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Abstract
Simultaneous particle-image velocimetry and laser-induced fluorescence combined with
large-eddy simulations are used to investigate the flow and pollutant dispersion behaviour in
a rural-to-urban roughness transition. The urban roughness is characterized by an array of
cubical obstacles in an aligned arrangement. A plane fence is added one obstacle height h
upstream of the urban roughness elements, with three different fence heights considered. A
smooth-wall turbulent boundary layer with a depth of 10h is used as the approaching flow,
and a passive tracer is released from a uniform line source 1h upstream of the fence. A shear
layer is formed at the top of the fence, which increases in strength for the higher fence cases,
resulting in a deeper internal boundary layer (IBL). It is found that the mean flow for the
rural-to-urban transition can be described by means of a mixing-length model provided that
the transitional effects are accounted for. The mixing-length formulation for sparse urban
canopies, as found in the literature, is extended to take into account the blockage effect in
dense canopies. Additionally, the average mean concentration field is found to scale with the
IBL depth and the bulk velocity in the IBL.

Keywords Laser-induced fluorescence · Large-eddy simulation · Mixing-length model ·
Pollutant dispersion · Stereoscopic particle-image velocimetry

1 Introduction

As a result of theworldwide increase in urbanization, more pollutant sources, e.g. from power
generation, households, and traffic, are present near densely populated urban areas. Urban
air pollution is regarded as carcinogenic to human health by the World Health Organization
(2013). Dispersion models can help in taking effective measures to reduce the effects of air
pollution, and the development of such models requires proper understanding of dispersion
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processes in the urban environment. Previous research has focused primarily on disper-
sion phenomena in so-called fully-developed conditions over areas with uniform properties
(Cheng and Castro 2002). However, in real life, the urban roughness often varies in space,
which forces the overlying flow to adapt continuously to the new surface conditions. Cur-
rently, only a few experimental and numerical studies deal with explicitly resolved roughness
transitions (Lee et al. 2011; Cheng and Porté-Agel 2015), while fewer studies consider the
effects of a roughness transition on pollutant dispersion behaviour. Recently, Tomas et al.
(2017) presented results of a combined experimental and numerical approach on the flow and
concentration statistics for an urban boundary layer experiencing a rural-to-urban roughness
transition for various spanwise aspect ratios of the roughness elements.

An urban canopy model is described by Coceal and Belcher (2004), for which the flow
around urban canopies is modelled solely based upon the geometry of the local roughness
elements. This model closely follows that proposed by Belcher et al. (2003), who considered
the parametrization of the adjustment region of a turbulent boundary layer to a change in
surface roughness. The value of these models is that only geometrical information is required
in order to characterize the flow in urban canopies. However, as noted by Coceal and Belcher
(2004), the models usually only give satisfactory results for relatively sparse canopies, i.e.
λf < 0.25, where the frontal area index λf = Af/At is a measure of the roughness density
(Wooding et al. 1973), Here, Af is the total frontal area of the obstacles, and At is the total
top view area.

The current study presents the results of the influence of a sound barrier, modelled as a
simple two-dimensional (2D) plane fence, on the flow and pollutant characteristics in urban
areas. This case is particularly relevant for frequently encountered situations in daily life,
where a sound barrier is located between a highway and urban areas. It is well known that
sound levels are effectively reduced by placing such a barrier between highways and urban
areas, although the effects of a sound barrier on air quality are largely unknown. Besides this,
in most practical situations, it is feasible to adapt to the height of the sound barrier while, for
lack of space, there is little choice in locating it at any other position in between the roadway
and urban areas. Hence, herein we only vary the fence height.

The flow over a 2D fence has been considered in a number of previous studies, e.g.
Orellano and Wengle (2000) and di Mare and Jones (2003), although these did not include
the dispersion of a passive scalar. Vinçont et al. (2000) measured the passive scalar fluxes
in the wake of a 2D obstacle, where the line source is located at the wall downstream of
the obstacle. The highest concentrations were recorded in the wake, which is very different
from the case of a sound barrier located downstream of the source (i.e., between the highway
emissions and the downstream urban area) as illustrated by the present results. More recent
investigations have focused on the air pollution behind a sound barrier (Baldauf et al. 2008;
Brechler and Fuka 2014; Pournazeri and Princevac 2015), although there is a consensus that
the problem needs further investigation.

Our study is an extension of Tomas et al. (2017), who considered the flow and pollutant
dispersion over a rural-to-urban roughness transition. They considered roughness elements
with different lateral aspect ratios, from cubic obstacles to elongated obstacles, including
two-dimensional (2D) ribs. Just upstream of the obstacles a line source was located from
which a pollutant was introduced into the flow. The present set-up is similar; the urban
canopy consists of cubical obstacles in an aligned arrangement. However, here the aspect
ratio of the urban roughness elements = 1, while a fence is added in between the line source
and the urban areas. In addition, three different fence heights are investigated, while we limit
ourselves to the case where the fence and the array of cubes are normal to the wind direction.
This configuration is considered most relevant as it represents the case where the pollutant
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flux has the largest effect on the urban area (e.g., for a ring-road around a city).1 Also, this
configuration is easiest to implement in a water tunnel with sidewalls that run parallel to the
main flow direction, and which impose the boundary conditions of the flow in the lateral
direction.

To assess the influence of a sound barrier on the flow and dispersion mechanisms, simul-
taneous stereoscopic particle-image velocimetry (PIV) and laser-induced fluorescence (LIF)
measurements were performed. These experimental results are combined and compared with
the results from large-eddy simulation (LES). The objective is to quantify the effect of a fence
on the flow field and concentration field for a rural-to-urban roughness transition in terms of
velocity statistics, internal boundary-layer (IBL) depth, and pollutant dispersion. For practi-
cal purposes the experimental data are limited to a symmetry plane for the mean flow (see
Sect. 2), while the LES provides complementary information on the full three-dimensional
(3D) structure of the flow, in addition to a much larger range of obstacle rows in the down-
stream direction. The experimental data from this specific measurement plane are considered
to be sufficient to validate the LES results, in addition to comparison with the no-fence case
of Tomas et al. (2017). In Tomas et al. (2016, 2017) the LES was used to investigate the 3D
character of the canopy flow for obstacles with lateral aspect ratios ranging from 1:1 (cubical
obstacles) to 1:8, and for lateral bars (i.e., a pure 2D case). While the canopy flow is 3D,
the IBL almost directly above the canopy is essentially homogeneous in the lateral direction,
and shows the same qualitative downstream development as for the purely 2D case (with the
exception of the 1:2 aspect ratio obstacles). Hence, the measurement and comparison of the
present observations in a single plane (i.e., y = 0) is considered to be adequate for the present
analysis of the characteristics of the IBL for different fence heights and cubical obstacles.

Furthermore, the essential variables are identified and combined into a low-order model
for flow and pollutant dispersion for dense urban canopies, similar to the sparse urban canopy
model of Coceal and Belcher (2004). Finally, the influence of the IBL, which forms above
the urban roughness elements, on the scaling of the mean concentration field is discussed.

The paper is organized as follows: in Sect. 2a short description of the considered cases,
experimental set-up,measurement techniques, and numericalmethod is given. Further details
on the experimental and numerical set-up are given in Tomas et al. (2017). Section 3 gives
a detailed comparison of the approaching flow conditions, the mean flow statistics, and the
turbulent flow field for different fence heights, while Sect. 4 presents the results on pollutant
dispersion. In Sect. 5 an updated mixing-length model is proposed that takes into account
the development of the IBL, and a conceptual picture is presented on the scaling behaviour
and the parametrization of the mean concentration fields. Finally, in Sect. 6 the conclusions
are presented.

2 Methods

2.1 Considered Cases

In the experiment and simulationwe use the same upstreamflow conditions and configuration
as in Tomas et al. (2017): a smooth-wall turbulent boundary layer approaches an urban
roughness geometry consisting of an array of cubical obstacles with a size of h × h × h, and
placed in an aligned arrangement. This is representative of common situations found in the

1 Incidentally, this configuration occurs frequently in the Netherlands, where many of the main roadways run
north-west–south-east and the dominant wind direction is south-west.
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Fig. 1 A schematic overview of the experimental and numerical set-up; side view (top) and top view (bottom).
The experimental set-up is shown by black lines and dark grey obstacles, while the numerical domain is shown
by blue lines and light grey obstacles. A fence is shown as a thin line between the pink line source and the
obstacles. The green line represents the laser sheet. The figure is adapted from Tomas et al. (2017)

Netherlands,where flat farmland exists upstreamof a roadwaywith an urban area downstream
of the roadway. The Reynolds number of the approaching flow Reτ = uτ δ99/ν, based on
the friction velocity uτ and the boundary-layer depth δ99, was 2× 103 in the simulations. In
the experiments two different Reynolds numbers were considered, i.e. Reτ = 2 × 103 and
Reτ = 3.5× 103. A schematic overview of the combined experimental domain (black lines)
and numerical domain (blue lines) is given in Fig. 1. The location x = 0 corresponds to the
upstream walls of the first row of obstacles, while the plane y = 0 lies in the middle of the
domain at the symmetry plane of the obstacles. Each ‘street’ consists of an obstacle row and
a ‘street canyon’, with the width of all streets equal to h. Given this geometric layout, the
plan area density λp = Ap/At was equal to the frontal area density λf , where At is the total
area viewed from the top, Ap is the total area covered with obstacles. λ = λf = λp = 0.25,
which is in the skimming-flow regime (Oke 1988).

A line source of a passive tracer is placed 2h in front of the urban environment to simulate
the emission from a highway as is often found near urban regions. In the experiments the
tracer is released from a line source at ground level, while in the simulations the line source
is located at z/h = 0.2. A 2D fence is added 1h upstream of the first row of obstacles,
simulating the presence of a sound barrier next to a highway. The parameter that is varied is
the height of the fence. Cases with different fence heights are indicated as C00 for the ‘no
fence’ case, C05 for the 0.5h fence, C10 (1.0h) and C15 (1.5h). All cases are represented in
the experiments, while only cases C00 and C05 are simulated with LES.
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Fig. 2 Schematic overview of the experimental set-up indicating the different components. The figure is
adapted from Tomas et al. (2017)

2.2 Experimental Set-Up

Here we provide a brief outline of the experimental set-up, summarizing the main character-
istics; a more detailed description can be found in Tomas et al. (2017). A schematic overview
of the experimental set-up is given in Fig. 2. Experiments were performed in a water-tunnel
facility with a cross-sectional size of 0.6 × 0.6 m2 and a length of 5 m; a false bottom with
a length of 4.5 m (see Fig. 2) was mounted 0.17 m above the bottom floor, on which the
complete set-up was mounted. An artificially thickened boundary layer over a smooth wall
was generated by employing Irwin-type spires (Irwin 1981) and an additional fence posi-
tioned upstream of the spires. As in Tomas et al. (2017), a flat terrain was considered as the
upstream fetch, and no additional roughness element was added downstream of the spires.
The lateral position of the spires was optimized to achieve a uniform profile of the mean
velocity (< 3% variation in magnitude) in the y-direction over more than 90% of the tunnel
width at the location of the measurements (Eisma 2017, Fig. 4.4).

The urban model, placed approximately 3.9 m downstream of the spires, was constructed
from Plexiglas (poly methyl-methacrylate) blocks with a size of 0.02× 0.02× 0.02 m3 and
containing eight street canyons along the streamwise direction. The additional fence was an
aluminium L-shaped profile with a length of 0.6 m and a thickness of 2× 10−3 m. The gaps
between the obstacles and the tunnel sidewalls (see Fig. 2) accommodate the boundary layer
at the tunnel sidewalls.

Simultaneous stereoscopic PIV and LIFmeasurements were performed in a commonmea-
surement plane above and partly inside the urban canopy. The stereoscopic PIVmeasurements
yield all three components of the instantaneous velocity field inside the measurement plane
(i.e., 3C-2D data), while the LIF measurements yield the instantaneous concentration field
within the samemeasurement plane (2Ddata). For the PIVmeasurements the flowwas seeded
with 10-µm diameter neutrally-buoyant tracer particles (Sphericell). The y = 0 plane was
illuminated using a double pulsed Nd:YAG laser (Spectra-Physics, Quanta Ray, Santa Clara,
California) operating at a wavelength of 532 nm. Each laser pulse has a duration of 5−10 ns
(Adrian and Westerweel 2011), with a time delay of 780 µs between the two laser pulses,
with a resulting field-of-view approximately 0.43 × 0.25 m2. The thickness of the resulting
laser sheet was approximately 1 mm in the measurement area. The digital particle image
recordings were made using two high resolution CCD cameras (Image LX 16M, LaVision),
equipped with Micro-Nikkor F105 mm objectives and Scheimpflug adapters (Prasad and
Jensen 1995). Both objectives operated at an aperture number f # = 8. The total separation
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angle between the PIV cameras was set to 56◦, while both cameras had a vertical inclination
of 10◦ to increase the field-of-view inside the canopy. LIF measurements were made by
adding a third camera (Image LX 16M, LaVision) also equipped with a Micro-Nikkor F105
mm objective operating at an aperture number f # = 2.8. This camera also had a slight ver-
tical inclination of about 10◦ to provide a better view into the canopy. The fluorescent signal
(LIF) and the scattered light from the tracer particles (PIV) were separated by employing
short-pass optical filters (PIV) and a long-pass optical filter (LIF).

Given that the plane y = 0 is a symmetry plane, the mean out-of-plane displacement
is also zero (or at least very small) in this plane; hence, this particular measurement plane
allows us to use a thin light sheet, and achieve a high spatial resolution for the PIV data, both
for the in-plane as well as for the out-of-plane dimensions.

Data acquisition, image calibration, and analysis of the PIV images were performed using
the commercial software package Davis 8.3. The PIV images were interrogated using a
multi-pass interrogation technique, where the final interrogation windows had a size of 24×
24 pixels, corresponding to a spatial resolution of 0.1h, with 75% overlap between the
neighbouring vectors. Universal outlier detection was performed to replace spurious vectors
(Westerweel and Scarano 2005). Each dataset consisted of at least 1000 snapshots acquired
at a temporal resolution of 1.44 Hz, and hence reliable and accurate first- and second-order
statistics could be obtained as the samples were statistically uncorrelated. The statistical
sampling error based on the number of snapshots is less than 1% of the mean freestream
velocity magnitude for the estimated mean velocity in the boundary layer and about 10% for
the normal stresses andReynolds stresses, using established uncertainty propagationmethods
for PIV data (Adrian and Westerweel 2011; Sciacchitano and Wieneke 2016).

LIF measurements were performed by adding Rhodamine WT (Rh-WT, PubChem CID
37718) as the fluorescent dye. In water this dye has a Schmidt number (Sc = ν/D, where ν

is the kinematic viscosity and D is the molecular diffusivity of the dye) of about 2.5 × 103.
Furthermore, the effective resolution of the concentration fieldswas 0.004h in both directions.
The dyewas injected 1h upstreamof the fence by a uniform line sourcewith size 0.01×0.4m2

(Lx × Ly) at ground level. A syringe pump system was used to inject a concentrated solution
of Rhodamine WT at a constant flow rate of 3 ml s−1. Calibration of the LIF images was
performed by placing a small Plexiglas container with several known uniform concentrations,
in themeasurement domain. The emission velocity atwhich the dye is injected is 0.75mms−1,
more than twoorders ofmagnitude smaller than the typical velocitymagnitude (≈ 0.25ms−1)
in the recirculating region upstream of the fence. Hence, we expect that the emission rate
does not affect the dispersion.

2.3 Numerical Set-Up

The LES set-up is the same as in Tomas et al. (2016, 2017) except that only neutrally-buoyant
conditions and cubical roughness elements are considered. In addition, a fence is placed in
front of the urban area. Here, the main characteristics of the simulations are given, while
further details can be found in Tomas et al. (2016).
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2.3.1 Governing Equations and Numerical Method

The filtered continuity equation, the filtered Navier–Stokes equations, and the filtered trans-
port equation for scalar concentrations are,

∂ ũi
∂xi

= 0, (1)

∂ ũi
∂t

= − ∂

∂x j

(

ũi ũ j
) − ∂

∂xi

(

p̃ + τkk/3

ρ

)

+ ν
∂2ũi
∂x2j

+ ∂

∂x j

(

2νsgs Si j
)

, (2)

∂˜c∗
∂t

= − ∂
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(

˜c∗ũ j
) + ν
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∂2˜c∗

∂x2j
+ ∂

∂x j

(

νsgs

Scsgs

∂˜c∗
∂x j

)

+ S, (3)

where ˜(..) denotes filtered quantities, ( p̃ + τkk/3) /ρ is the modified pressure, τkk is the
trace of the subgrid-scale (SGS) stress tensor, ν is the fluid kinematic viscosity, νsgs is

the SGS viscosity, Scsgs is the SGS Schmidt number, Si j = 1
2

(

∂ ũi
∂x j

+ ∂ ũ j
∂xi

)

is the rate

of strain tensor and S is a source term. The eddy-viscosity SGS model (Vreman 2004),
τi j/ρ = ũi u j − ũi ũ j = −2νsgs Si j , where τ is the SGS stress tensor, is already incorporated
in Eqs. 2 and 3. Equation 3 describes the transport equation for the pollutant concentration

c∗. Hereafter the ˜(..) symbol is omitted for clarity, while the (..) symbol represents temporal
averaging, and the 〈..〉 symbol represents spatial averaging.

The equations of motion are solved using second-order central differencing for the spatial
derivatives and an explicit third-order Runge-Kuttamethod for time integration. For the scalar
concentration field the second-order κ scheme is used to ensure monotonicity (Hundsdorfer
et al. 1995). The simulations are wall-resolved, so no use is made of wall functions. The
Schmidt number Sc is 0.71, and Scsgs is set to 0.9. The code has been used previously
to simulate turbulent flow over a surface-mounted fence, showing good agreement with
experimental data (Tomas et al. 2015a, b).

2.3.2 Domain and Boundary Conditions

Figure 1 shows theLESdomain (in blue) togetherwith the applied number of grid cells in each
direction. At the ground and the obstacle walls no-slip conditions were applied, with velocity
and concentration fields assumed to be periodic in the spanwise direction. Furthermore,
the smooth-wall turbulent boundary layer imposed at the inlet was generated in a separate
precursor simulation using the rescaling method proposed by Lund et al. (1998). At the outlet
a convective outflow boundary condition was applied for both velocity and concentration.
Furthermore, at the top wall free-slip conditions were assumed for the horizontal velocity
components. In addition, a small vertical outflow velocity was applied that corresponds to
the outflow velocity used in the precursor simulation to achieve a zero pressure-gradient
boundary layer; see Tomas et al. (2015b) for details. The computational grid, boundary
conditions, as well as the inflow turbulent boundary layer, are the same as for the neutrally-
buoyant case described in Tomas et al. (2016). The main characteristics of the numerical grid
are summarized in Table 1.

2.3.3 Statistics

The simulations with a turbulent inflow started from a statistically steady solution generated
with a steady mean inflow profile. A constant timestep of 0.0156T was used, where T =
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Table 1 The main characteristics of the LES numerical grid, with a domain size of Lx × Ly × Lz containing
Nx × Ny × Nz grid points

Lx Ly Lz Nx Ny Nz Δxmin Δy Δzmin

61.47h 18h 30h 1080 360 180 0.050h 0.050h 0.010h

For the x- and z-directions a non-equidistant grid is used with smallest grid dimensions Δxmin and Δzmin,
respectively;Δy is the equidistant grid dimension in the y-direction. Here h is the fence height. Further details
are given in Tomas et al. (2016)

h/Uh , andUh is the relevant velocity scale, as described in Sect. 3.1. The simulations ran for
at least 780T before statistics were computed, long enough to ensure a steady state. Statistics
were computed for a duration of at least 780T with a sampling interval of 0.31T resulting
in converged results. This duration corresponds to approximately 125 uncorrelated samples
in the experiment. The simulations were well-resolved, such that the average subgrid stress
−2νsgs S13 did not exceed 6% of the total Reynolds stress, as shown by Tomas et al. (2016).
Therefore, only the resolved statistics are shown in the subsequent sections.

3 Results—Flow Statistics

3.1 Approaching Flow Conditions

Here, a comparison is given of the boundary layer of the approaching flow in the experiments
and the simulations. Several studies indicate that the approaching flow conditions influence
the flow and dispersion characteristics over obstacles (Castro 1979; Savory et al. 2013; Black-
man et al. 2015). All profiles that are given in the subsequent sections are normalized with
the undisturbed velocity at obstacle height,Uh ≡ ū|z=h , determined in the measurements of
the approach flow. This proved to be the best scaling for the rural-to-urban flows discussed
in subsequent sections. However, the velocity at z = h might not be appropriate for scaling
the C15 case as the dominant length scale is increased to 1.5h. Profiles for the mean stream-
wise velocity component, the root-mean-square (r.m.s.) velocity fluctuations, and the mean
Reynolds stress distribution in the vertical direction are given in Fig. 3. As observed before by
Tomas et al. (2017) the agreement between the two different methods is satisfactory, despite
the different ways of generating the approaching-flow boundary layer. In the experiments the
approaching-flow boundary layer experiences a small favourable pressure gradient due to
boundary-layer growth on the walls of the tunnel and the constant cross-sectional area of the
tunnel. As a result of the normalizationwithUh this is reflected in a lower streamwise velocity
component (see Fig. 3a) in the outer region of the boundary layer (z/h > 3). The difference
between the two Reynolds number cases in the experiments is limited, and the streamwise
velocity component in the outer layer is reducedmarginally for Reτ = 3.5×103. The profiles
of the velocity fluctuations urms and wrms depicted in Fig. 3b are similar in shape for both
methods. Consistent with previous observations by Tomas et al. (2017), the magnitude of
the velocity fluctuations is somewhat reduced as a result of the slightly favourable pressure
gradient (Joshi et al. 2014). This effect is slightly larger for the higher Reynolds number.
The two methods show similar characteristics for the mean Reynolds stress, as shown in
Fig. 3c. Differences are found in the region 2 < z/h < 5 where the experimental data shows
a reduction in Reynolds stress, which is most likely attributed to the design and arrangement
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(a) (b) (c)

Fig. 3 Properties of the approach flow boundary layer; mean streamwise velocity component ū (a), r.m.s. of
the velocity components (b), and Reynolds stress −u′w′ (c). The circle indicatesUh ≡ ū|z=h . The error bars
represent the statistical mean ± the standard error of the mean

Table 2 Summary of the properties of the approaching boundary layer; δ∗ is the displacement thickness, θ is
the momentum thickness, and H is the shape factor

δ99

h

θ

h

δ∗
h

H U∞
Uh

uτ

Uh

Reτ h+ Re

(

δ∗
θ

) (

uτ δ99
ν

) (

uτ h
ν

) (

U∞h
ν

)

Exp. 1 11.35 1.10 1.62 1.47 0.72 0.052 3.5 × 103 307 8.2 × 103

Exp. 2 9.6 0.95 1.46 1.56 1.41 0.060 2.0 × 103 213 5.4 × 103

LES 10.3 1.28 1.78 1.39 1.56 0.059 2.0 × 103 194 5.0 × 103

of the spires. Increasing the Reynolds number in the experiments decreases the Reynolds
stresses, which is most evident in the region 4 < z/h < 9.

The Reynolds number (Re) based on U∞ and h was around 5 × 103 for the simulations,
while the lowest Reynolds number in the experiments was 5.4 × 103. This is in the regime
where Reynolds effects are small when the flow over sharp-edged obstacles is considered
(Cheng and Castro 2002). The wall-friction Reynolds number h+ = uτh/ν is 194 in the
simulations and 213 and 307 in the experiments, which is in the fully-rough regime (Raupach
et al. 1991). A summary of the most relevant boundary-layer parameters for different cases
in the experiments and the simulations is given in Table 2.

3.2 The Flow Field Over the Urban Canopy

Here the rural-to-urban flow fields are compared for the first eight streets in the y = 0 plane,
see Fig. 1, with all velocity statistics normalized with the undisturbed velocity at obstacle
height Uh . A snapshot of the spanwise velocity component v is shown in Fig. 4 for both the
experiment and the simulation. Both snapshots clearly indicate the presence of large turbulent
structures that are shed from the fence and the roughness elements, with structures growing in
size in the downstream direction. Note that the magnitude of the velocity fluctuations in these
structures is significantly larger compared to the velocity fluctuations in the approaching flow.
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Fig. 4 Contours of instantaneous spanwise velocity component v/Uh in the midplane of the C10 case; a
experiment and b simulation. Areas that could not be illuminated or seen in the experiments have been
masked in grey and the obstacles are shown in white

In order to make a quantitative comparison between different cases, the mean streamwise
profiles for the cases C00, C05, C10 and C15 are shown in Fig. 5. Vertical profiles of themean
streamwise velocity component are shown, starting 0.5h behind the fence and subsequently
in the middle of each street canyon. Additionally, the IBL depth is shown for the experiments
(filled symbols) and the LES (open symbols, if available). The IBL depth δi is found by
subtracting the smooth-wall inlet velocity profile from the mean street-averaged velocity
field for the roughness transition: � 〈ū〉 = 〈ū〉RT − 〈ū〉inlet, noting that δi is defined as the
height at which the vertical gradient of � 〈ū〉 reaches zero. A threshold of three times the
r.m.s. value of |d� 〈ū〉 /dz| outside the canopy region is used to determine this location.

In Fig. 5a the C00 cases are plotted. There is a close agreement between the LES and the
experimental results at the lower Reynolds number (C00 Exp. 2), as noted before in Tomas
et al. (2017). Additionally, the higher Reynolds number case h+ = 307 (solid red line) also
closely matches the other two curves. The main difference can be found in the outer region of
the flow (z/h > δi ). This small difference can be attributed to the difference in approaching
flow conditions, as observed in Fig. 3a. Given the limited capabilities of varying the flow
speed of our water tunnel, we could only consider two Reynolds numbers that differ by a
factor of two. The close resemblance of the scaled results at these two Reynolds numbers
indicates that in this range the Reynolds-number dependence would be rather weak, which
appears to be in correspondence with the conclusion of Raupach et al. (1991). The profiles of
the streamwise velocity components change noticeably over the first three rows of obstacles
while further downstream only minor changes are observed. The differences between cases
C05 (Fig. 5b) and C00 are marginal, and the downstream influence of the 0.5h fence on the
mean streamwise velocity profiles is only limited.

With increasing fence height, the downstream influence of the fence increases. Both the
C10 case (Fig. 5c) and the C15 case (Fig. 5d) introduce a very sharp and distinct shear layer
just behind the fence, i.e. at x/h = −0.5h. Further downstream, this shear layer increases
in thickness. From Fig. 5c it is clear that the initial disturbance generated in the C10 case
decays and the velocity profile shows similar behaviour as the C00 case in the eighth street.
The LES results of the C10 case indicate a slightly higher streamwise velocity above the
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(a)

(b)

(c)

(d)

Fig. 5 Profiles of the mean streamwise velocity component u/Uh in the middle of each street canyon for cases
0h (a), 0.5h (b), 1h (c) and 1.5h (d), for both the LES and experiments (Exp. 1 in Table 2). Additionally for
0h a the profiles of u/Uh for h+ = 209 case in the experiments (Exp. 2 in Table 2) is shown as a dotted line.
(Please note that the differences between the results of Exp. 1 and 2 in (a) are small and that these lines mostly
overlap.) The IBL depth, δi , is shown by solid markers for the experiments and by open markers for the LES
(if available)

first few street canyons (Fig. 5c). This can most probably be attributed to the difference
in blockage in both methods, as the height of the LES domain (30h) is smaller compared
to that of the experiments (40h). Furthermore, the LES model uses an outflow boundary
condition at the top of the domain whereas the water-tunnel facility has a free water surface.
Especially the C15 case (Fig. 5d) indicates the presence of a significant recirculation region
that extends up to x/h ≈ 12, inducing backflow at the top of several obstacles. Although
this disturbance slowly decays downstream, in the eighth street there is still a significant
difference between the C00 and C15 cases. Finally, it is clearly visible that increasing the
fence height significantly increases the IBL height.

Figure 6 shows the profiles of the mean Reynolds stress −u′w′ at the corresponing loca-
tions, with the overall difference between the experiments and the LES relatively small.
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Figure 6a shows that both experimental results, i.e. Exp. 1 and Exp. 2, indicate a smaller
value of the peak in Reynolds stress than in the LES results, while the location of this peak
is similar to the peak location observed in the LES results. This suggests that, as a result
of the finite PIV resolution, the Reynolds stress in the experiments is underestimated. An
estimate for the fraction of resolved Reynolds stress to the total Reynolds stress is made by
considering the ratio between the PIV resolution and the length scale � of the dominant
flow structure (Scarano 2003). As in Tomas et al. (2017), the length scale of the dominant
flow structure is calculated from the two-point correlation of u. Following this procedure, the
resolved part of the Reynolds stress in Fig. 6a is approximately 75 and 83% of the total for
Exp. 1 and Exp. 2, respectively. The magnitude of the Reynolds stress in Fig. 6c is smaller
in the experiments compared to the LES results, while the shape of the profile is similar.
This is a direct consequence of the presence of the fence that introduces a dominant length
scale that is even smaller compared to the no fence case, i.e. in the experiments only 55% of
the Reynolds stress is resolved in the peak above the first street canyon (x/h = 1.5). With
increasing fence height the peak in −u′w′ increases, and in the downstream direction this
peak becomes wider and decreases in amplitude. For the fence heights up to 1h, most of
the turbulence in street 8 is produced by the rooftop shear layers, except for the C15 case in
which the peak emanating from the fence still dominates.

4 Results—Pollutant Dispersion

This section deals with the pollutant dispersion behaviour by investigating concentration
fields acquired in both the experiments and the simulations. All concentrations c∗ are non-
dimensionalized using the reference velocityUh , the obstacle height h, the source width Ly ,
the source concentration cs , and the source volume flow rate φs as,

c = c∗UhhLy

csφs
, (4)

noting that φs/Ly is the emission rate per unit source width.
Two snapshots of the concentration fields for both methods for the C10 case are shown in

Fig. 7, where both snapshots indicate the strongly intermittent character of the concentration
fieldwhere a fence is present. As a result, slender plumes of high concentration are visible just
above the top of the fence. This is because the line source is positioned close to the fence, i.e.
the distance between the fence and the centerline of the source is 1h (see Fig. 1). On average
a recirculation region is present just in front of the fence (Tomas et al. 2015b). Therefore,
the instantaneous occurrence of this recirculating flow structure, largely influenced by the
upstream turbulence, is responsible for the intermittent behaviour of the concentration field;
pollutants are trapped in the recirculating flow and released over the top of the fence when the
recirculation is weak or non-existent. The Schmidt number in the experiments is significantly
higher compared to that used in the simulations. However, the turbulent Schmidt number is
of the same order of magnitude (Tomas et al. 2017), which is also suggested by a high degree
of similarity in the large structures observed in Fig. 7.
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(a)

(b)

(c)

(d)

Fig. 6 Profiles of the mean Reynolds stress −u′w′/U2
h in the middle of each street canyon for cases 0h (a),

0.5h (b), 1h (c) and 1.5h (d) for both the LES and experiments (Exp. 1 in Table 2). Additionally for the 0h
case a the profiles of u/Uh at h+ = 209 in the experiments (Exp. 2 in Table 2) is shown as a dotted line.
(Please note that the differences between the results of Exp. 1 and 2 in a are small and that these lines mostly
overlap.) The IBL depth, δi , is shown by solid markers for the experiments and by open markers for the LES
(if available)

4.1 Mean Concentration Fields

Figure 8 shows the vertical distribution of the mean concentration starting 0.5h upstream of
the first row of obstacles and subsequently in the middle of each street canyon for cases C00,
C05, C10, and C15. The experimental data are shown by the continuous lines while, when
available, the LES data are shown by the dashed lines. The IBL depth δi is represented by
the solid markers for the experiment and by the open markers for the LES. Note that in the
second street canyon (x/h = 3.5) no experimental data for Exp. 1 are shown in the region
0.975 < z/h < 1.13 due to a dust particle present in the calibration tank at that location,
which prevented the LIF calibration at that location.
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Fig. 7 Contours of instantaneous concentration c (defined in Eq. 4) in the midplane of case C10; a experiment
and b simulation. The snapshots correspond to the velocity fields shown in Fig. 4. Areas that could not be
illuminated or seen in the experiments have been masked in grey and the obstacles are shown in white. The
finer scales in the experiment are due to a higher Schmidt number in comparison with that of the simulation

From the C00 case, it is clearly seen that the Reynolds number effect in the considered
Reynolds number range is small. The profiles of the two experimental datasets at h+ =
209 and h+ = 307 are nearly on top of each other in the region z/h > 1, while minor
differences are found inside the canopy region. The most pronounced difference between the
experiments and the simulations is found in the first few streets of the canopy (see Fig. 8a),
where a significantly higher concentration is found in the experiments. Separate tests on the
spanwise homogeneity of the experimental line source reveal a slightly non-uniform flow rate
distribution (Tomas et al. 2017). Nevertheless, the average flow rate through the line source is
kept constant in time. Despite this difference the shape of the concentration profiles is similar
in both methods. Moreover, as a result of the turbulent mixing, this lateral inhomogeneity
decreases further downstream, resulting in a match between both methods in the eighth street
canyon. The vertical distribution of concentration develops in a similar way to the IBL, and
scaleswith δi (Tomas et al. 2017). For C10 andC15 (see Fig. 8c, d) the concentration profile at
x/h = −0.5 depicts a peak in concentration just above the fence. In the downstream direction
this peak rapidly vanishes and the maximum concentration is found inside the canopy region
(i.e. z/h < 1), similar to the C00 case (Fig. 8a). Due to the strong mixing related to the shear
layer emanating from the fence, a region of nearly uniform concentration appears above the
street canyon. This behaviour is particularly visible in the C15 case (Fig. 8d). Furthermore,
the mean concentration inside the IBL reduces considerably with increasing fence height.
Figure 9 shows the streamwise development of the average street-canyon concentration 〈c〉
and the r.m.s. of the concentration fluctuations for the plane y = 0. Since the street canyon
is not completely visible in the experimental results, the average street-canyon concentration
is determined only in the upper part of the street canyon.

For the C00 case the mean canyon concentration increases for the first two streets and
reaches its maximum in the third-street canyon. This is because a large part of the concen-
tration is advected with high speed through the streamwise streets, thereby passing the first
two street canyons. After a few streets the flow velocity is decreased, allowing the pollutants
to entrain the recirculation region in the street canyons, which results in an increased canyon
concentration. [This is a clear 3D effect that occurs in the ‘no-fence’ case C00 that was stud-
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(a)

(b)

(c)

(d)

Fig. 8 Profiles of the mean concentration c in the middle of each street canyon for cases 0h (a), 0.5h (b), 1h
(c) and 1.5h (d). Additionally for the 0h case a the profiles of c at h+ = 209 in the experiments is shown as
the dotted line. The IBL depth, δi , is shown by solid markers for the experiments and by open markers for
LES (when available)

(a) (b)

Fig. 9 Profiles of a themean canyon concentration 〈c〉, and b the r.m.s. of the canyon concentration fluctuations
〈c〉rms, in the y = 0 plane for different fence heights
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ied and reported by Tomas et al. (2017)]. The concentration curve is different once a fence
is introduced. Already for the case C05, the streamwise development of the mean canyon
concentration is distinctly different from the C00 case, despite the flow fields being quite
similar as shown in Figs. 5b and 6b. The maximum canyon concentration is found in the
first street canyon for the fence cases, while it monotonically decreases further downstream.
The reason is that a fence inhibits the transport of pollutants along streamwise streets. The
maximum canyon concentration for cases C05, C10, and C15 is found in the first street
canyon; furthermore, with increasing fence height, the maximum of the mean concentration
〈c〉 decreases. Finally, the profiles of 〈crms〉, depicted in Fig. 9b, indicate a similar streamwise
trend as 〈c〉. The difference in the magnitude of 〈crms〉 between LES and experiments is partly
attributed to the higher Schmidt number in the experiments, resulting in higher r.m.s. values
for the experimental data since diffusion is less effective in reducing concentration gradients.
Additionally, LES uses a so-called κ scheme for the advection terms of the transport equation
for c, which has the tendency to reduce fluctuations (Hundsdorfer et al. 1995).

5 Modelling Considerations

Here and in that of a preceding investigation (Tomas et al. 2017) the development of an IBL
following a rural-to-urban roughness transition is considered in the presence of a line source
upstream of the roughness transition. Such transitions are frequently encountered at the edges
of urban areas where a roadway separates a rural and urban area, with or without a sound
barrier separating the roadway and urban area. These studies provide detailed information on
the development of the IBL and the dispersion of pollutants in the urban area, in particular in
the transition region.However, in applicationswhere the dispersion of pollutants is considered
over extended areas, the experimental and numerical methods employed here are not feasible;
instead one has to rely on appropriate closure models to predict the flow and pollutant
dispersion. Although conventional methods perform well over larger scales (e.g., over a
neighbourhood or entire city), there is a societal need to have reliable predictions at the scale
of individual streets, in particular in the vicinity of roadways, as these may pose considerable
health risks to their inhabitants.

5.1 TheMixing-LengthModel

Flows over and inside the urban canopies are commonly simulated using models based
on the Reynolds-averaged Navier–Stokes equations; however, adequate closure relations are
needed to model the Reynolds stresses. One of the most basic closure models of the Reynolds
stresses, relating the time-averaged Reynolds shear stress to the gradients of the mean flow,
was introduced by Boussinesq (1877) as

− u′w′ = νT

(

∂u

∂z
+ ∂w

∂x

)

, (5)

where the turbulent viscosity νT can be written as (Prandtl 1925)

νT = l2m

∣

∣

∣

∣

∂u

∂z

∣

∣

∣

∣

, (6)

where lm is an unknown mixing length. This mixing, length model is also commonly used in
1D models of urban canopy flows (Macdonald 2000; Coceal and Belcher 2004). The model
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of Coceal and Belcher (2004) is basically the non-linear extension of the quasi-linear model
that Belcher et al. (2003) proposed to model the adjustment of a rural boundary layer to an
urban canopy. Macdonald (2000) proposed the use of a uniform mixing length inside the
urban canopy, and a value that increases linearly with height above the canopy, i.e. lm ∝ z.
An alternative formulation of the mixing length inside the canopy was proposed by Coceal
and Belcher (2004) as,

1

lm(z)
= 1

κz
+ 1

lc
, (7)

where κ is the von Kármán constant, and the spatially-averaged mixing length in the canopy,
c, is constant and depends on the thickness of the shear layer emanating from the top of the
obstacles, i.e. h − d . It is computed as lm(z = h) = κ(h − d) to ensure a continuous profile.
The zero-plane displacement d = 0.72h is found by fitting the streamwise velocity profile
to the law of the wall,

u

uτ

= 1

κ
ln

(

z − d

z0

)

, (8)

where z0 is the aerodynamic roughness length. The proposed form of the mixing length by
Coceal and Belcher (2004) is motivated by, on the one hand, the sparse canopy case, in
which the turbulent eddies scale with the distance from the ground, while on the other hand,
the dense canopy limit in which eddies are blocked by the strong shear layer near the roof
level of the roughness elements. In the latter case the mixing length above the canopy scales
with lm(z) = κ(z − d), i.e. the displaced mixing-length model (Belcher et al. 2003). Both
Macdonald (2000) and Belcher et al. (2003) note that their models are valid for a relatively
low packing density (i.e. λf ≤ 0.25). Especially at higher packing densities these models
are inadequate in predicting the velocity statistics due to the recirculation regions inside the
street canyons. Because a similar simple model for dense urban canopies is not available, we
consider the possibility of using amixing-lengthmodel for these cases. Cheng and Porté-Agel
(2015) present the mixing-length profiles for different λf for staggered and aligned arrays of
cubical obstacles, for λf ≤ 0.25; see also Castro (2017). Here, λf = 0.25 for the C00 case
and 0.5 for the 2D reference case from Tomas et al. (2017).

In Fig. 10 the mixing-length profiles for the C00 and C10 cases, calculated according to
Eqs. 5 and 6 , are shown for a distance 0.5h in front of the first obstacle row and in the middle
of each subsequent street canyon. The gradients of the mean flow in both the experiments and
the simulations are calculated using a second-order spatial-regression filter with a filter length
of 0.3h (Elsinga et al. 2010). Additionally, Fig. 10 shows the models given by Eq. 7 and the
updated model given by Eq. 9, which are derived below. Note that the mixing length derived
from the measurements in the y = 0 plane is compared to model results for the spatially-
averaged mixing length. When differences between the local and spatially-averaged mixing
length exist, this would most likely be in the region where (mean) three-dimensional effects
occur, in particular for z � h.

First, the C00 case is discussed. The agreement between the LES and the experimental
results is satisfactory within the IBL, i.e. z < δi . For the C00 case shown in Fig. 10a it is clear
that after a few streets the shape of the mixing-length profile does not change significantly.
This result is in line with the observations made by Cheng and Porté-Agel (2015). Inside
the canopy (z < h), the model of Coceal and Belcher (2004) does not appear to capture the
correct trend of lm, as mentioned before. Figure 10a shows a local peak in the profiles for lm
at roughly z/h = 0.5, in accordance with the results of Cheng and Porté-Agel (2015) and
Coceal et al. (2006). The profiles of lm have a local minimum at roof level. This is the result
of the strong shear layer at roof level, resulting in a small mixing length at that location. In the
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Fig. 10 Profiles of the mixing length lm in the middle of each street canyon for cases C00 (a) and C10 (b).
The dashed black line is the model of Coceal and Belcher (2004) expressed in Eq. 7, while the modified
mixing-length model expressed in Eq. 9 is given by the solid black line. The green dashed line represents the
local value for δi (x) determined from the LES data for each case (cf. Figs. 5, 6 and 8)

region just above the street canyons, i.e. 1 < z/h < 1.5, lm increases approximately linearly
with height, which is most clearly visible for x/h ≥ 5.5. This behaviour is indicative of
the presence of a logarithmic law in the IBL in which the mixing length scales linearly with
z−d (Coceal and Belcher 2004). In the region 1.5 < z/h < δi/h the mixing length increases
approximately linearly, but at a distinctly lower rate compared to the model prediction by
Coceal and Belcher (2004). Finally, the mixing length in the outer region of the flow (z > δi )
again shows a linear increase, indicating the remnants of the logarithmic law region of the
original approaching smooth-wall boundary layer. The most important difference between
the cases C00 and C10 is found in the region 1.5 < z/h < δi/h. For case C10 (Fig. 10b) lm
reaches an approximately constant value, and furthermore, the mixing length in this region
increases in size when moving downstream.

As a result of the roughness transition a strong shear layer is present above the canopy
region that defines the IBL and appears as a well-mixed region, which shows a close resem-
blance to a plane mixing layer that is characterized by a mixing length that is constant with
height and proportional to the mixing-layer depth. It is interesting to note that Belcher et al.
(2003) mention the concept of the growth of an internal boundary layer at a roughness tran-
sition. However, this concept is not taken into account in the model description. This is likely
because relatively sparse canopies are considered for which the strength of the shear layer at
the start of the urban canopy does not dominate the flow, and thus the mixing length.

The linear behaviour of lm, which is indicative of a logarithmic-law behaviour for the
mean flow in the regions 1 < z/h < 1.5 and z > δi , is persistent up to the streamwise extent
of the LES domain. Figure 11a shows the mixing length in the 23rd street of the LES domain,
while Fig. 11b shows the semi-logarithmic plot of the streamwise velocity profile at the same
location. Both C00 and C10 cases indicate the presence of a so-called double logarithmic-
layer structure. The bottom logarithmic layer in the range 1 < z/h < 1.7 belongs to the
IBL over the roughness elements, whereas the upper logarithmic layer (z/h > 4.2) is the
remainder of the approaching-flow boundary layer. These are the regions in Fig. 11a in which
lm is found to increase linearly with height according to lm = κz. As the approaching-flow
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(a) (b)

Fig. 11 a Profile of the mixing length at street 23 in the LES data. The dashed black line depicts the model of
Coceal and Belcher (2004) expressed in Eq. 7, while the adjusted mixing-length model according to Eq. 9 is
given by the solid black line. b The streamwise velocity profile in inner scaling. The dashed line represents the
logarithmic law using the local uτ , while the continuous black line is given using the uτ of the approaching
flow

boundary layer has a relatively limited depth of approximately 10h, the remainder of the
original logarithmic law from the approaching flow boundary layer is only present in the
region 3.5 < z/h < 4. Above z/h > 4, lm becomes approximately constant, which is the
outer layer of the approaching smooth-wall boundary layer inwhich the scaling lm ∝ κ(z−d)

no longer holds.
The mixing-length profiles shown in Figs. 10 and 11a suggest the presence of different

regimes that are schematically visualized in Fig. 12. Instead of modelling the mixing length
above the urban canopy as lm = κ(z − d) (Coceal and Belcher 2004), an additional region is
present inside the IBL that is governed by a combination of both a linear increase (according
to lm = κ(z − d)) just above the canopy and plane mixing-layer-like behaviour in the upper
part of the IBL (lm ≈ constant in z, but increasing with x). Analogously to the reasoning by
Coceal and Belcher (2004) the mixing length in this region (regions IIa and IIb in Fig. 12)
can be described by taking the harmonic mean of these two behaviours,

1

lmI I − κ(h − d)
= 1

κ(z − h)
+ 1

li
, (9)

where li is a length scale that is proportional to the IBL depth, i.e. li = α(δi − h). A constant
α = 0.2 appears to give the best match between the measured profiles and the proposed
model, which is close to typical values of α = 0.1 − 0.15 for mixing layers (Pope 2000).
Furthermore, this mixing-length formulation was found to give the best match in the region
1 < z/h < 0.75δi/h. The additional term in the denominator on the left-hand side of Eq. 9
originates from the closure relation lmII = lmI at z = h. As δi → ∞, the mixing length is
dominated by the first term on the right-hand side (r.h.s.) of Eq. 9, and the mixing length
returns to lm = κ(z − d), which is the same form Coceal and Belcher (2004) and others
proposed to use above the canopy. Furthermore, for small z, lm is also dominated by the first
term on the r.h.s. of Eq. 9, and lm behaves again linearly, which is in accordance with the
linear behaviour of lm in region IIa. Finally, in region III, that is above the mixing layer, a
linear increase of the mixing length with height is applied. From Fig. 10, it is clear that the
mixing length according to Eq. 9 provides an accurate description of the mixing length in
the region 1 < z/h < 0.75δi/h. Especially in the C10 case (see Fig. 10b) the match for the
streets further downstream is better compared to the form proposed by Coceal and Belcher
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Fig. 12 Schematic overview of the different regimes of lm in the transition region. The obstacles are shown
in blue, the canopy region is denoted by I, the roughness sublayer by IIa, the mixing layer region by IIb and
the log-law of the approaching boundary layer by III. The edge of the canopy region is given by the black
dash-dotted line, the roughness sublayer is shown by the black dashed line, and the internal boundary layer is
given by the solid black line

(2004). As noted before, the current and previous mixing-length models do not provide
accurate results inside dense canopies due to the recirculation regions in the street canyons.
However, this is outside the scope of the present investigation. Nonetheless, it is shown that
the presence of the IBL should be taken into account to properly model the flow over dense
urban canopies.

5.2 Scaling of theMean Concentration Field

The rural-to-urban roughness transition is characterized by a region where the flow is mainly
governed by the strong shear layer emanating from the first row of obstacles or the fence. In
the first few streets the flow quickly adapts to the new surface roughness, resulting in a local
reduction of the mean streamwise velocity component and a corresponding local vertical
velocity component. Coceal and Belcher (2004) proposed a rule of thumb to calculate the
length of the adjustment region (x0) as,

x0 = 3LclnK , (10)

where K = (Uh/uτ )/(h/Lc), and the length scale Lc is given as,

Lc = 1 − λp

λf
h. (11)

For the current set-up the adjustment region according to Eq. 10 is approximately 17h, i.e.
after eight streets the flow at obstacle height has reached a steady value.

The initial pollutant dispersion is governed by the local flow, which is mainly determined
by the (local) geometry of the obstacles. However, further downstream the (mean) vertical
dispersion is bound by the (mean) shear layer that characterizes the IBL. The vertical extent
of the region that bounds the mean concentration field is approximately Li = δi − h (see
Fig. 12). Because δi increases with x , Li also depends on x . In addition, the mean advection
of pollutants released inside the IBL is governed by themean streamwise velocity component
in the IBL, which can be described by the bulk velocity of the IBL. Here, the streamwise
development of the bulk velocity is estimated by the mean streamwise velocity component
at half the IBL depth:Ui (x) ≡ u(x, z = 1

2 δi ). With the length scale Li and velocity scaleUi
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Fig. 13 Vertical profiles of the mean concentration from the LES scaled according to Eq. 12 for street 23. The
2D data is taken from Tomas et al. (2017)

the development of the mean concentration field can be described by,

c (x, z) = Q

LyUi (x) Li (x)
f (z/δi ) , (12)

where Ly is the width of the domain, and Q is the constant mass flow rate of the source.
Figure 13 shows the vertical profiles of the mean concentration for the C00 and C10 cases,
and the 2D case. The vertical coordinate is scaled with the local δi , and the concentration is
scaled with the local Li and Ui . The results are shown for cases C00, C10, and the 2D case.
Although, Ui and δi (and consequently Li ) differ for each case, the results collapse onto a
single profile using the proposed scaling. A fit for the vertical distribution profile f (z/δi ) is
shown by the thick continuous line in Fig. 13. As expected, the profiles start to differ near
the surface roughness, where the specific geometry governs the concentration distribution.
This scaling means that the spanwise-averaged concentration field can be described by the
flow parameters Li and Ui that depend solely on x , while the dependence of z is accounted
for in the universal function f (z/δi ). In addition, the flow parameters Li and Ui are most
likely related to each other, and they can be found from measurements, simulations, or self-
similarity considerations for the flow over a roughness transition.

Using the fitted profile for f (z/δi ) the prediction of c (x, z) is given in Fig. 14, where for
the cases C00 (red lines) and C10 (blue lines) the LES results are shown by the continuous
lines, and the model results from Eq. 12 are shown by the thick dashed lines. Close to the
start of the urban canopy the model results do not match the LES results. This is expected,
since the local velocity field has not yet reached a self-similar state. However, from around
street 8 (x = 15h) onwards the model results agree well the LES results, which indicates
that the mean pollutant dispersion is indeed governed by the properties of the IBL.

6 Conclusions

Simultaneous PIV and LIF measurements complemented by LES results were employed to
study the flow and dispersion behaviour above a rural-to-urban roughness transition. The
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(a)

(b)

Fig. 14 Vertical profiles of the mean concentration for cases C00 and C10 at several downstream locations
including model prediction from Eq. 12

influence of an additional fence was investigated for various fence heights for the case of a
smooth-wall approaching flow at a roughness Reynolds number, h+, of 194 for the simu-
lations and 307 and 213 for the experiments; see Table 2. Both methods predict practically
the same velocity and concentration statistics, also in the case where a fence is added. Small
differences in the approaching-flow conditions are found to have only a minor influence on
the velocity and concentration statistics in the urban canopy region. Secondly, a small non-
uniformity of the line source is responsible for the difference in concentration statistics in the
first few streets after the roughness transition. Furthermore, the r.m.s. of the canyon concen-
tration fluctuations are considerably higher in the experiments compared to the simulations,
as the Schmidt number was also significantly higher in the experiments. Other differences
are explained by considering the uncertainty in the data as a result of the finite sampling error
of the flow statistics for the given numbers of independent realisations in the experiments
and in the LES flow statistics. The differences between the two considered Reynolds num-
ber cases are marginal, which suggests that Reynolds number effects are small, as shown
previously by Cheng and Castro (2002). A strong shear layer is present at the top of the
fence that characterizes the IBL, and with increasing fence height (and thus an increased
blockage) a deeper IBL is formed. The disturbance generated by this shear layer determines
the downstream development of the IBL, and therefore also the concentration statistics in
and above the canopy of the pollutants released upstream of the fence. The concentration
statistics show that a higher fence is beneficial to the ventilation in the downstream urban
area, as lower pollutant concentration levels are found behind the fence.

The flow in a rural-to-urban transition for dense canopies, i.e. λf ≥ 0.25, can be modelled
with a mixing-length model by considering, (1) the roughness geometry, and (2) the IBL
development. The effect of the IBL is persistent farther than the streamwise extent of the
considered domain for both simulations and experiments. An improved mixing-length model
is proposed that is applicable to rural-to-urban transitions for dense urban canopies.Moreover,
when δi increases (as x/h → ∞) this model exhibits similar characteristics to the model
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of Coceal and Belcher (2004). In addition, the average mean concentration field is found
to attain a self-similar profile when scaled with the characteristic velocity and length scale
of the IBL, i.e. the IBL bulk velocity and the IBL height. This means that, after an initial
adjustment region, the mean concentration field can be described by the characteristics of
the IBL solely. Hence, this result emphasizes the conclusion that accurate modelling of the
flow and dispersion over rural-to-urban transitions for dense urban canopies requires taking
into account the characteristics of the IBL.

Although our investigation is limited to a flow direction normal to the fence and the array
of obstacles behind the fence, it provides significant information on the initial development of
the IBL and the dispersion of pollutants as a result of the roughness transition. Further studies
would be necessary in which also the direction of the flow relative to the fence is varied. The
present study validates the LES approach, which can now be extended to investigate other
configurations, not only the wind direction with respect to the fence, but also the height of
the fence, and distance between the fence and the roughness elements, and the fence and the
line source.

Acknowledgements This study was done within the STW project DisTUrbE (Project No. 11989) using the
computational resources of SURFsarawith the funding of theNetherlandsOrganization for ScientificResearch
(NWO)

OpenAccess This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/),which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons license, and indicate if changes were made.

References

Adrian RJ, Westerweel J (2011) Particle image velocimetry. Cambridge University Press, Cambridge
Baldauf R, Thoma E, Khlystov A, Isakov V, Bowker G, Long T, Snow R (2008) Impacts of noise barriers on

near-road air quality. Atmos Environ 42:7502–7505
Belcher SE, Jerram N, Hunt JCR (2003) Adjustment of a turbulent boundary layer to a canopy of roughness

elements. J Fluid Mech 488:369–398. https://doi.org/10.1017/S0022112003005019
Blackman K, Perret L, Savory E (2015) Effect of upstream flow regime on street canyon flowmean turbulence

statistics. Environ Fluid Mech 15(4):823–849. https://doi.org/10.1007/s10652-014-9386-8
Boussinesq J (1877) Essai sur la théorie des eaux courantes, Mémoires présentés par divers savants à

l’Académie des Sciences. Impremerie Natl XXII I(1):1–680 (in French)
Brechler J, Fuka V (2014) Impact of noise barriers on air-pollution dispersion. Nat Sci 6:377
Castro IP (1979) Relaxing wakes behind surface-mounted obstacles in rough wall boundary layers. J Fluid

Mech 93(04):631–659. https://doi.org/10.1017/S0022112079001968
Castro IP (2017) Are urban-canopy velocity profiles exponential? Boundary-Layer Meteorol 164:337–351.

https://doi.org/10.1007/s10546-017-0258-x
Cheng H, Castro IP (2002) Near wall flow over urban-like roughness. Boundary-Layer Meteorol 104:229–259
Cheng WC, Porté-Agel F (2015) Adjustment of turbulent boundary-layer flow to idealized urban sur-

faces: a large-eddy simulation study.Boundary-LayerMeteorol 155(2):249–270. https://doi.org/10.1007/
s10546-015-0004-1

Coceal O, Belcher SE (2004) A canopy model of mean winds through urban areas. Q J R Meteorol Soc
130(599):1349–1372. https://doi.org/10.1256/qj.03.40

Coceal O, Thomas TG, Castro IP, Belcher SE (2006)Mean flow and turbulence statistics over groups of urban-
like cubical obstacles. Boundary-Layer Meteorol 121(3):491–519. https://doi.org/10.1007/s10546-006-
9076-2

di Mare L, Jones W (2003) LES of turbulent flow past a swept fence. Int J Heat Fluid Flow 24(4):606–615.
https://doi.org/10.1016/S0142-727X(03)00054-7

Eisma HE (2017) Pollutant dispersion in wall-bounded turbulent flows. Ph.D. thesis, Delft University of
Technology

123

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S0022112003005019
https://doi.org/10.1007/s10652-014-9386-8
https://doi.org/10.1017/S0022112079001968
https://doi.org/10.1007/s10546-017-0258-x
https://doi.org/10.1007/s10546-015-0004-1
https://doi.org/10.1007/s10546-015-0004-1
https://doi.org/10.1256/qj.03.40
https://doi.org/10.1007/s10546-006-9076-2
https://doi.org/10.1007/s10546-006-9076-2
https://doi.org/10.1016/S0142-727X(03)00054-7


H. E. Eisma et al.

Elsinga GE, Adrian RJ, Van Oudheusden BW, Scarano F (2010) Three-dimensional vortex organization in
a high-Reynolds-number supersonic turbulent boundary layer. J Fluid Mech 644:35–60. https://doi.org/
10.1017/S0022112009992047

Hundsdorfer W, Koren B, van Loon M, Verwer JG (1995) A positive finite-difference advection scheme. J
Comput Phys 117:35–46. https://doi.org/10.1006/jcph.1995.1042

Irwin HPAH (1981) The design of spires for wind simulation. J Wind Eng Ind Aerodyn 7:361–366
Joshi P, Liu X, Katz J (2014) Effect of mean and fluctuating pressure gradients on boundary layer turbulence.

J Fluid Mech 748:36–84. https://doi.org/10.1017/jfm.2014.147
Lee JH, Sung HJ, Krogstad PÅ (2011) Direct numerical simulation of the turbulent boundary layer over a

cube-roughened wall. J Fluid Mech 669:397–431. https://doi.org/10.1017/S0022112010005082
Lund TS, Wu X, Squires KD (1998) On the generation of turbulent inflow conditions for boundary layer

simulations. J Comput Phys 140(2):233–258. https://doi.org/10.1006/jcph.1998.5882
Macdonald RW (2000) Modelling the mean velocity profile in the urban canopy layer. Boundary-Layer Mete-

orol 97:25–45
Oke TR (1988) Street design and urban canopy layer climate. Energy Build 11:103–113. https://doi.org/10.

1016/0378-7788(88)90026-6
Orellano A, Wengle H (2000) Numerical simulation (DNS and LES) of manipulated turbulent boundary layer

flow over a surface-mounted fence. Eur J Mech B Fluids 19:765–788
Pope S (2000) Turbulent flows, 1st edn. Cambridge University Press, Cambridge
Pournazeri S, Princevac M (2015) Sound wall barriers: near roadway dispersion under neutrally stratified

boundary layer. Tranp Res D 41:386–400
Prandtl L (1925) Bericht über Untersuchungen zur ausgebildeten Turbulenz. Z AngewMath Mech 5:136–139

(in German)
Prasad AK, Jensen K (1995) Scheimpflug stereocamera for particle image velocimetry in liquid flows. Appl

Opt 34(30):7029–7092
Raupach MR, Antonia RA, Rajagopalan S (1991) Rough-wall turbulent boundary layers. Appl Mech Rev

44(1):1–25. https://doi.org/10.1115/1.3119492
Savory E, Perret L, Rivet C (2013) Modelling considerations for examining the mean and unsteady flow in a

simple urban-type street canyon. Meteorol Atmos Phys 121(1–2):1–16. https://doi.org/10.1007/s00703-
013-0254-8

Scarano F (2003) Theory of non-isotropic spatial resolution in PIV. Exp Fluids 35(3):268–277. https://doi.
org/10.1007/s00348-003-0655-4

Sciacchitano A, Wieneke B (2016) PIV uncertainty propagation. Meas Sci Technol 27(084):006
Tomas JM, Pourquie MJBM, Eisma H, Elsinga GE, Jonker HJJ, Westerweel J (2015a) Pollutant dispersion

in the urban boundary layer. In: Frohlich J, Kuerten H, Geurts B, Armenio V (eds) Direct large-eddy
simulation IX, vol 1. Springer, Berlin, pp 435–441. https://doi.org/10.1017/CBO9781107415324.004

Tomas JM, PourquieMJBM, Jonker HJJ (2015b) The influence of an obstacle on flow and pollutant dispersion
in neutral and stable boundary layers. Atmos Environ 113:236–246. https://doi.org/10.1016/j.atmosenv.
2015.05.016

Tomas JM, Pourquie MJBM, Jonker HJJ (2016) Stable stratification effects on flow and pollutant dispersion
in boundary layers entering a generic urban environment. Boundary-Layer Meteorol 159(2):221–239.
https://doi.org/10.1007/s10546-015-0124-7

Tomas JM, Eisma H, Pourquie MJBM, Elsinga GE, Jonker HJJ, Westerweel J (2017) Pollutant dispersion in
boundary layers exposed to rural-to-urban transitions: varying the spanwise length scale of the roughness.
Boundary-Layer Meteorol 163:225–251

Vinçont JY, Simoëns S, Ayrault M, Wallace JM (2000) Passive scalar dispersion in a turbulent boundary layer
from a line source at the wall and downstream of an obstacle. J Fluid Mech 424:127–167. https://doi.
org/10.1017/S0022112000001865

Vreman AW (2004) An eddy-viscosity subgrid-scale model for turbulent shear flow: algebraic theory and
applications. Phys Fluids 16(10):3670–3681. https://doi.org/10.1063/1.1785131

Westerweel J, Scarano F (2005) Universal outlier detection for PIV data. Exp Fluids 39(6):1096–1100. https://
doi.org/10.1007/s00348-005-0016-6

Wooding RA, Bradley EF, Marshall JK (1973) Drag due to regular arrays of roughness elements of varying
geometry. Boundary-Layer Meteorol 5(3):285–308. https://doi.org/10.1007/BF00155238

WorldHealth Organization (2013) IARC: outdoor air pollution a leading environmental cause of cancer deaths.
Technical Report, World Health Organization, Geneva

123

https://doi.org/10.1017/S0022112009992047
https://doi.org/10.1017/S0022112009992047
https://doi.org/10.1006/jcph.1995.1042
https://doi.org/10.1017/jfm.2014.147
https://doi.org/10.1017/S0022112010005082
https://doi.org/10.1006/jcph.1998.5882
https://doi.org/10.1016/0378-7788(88)90026-6
https://doi.org/10.1016/0378-7788(88)90026-6
https://doi.org/10.1115/1.3119492
https://doi.org/10.1007/s00703-013-0254-8
https://doi.org/10.1007/s00703-013-0254-8
https://doi.org/10.1007/s00348-003-0655-4
https://doi.org/10.1007/s00348-003-0655-4
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.atmosenv.2015.05.016
https://doi.org/10.1016/j.atmosenv.2015.05.016
https://doi.org/10.1007/s10546-015-0124-7
https://doi.org/10.1017/S0022112000001865
https://doi.org/10.1017/S0022112000001865
https://doi.org/10.1063/1.1785131
https://doi.org/10.1007/s00348-005-0016-6
https://doi.org/10.1007/s00348-005-0016-6
https://doi.org/10.1007/BF00155238

	Effects of a Fence on Pollutant Dispersion in a Boundary Layer Exposed to a Rural-to-Urban Transition
	Abstract
	1 Introduction
	2 Methods
	2.1 Considered Cases
	2.2 Experimental Set-Up
	2.3 Numerical Set-Up
	2.3.1 Governing Equations and Numerical Method
	2.3.2 Domain and Boundary Conditions
	2.3.3 Statistics


	3 Results—Flow Statistics
	3.1 Approaching Flow Conditions
	3.2 The Flow Field Over the Urban Canopy

	4 Results—Pollutant Dispersion
	4.1 Mean Concentration Fields

	5 Modelling Considerations
	5.1 The Mixing-Length Model
	5.2 Scaling of the Mean Concentration Field

	6 Conclusions
	Acknowledgements
	References




