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ABSTRACT

The nature and role of the shear layer, which occurs at the level of the average building height in urban
canopies, are poorly understood. Velocity data are analyzed to determine the characteristics of the shear
layer of the urban canopy, defined as the broad, linear segment of the mean velocity profile in a region of
high shear. Particle image velocimetry measurements in a water tunnel were undertaken to resolve velocity
profiles for urban canopies of two geometries typical of Los Angeles, California, and New York City, New
York, for which the aspect ratios (average building height-to-width ratio) H/w,, are 1 and 3, respectively.
The shear layers evolve with distance differently: For H/w, = 1 the urban canopy shear layer extends
quickly from above the building height to ground level, whereas for H/w, = 3 the urban canopy shear layer
remains elevated at the vicinity of the building height, only reaching to a depth of z/H ~ 0.5 far downstream.
Profiles of the mean velocity gradient also differ from each other for urban canopies associated with H/w,,
of 1 or 3. Values of shear dU/dz increase toward ground level for an urban canopy associated with H/w, =
1. For an urban canopy associated with H/w,, = 3, localized peaks of shear dU/dz exist at the building height
and at ground level, with values of shear decreasing to zero at building midheight and far above the building
height. A consequence of the different forms of the shear layers of the two urban canopies is that the
ground-level dispersion coefficient is likely to be greater for urban canopies associated with H/w, = 1 than
for those associated with H/w, = 3 because of an increased ventilation and exchange mechanism for cities

such as Los Angeles relative to cities such as New York City that possess urban canyons.

1. Introduction

Field data of the velocity profile within and above
cities are scarce (and also expensive to obtain). None-
theless, such information is a prerequisite toward de-
veloping an understanding of the dynamics of flow in
and above cities (Roth 2000). The flow field over cities
has similarities to (boundary layer) flow over rough
surfaces, and much has been learned from comparison
with the flow field of turbulent flow in plant canopies
(Shaw et al. 1974; Finnigan 2000). Indeed, the term
urban canopy is now commonly used when describing
the airflow over cities or urban areas. Parameteriza-
tions for urban canopies have been developed for flow
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variables associated with boundary layer flow, such as
friction velocity, shear stress, effective roughness
length, displacement heights for momentum and shear
stress, and extents of the roughness sublayer and iner-
tial sublayer composing the boundary layer of the ur-
ban canopy (Jackson 1981; Oke 1987; Kaimal and
Finnigan 1994; Rotach 1995; MacDonald et al. 1998;
Brown et al. 2000; Britter and Hanna 2003; Kastner-
Klein and Rotach 2004). Extensive field data have been
collected in Oklahoma City, Oklahoma (Brown et al.
2004); London, United Kingdom [the Dispersion of Air
Pollution and Penetration into the Local Environment
(DAPPLE) program; Dobre et al. 2005]; and Basel,
Switzerland (Rotach et al. 2005) to develop datasets of
flows in cities. Observations show that the flow fields in
all of the above urban canyons are locally inhomoge-
neous—for example, strong vortices exist at the corners
of buildings—so that the generality of parameteriza-
tions may be limited.
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It has been established that flows in and above urban
areas have similar mean velocity profiles to flows
through plant canopies. Kaimal and Finnigan (1994)
present data from field and wind-tunnel measurements,
with the mean velocity profile normalized by the mean
velocity at the height of the plant canopy. They found
that introducing this method of scaling collapses the
datasets. We find that a similar scaling is useful for
urban canopies: the average building height H and the
mean velocity U at the building height (at z = H),
denoted as U,. A nondimensional group that usefully
distinguishes between canopies of similar areal arrange-
ment but differing building heights is the aspect ratio
H/w,, where w, is the average building width. Thus,
urban canopies with H/w, = 1 and with H/w, = 3 are
characteristic of midtown Los Angeles (LA), Califor-
nia, and New York City (NYC), New York, respec-
tively. The mean velocity profiles of shear layers ap-
proximate a hyperbolic tangent (Ho and Huerre 1984);
this attribute has proved to be useful in the analysis of
flow within and above plant canopies (Raupach et al.
1996) as well as in aquatic flows with submerged veg-
etation (Ghisalberti and Nepf 2002). We find that it is
also helpful in the analysis of flow above and in urban
canopies.

Laboratory experiments have been useful in urban
boundary layer research. Studies in water tunnels have
established the characteristics of probability distribu-
tions of scalar fluctuations in turbulent boundary layer
flows (Yee et al. 1993). Brown et al. (2000) and Schatz-
mann and Leitl (2002) found high turbulence levels oc-
curred above buildings and that vortices formed behind
buildings in wind-tunnel tests of urban canopies. Jime-
nez (2004) provided a summary of experimental data
on turbulent flows over rough walls and discriminated
the role of the roughness Reynolds number and the
ratio of the boundary layer thickness to the roughness
height in determining whether a logarithmic profile ex-
ists. Kastner-Klein and Rotach (2004) discussed the
mean flow and turbulence characteristics in a wind-
tunnel urban boundary layer that utilized high-resolu-
tion measurements “inside and above a realistic urban
canopy with highly variable building heights and
shapes.” A useful method to calculate the roughness
height z, and displacement height d of a model urban
canopy comprising an array of obstacles in a wind tun-
nel was developed by MacDonald et al. (1998). He uti-
lized a frontal area density A and a plan area density A,
to characterize urban canopies and evaluated drag
forces to determine how z, and d varied with area den-
sity; the use of A,and A, to characterize urban canopies
is now standard (where A, = A//A is the ratio of the
building frontal area A, to the building lot area A, and
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A, = A,/Ais the ratio of the building plan area A, to
the building lot area A7). Note that A, does not distin-
guish between urban canopies of differing average
building heights and that A, does not distinguish be-
tween urban canopies with differing arrangements of
similar buildings. It is evident that it is difficult to char-
acterize urban canopies with a single parameter. Thus,
in general, we adopt the practice of using the parameter
H/w,, as well as A\, and A, to characterize urban cano-
pies.

The principal feature of the flow over an urban
canopy is a turbulent shear layer that occurs in the
vicinity of the mean building height. This shear layer
separates the broadly uniform but faster-moving turbu-
lent layer above from the broadly uniform but slower-
moving turbulent layer below (see Figs. 1 and 3, both of
which are described in more detail below). To date
there has been little research on the character and dy-
namics of this shear layer. The purpose of this paper is
to address this shortcoming. High-resolution measure-
ments, both temporal and spatial, are undertaken in
model urban canopies in a water tunnel. Measurements
are taken of the velocity and scalar field for both mean
and turbulent quantities; in this paper, we only report
on mean velocities. Other measurements are reported
elsewhere (Huq et al. 2007, manuscript submitted to
Bound.-Layer Meteor.). Laboratory data are under-
taken for two urban canopies with aspect ratios H/w,, =
1 (hereinafter denoted as Hwbl) and H/w, = 3 (here-
inafter denoted as Hwb3), respectively. An Hwbl ur-
ban canopy is representative of midtown LA; an Hwb3
urban canyon is representative of midtown NYC. The
comparison between the different canopies facilitates
understanding of the flow in deep urban canyons typi-
cal of NYC, London, and Tokyo, Japan.

The objectives of the experiments are to quantify
important structural features of the shear layer for
canopies of different aspect ratios. Such quantification
is important for understanding the mechanics of disper-
sion in urban canopies and the vertical turbulent ex-
change processes between the urban canopy and the
overlying atmosphere. We also present normalized data
of the velocity field in urban canopies in forms useful
for numerical modeling.

2. Experimental method

Laboratory experiments were undertaken at the En-
vironmental Fluids Laboratory at the University of
Delaware. The water tunnel is 400 cm long, 40 cm deep,
and 25 cm wide and is constructed from Plexiglas. The
Plexiglas walls allow the use of flow visualization tech-
niques in addition to particle image velocimetry (PIV)
and conductivity probe measurements. The water tun-
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F1G. 1. Schematic of the experimental flow configuration for urban canopies with aspect
ratios H/w,, of (left) 1 and (right) 3. Note that the mean velocity profile resembles a boundary
layer profile for an Hwb1 urban canopy; in contrast, the mean velocity profile for an Hwb3
urban canopy approximates a shear-layer profile that is “tanh” like.

nel is designed to operate with stratification; however,
for this experiment only neutral conditions are investi-
gated. The total water depth in the tunnel is approxi-
mately 30 cm, and free-stream velocities were approxi-
mately 10 cm s~ . For all experiments, the flow was in
steady state. A Counihan vortex generator of 10-cm
height, located upstream of the working section, is used
to promote boundary layer development (Counihan
1969). Values of Reynolds number were approximately
10 000, which is sufficient for fully turbulent flow
(Meroney 1990).

Two homogeneous urban canopies with aspect ratios
H/w, of 1 and 3 are used to compare cities that have
shallow urban canyons (such as LA) with cities that
have very deep urban canyons (such as NYC), respec-
tively (see Fig. 1). Dimensions of the uniform height
canopy are defined in Fig. 2. Here, H is the building
height, B is the longitudinal (corresponding to along
the x axis) building width, w,, is the lateral or transverse
building width, G is the lateral or transverse spacing
between buildings, and S is the longitudinal spacing
between buildings. The canopies consist of 22 rows of
three 3.2-cm-per-side square buildings, spaced 3.5 cm
laterally and 5 cm longitudinally. The space between
the buildings in a longitudinal direction is defined as the
urban street canyon. The values for the areal densities
Arand A, are both 0.186 for an urban canopy of aspect
ratio H/w, = 1; for an urban canopy with aspect ratio
H/w, = 3, values for A; and A, are 0.559 and 0.186,
respectively. The values of A, = 0.186 and 0.559 are
representative of the frontal densities Ayin midtown LA
and midtown NYC, respectively. Note that the ratio
G/w,, in this study is approximately O(1). The influence
of this nondimensional parameter needs to be investi-
gated, especially for the case in which G/w, < 1.

The buildings are arranged in a regular array, as op-
posed to an irregular array, so that the urban canyons
are particularly well defined. This arrangement, to-
gether with the uniform building height, represents an
obvious idealization of a real city. It is prudent to re-

mark on limitations arising from such idealization. Hall
et al. (1996) examined the flow fields of both regular
and staggered models of an urban canopy in a wind
tunnel and found that the roughness lengths z, were
greater for staggered arrays. The lack of variation of
building height of the idealized urban canopy may not
accurately represent the “skimming flow” regime (Oke
1987) that occurs at larger areal densities of A, = 0.2.
The most likely consequence of our idealized regular
and uniform height representation of an urban canopy
is that the large localized values of the velocity gradient
measured at rooftop levels in our study (see Fig. 10,
described in detail below) are an overestimate. This is
likely because localized values of (dU/dz)w,/U, mea-
sured at rooftop levels in urban canopies with nonuni-
form heights will be smeared or diffused by the varying
building heights.

Velocity measurements were taken along the center-
line of the urban canyon in the x—z plane. A PIV system
was used to obtain mean and fluctuating velocity quan-
tities (U, u', and w'), including shear stress uw, and
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F1G. 2. Schematic showing parameters used to define urban
canopy dimensions. Square blocks of length B = 3.2 cm, width
w, = 3.2 cm, and height H = 3.2 or 9.6 cm are arranged in a
regular grid to form urban canopies with aspect ratios H/w, = 1
and 3, respectively. Lateral spacing G between obstacles is 3.5 cm,
and longitudinal spacing S is 5 cm, yielding a plan area density A,
of 0.186 for both aspect ratios and frontal area densities A,of 0.186
and 0.559 for H/w, = 1 and H/w, = 3, respectively.
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F1G. 3. Mean velocity profiles for Hwb1 and Hwb3 urban canopies at a downstream location
x/B = 38. The vertical extent, or thickness, of the elevated shear layer in the vicinity of the

building height is shown by the straight line.

each time series was typically 60 s in duration. (For the
typical scales of the flow field, eddy turnover times
were approximately 2 s; thus a 60-s time series contains
about 30 eddies. This is sufficient for stable values of
quantities arising from statistical analysis of the fluctu-
ating velocities.) A video camera was used to record
images of the passing particles at 30 Hz for various x
locations (10, 32, 70, 90, and 122 cm). Experiments were
performed at night to minimize disturbances from other
lighting sources and to improve quality of the data. The
estimates of error are 5% in mean velocity, 10% in rms
velocity, and 15% for shear stress uw. We have at-
tempted to present laboratory data in a manner that
will facilitate comparison with field data.

Flow in the tunnel resembles a boundary layer (i.e.,
power law) profile for an Hwb1 urban canopy, whereas
for the Hwb3 urban canopy the velocity profile has an
inflection point just below the building height. The
value of the mean velocity at the building height (z/H =
1) is defined as U,; this velocity scale U, is used to
nondimensionalize velocity profiles. Average values of
U, for Hw, = 1 are 5.9 cms™'; for H/w, = 3, values
of U, are 7.1 cm s~ ' for distances up to x/B = 10 and
7.6 cm s ! for larger distances. Figure 3 shows velocity
profiles for Hwb1l and Hwb3 urban canopies and how

we define the shear-layer thickness; endpoints of an
empirical straight line fit through the extent of the lin-
ear region of the velocity profile are the vertical limits
of the shear layer (e.g., for the Hwb3 urban canopy
U/U, ~ 0.5 at z/H ~ 0.5 and U/U,, ~ 1.3 at z/H ~ 1.5).
The shear-layer thickness was calculated using this
method for each x location.

3. Results and discussion

Nondimensional velocity profiles for the two urban
canopies are presented in Figs. 4 and 5. (Here, height z
and distance x are nondimensionalized by building
height H and longitudinal building width B, respec-
tively.) Broadly, the profiles for Hwb1 and Hwb3 urban
canopies resemble a power-law boundary layer and a
shear layer, respectively. (A well-known characteristic
of shear layers is an inflection point in the middle of the
profile; e.g., Kundu and Cohen 2004.) The profiles for
Hwbl urban canopy show that mean velocities below
the building height or rooftop level z/H ~ 1 decrease
with increasing values of distance x/B (e.g., for z/H ~
0.5, U/U, ~ 0.8 at x/B ~ 3 vs U/U, ~ 0.3 at x/B ~ 38).
Conversely, above the building height, mean velocities
increase with distance x/B (e.g., for z/H ~ 2, U/U, ~ 1
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FiG. 4. Longitudinal evolution of the mean velocity profile for the Hwbl urban canopy at
various distances.
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Fi1G. 5. Longitudinal evolution of the mean velocity profile for the Hwb3 urban canopy at
various distances. Regions A and C indicate layers of turbulence with approximately uniform
velocity below and above a turbulent shear layer B.

at x/B ~ 3 vs U/U, ~ 1.25 at x/B ~ 38). For both Hwbl1
and Hwb3 urban canopies the rate of change in the
velocity profiles occur throughout the region from
x/B = 3 to x/B = 38, rather than any particular fetch.
Although the profile resembles a power-law boundary
layer, the evolution of the mean velocity profile in the
x direction (i.e., variation of the power-law index) is not
representative of boundary layer behavior, and thus
profiles cannot be fitted by a single boundary layer pro-
file.

The velocity profiles for the Hwb3 urban canopy also
evolve with distance x; it is evident in Fig. 5 that the
shear-layer thickness increases with distance x. The
profiles have three distinct vertical regions. Region A,
ranging from ground level to building midheight (0 <
z/H < 0.5), lies deep within the canopy and has small
values of dU/dz (~0.3 s™'); region B, ranging from
building midheight to above the building height (0.5 <
z/H < 1.5), has larger values of dU/dz (~1 s~ ') and
possesses an inflection point—this layer is defined as
the shear layer; region C above the canopy (z/H > 1.5)
has small values of dU/dz (~0.3 s™!). The Hwb3 urban
canopy velocity profiles are similar in form to profiles
observed in terrestrial and aquatic vegetated canopies

(Kaimal and Finnigan 1994; Ghisalberti and Nepf
2002). Nondimensional mean velocity profiles were
found to fit well to the hyperbolic tangent form deter-
mined by Ghisalberti and Nepf (2002) for canopies of
aquatic flows with submerged vegetation. For the pur-
pose of estimating mean velocities in urban areas, we
propose a similar relationship using urban canopy pa-
rameters:

U_U*OS N z—H )
AU RN oA e ) M

Here U is the mean velocity profile, U is the average of
the velocities at regions A and C (see Fig. 5), AU is the
difference in velocity between regions A and C, z is the
vertical height above ground, H is the building height,
Azg is the shear-layer thickness, and the ratio Azg; /a is
the momentum thickness. (In physical terms, a is the
ratio of the shear-layer thickness to the momentum
thickness.) The value of a was determined empirically
from the data to provide the best fit to the hyperbolic
tangent profile. Figure 6 shows the measured mean ve-
locity profiles for the Hwb3 urban canopy together with
Eq. (1) for values @ = 5 and a = 7 to check sensitivity.

—
w
% — Hyperbolic tangent
= x  x/B=3
& + x/B=10
~ *  x/B=22
- x/B=28
*  x/B=38
-0.5 0 0.5 -0.5 0 0.5
(U-U)/AU (U-U)/AU

FIG. 6. Collapse of mean velocity data at various locations for the Hwb3 urban canopy to the
hyperbolic tangent profile of Eq. (1). The panels use different values of a: (left) @ = 5 and
(right) @ = 7. The collapse with a = 5 is best. The building height H is located at zero on the
ordinate; zero on the abscissa corresponds to the mean velocity U, at the building height.
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F1G. 7. Longitudinal evolution of the shear layer for Hwb1 and
Hwb3 urban canopies. Note that the shear layer for the Hwbl
urban canopy reaches ground level. The shear layer of the Hwb3
urban canopy is elevated, and it grows at an overall rate of 7.5°
and so only reaches ground level very far downstream.

Comparison shows that a better fit to the hyperbolic
tangent profile resulted from a value of the fraction of
a = 5, especially at vertical height (z — H)a/Azg ~ 2.5
(corresponding to z/H ~ 1.65). The velocity fields at
locations x/B = 3 and x/B = 10 are not yet fully de-
veloped and so do not fit the hyperbolic tangent form
well. It is evident that the profiles from x/B = 22 to
x/B = 38 collapse well onto Eq. (1), thus providing a
way to estimate the mean velocity in and above the
urban canopy. [Given field data of mean wind velocity
U, the use of Eq. (1) and Fig. 9 (described in detail be-
low) forms an algorithm for collapsing mean velocity
data usefully.] Velocity profiles for plant canopies of
the form of Eq. (3.34) in Kaimal and Finnigan (1994),
uluy,. = exp[— v.(1 — z/h,)], were also found to provide
a reasonable fit to the data within the Hwb3 canopy
(here the parameters A, u,., and v, are the plant
canopy height, velocity at canopy height, and extinction
coefficient, respectively). However, the profiles are
sensitive to the value of the extinction coefficient,
which is not known a priori.

The shear layer produced by the canopies are very
different for H/w, = 1 and H/w, = 3, though both grow
vertically (thicken) with distance (Fig. 7). The principal
difference is that the shear layer for Hwbl urban
canopy exists from well above the building height all
the way to ground level, whereas for Hwb3 urban
canopy the shear layer extends from just above the
building height to about one-half of the building height
far downstream. No data exist for the Hwbl urban
canopy below z/H = 0.3 because of the limited (optical)
spatial resolution near the ground level, but visual ob-
servations showed that the shear layer reaches all the
way to the ground level. The difference in shear-layer
thickness and the extension of the Hwb1 urban canopy
shear layer to the ground level has important implica-
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FiG. 8. Visualization of dye streaks showing the three-dimen-
sional nature of the rooftop-level shear layer for H/w, = 3. Also
evident at ground level is downstream flow in the street canyon
and upstream flow in the region of the building wake.

tions regarding rates of dispersion. In the event of a
rooftop release for Hwbl, releases will reach ground
level quickly; this will not be the case for Hwb3, for
which the shear layer is elevated above the ground for
long distances. This also suggests that a ground-level
release will dilute more rapidly for Hwbl than for
Hwb3.

Kelvin—-Helmholtz (KH) instabilities were not ob-
served in either urban canopy despite extensive flow
visualization attempts. Flow visualization showed that
the flow in the vicinity of the building height was three-
dimensional; thus, the shear layer of urban canopies is
not susceptible to KH instability. Figure 8 is a visual-
ization of the flow for the Hwb3 urban canopy, arising
from 8 s of video data. Evident is the three-dimensional
nature of the flow at the rooftop level. Dye streaks are
seen both to rise above the buildings and to descend
below the rooftop level; the thickness of the ascending
dye streak is greater than the descending dye streak,
suggesting that the former occurs more frequently. At
the ground level the visualization shows that the flow is
downstream in the street canyon but upstream in the
region of the building wake. (Also evident is the verti-
cal transport of the dye streak in the building wake.)
For the Hwb1 urban canopy the vertical growth rate of
the shear layer is 6° in the vicinity of the rooftop level;
for a Hwb3 urban canopy the overall vertical growth
rate of the shear layer is approximately 7.5° (see Fig. 7).
The angles of spread for both Hwb1l and Hwb3 urban
canopies are thus smaller than the observations by
Brown and Roshko (1974) of a two-dimensional shear
layer, where KH instabilities resulted in a shear layer
that grew at 12°. The smaller growth rates for the urban
canopies are likely due to the three-dimensional nature
of the flow. The smaller angles of spread of the shear
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FiG. 9. Longitudinal evolution of nondimensional shear-layer thickness for Hwb1 and
Hwb3 urban canopies. Best-fit lines to data are valid for downwind distances x/B = 3.

layer of urban canopies in comparison with the KH
shear-layer angles of spread are in keeping with
Squire’s theorem, which says that two-dimensional dis-
turbances grow faster than three-dimensional distur-
bances (Kundu and Cohen 2004).

Evolution of the nondimensional shear-layer thick-
ness Azg/H for Hwb1l and Hwb3 urban canopies shows
a linearly increasing trend with distance x/B for both
cases (Fig. 9). The best-fit linear line describing the
observed shear-layer thickness for the Hwbl urban
canopy is Azgi/H = 0.03(x/B) + 1.17; for Hwb3 ur-
ban canopies the best-fit linear line is Azg/H =
0.025(x/B) + 0.3. Note that both formulas apply for
downwind distances x/B = 3. In general, the shear-layer
thickness for an Hwbl urban canopy is 2 times the
shear-layer thickness for an Hwb3 urban canopy.

To facilitate comparison with field data and numeri-
cal simulations of urban canopies, data are presented in
Fig. 10 of nondimensionalized values of shear, where
the horizontal scale is normalized by w,/U,.. Large val-
ues of nondimensional shear are 0.9 and 0.8 for Hwb1
and Hwb3 urban canopies, respectively, at rooftop lev-
els. Maximal values of nondimensional shear ~1 occur
close to ground level for both canopies.

The structure of the shear profile for the Hwb1 urban

canyon is approximately uniform for both below the
building height (dU/dz ~ 1.75 s™') and above the build-
ing height (dU/dz ~ 0.5 s™'). For the Hwb3 urban
canopy, the structure is different in that there are large,
localized shears at the building height (dU/dz ~ 2 s~ ")
and close to ground level (dU/dz ~ 2.3 s~ '). Just below
the rooftop level for Hwb3, urban canopy values of
shear are about 0.5 s™!, and above rooftop level the
shear decreases from 0.75 s~ ' to zero with increasing
height. Note that the shear also diminishes to zero at
the building midheight z/H ~ 0.5. An overall perspec-
tive of the structure of the flow in and above the urban
canopy is that of a shear layer whose thickness grows
vertically with downstream distance as shown in Fig. 7.
However, the broad overall shear layers shown in Fig. 7
should not be thought of as homogeneous layers of
shear but should be considered as compound shear lay-
ers with regions of low and high shear.

4. Conclusions

Laboratory results establish that important differ-
ences can occur in the mean flow characteristics of flow
above and in urban canopies; flow characteristics de-
pend on the aspect ratio H/w,, of the urban canopies, as

25 255
H/szl, x/B=38 3H/Wb:3, x/B=38
) , L
1.5
Z
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1
0.5
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(dU/dz)w, /U, (dU/dz)w, /U,

F1G. 10. Vertical profiles of nondimensional shear (dU/dz)w,/U for Hwbl and Hwb3 urban
canopies. Data shown are collected at a distance x/B = 38. Note the sharp extrema of shear
at building height and ground level for the Hwb3 urban canopy. The profile for the Hwbl
urban canopy is approximately uniform above and below the building height. Note that the
extremal values of nondimensional shear are ~1.
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well as the areal densities Ay and A,. The mean velocity
profile for urban canopies with H/w, = 1 resembles a
power-law boundary layer that evolves with downwind
distance x. Because of the longitudinal evolution, the
profiles generally cannot be fitted to a single power-law
index. For urban canopies with H/w, = 3, the mean
velocity profile resembles a shear layer with an inflec-
tion point located near the building height. The mean
velocity profiles for the Hwb3 urban canopy also evolve
with distance x and fit well to the hyperbolic tangent
profile described by Eq. (1).

A shear layer, defined as the vertical extent of the
linear region of the mean velocity profile, exists in the
vicinity of the building height. Analysis reveals major
differences in the form of the near-rooftop-level shear
layer for urban canopies with aspect ratios H/w, = 1
and H/w, = 3. This shear layer thickens with distance
x/B for both cases. For an Hwbl urban canopy the
shear layer extends from well above the urban canopy
to ground level, whereas for the Hwb3 urban canopy
the shear layer remains elevated above the ground, ex-
tending from just above the building height to about
building midheight far downstream. Values of nondi-
mensional shear-layer thickness Azg, /H for Hwbl ur-
ban canopies are generally 2 times that of Hwb3 urban
canopies. The differences of magnitude of shear, loca-
tion, and vertical extent of shear layers for urban cano-
pies of aspect ratios H/w, = 1 and H/w, = 3 have
important implications for the rates of dispersion in and
above such urban canopies. In the event of a ground-
level release, the release is likely to disperse more rap-
idly for an urban canopy of Hwbl than for an urban
canopy of Hwb3; in the event of a rooftop release, the
release will reach ground level faster for an Hwb1 ur-
ban canopy than for an Hwb3 urban canopy.

Measured values of shear dU/dz differed for Hwbl
and Hwb3 urban canopies. For an urban canopy with
Hwbl1, shear values are constant above and below the
building height [~0.5 and ~1.75 s~ !, corresponding to
nondimensional values of 0.3 and 0.9 (dU/dz)w,/U,, re-
spectively]. For an urban canopy with Hwb3, large, lo-
calized peaks of shear occur at rooftop and ground lev-
els [~2 and ~2.3 s, corresponding to nondimensional
values of 0.8 and 1 (dU/dz)w,/U,, respectively]. At
building midheight, shear diminishes to zero, and just
above and below rooftop level the average value of
shear is about 0.5 s~! for Hwb3 urban canopies. De-
tailed analysis of the mean velocity profiles and mean
velocity gradients indicates that for each canopy the
shear layer is not a homogeneous layer with one value
of velocity gradient dU/dz but rather is a compound
shear layer with larger values of dU/dz at rooftop lev-
els. Peak values of shear are located at 0.9 < z/H < 1.1
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F1G. 11. Schematic of idealized streamlines of turbulent flow
around and above buildings for Hwb1l and Hwb3 urban canopies.
For a fluid particle located at ground level upstream of a building,
more advective pathways are available for the Hwbl urban
canopy in comparison with the Hwb3 urban canopy. A conse-
quence is that larger rates of ground-level dispersion rates are
possible for the Hwbl urban canopy.

for Hwb3 urban canopy, which is in the middle of the
overall shear layer. The compound shear structure is
still evident, though not as pronounced for an urban
canopy with H/w, = 1. Shear, nondimensionalized by
the quantity w,/U,, has peak values ~1 close to ground
levels for both canopies; this normalization does not
change the structure of dU/dz values but enables fur-
ther comparisons with field studies.

Consideration of possible pathways of a fluid particle
located at ground level, in a turbulent flow, upstream of
a building is helpful in discriminating differences in dis-
persion scenarios between urban canopies with differ-
ing aspect ratios H/w, (see Fig. 11). For the Hwb1 ur-
ban canopy, the shear layer reaches all the way to
ground level, and both horizontal and vertical advective
pathways (A, B, and C) are possible, whereas only hori-
zontal pathways A and B arise for the Hwb3 urban
canopy. A consequence is that larger rates of ground
-level dispersion are likely for the Hwb1 urban canopy.
Implications of the different characteristics of the shear
layer in and above urban canopies with varying aspect
ratios H/w,, are profound. Cities with urban canopies
with H/w, = 1, such as LA, are likely to be better
ventilated at ground level when compared with mid-
town NYC (i.e., Manhattan, for which H/w, = 3). Thus,
dispersion coefficients at the ground level are likely to
be greater in midtown LA than in midtown NYC.
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