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Abstract Water-tunnel measurements of velocity, turbulence and scalar concentration for
three model urban canopies with aspect ratios Ar of building height-to-width of 0.25, 1 and
3 are presented. The measurements for the canopies with Ar = 1 and 3 are new, while the
measurements for Ar = 0.25 were previously published. A passive scalar was continuously
released from a near-ground point source, and the concentration was measured at several
distances from the source and at different heights above the ground. Plume spreads, con-
centration and distance from the source were non-dimensionalized using length, time and
velocity scales reflecting the geometry of the buildings. The scaling collapses the data for
all aspect ratios and is valid when the vertical extent of the plume is smaller than the canopy
height. The observed plume spreads are compared with analytical relations, which predict
linear growth in both transverse and vertical directions. The observed mean concentration
is compared with a Gaussian dispersion model that predicts a −2 power-law decay with
distance from the source.

Keywords Dispersion length scales · Gaussian plume model · Obstacle arrays ·
Urban canopy · Urban dispersion experiments · Water tunnel

1 Introduction

The interaction of atmospheric flow with the buildings of an urban area generates a boundary
layer with specific characteristics. A major difference compared to boundary layers over
flat terrain (Schlichting 1968) is the large size of the roughness elements (i.e. the buildings)
that are of the order of the overall boundary-layer height. The vertical structure of the urban
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boundary layer comprises a roughness sublayer near the ground and an inertial sublayer
above. In the lowest part of the roughness sublayer, the buildings form an urban canopy
layer. The large roughness of the urban boundary layer attenuates wind speeds, and the large
transfers of energy, humidity and radiant fluxes can affect the urban weather (Collier 2006).
This raises concern about the dispersion patterns and fate of contaminants released in urban
areas (Oke 1987; Molina and Molina 2004). Urban canopy parametrizations have been devel-
oped for numerical models to simulate the dynamic effects of buildings (Chin et al. 2005;
Delle Monache et al. 2009). However, generalization is difficult as turbulence characteristics
depend upon local building arrangements and geometry.

Roth (2000) presented a comprehensive review of atmospheric turbulence data over cities
including vertical profiles of friction velocity u∗, turbulence length scales, velocity and scalar
spectra, and root-mean-square (r.m.s., or standard deviation) of alongwind, transverse and
vertical velocity fluctuations σu, σv and σw, respectively. Turbulence intensities σu/U and
σw/U , where U is the local mean velocity, attained values of about 0.6 and 0.3 close to
the ground, with the results most scattered for nighttime conditions. The consensus of field
investigations undertaken in European cities such as Zurich (Rotach 1995), Basel (Rotach
et al. 2005), Marseille (Grimmond et al. 2004; Mestayer et al. 2005) and London (Dobre
et al. 2005) is of augmented turbulent velocity variances compared to flat rural terrain. Data
within the urban canopy (i.e. between the ground and the rooftop level) at Oklahoma City
and midtown New York City (Manhattan) have been reported by Hanna et al. (2007). The
urban canopy at Manhattan includes deep urban canyons (the urban canyon is defined as the
space between the buildings in the direction of the mean wind.)

Meteorological data in the boundary layer over urban areas are more scarce than over rural
sites, and methods to estimate urban meteorological variables using measurements from rural
sites were presented by Luhar et al. (2006). Alternative forms of investigation can be useful
to mitigate the costs of urban data collection. For example, the MUST (Mock Urban Setting
Test) field experiment (Biltoft 2001) has been undertaken using a large-scale model of an
urban canopy, where the roughness elements were formed by arrays of shipping containers.
The control and repeatability of laboratory experiments is also attractive. Macdonald et al.
(1998) undertook wind-tunnel experiments to develop parametrizations of surface roughness
due to obstacle arrays in terms of frontal and plan area densities λ f and λp . Macdonald
(2000) found that the mean velocity within the urban canopy could be modelled by the roof-
top velocity and an exponential decay factor, and noted that skimming flow occurred for
λ f > 0.2; neutral flow above the roughness elements was described by a logarithmic-law
profile. Cheng and Castro (2002) and Castro et al. (2006) determined spatially-averaged mean
velocity profiles from hot-wire and laser Doppler anemometry within the roughness sublayer
of cubic elements in a wind tunnel, and Gailis and Hill (2006) resolved velocities and scalar
concentration in a wind-tunnel simulation of MUST data, and noted channelling of the plume
in the direction of the mean wind. Yee et al. (2006) compared the MUST wind-tunnel data
with water-tunnel simulations and found qualitatively similar results. The MUST experimen-
tal data were also extensively analyzed using computational fluid dynamics simulations (e.g.,
Milliez and Carissimo 2007). Direct numerical simulations of model urban canopies have
been performed by Coceal et al. (2006), who showed the unsteady nature of the canopy flow,
and the effects of building layout on space- and time- averaged turbulence statistics.

A measure of the interaction between the buildings and the flow is given by the porosity
of the urban canopy, which determines the proportion of flow channelling through the gaps
between the buildings, and flow around and above the area. Porosity depends on the geometry
and the arrangement of the buildings, and can be estimated by several quantities, including
λ f , λp , and the aspect ratio of building height H to building width wb, Ar = H/wb. Thus
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parametrization of an urban canopy flow requires at least both areal parameters as well as
building scales. For instance, the drag exerted by the canopy is strongly influenced by the
area density factors, whereas flow channelling is affected by Ar . Values of aspect ratios in the
urban environment typically range between 0.1 and 3 (Grimmond and Oke 1999; Macdonald
et al. 1998), while industrial areas can have Ar ≈ 0.25: for Oklahoma City and Salt Lake
City Ar ≈ 1, and for Manhattan (NYC) Ar ≈ 3.

We present measurements of turbulence, velocity and concentration of material released
from a continuous point source for three model urban canopies with aspect ratios Ar = 0.25,
1 and 3. The measurements for the canopy with Ar = 0.25 were taken by Macdonald and
Ejim (2002) to reproduce the set-up of the MUST experiment, which consisted of a regular
series of prisms. The measurements for the canopies with Ar = 1 (arrays of cubes) and
Ar = 3 (arrays of tall prisms) are new. All experiments simulate in-canopy dispersion in the
near field, where the plume vertical dimension is smaller or comparable to the mean building
height.

When the vertical dimension of the plume is larger than the canopy height, dispersion is
governed by the scales of the background atmospheric boundary layer (Franzese and Huq
2011). When the plume is below the canopy height, we will show that dispersion is controlled
by canopy parameters. Prediction of dispersion requires knowledge of the time and length
scales of turbulence. We identify the vertical turbulence length scale as the height of the
canopy, and the transverse length scale as one half of the gap between the buildings. The
transverse and vertical turbulence time scales are defined by the ratio of the respective length
scale to r.m.s. velocity. The concentration data from the three experiments are scaled in order
to collapse and to be compared with an analytical urban dispersion model.

Section 2 describes the experimental set-up, and Sect. 3 summarizes the dispersion model
equations. Section 4 discusses measurements of profiles of mean and turbulent velocity fields,
while plume spreading and concentration data are discussed and compared with the model
predictions in Sect. 5. Conclusions follow in Sect. 6.

2 Experimental Methods

Experiments for the smallest aspect ratio canopy with Ar = 0.25 were undertaken in a water
tunnel at the University of Waterloo by Macdonald and Ejim (2002). The tunnel is 12.8 m
long with a 1.2 m × 1.2 m × 2.4 m long test section, and the canopy comprises 10 rows of four
buildings each. Each model building has height H = 50 mm, width wb = 0.2 m, and length
in the alongwind direction B = 50 mm. The lateral spacing G = 0.1 m and the longitudinal
spacing S = 0.2 m. The plan area density λp = Bwb/[(wb +G)(B + S)] and the frontal area
density λ f = Hwb/[(wb +G)(B+S)] = 0.13. Turbulent velocity measurements were made
with a micro-acoustic Doppler velocimeter. The scalar was hot water released at mid-height
of the buildings; scalar measurements were made with resistance temperature detectors at
the downwind distances x/B = 2.6, 7.6, 12.6, 17.6 and 22.6. Details of the experimental
facilities, flow, turbulence and concentration measurements are available in Macdonald and
Ejim (2002).

Laboratory measurements for the Ar = 1 and 3 canopies were undertaken in a water tunnel
at the Environmental Fluids Laboratory at the University of Delaware. The water tunnel is 4 m
long, 0.4 m deep, and 0.25 m wide. The Plexiglas walls enable flow visualization techniques,
and a free surface allows measurements with micro-conductivity probes. The free surface
affects the pressure gradient near the top of the water column and data were not obtained in
this region. Two uniform canopies with H = 32 mm and H = 96 mm, and wb = 32 mm
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Fig. 1 Schematic of the model urban canopies with Ar = 0.25 (left panel), Ar = 1 (centre panel), and
Ar = 3 (right panel). H is the building height, B is the length of the building along the x-axis, wb is the
building width, G and S are lateral and longitudinal spacings between buildings, respectively

were utilized for the experiments. The canopies consist of 22 rows of three 32-mm square
buildings, with lateral spacing G = 35 mm and longitudinal spacing S = 50 mm. The area
density factors are λp = λ f = 0.19 for the Ar = 1 canopy; λp = 0.19 and λ f = 0.56 for
the Ar = 3 canopy. Figure 1 shows a schematic of the three configurations, and the geometry
of the canopy.

Velocity measurements were taken along the centreline of an urban canyon in the x-z
plane, where x and z indicate the alongwind and the vertical directions, respectively. Scalar
measurements were taken at five distances downwind of the source along the centreline of
the urban canyon in the x-z plane, and in the lateral y direction at the ground.

Velocity measurements were determined using particle image velocimetry (PIV) with par-
ticles of diameter 75 µm and a 5-mm thick light sheet. Mean velocity U , r.m.s. alongwind
and vertical velocity σu and σw, and Reynolds stress −uw were determined at a distance
x/B = 38 from the source from 60-s long time series recorded on video. The errors from
measurement uncertainty are ±1 % for U,±5 % for σu and σw,±15 % for uw. For the urban
canopy flow an order of magnitude estimate of the large-eddy turnover time is wb/Ub or
H/Ub, where Ub is the flow velocity at the building height. Since turnover time ranges from
0.4 to 1.2 s, a 60-s time series includes approximately 50–100 large-eddy turnover realiza-
tions, and is sufficient for stable values of variance and mean of turbulent quantities. The
water tunnel is operated with a steady freestream velocity U∞ = 94 mm s−1 for Ar = 1
and 110 mm s−1 for Ar = 3. A Counihan vortex generator comprising 0.1-m high vorticity
generators was used to accelerate development of the boundary layer (Counihan 1969). The
vorticity generators are elliptic and positioned at alternating angles of 5◦ to the direction of
the mean flow; this results in a flow where velocity is transversely uniform to within 1 %
in the working section outside of the sidewall boundary layers (for details, see Cheah et al.
1983).

Boundary layers form at the walls of wind and water tunnels. Thus the scale of an experi-
ment is a compromise between reducing the size of the canopy to increase the distance from
the walls, and enlarging the size of the canopy to increase the Reynolds number. The distance
between the buildings and the sidewall is 42 mm, whereas the boundary layers in the exper-
iments grow to a thickness of 10 mm far downwind. As a precaution no measurements were
taken within 42 mm of the sidewalls, and there are no discernible boundary-layer effects in
the canyon where measurements were taken. Experiments were repeated four times so as to
check repeatability. The errors from repeatability over four realizations, estimated for each
variable as the average over all data points, are ±3 % for U,±10 % for σu and σw, and ±25 %
for uw.

The scalar source is a pipe of diameter 2 mm. A neutrally buoyant solution of alcohol and
brine is pumped through the pipe at a rate of 1,400 mm3s−1, maintained by a flow meter. The
pipe exit is located at the fifth row to ensure discharge into fully developed canopy flow. The

123



Measurements of Turbulence and Dispersion 107

source is at ground level (z = 0), at the centreline of the canyon (y = 0), at the centre of
the row (x = 0). The source momentum flux results in a potential core (i.e. the region near
the source where the jet has constant width) whose length depends on the exit velocity and
stratification (Rajaratnam 1976, Fig. 6. 17 and Huq 1997, Fig. 11). The length of the potential
core in the experiments is of the order of 10 source diameters, and therefore a virtual origin
at x/B = 1 was used to model the source location.

Concentration is measured by a micro-conductivity probe with spatial resolution of
0.4 mm and temporal resolution of 100 Hz. The dynamic range is more than three
decades, as the probe is capable of detecting concentrations below 0.1 % of the con-
centration at the source. Transverse and vertical concentration profiles are taken at the
non-dimensional distances x/B = 2.3, 4.8, 7.5, 13 and 17.8 downwind of the source.
The Schmidt number ν/κ , where ν is the kinematic viscosity and κ is the scalar dif-
fusivity, is approximately 700. At the scales under investigation, dispersion is driven
by turbulence, and molecular diffusion has a negligible effect, both in the water tun-
nel and in the atmosphere. Since the relationship between concentration and voltage
is linear over the small range of concentrations used in the experiments, the concen-
tration is given by c/Co = (V − Vb)/(Vo − Vb), where c/Co is the instantaneous
fraction of the source concentration Co, V is the instantaneous voltage signal, Vb is
the background voltage in the water tunnel, and Vo is the voltage in the source solu-
tion. The fluctuating signal is recorded on a computer using an analogue-to-digital
(A–D) converting board. The conductivity probe is mounted to a traversing rig moving
in the transverse, longitudinal, and vertical directions to accuracy higher than 0.5 mm. The
estimated errors for mean concentration are ±1 % from instrument uncertainty and ±10 %
from repeatability.

For the Ar = 0.25 canopy, the Reynolds number ReH = UH H/ν based on building
height and wind speed at that height is about 2,500 (taking ν = 1 mm2 s−1 for water). For
the Ar = 1 canopy ReH = 1, 664, and for the Ar = 3 canopy ReH = 7, 400. While higher
Reynolds numbers are certainly desirable, such low values are common in water-tunnel and
wind-tunnel experiments. For instance, ReH = 2, 020 in Yee et al. (2006), and ReH = 2, 859
in Cheng and Castro (2002).

An early estimate of the critical Reynolds number as ReH ≈ 104, determined from the
experiments of Golden (1961), is generally considered very conservative (Snyder 1981, p.
135). Using more accurate measurements, Castro and Robins (1977) observed Reynolds num-
ber independence in a shear flow when ReH > 4,000 (Snyder 1981, p. 136). More recently,
Cheng and Castro (2002) found that the drag coefficient is only weakly dependent on the
Reynolds number for ReH � 1191. (ReH in Cheng and Castro, 2002, can be calculated from
their Table 1 as ReH = Re

√
(CD)U∞/(CD)UH ). Also, the systematic study of the critical

roughness Reynolds number Re∗ = u∗zo/ν for rough-wall boundary layers conducted by
Snyder and Castro (2002) shows that the critical Re∗ = 1 in a staggered array of flat plates,
and is possibly lower for more closely spaced elements. In our Ar = 1 canopy Re∗ ≈ 20,
assuming zo ≈ 0.15H (Hanna et al. 2003).

3 Gaussian Dispersion Model

We use the Gaussian plume model presented by Franzese and Huq (2011), which was applied
to study dispersion above the canopies of four cities. The mean concentration field c of a tracer
emitted from a ground-level continuous source is approximated by the reflected Gaussian
relation
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c = Q

πUσyσz
exp

(

− y2

2σ 2
y

− z2

2σ 2
z

)

(1)

where y and z are the transverse and vertical directions, with the source located at y =
z = 0, σy and σz are the standard deviations of the transverse and vertical distributions of
concentration, Q is the release rate, and U is the mean wind speed across the plume.

The transverse dispersion coefficient σy is calculated using Taylor’s (1921) theory, assum-
ing horizontally homogeneous turbulence. The turbulent diffusion analysis of Taylor (1921)
predicts linear plume growth for t < TL (i.e., in the near field), where TL is the Lagrangian
time scale, and parabolic growth for t > TL (i.e., in the far field). The far-field parabolic for-
mulation corresponds to the configuration of a plume larger than the turbulence length scale.
Inside the canopy the turbulence length scales are comparable to the height of the buildings
and the widths of the canyons. Since in this study we focus on the near-field dispersion below
the canopy height, the plume does not grow larger than the turbulence length scales, and only
the near-field approximation of Taylor’s relation is needed:

σ 2
y = σ 2

yo + σ 2
v t2 (2)

where σyo is the plume transverse standard deviation at the source, and σv is the standard
deviation of the Lagrangian transverse velocity v.

The vertical dispersion coefficient σz is defined using the approach of Hunt and Weber
(1979) for ground-level sources in the neutral atmosphere.

σ 2
z = σ 2

zo + b2σ 2
wt2 (3)

where σzo is the plume vertical standard deviation at the source, and b is an empirical constant.
Franzese and Huq (2011) used b = 1 for daytime atmosphere, and b = 0.5 for nighttime
atmosphere; the value b = 1 is used in this study.

The values of σv, σw , and U used in the model have been calculated as follows:

1. Equation 2 is written as σ 2
y = σ 2

yo + (σv/U )2x2, and the ratio σv/U is obtained by a
best fit to the experimental data of σy , which are measured at different distances x .

2. The relationship σw = 2/3σv is assumed, and Eq. 3 is written as σ 2
z = σ 2

zo +
4/9b2(σv/U )2x2. The assumption σw = 2/3σv was used in Franzese and Huq (2011),
and is in accord with field measurements reported by Roth (2000) and Hanna et al.
(2007), and with laboratory measurements by Cheng and Castro (2002).

3. Finally, U is estimated by a best fit of Eq. 1 to the observed concentrations. The values
of σv, σw, and U are now determined.

4 Mean Velocity and Turbulence Measurements

Here we present plots of experimental measurements of mean velocity, turbulent fluctua-
tions and Reynolds stress for Ar = 1 and Ar = 3 taken at the centreline of the canyon, at
x/B = 38. The data for Ar = 0.25 are available in Macdonald and Ejim (2002), but are not
reported here as they are spatially averaged and are not directly comparable.

4.1 Mean Velocity

Vertical profiles of the non-dimensional mean velocity U/U∞ for both the Ar = 1 and Ar = 3
canopies are presented in Fig. 2. The mean velocity at the building height is Ub = 52 mm
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Fig. 2 Vertical profiles of the non-dimensional alongwind mean velocity U/U∞ for the Ar = 1 and the
Ar = 3 canopies. The ordinate on the left is for Ar = 1 and the ordinate on the right is for Ar = 3

s−1(Ub ≈ 0.6U∞) for Ar = 1, and Ub = 77 mm s−1(Ub ≈ 0.7U∞) for Ar = 3. Near
ground level, at about H/6, velocities are approximately one third of the rooftop velocity for
both canopies.

For the short canopy, the large velocity gradients in the vicinity of the rooftop level and
the ground indicate the presence of shear layers. The profile has a power-law like growth,
with no inflection. The measurements of Macdonald et al. (2000) for a short canopy display
the variation of the form of the velocity profile as a function of the lateral position, and show
that vertical profiles behind a building possess a pronounced inflection, whereas the profiles
in the canyon do not. Thus our profile does not exhibit an inflection point at rooftop level
because it was measured at the centreline of the canyon.

For the tall canopy the velocity profile shows slow growth with height up to the rooftop
level, where there is an inflection point, and a power-law growth above. A possible expla-
nation for the form of the profile including an inflection point may be related to the larger
area factor of the tall canopy (λ f = 0.56). The turbulent wakes behind the buildings of the
tall canopy are very anisotropic, with a vertical length scale about three times the horizontal
length scale. Since the buildings are relatively close to each other (G = H/3), and the wind
speed at the rooftop level is relatively high, the wake may extend or fluctuate laterally and
reach the canyon centreline. Therefore, the velocity profile at the canyon centreline for a tall
canopy displays a signature of the wake, namely an inflection point.

4.2 Velocity Fluctuations

Vertical profiles of the non-dimensional r.m.s. of longitudinal velocity σu/U∞ are plotted in
Fig. 3. The values of σu for both canopies have a peak in excess of 0.1U∞ slightly below the
rooftop level, and decrease to background values (σu ≈ 0.055U∞) aloft. Within the canopy,
σu is relatively constant (≈ 0.1U∞) for the short canopy, while for the tall canopy it increases
with height, with values at rooftop level about twice as large as at ground level. The different
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Fig. 3 Vertical profiles of the non-dimensional alongwind velocity fluctuation σu/U∞ for the Ar = 1 and
the Ar = 3 canopies

behaviour of σu near the ground between the two canopies arises from the presence of the
wake at the canyon centreline for the Ar = 3 canopy. In contrast, the wake does not extend to
the canyon centreline for the Ar = 1 canopy, consistent with the features of the mean wind
profile in Fig. 2 and its related discussion. Near ground level, for both canopies σu ≈ 0.5U ,
where U is the local mean flow speed, in agreement with field data for Oklahoma City and
New York City (Hanna et al. 2007).

Figure 4 shows the profiles of the non-dimensional r.m.s. of vertical velocity σw/U∞.
The profiles display a region of enhanced turbulence intensity near the rooftop level, and the
peak values of σw also occurring slightly below the rooftop level.

4.3 Reynolds Stress

The vertical profiles of the non-dimensional Reynolds stress −uw/U 2∞ are presented in
Fig. 5. The Reynolds stress is negative at the ground and up to about 0.3–0.5 of the canopy
height. The negative values near the ground may not have a clear physical interpretation,
because they are small (about one order of magnitude smaller than at the rooftop level) and
the uncertainty associated with the Reynolds stress is larger than for the turbulent velocity
variances. The negative Reynolds stress near the ground can easily be the result of experimen-
tal errors. Small negative values are also found in the wind-tunnel measurements of Castro
et al. (2006) for cube arrays, and of Kastner-Klein and Rotach (2004) for a scale model city
of Nantes, France.

In the vicinity of the rooftop level the signature of a shear layer is evident in the elevated
values of the Reynolds stress profiles. The vertical extent of the shear layer is about 2H for the
short canopy and H for the tall canopy, in agreement with the analysis of Huq et al. (2007).
Above the rooftop level, the non-monotonic behaviour may be partially due to experimental
error, although other factors such as turbulence inhomogeneities due to the vortex generator
may have played a role.
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Fig. 4 Vertical profiles of the non-dimensional vertical velocity fluctuation σw/U∞ for the Ar = 1 and the
Ar = 3 canopies
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Fig. 5 Vertical profiles of the non-dimensional Reynolds stress −uw/U2∞ for the Ar = 1 and the Ar = 3
canopies

In summary, the profiles of mean velocity, turbulent fluctuations and Reynolds stress
suggest four different turbulence regimes within the canopy flow:

1. Near the ground—the Reynolds stress is comparable for both canopies. A shear layer
develops as the large mean velocity gradient dU/dz energizes turbulence produc-
tion −uwdU/dz. The vertical fluctuations are weaker than the horizontal fluctuations
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Fig. 6 Comparison of the wind-speed profiles for the Ar = 1 canopy with the wind-tunnel measurements
reported by Macdonald (2000)

because of the attenuating effect of the ground. The magnitude of σu is larger for the
short canopy mainly because the near-ground wind speed for the short canopy is larger
than for the tall canopy. This is consistent with the observed σu/U ≈ 0.5 for both
canopies, where U is the local mean wind speed. In addition, σu for the short canopy
may be enhanced by the rooftop shear layer which extends downward to the ground, in
contrast with the shear layer from a tall canopy, which does not (Huq et al. 2007).

2. Mid-height—in the short canopy, the higher wind speeds enhance the horizontal turbu-
lent fluctuations. The shear layer from the rooftop of the short canopy may also contribute
to the production of turbulence (the shear layer from the tall canopy may not reach down
to mid-height). As a consequence, the tall canopy displays weaker levels of horizontal
turbulence.

3. Rooftop level—the dynamics are dominated by the shear layer, which results in large
values of Reynolds stress, horizontal and vertical turbulent fluctuations.

4. Above the canopy—turbulence gradually attenuates to the background levels aloft.

4.4 Comparisons with Other Data

Figure 6 shows a comparison of the present wind-speed profiles with the wind-tunnel mea-
surements over regular arrays of cubic obstacles reported by Macdonald (Hall et al. 2000;
see also 1998) for a comparable value of λ f = 0.2. Within the canopy the flow is laterally
inhomogeneous because of the alternance of buildings and canyons. The data of Macdonald
(2000) are laterally averaged between the wake and the canyon whereas our measurements
are taken at the canyon centreline. This leads to two differences between the datasets, namely
the values of Macdonald (2000): (i) possess an inflection point; and (ii) are smaller within
the canopy, as flow speeds in the wake are smaller than in the canyon. Above the canopy,
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Fig. 7 Comparison of σu/u∗ and σw/u∗ profiles for the Ar = 1 canopy with the wind-tunnel measurements
reported by Cheng and Castro (2002) and by Macdonald et al. (2000)

where the influence of the wakes and the canyons are small, the two datasets are in better
agreement.

The turbulence measurements normalized by the friction velocity u∗ compare well with
field data in urban areas reported by Hanna et al. (2007). In our experiments u∗ was esti-
mated as the square root of the peak value of the Reynolds stress; u∗ = 4.3 mm s−1 for
Ar = 1, and u∗ = 5 mm s−1 for Ar = 3. In Oklahoma City (Ar ≈ 1) at a height of 8 m
σw/u∗ = 1.5, compared to our measured σw/u∗ = 1.3 at the rooftop level; in Manhattan
(Ar ≈ 3), σw/u∗ = 1.8 at the rooftop level, compared to our measured σw/u∗ = 2.

Our rooftop values for σu are also in good agreement with field data: in Oklahoma City
σu/u∗ = 2.4 at 8 m, which compares to our measured σu/u∗ = 2.3 at the rooftop level. In
Manhattan the observed σu/u∗ = 2.4 at the rooftop level, which compares to our measured
σu/u∗ = 2.7.

Typical values of turbulence intensities for a neutral boundary layer are σw/u∗ ≈ 1.3 and
σu/u∗ ≈ 2.5. Thus the results suggest that for short canopies the rooftop values of σw/u∗ and
σu/u∗ are comparable to the values for a neutral boundary layer. For tall canopies, horizontal
turbulent intensity is comparable, but the vertical turbulence intensity is higher than for the
neutral boundary layer. This suggests that the neutral boundary-layer similarity scaling may
not apply to tall canopies, or may require different values of turbulence intensities.

Figure 7 shows a comparison of the present data for σu and σw normalized by u∗ with
the measurements taken by Cheng and Castro (2002) for arrays with λ f = 0.25 and by
Macdonald et al. (2000) for arrays with λ f = 0.16. Note that the array used in Cheng and
Castro (2002) differs from the others in that it is aligned in the longitudinal direction but not
in the crosswind direction. The values of σu/u∗ are all in good agreement above the rooftop
level. Within the canopy, our values do not decrease as do those of Macdonald et al. (2000)
because our measurements are taken at the canyon centreline, whereas those of Macdonald
et al. (2000) are laterally averaged. Our σw/u∗ data values above the canopy are typically
about 50 % of the Cheng and Castro (2002) values and about 75 % of the Macdonald et al.
(2000) values. A notable difference is the location of our peak below the rooftop level.
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Fig. 8 Downwind evolution of the normalized transverse spread σy/wb (left panel) and vertical spread σz/H
(right panel) as functions of normalized distance from the source x/B

Several factors contribute to the differences between the experimental values of the
datasets, including: (i) the method of accelerating boundary-layer development (e.g., the
presence or absence of a vortex generator); (ii) instrument resolution; (iii) inertial effects of
the particles used for the PIV measurements; (iv) downwind measurement location (i.e., the
fetch); (v) spatial averaging of measurements; and (vi) different experimental configurations
(such as different area factors, or alignment of the arrays in the longitudinal but not in the
crosswind directions).

5 Dispersion and Model Comparison

Above the canopy, dispersion is mainly determined by the background turbulence character-
istics of the atmospheric boundary layer (Franzese and Huq 2011). In contrast, dispersion
below the canopy is determined by a number of factors including the configuration of the
buildings and the location of the source. For instance, the relevant turbulence time and length
scales controlling dispersion are related to the mean building height and to the spacing
between buildings. In this section we present the observed plume spreads and concentration
data for the Ar = 0.25, 1 and 3 canopies. Using appropriate scales, the data for all canopies
can be non-dimensionalized, represented together in the same plot, and compared with the
model predictions.

5.1 Plume Spreads

The measurements of plume transverse and vertical spreads σy and σz were obtained by fitting
the transverse and vertical profiles of concentration with Gaussian and reflected Gaussian
relations, respectively. The concentration profiles were Gaussian to a good approximation,
ensuring a satisfactory fit. Figure 8 shows the evolution of the measured σy/wb and σz/H as
functions of downwind distance x/B from the source. The data for σy/wb and σz/H do not
vary systematically with aspect ratio, nor do the data collapse, suggesting that other scales
besides B, wb and H influence dispersion. For instance, advection needs to be explicitly
included, because the experiments were conducted using different freestream velocities.
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Fig. 9 Growth rate of σy/L y as a function of the non-dimensional distance x/U Ty , along with the prediction
of Eq. 2

In order to perform a meaningful comparison between model results and canopies with
different aspect ratios, the measurements are scaled by the transverse and vertical turbulence
length scales L y and Lz , the transverse and vertical turbulence time scales Ty and Tz , and the
advection velocity U . The data are represented as σy/L y versus x/U Ty , and σz/Lz versus
x/U Tz , noting that physically x/U Ty and x/U Tz are ratios of advective to overturning time
scales. Within the urban canopy, H is a natural choice for the vertical length scale of the
turbulence, hence we assume Lz = H . Likewise, the width of the canyon G (see Fig. 1) can
be associated with the transverse size of the largest eddies between the buildings. Because
eddies are shed from the buildings on both sides of the gap, the transverse length scale for
the turbulence can be taken as L y = G/2. The measurements of velocity correlations in the
experiments of Castro et al. (2006) for above-canopy turbulence show that Lz tends to H and
L y tends to H/2 as z tends to H from above. Since G = H in the canopy used by Castro
et al. (2006), their measured L y is consistent with our assumption L y = G/2. The turbulence
time scales are estimated as Ty = L y/σv and Tz = Lz/σw.

Equation 1 was derived for ground-level sources. Since the source for the Ar = 0.25
canopy was located at the mid-height of the buildings, the maximum concentration near
the source does not occur at the ground. At larger distances, the effect of the source height
becomes negligible. Therefore, the data for Ar = 0.25 at the two closest distances x/B =
0.26 and 7.6 are not included in our comparisons. Values of quantities used in the model
and for scaling the data are summarized in Table 1. The choice of σv and U was determined
through the fitting procedure described in Sect. 3: U is a characteristic value of the velocity
profile over the height of the plume (i.e., over σz for ground-level releases). As the aspect
ratio increases, the distance from the rooftop level to the centre of the plume increases and
thus U/Ub varies inversely with the aspect ratio. Note that for the Ar = 0.25 canopy U = Ub

because the plume is modelled only at the far downwind stations, where σz ≈ H , as shown
in Fig. 8. As a general rule, we obtained σv/U ≈ 0.1 for the three canopies. Figure 9 shows
the growth rate of σy/L y as a function of the non-dimensional distance x/U Ty , along with
the prediction of Eq. 2. The non-dimensional data for all canopies collapse well and follow
a linear plume growth in accord with Eq. 2; the curve approaches the source size σo/L y as
x → 0.
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Fig. 10 Growth rate of σz/Lz as a function of the non-dimensional distance x/U Tz , along with the prediction
of Eq. 3

The laboratory data for the downwind evolution of σz/Lz along with the theoretical
prediction given by Eq. 3 are shown in Fig. 10. The model compares well with the data,
although the scatter for σz is larger compared to σy , due to the limited vertical extent
of the measurements, and possibly to the approximation introduced by the assumption
σw = 2/3σv .

5.2 Concentration

Figure 11 shows the downwind evolution of vertical profiles of normalized centreline con-
centration C/Co, where Co is the concentration at the source, for the three urban canopies.
For the Ar = 0.25 canopy the effect of the source height (at z = 0.5H ) on the form of the
profile and on the location of the peak concentration becomes negligible after x/H = 12.6.
For Ar = 1 the vertical profiles have a maximum at the ground and strong vertical gradi-
ents at short distances from the source. The profiles become nearly uniform after x/B > 7.5.
Vertical gradients near the source are also large for Ar = 3 but the profiles do not become ver-
tically uniform even at the furthest station at x/B = 17.8. The differences between modelled
and observed vertical profiles at short distances arise from the approximations inherent in the
model, namely the use of a unique U at all distances, and the use of analytical relations (as
opposed to measured values) for σy and σz . An additional approximation is introduced by the
effects of the non-zero source momentum flux at short distances, which are not accounted for
by the model. Figure 12 shows the good agreement between C/Co at ground level predicted
by Eq. 1 and the measurements for all canopy experiments.

The evolution of the measured concentration data, non-dimensionalized as CU L y Lz/Q,
with the scaled distance from the source x/U T , where T = (Ty Tz)

1/2, are plotted in Fig. 13.
The data for all three canopies collapse well, and follow the C ∼ x−2 decay predicted by
Eq. 1. The decay can be described by the relation CU L y Lz/Q = (kU 2T 2)x−2 with k ≈ 0.3.
The advantage of using the non-dimensional group CU L y Lz/Q compared to other groups
such as, e.g., CU/Q, is that the latter does not account for the geometry of the canopy,
therefore it may not collapse the data from canopies with different aspect ratios.
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Fig. 11 Vertical profiles of normalized mean concentration C/Co, where Co is the concentration at the source,
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Fig. 12 Predicted versus
observed normalized
ground-level concentration C/Co
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The non-dimensional groups CU L y Lz/Q and x/U T both include the variables U and
T because CU L y Lz/Q can be written as CUσvσwT 2/Q. Therefore, it is possible that the
observed relationship between CU L y Lz/Q and x/U T is partially spurious. The amount of
spurious correlation arising from the common variables U and T was examined in detail in
Franzese and Huq (2011) for urban dispersion data from field experiments and found to be
negligible.
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Fig. 13 Measured non-dimensional concentration CU L y Lz/Q as a function of the non-dimensional distance
from the source x/U T , along with the model prediction of Eq. 1

6 Conclusions

We presented water-tunnel measurements of velocity, turbulence, and concentration for three
different model urban canopies. The measurements for the canopy with aspect ratio of build-
ing height to width Ar = 0.25 were taken by Macdonald and Ejim (2002); the data for
the canopies with Ar = 1 and 3 are new. The direction of the mean flow was parallel to
the canyons, a passive scalar was continuously released from a point source, and concentra-
tion was measured at different distances from the source and at different heights above the
ground. The observed plume transverse and vertical spreads were compared with analytical
relations derived from the theories of Taylor (1921) and Hunt and Weber (1979), which pre-
dict linear growth in both the transverse and vertical directions. The concentration data were
compared with the predictions of a Gaussian model, which predicts a −2 power-law decay
of concentration with distance from the source.

Spreads, concentrations and distance from the source were non-dimensionalized using
L y, Lz, Ty, Tz , and U , which were defined based on the geometry of the buildings. Such
scaling collapses the data for all three aspect ratios, and is valid as long as σz � H . An estimate
of distances for which the plume remains below the canopy height H can be obtained from
the σz data reported in Fig. 10, which show that σz ≈ Lz at x ≈ U Tz . Using the typical urban
canopy values Lz = 20 m, U = 3–5 m s−1 and σw = 0.7 m s−1, the plume remains below
the canopy up to a distance of approximately 100 m from the source; for larger distances
the scaling is determined by characteristics of the atmospheric turbulence above the canopy
(Franzese and Huq 2011). In all experiments the source was located at the centreline of the
canyon. For sources located behind a building the dynamics of dispersion is affected by the
recirculating region in the building wake. In this case, the model accuracy may be improved
by explicitly including the source effects (e.g., by using a virtual source size).

The wind direction in the experiments was parallel to the direction of the canyons. Small
variations of wind direction have a negligible effect as the plume maintains its alignment
with the axis of the canyon because of alongwind channelling of the flow. Wind directions at
large angles to the canyon centreline would alter the frontal area density, the wind-speed and
turbulence profiles, and would cause plume veering due to crosswind channelling of the flow.
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