measurements, we can not give
an accurate interpretation of these differences. However, both numerical and experimental
data show that the mean velocity through a street of finite length is reduced and is not propor-
tional to the longitudinal projection of the external wind. This clearly points out the influence
of the intersection on the flow within the adjacent streets. Compared to the case of an infinite
street, some fraction of the kinetic energy of the mean flow is transferred to the vortical
structures originating close to the intersections and then dissipated by smaller scale vortices,
thus reducing the spatially-averaged velocity within the street.

From these data we may also evaluate the spatially-averaged direction of the flow within
the canopy, which is fixed by the spatially-averaged velocity in two perpendicular streets.
Using the data plotted in Fig. 6a, this can be computed from
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Fig. 6 a Spatially-averaged velocity within a street, and b direction of the mean velocity within the canopy
as a function of the external wind direction θ : comparison between the experimental and numerical values and
the theoretical model proposed by Soulhac et al. (2008)

θcanopy = arctan

{
Ustreet(π/2 − θ)

Ustreet(θ)

}
. (4)

Numerical and experimental estimates of θcanopy are compared to those predicted by
Eq. 2 in Fig. 6b. The numerical results indicate that θcanopy does not differ significantly from
that given by Eq. 2, which corresponds to the direction θ of the external wind, even if the
numerical estimates of Ustreet are considerably different from those given by Eq. 2. Numeri-
cal and experimental results do not differ significantly from each other for 30◦ < θ < 60◦,
whereas we observe significant differences for θ = 15◦ and θ = 75◦. This suggests that
for 0◦ < θ < 30◦ (and 60◦ < θ < 90◦) the values of θcanopy may be significantly smaller
than θ . However the lack of data in this region precludes a precise definition of the depen-
dence of θcanopy on θ for these angles; for that purpose we need a more detailed experimental
characterisation of the flow dynamics within the street. Some additional information will be
inferred indirectly from the analysis of the passive scalar concentration results presented in
the following section.

4 Pollutant Dispersion

In order to point out the principal processes that determine the dispersion of a passive scalar
within a street network, we have studied the spatial evolution of a plume due to a steady
release of pollutant from a ground-level source, placed at a street intersection, at a height
of H/2 and at a distance of approximately 10δ from the vortex generators. We recorded
horizontal and vertical profiles of mean concentration at different distances downwind of the
source between x = 6H and x = 40H from it. In order to analyse the different profiles, the
mean concentrations are expressed in a standard dimensionless form:

K (x, y, z) = CUH L H

Q
× 10−6 (5a)

where C is the measured mean concentration in ppm, Q is the emission rate in m3s−1,

H is the height of the obstacles, L(= 5H ) is their length, and UH is the velocity at height
H . From the values of K (x, y, z) we define the following quantity:
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K0(x, z) = max
y∈]−∞,+∞[ {K (x, y, z)} . (5b)

The moments of the measured concentration distributions K (y) and K (z) have been
calculated in order to describe the overall plume behaviour, and are defined as follows:

yc =
∫ +∞
−∞ y K (y)dy∫ +∞
−∞ K (y)dy

, (6)

σ 2
y =

∫ +∞
−∞ (y − yc)

2 K (y)dy∫ +∞
−∞ K (y)dy

, (7)

σ 2
z =

∫ +∞
0 z2 K (z)dz∫ +∞

0 K (z)dz
. (8)

The zero central moment defines the plume centreline yc, while the standard deviations iden-
tify the lateral and vertical dispersion parameters σy and σz . Since data exist only for z > 0,
the moments of the vertical distribution are calculated as if the distribution were symmetric
with respect to the ground.

In the following, the normalised concentration K (y)/K0 is plotted as a function of
(y − yc)/σy and compared to the normal Gaussian curve of parameters yc = 1 and σy = 1.
This approach is in contrast to that of other authors (Davidson et al. 1996; MacDonald
et al. 1998), who fitted the measured profiles to Gaussian curves in order to derive these
parameters.

Some preliminary experiments were performed for the dispersion from the ground-level
source by removing the obstacles downwind of the source and leaving the upwind array
unchanged. We refer to this configuration as open terrain, even if the flow field downwind
of the source shows similarities with that downwind of a backward facing step (Sect. 4.1.3).
The transverse profiles measured at heights z = H/2 and z = 2H and distances downwind
of the source x = 21H and x = 35H , and the vertical profile measured at x = 35H and
y = 0, are fitted by the normal Gaussian curve with a correlation coefficient R2 = 0.99.
Since the vertical distribution is assumed to be symmetric with respect to the ground, the
image source is placed at z = 0 and the usual reflected Gaussian fitting the vertical profile
becomes a simple Gaussian curve. The experimental data show that the spatial distribu-
tion of the mean concentration can be fairly well approximated by a Gaussian curve even
in a highly sheared mean flow with anisotropic turbulence (Fackrell and Robins 1982).
The lateral and vertical spreading of the plume in open terrain will be used in the fol-
lowing section as a reference to evaluate the overall plume spreading within the obstacle
array.

4.1 Influence of the Geometrical Layout

In order to study the effect of the geometrical layout on the dispersion pattern, we have
investigated the evolution of the plume in the three different array configurations for a wind
direction of θ = 2.5 ± 2.5◦ (Sect. 3.2).

123



V. Garbero et al.

4.1.1 Configuration 1 and 2

The horizontal profiles of mean concentration measured both within and above the array
for Configuration 1 and the associated plume spreading are presented in Fig. 7. Within the
array the plume is mainly confined to the street within which the source is located (Fig. 7a).
This is what we refer to as the ‘channelling’ of the plume, a mass transfer process that
is dominated by the mean advective fluxes along the axis of one street and which implies
reduced fluxes in the transverse direction. To explain this phenomenon we turn to the numer-
ical results discussed in Sect. 3.2.1, obtained for slightly different conditions of the external
wind, i.e. θ = 0◦ instead of θ = 2.5◦. These results show that, for low incident angles, the
mean volume flux across the street-intersection interfaces is almost zero and the turbulent
diffusion is the principal contributor to the mass transfer into the crossing street. Similarly,
there are almost no mean advective pollutant fluxes along the perpendicular streets and the
mass transfer along their axes is only due to a diffusive transfer, which explains the sharp
concentration gradients observed there. The channelling of the plume results in a reduced
spreading within the array compared to that observed in the overlying flow. By fitting to a
straight line the values of the plume centreline yc calculated within and above the array, we
determined the overall direction of the plume θc within and above the array. The value of θc

within the array is very close to zero, i.e. the plume centreline is parallel to the axis of the
street within which the pollutant is emitted, while it is higher above the array, θc = 1.2◦,
even if smaller than θ = 2.5◦, the external wind direction. It is worth noting that the values of
the plume deflection for small incident angles may be affected by the non-negligible relative
errors related to the wind-tunnel set-up.

Figure 7b shows that the profiles are self-similar both within and above the array, but
the shape of the curves is significantly different in the two regions. The profiles above the
array are well fitted by the Gaussian curve. Figure 7c shows the vertical profiles of the mean
concentration for different downwind positions; the vertical profiles have a relatively large
vertical gradient from ground level up to z/H � 3 even at large distances from the source.
This suggests that the diffusivity in the lower part of the external flow is reduced approach-
ing the top of the obstacle just as in a flow over flat terrain. In such a flow the diffusivity
decreases approaching the ground as the integral length scale is progressively reduced. We
can therefore infer that the obstacles and their size and spacing have little influence on the
dispersion process in the overlying boundary-layer flow. We discuss this feature further in
Sect. 4.1.3.

Figure 8 shows the behaviour of the plume in Configuration 2. The horizontal profiles in
Fig. 8a show evidence of the channelling of the plume that constrains its lateral spreading
within the array. The near-field behaviour of the plume is quite different to that in Config-
uration 1, since at x = 6H (which corresponds to the first intersection), a sharp cut occurs
in the concentration profile at the interface between the intersection and the lateral street, at
y = ±H . Here, the concentration distribution is narrower than that observed at the same
position in Configuration 1. These features suggest that the channelling is even more effec-
tive than in the previous case. This is confirmed by the fact that the lateral plume spreading
within the array is reduced not only with respect to that in the external flow but also to the
corresponding values for Configuration 1. Furthermore, the values of θc correspond to the
direction of the street within which the pollutant is emitted and are very similar to those in
Configuration 1, i.e. θc = 0.4◦ within the array and θc = 1.2◦ above it.

As shown in Fig. 8b, the normalised concentration profiles within the array show less
scatter than those in Configuration 1 and approach more closely the self-similar curves
characterising the external profiles at z = 2H . Figure 8c shows the vertical profiles of the
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Fig. 7 Plume behaviour throughout the array for θ = 2.5◦, Configuration 1. a Horizontal mean
concentration profiles at various positions downwind of the source (+) within and above the array. In the
window, the spatial evolution of the horizontal plume spreading is shown. b Normalised horizontal mean con-
centration profiles compared to the unitarian Gaussian, and c vertical mean concentration profiles at various
positions downstream the source
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Fig. 8 Plume behaviour throughout the array for θ = 2.5◦, Configuration 2. a Horizontal mean
concentration profiles at various positions downwind of the source (+) within and above the array. In the
window, the spatial evolution of the horizontal plume spreading is shown. b Normalised horizontal mean con-
centration profiles compared to the unitarian Gaussian, and c vertical mean concentration profiles at various
positions downstream the source
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mean concentration for different downwind positions, which are very similar to those in
Configuration 2.

4.1.2 Configuration 3

The behaviour of the plume throughout the array for Configuration 3 is shown in Fig. 9.
The horizontal profiles plotted in Fig. 9a are significantly different from those for the two
previous configurations. The profiles within and above the array are more similar to each
other and in the far-field (x/H = 35) the profile within the array matches that above. This
difference can be partially explained by the numerical results presented in Fig. 5: compared
to the previous configurations, the larger lateral streets induce a more complex streamline
topology that causes a less effective channelling of the flow in the longitudinal streets and
therefore an enhanced mass transfer in the transverse direction. As a result, the normalised
horizontal mean concentration within the array fits quite well to a Gaussian curve, as happens
for those above the array (Fig. 9b). However, the topology of the velocity field analysed in
Sect. 3.2.1 for the case θ = 0◦ does not allow us to explain the important deflection of
the plume centreline from the x axis observed in Fig. 9a. The value of θc is approximately
7◦ within the array and 5.8◦ above it, significantly exceeding the external wind deflection
of 2.5◦. This feature suggests that the flow within the array is extremely sensitive to slight
geometrical asymmetries. The effect of these asymmetries is amplified by the instabilities
arising in highly sheared flow at street intersections and gives rise to dispersion patterns
that are not easily predictable from velocity measurements in the external flow. This happens
when the non-dimensional width of the crossing street Sx/H is increased and the instabilities
generated in the shear layers at street intersections have sufficient time to grow and interact
nonlinearly with the larger scale vertical axis vortex located at the corners of the crossing
street (Fig. 5). The same effect was observed by Hoydysh and Dabberdt (1994) in an idealised
street intersection. By means of flow visualization they showed that a slight deflection of the
external wind direction could be amplified by small geometrical irregularities of the array
and induce a high asymmetry to the spatial evolution of the plume.

In Fig. 9c we show the vertical concentration profiles recorded at increasing distances
from the source along the x-axis. The shape of the profiles differs significantly from that
observed in Configurations 1 and 2, since they show almost constant concentration values
close to the top of the obstacles. These reduced concentration gradients are related to the
enhanced vertical diffusion that characterizes the roughness sublayer compared to that in the
inertial sublayer (Raupach et al. 1980; Salizzoni et al. 2009b). As shown by Salizzoni et al.
(2009b), the comparatively higher diffusivity in the roughness sublayer can be explained by
an incremented integral length scale within it, whose size approaches that of the obstacle
height.

4.1.3 Comparative Discussion

Figure 10 compares the spatial evolution of the dispersion parameters σy and σz in the
three array configurations and in open terrain.

The horizontal plume spreading σy in Configurations 1 and 2 is reduced compared with
those in open terrain, whereas a slight enhancement is observed for Configuration 3. This
behaviour differs from the enhanced spread found in other studies (Davidson et al. 1996;
MacDonald et al. 1997) for blocks with the same spacing, Sx/H = 1, but different lateral
dimension, L/W = 1. The larger lateral dimension of the buildings therefore plays a major
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Fig. 9 Plume behaviour throughout the array for θ = 2.5◦, Configuration 3. a Horizontal mean
concentration profiles at various positions downwind of the source (+) within and above the array. In the
window, the spatial evolution of the horizontal plume spreading is shown. b Normalised horizontal mean con-
centration profiles compared to the unitarian Gaussian, and c vertical mean concentration profiles at various
positions downstream the source
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Fig. 10 a–b Lateral plume spreading within and above the array, and c vertical plume spreading as a function
of distance from the source in the different studied configurations for θ = 0◦

role in inhibiting lateral dispersion and the plume spreadings within the array are not nec-
essarily enhanced compared to those observed in open terrain. We stress that this result is
strictly related to the regularity of the array and may not be applicable in more realistic con-
figurations made up of equally dense arrays but with significant departures from uniformity,
both in height and plan, that would promote lateral and vertical mixing.

The results show that σy for Configurations 1 and 2 is very similar and differs significantly
from that of Configuration 3 (Fig. 10a). This suggests that for the regular array considered
here the parameter Sy/H (which is the same for Configurations 1 and 3, see Table 1) has
little influence on the dispersion patterns. Conversely, the horizontal plume spreading is much
more sensitive to variations in Sx/H , which fixes both the size of the surface that separates
the intersection and the lateral street and the surface that separates the lateral street and the
external atmosphere. For Sx/H = 1 (Configurations 1 and 2), the plume is channelled in
the longitudinal street within which it was emitted and the transfer in the lateral streets is
almost completely due to the fluctuating component of the flow (Sect. 3.2.1). For Sx/H = 2
(Configuration 3), the channelling is reduced and lateral plume spreading is enhanced. In this
case the pollutant transfer at the street intersection is due both to turbulent and mean fluxes,
since some of the mean flow streamlines pass from the parallel to the perpendicular street
(Fig. 5). Furthermore the dispersion patterns are extremely sensitive to asymmetries in the
geometrical layout (Sect. 4.1.2), which give rise to a direction of the plume centreline that
can be significantly different from the direction of the external wind (Fig. 9). An enhanced
σy within the canopy implies also enhanced σy values in the external flow, since the plume
within the canopy acts as a distributed source for the overlying flow. For this reason σy val-
ues in the external flow in Configuration 3 are larger than those in Configurations 1 and 2
(Fig. 10b).

The ratio Sx/H appears to be the parameter that shows the greater correlation with the ver-
tical spread σz . As shown in Fig. 10c, the values of σz in Configurations 1 and 2 (Sx/H = 1)
are almost the same and are both smaller than those in Configuration 3 (Sx/H = 2). This
difference is related to the different vertical extension of the roughness sublayer in the con-
figurations. Its extension attains 2H in Configuration 3 while it is almost negligible in Con-
figurations 1 and 2. The increased diffusivity within the roughness sublayer in Configuration
3 is then responsible for the larger plume spreading σz observed in our experiments. It is
worth noting that the values for the case referred to as ‘open terrain’ are almost the same as
those for Configuration 3. The velocity field in the ‘open terrain’ case shows some similarities
with the flow past a backward facing step, as observed in Sect. 4. Therefore the dispersion
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patterns are determined by the dynamics of vortices whose size is H (Hunt and Castro 1984),
as occurs within the roughness sublayer for Configuration 3. This may explain the similar
values of σz in the two cases.

Comparing the results in Configurations 2 and 3 we conclude that, even if the surface
exchanges between the canopy and the external flow are equal,1 the vertical and horizontal
extensions of the pollutant plume above the array are clearly larger in Configuration 3. This
means that the vertical exchange velocity of pollutant is more effective in Configuration 3,
which has wider perpendicular streets. This feature shows that the vertical exchange is much
more effective in the street whose axis is perpendicular to the external wind direction rather
than parallel. This is due to the different dynamics of the mixing layer at the top of the streets
depending on the external flow direction. Numerical results presented by Soulhac et al. (2008)
show that, in a street parallel to the external wind and for aspect ratios H/W ≤ 1/2, the shear
at the top of a street is significantly reduced compared to that observed in the case of the street
axis perpendicular to the external wind (Salizzoni 2006; Salizzoni et al. 2009b). Since higher
shear implies higher turbulent exchanges, we expect the vertical transfer of momentum and
mass to be more effective for streets perpendicular to the external wind.

4.2 Influence of the Wind Direction

The analysis of the results presented in the previous section shows that, in Configurations
2 and 3, identical arrays with different flow orientations result in totally different disper-
sion patterns. This demonstrates that the role of the obstacles in the dispersion is not only
determined by geometrical parameters such as λP and λF but also depends strongly on the
external wind direction. We therefore focussed on the influence of the wind direction on the
evolution of the plume within the array for wind directions of 12.5◦, 27.5◦ and 47.5◦.

4.2.1 Configuration 1: θ = 12.5◦

Figure 11a shows plots of the horizontal profiles of the normalised mean concentration mea-
sured within and above the array for θ = 12.5 ± 2.5◦. The direction of the plume centreline
θc both above and within the array is smaller than the incident angle of the external wind
θ . The direction within the canopy is θc � 5.6◦. We can therefore infer that θcanopy, the
spatially-averaged direction of the wind within the canopy, is significantly smaller than θ .
This result is in agreement with the experimental estimates of θcanopy presented in Fig. 6b
and suggests that θcanopy can be significantly different from θ , even in a regular obstacle
array, such as the one investigated here. The curves within the array are asymmetrical and
the maximum is located in the same street as the source due to the channelling of the plume,
as we observed for θ = 2.5◦. The angle of the wind direction with respect to the x-axis
produces a mean convective mass flux along the axis of the perpendicular streets, which
results in an asymmetrical mass transfer between the streets. Nevertheless, the gradients
of the pollutant concentration within the perpendicular streets reveal that the mass transfer
is still influenced by a diffusive component and hence the magnitude of the mean con-
vective flux is small. Given these conditions, it is worth noting that the profiles above the
array are symmetric with respect to the plume centreline and agree well with the Gaussian
model (Fig. 11b), while the enhancement of the plume spreading is slightly greater within
the array than above it. The peak concentration recorded in the array has no corresponding

1 Configuration 3 is equivalent to Configuration 2 rotated by 90◦.
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Fig. 11 Plume behaviour throughout the array, θ = 12.5◦—Configuration 1. a Horizontal mean
concentration profiles at various positions downwind of the source (+) within and above the array. In the
window, the spatial evolution of the horizontal plume spreading is shown. b Normalised horizontal mean con-
centration profiles compared to the unitarian Gaussian, and c vertical mean concentration profiles at various
positions downstream the source
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value in the concentration field above it. We interpret this as further proof that the ver-
tical exchanges between canopy and atmosphere principally take place within the streets
whose axis is the most deflected compared to the external wind direction, as discussed in
Sect. 4.1.3.

In Fig. 11c the vertical profiles of normalised mean concentration are shown at different
positions along the y-axis. We observe that, within the canopy, the maximum concentration
occurs within the street where the source is placed, even at large distances from the source
(x/H = 42). These profiles are very similar to those observed for θ = 2.5◦ and show again
how weak the vertical turbulent transfer is within a street whose axis is parallel (or nearly par-
allel) to the external wind direction. In the two other profiles the peak is shifted and is located
at about z = H , where there is a high concentration gradient. As discussed in Sect. 4.1.1 the
presence of these strong concentration gradients close to the top of the obstacles is strictly
related to the small vertical extent of the roughness sublayer. It is worth noting that, even at
large distances from the source, the concentration field shows significant inhomogeneities,
as the vertical concentration gradient at the canopy-atmosphere interface ∂C/∂z |z = H , and
hence the mass flux, can assume opposite signs over relatively short distances. This is evident
in Fig. 11c, which shows that the gradient is positive in the position x/H = 42 and y/H = 0
and negative in the two other cases.

4.2.2 θ = 27.5◦

Figure 12a shows the horizontal profiles of the normalised mean concentration within and
above the array for θ = 27.5 ± 2.5◦. The direction of the plume centreline above the array
is almost the same as that of the external wind, whereas within the array it is reduced and
equal to 21.2◦. The channelling mechanism is still evident in the street where the pollutant is
released, even though the wind direction is now more inclined compared to the x-axis so that
the y component of the velocity within the transverse streets is increased together with the
related pollutant mean flux. The presence of these mean convective fluxes along the y-axis
of the streets determines a pollutant distribution within the array that is significantly differ-
ent from that observed for smaller angles. In fact, the mean concentration remains roughly
constant throughout the transversal streets with abrupt variations at the intersections, and the
horizontal plume spreading σy within the array exceeds significantly that above it. Physi-
cally this is probably due to very efficient mass transfers in the transverse direction within
the array: the mean convective fluxes of pollutant along the y-axis are larger than both the
vertical fluxes at the top of the canopy and the ‘diffusive’ fluxes in the y direction within the
street. The resulting non-dimensional profiles within the canopy have an irregular shape and
cannot be reasonably fitted by any theoretical profile, whereas the profiles above the array
are well fitted by a Gaussian (Fig. 12b).

The vertical profiles of the mean concentration shown in Fig. 12c are characterised by
very different shapes depending on the sampling positions within the array. It is worth noting
that the shape of the profiles is quite irregular close to the ground within the street intersec-
tions, and agrees with profiles obtained by previous authors (Hoydysh et al. 1995; Robins
et al. 2002; Soulhac et al. 2009) who found the high variability of concentration within the
intersection. This is due to the large difference in concentration in the air flow arriving from
the different street crossings, as clearly shown in Fig. 12a. For sufficiently large distances
from the source the vertical concentration profiles exhibit almost constant concentration val-
ues in the lower part of the external flow, close to the top of the obstacles. As for Configuration
3, this is due to the higher diffusivity in the roughness sublayer, whose vertical extent reaches
z = 2H .
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Fig. 12 Plume behaviour throughout the array, θ = 27.5◦—Configuration 1. a Horizontal mean concentra-
tion profiles at various positions downwind of the source (+) within and above the array. In the window, the
spatial evolution of the horizontal plume spreading is shown. b Normalised horizontal mean concentration
profiles compared to the unitarian Gaussian, and c vertical mean concentration profiles at various positions
downstream the source
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4.2.3 θ = 47.5◦

For θ = 47 ± 2.5◦, the horizontal profiles of the normalised mean concentration are
presented in Fig. 13a. The profiles within the array have a similar shape to that measured for
θ = 27.5◦, characterised by approximately constant values within the streets and sharp gra-
dients at the intersections. The symmetry of this configuration with respect to the diagonal of
the array induces more symmetrical concentration profiles within the array compared to the
previous cases. However the non-dimensional profiles cannot be fitted by any suitable model,
while those above the array are well fitted by Gaussian curves, as in all other cases exam-
ined (Fig. 13b). The concentration values in the external flow are close to those within the
canopy, even if the relative plume spreading in the external flow is smaller than that within
the canopy, as for θ = 27.5◦. The direction of the plume centreline is almost the same
within and above the canopy and approximately equal to the external wind direction. The
vertical profiles of normalised mean concentration are shown in Fig. 13c and the same con-
siderations presented for θ = 27.5◦ apply. The shape of the profiles close to the obstacle top
indicates the higher diffusivity in the roughness sublayer, which induces an almost constant
concentration value within it, i.e. for H < z < 2H . The large gradients close to the ground
show that the pollutant is far from well mixed within the intersections.

The experiments for an incident angle of θ = 47.5±2.5◦ were also performed for a differ-
ent geometrical layout of the array, in Configuration 2. The results, which for brevity are not
presented here, show that the characteristics of the concentration field within and above the
array are very similar to those observed for Configuration 1: constant concentration values
within each street and abrupt variations at the intersections. The plume centreline follows
approximately the external wind orientation, both within (θc = 43.5◦) and above the array
(θc = 44.7◦), and the asymmetry of the layout has little effect on the centreline within the
canopy. However the vertical and horizontal plume spreadings are increased compared to
the previous configuration, both within and above the array. We discuss these features in the
next section.

4.2.4 Comparative Discussion

To compare the results of the different configurations and to quantify the influence of the wind
orientation on the behaviour of the pollutant plume we focus on three parameters: the plume
centreline and the horizontal and vertical plume spreadings. To that end we need to express
these quantities in a reference system common to all the cases, which is that aligned with the
wind direction. If we assume {x, y, z} as the coordinate system aligned with the streets in the
array, {xeff , yeff , z} as the system aligned with the wind direction, and θ the angle between
the two coordinate systems, the coordinate transformations are defined as follows:

xeff = x cos θ + y sin θ, (9)

yeff = −x sin θ + y cos θ. (10)

The effective plume centreline coordinates xc,eff and yc,eff and the plume spreadings
σy,eff and σy,eff are therefore:

xc,eff (x/ cos θ) = xc cos θ + yc sin θ, (11)

yc,eff (x/ cos θ) = −xc sin θ + yc cos θ, (12)

σy,eff (x/ cos θ) = σy cos θ, (13)

σz,eff (x/ cos θ) = σz, (14)
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Fig. 13 Plume behaviour throughout the array, θ = 47.5◦—Configuration 1. a Horizontal mean concentra-
tion profiles at various positions downwind of the source (+) within and above the array. In the window, the
spatial evolution of the horizontal plume spreading is shown. b Normalised horizontal mean concentration
profiles compared to the unitarian Gaussian, and c vertical mean concentration profiles at various positions
downstream the source

where xc and yc are the plume centreline coordinates in the coordinate system aligned
with the axes of the streets in the array, i.e. {x, y, z}. It is worth noting that the effective
plume centreline is equivalent to the effective plume deflection, i.e. the deviation of the
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Fig. 14 Effective plume deflection within (a) and above (b) the array

plume centreline with respect to the external wind direction in the coordinate system {xeff ,

yeff , z}.

4.2.5 Plume Centreline Deflection

In Fig. 14 we plot the effective plume deflection yc,eff as a function of the distance downwind
of the source for all the studied configurations. In Configuration 1, the deflection is close to
zero for small values of θ as well as for θ = 47.5◦. In both cases this is due to an almost
symmetric layout with respect to the axis xeff . Values significantly different from zero are
detected in two cases: for θ = 12.5◦ and θ = 27.5◦. A similar result was obtained by Yee and
Biltoft (2004), who observed that for incident angles of approximately 20◦, the centreline of
the plume was deflected towards a line normal to the front face of the array. This deflection
progressively reduces as θ approaches 45◦. Our results also show a notable deflection of the
plume in Configuration 3 when θ = 2.5◦. The reason for this deflection could not be identi-
fied precisely and is probably due to amplifications of instabilities due to slight asymmetries
within the obstacle array (Sect. 4.1.2), as already observed by previous authors (Hoydysh
and Dabberdt 1994; Robins et al. 2002), who noted how sensitive dispersion behaviour is
compared to quite small departures from symmetry. These results clearly show that, even in
the regular street network, the spatial evolution of the plume within the array is somehow
decoupled from that in the external flow, in that θc within the array can depart significantly
from θ .

4.2.6 Plume Spreading

The spatial evolution of the dispersion parameters σy,eff and σz,eff for all the configurations
is plotted in Fig. 15. Since the dynamical conditions in the external boundary layer do not
differ from one configuration to the other above the blending height, it is worth noting that
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Fig. 15 Effective dispersion parameter: a vertical plume spreading; horizontal plume spreading within (b)
and above (c) the array

the difference in the evolution of σy,eff and σz,eff is entirely due to the different dispersion
patterns within the array and the roughness sublayer.

In Fig. 15a shows the non-dimensional vertical plume spreading σz,eff/H as a function
of the distance from the source together with the model proposed by Briggs (1974). For all
configurations σz,eff/H increases with increasing θ . The differences in σz,eff/H can be fully
explained by the increased diffusivity in the roughness sublayer, whose dynamics and vertical
extent differ from one case to another (Sect. 3.1). The smallest values of σz,eff/H are given
by θ = 2.5◦ for Configuration 1 and Configuration 2, with small differences between them.
In these skimming flow conditions the obstacles do not affect the flow dynamics (Salizzoni
et al. 2008) and their main role is to vertically ‘displace’ the overlying boundary-layer. The
resulting boundary-layer flow is instead determined by the smallest scale elements at the top
of the obstacles and the depth of the roughness sublayer is of the same order as the size of
this smallest scale roughness. Therefore, the dispersion patterns do not differ from those in
open terrain conditions for a flow over a wall covered by nuts such as those placed over the
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obstacles. For these reasons it is not surprising that the evolution of σz,eff/H agrees well
with that predicted by the Briggs’ model in open terrain (Fig. 15a). When the angle θ is
increased the external flow appears to be more sensitive to the geometrical configuration of
the larger scale obstacles and the spacing between them, although their effect is confined
by the dynamics of the roughness sublayer, within which we observed increased levels of
fluctuations (Fig. 3d). The increased fluctuations, together with an increased mixing length,
give rise to the enhanced spreadings observed for increasing values of θ . With the same
arguments we can explain the values of σz,eff/H registered in Configuration 3 for θ = 2.5◦
and θ = 47.5◦. In these two cases, since the extent of the roughness sublayer is the same,
the different σz,eff/H are entirely due to the enhanced fluctuation intensities characterising
the roughness sublayer for θ = 47.5◦.

The evolution of the plume in the transverse direction is more difficult to interpret.
Broadly speaking we observe that increased values of plume spreading within the array
correspond to increased angles θ . An important exception is for θ = 27.5◦, whose values
for σy,eff/H > 30 exceed those observed for θ = 47.5◦. Analysis of the plot reveals that,
for θ = 47.5◦, the plume is characterised by a very large initial value but its growth rate is
almost the same as that observed for θ = 2.5◦, both for Configurations 1 and 2. Conversely
the growth rate of σy,eff/H is significantly larger for θ = 12.5◦ and θ = 27.5◦, as well as for
θ = 2.5◦ in Configuration 3. These results show a clear correlation between the deflection
of the plume centreline and the growth rate of σy,eff/H within the canopy. The magnitude
of σy,eff/H is generally smaller above the array than within it, except for low θ . We stress
here that the external flow conditions are almost the same for all configurations studied and
that the different dispersion patterns above the array are almost entirely due to the differ-
ent spreading of the plume within the array. This induces a different spatial distribution of
the vertical mass fluxes at the interface of the canopy/atmosphere and therefore different
spreading of the plume in the external flow.

Finally we compare our results with the model proposed by Briggs (Britter and Hanna
2003), which is commonly used as a reference in several pollutant dispersion models. The
relations of the Briggs’ model are given in Table 3 for neutral stability conditions. This model
was largely based on the St. Louis dispersion study (McElroy and Pooler 1968), in which
the buildings were characterised by non-uniform height and probably smaller W/H ratios.
For this reason we do not present a detailed discussion on the differences between the model
and our results, obtained for an idealised urban geometry. There is one feature however that
we wish to point out. The comparison shows that the Briggs’ urban dispersion model over-
estimates in large part the plume spreading for the configuration studied, except for σy,eff/H
for θ = 27.5◦ and θ = 47.5◦. The formulae proposed by Briggs assume that the presence
of an urban area induces larger plume spreadings, for any incident wind direction, compared
to those for dispersion in open terrain. However, our results show that the spreading of a
dispersing plume within our idealised urban canopy is not necessarily enhanced compared
to that in open terrain and strongly depends on the incident wind direction. This is an impor-
tant feature that characterises the pollutant dispersion in these typical ‘dense’ and regular
geometries, in contrast to what is commonly observed in sparse obstacle arrays.

5 Conclusion

We have investigated the dispersion of a passive tracer in an idealised urban district. For
that purpose we performed wind-tunnel experiments for a street network, made up of reg-
ularly spaced and densely packed obstacles. The relative position of the obstacles and their
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Table 3 Briggs’ interpolation formulae for neutral stability conditions

σy σz

Open terrain 0.08x(1 + 0.0001x)−1/2 0.06x(1 + 0.0015x)−1/2

Urban areas 0.16x(1 + 0.0004x)−1/2 0.14x(1 + 0.0003x)−1/2

orientation were varied. The experiments have therefore been performed for different config-
urations in order to study the influence of the geometrical layout and of the wind direction.

The street network was overlain by an atmospheric boundary-layer flow in neutral
conditions. The experimental conditions were arranged in order to obtain almost identi-
cal conditions in a large part of the external flow, for all configurations studied. The only
relevant differences were concentrated close to the obstacle top in the roughness sublayer.

The influence of the geometrical layout and wind direction on the plume behaviour
throughout the array has been investigated focusing on :

– the turbulent mass exchanges at the street intersections;
– the advection along the street axes;
– the mass transfer at the top of the canopy.

The mass exchanges at the street intersection cause the plume to spread in the horizontal
plane, happening for all geometrical layouts and wind directions. The intensity of the mass
fluxes at the intersection depends on the street aspect ratio and increases with increasing wind
direction.

The role of advection along the street axes acts differently on plume spreading, depending
on the geometrical layout and wind directions. For low θ its effect is to confine the plume
within the street in which it has been emitted, resulting in a reduced spreading of the plume
compared to that observed in open terrain. This effect, referred to as ‘channelling’, is almost
insensitive to Sy/H , the aspect ratio of the street parallel to the wind direction, whereas it
is very sensitive to Sx/H , the aspect ratio of the perpendicular street. Conversely, for larger
angles of the external wind direction, the advection along the street axes results in increased
plume spreading. From our results we infer that this occurs for directions larger than a critical
value between θ = 12◦ and θ = 27.5◦.

The transfer at the top of the canopy appears highly inhomogeneous in the horizontal
plane. In particular our experiments show that the vertical transfer is higher within streets
whose axes are more deflected relative to the wind direction. The magnitude of the vertical
exchange velocity is reduced compared to that related to the mean advection along the street
axes. The tracer concentrations are therefore almost uniform in each street section (between
two intersections), except for low θ , when the mean advective transfer in the transverse streets
is almost zero.

It is worth noting that dense and regular geometries investigated here differ from those
of most previous experiments in idealised urban districts comprised of equally regular but
sparse obstacle arrays (e.g. MacDonald et al. 1997; Yee and Biltoft 2004; Gailis and Hill
2006). Therefore, the present results show important differences from those obtained in
sparse canopies. Firstly, the horizontal plume spreading in these arrays is not necessarily
enhanced compared to that in open terrain. Secondly, the direction of the plume centreline
can be significantly deflected from the external wind direction. Finally, the horizontal plume
spreading and its growth rate can be very different within and above the array and depend
strongly on the relative direction of the external wind. We believe that these are important
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features characterising pollutant dispersion in typical urban geometries, and should be taken
into account in dispersion models at the district scale.
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