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Abstract We conduct wind-tunnel experiments on three different uniform roughness
arrays composed of sparsely distributed rectangular cylinders for the estimation of surface
parameters. Roughness parameters such as the roughness length z0 and zero-plane displace-
ment d are extracted using a best-fit approximation of the measured wind velocity. We also
perform a large-eddy simulation (LES) to confirm that four sampling points are sufficient to
surrogate a space average above the canopy layer of the sparse roughness arrays. We propose
a new morphological model from a systematic analysis of experimental data on the arrays.
The friction velocity predicted by the proposed model agrees well with the peak value of

the measured Reynolds shear stress (−
〈
u′w′

〉
)0.5. The proposed model is further validated

in an additional wind-tunnel experiment conducted on a scaled configuration of a real urban
area exposed to four wind directions. The proposed model is found to perform very well
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particularly in the estimation of the friction velocity, readily leading to a better estimation of
turbulence, which is essential for an accurate prediction of pollutant dispersion.

Keywords Morphological method · Roughness parameters · Surface parameters ·
Urban dispersion

1 Introduction

The dispersion of toxic material and chemical and biological agents that could be released
by either accidental or nonaccidental events is an important issue today, especially for urban
areas in which a large population resides. However, characteristics of boundary-layer flow in
an urban area are substantially different from that in a rural area because of the presence of
bluff obstacles on the ground such as buildings or other artificial structures (Jiménez 2004).
An accurate characterization of a flow field in an urban area would lead to accurate predic-
tion of dispersion. For example, the wind-speed profile in neutral conditions above an urban
canopy and within the inertial sublayer is given by

u(z)

u∗
= 1

κ
ln

(
z − d

z0

)
, (1)

where u∗, d , and z0 are the friction velocity, zero-plane displacement, and aerodynamic
roughness length, respectively. Here, κ (taken in this article to be 0.41) is the von Kármán
constant. Parametrizations of a mean wind-speed profile within vegetative and urban cano-
pies have been investigated previously. Cionco (1965) proposed the exponential profile using
mixing length theory within a vegetative canopy, and Bentham and Britter (2003) suggested a
constant velocity profile in a moderately densely packed array for more simplicity. Macdonald
(2000) suggested a matching profile that consists of an exponential distribution below the
canopy height and a modified logarithmic distribution above. Turbulence levels that directly
influence dispersion are in most cases estimated by the friction velocity. These suggest that
roughness parameters such as u∗, z0, and d are essential variables in the characterization of
the flow in urban areas. Therefore, it is crucial to estimate those parameters accurately for
better prediction of urban dispersion. Both z0 and d , however, are not directly measurable
lengths, and thus these lengths and u∗ need to be estimated by an indirect method. The best-
fit method provides the roughness parameters with a decent precision; however, it requires
observations moreover at several vertical levels, which is practically unattainable at the usual
meteorological stations.

The land-use land-cover (LULC) method is based on a tabulated value of z0 versus land-
use type Stull (1988, pp. 378–381), and has been widely used in the application to dispersion
models, such as SCIPUFF, AERMOD, and CALPUFF models. A problem with this method
is that land-use categories are broadly defined and thus ambiguous. In an urban area, for
example, building shapes and space or packing density are not properly accounted for in the
LULC method.

A more elaborate estimation of z0 and d is possible by considering the morphology, i.e.,
dimensions and arrangement of buildings, in an urban area. A morphological method typically
depends on geometric parameters: the total plan building area (Ap), the total frontal building
area (A f ) viewed from the wind direction, and the lot area (AT ) (see Fig. 1 for detailed def-
initions). Then, nondimensional parameters, which have been used in most morphological
models (Lettau 1969; Counihan 1971; Theurer 1993; Petersen 1997; Grimmond and Oke
1999; Hanna and Britter 2002), are defined as λ f = A f /AT and λp = Ap/AT . Macdonald
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Fig. 1 Definitions of morphological parameters ai
p , ai

f , and hi contributed by an i th obstacle in the lot area

AT . Total areas become A f = ∑N
i=1 ai

f , A p = ∑N
i=1 ai

p

et al. (1998) described a theoretical derivation of roughness lengths using a morphological
model.

With increasing computing power, the use of computational fluid dynamics (CFD) is grow-
ing in the discipline of air quality and wind engineering (Hanna et al. 2006; Tamura 2008).
Application of CFD is, however, acceptable for relatively small scales from the neighbour-
hood scale to the street scale, as defined by Britter and Hanna (2003). Thus the dispersion
model relying on the parametrization is still required for the long time and long range dis-
persion prediction and for urgent measures against dispersion of a toxic agent.

In this study, we perform two types of wind-tunnel experiments: (i) flow over uniformly
distributed sparse obstacle arrays; (ii) flow over a scale model of a real urban area. Using the
datasets obtained from the uniform array experiments, a wind-profile method is utilized to
estimate values of z0 and d . Then an assessment of several morphological models is carried
out. New relations for z0 and d are proposed to compensate for errors in the z0 estimation.
The proposed model is found to better predict the friction velocity. This new model, when
applied to a scaled urban area, is found to perform best among the models compared.

Section 2 provides a detailed explanation of wind-tunnel experiments and measured
results. In Sect. 3, we perform a large-eddy simulation (LES) for the comparison of four-point
and space averages. In Sect. 4, several models including Theurer (1993), Macdonald et al.
(1998), Grimmond and Oke (1999), and Hanna and Britter (2002) are assessed, and a new
model is proposed and validated. Section 5 concludes our study.

2 Wind-Tunnel Experiments

2.1 Wind Tunnel and Instrumentation

Wind field measurements were conducted in an open-circuit-type boundary-layer wind-
tunnel that has a test section of 23.2 m × 8 m × 2.5 m (length × span × height) at the
TESolution located in Anseong City in Korea. Two stages of wind tunnel experiments were
performed to obtain information on the flow for the extraction of roughness parameters. The
first stage consists of wind-tunnel tests on three idealized urban type roughness arrays such
as the ones shown in the photograph of Fig. 2a. The second stage is made up of a wind tunnel
test on a scale model of an urban area, a part of Daejeon City in Korea as shown in Fig. 2b.
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Fig. 2 Photographs of a experimental set-ups for the uniform roughness array A, and b the 1:300 scale model
for a region of Daejeon City in Korea

Wind-tunnel experiments for the uniform arrays were designed to mimic flow over a ter-
rain category exposure B. The Korean building code, the exposure B corresponds to a terrain
with numerous closely spaced obstructions in the size of single-family dwellings or larger,
or to a terrain with scattered obstructions with the medium height. The incoming mean wind
profile for the exposure B was generated to yield a power-law profile,

u(z)

ur
=

(
z

zr

)α

, (2)

where ur is the mean wind speed at the reference height zr , and α is the power-law exponent
for an exposure class. In the experiments, ur = 6 m s−1 and zr = 0.3 m. For the exposure B,
the exponent α is 0.22.

The flow velocity was measured using an x-probe hot-film anemometer (DANTEC 55R91
3-D Probe) for 20.48 sec at sampling frequency of 200 Hz at each measurement location.
In the wind-tunnel experiment, the roughness Reynolds number, Re∗ ≡ u∗z0/ν, should be
high enough (>2) to satisfy Reynolds number independence (Schlichting and Gersten 2000),
where ν is the kinematic viscosity of air. A study of Snyder and Castro (2002) showed that
a rough wall can be regarded as aerodynamically rough if Re∗ > 1, while Re∗ as small as
0.5 was found to be sufficient over a rough wall composed of sharp-edged obstacles. This
criterion is satisfied in the present experiments since the smallest Re∗ is greater than 40.

The fetch before the measurement locations is about 1.28 m in the uniform arrays. In terms
of z0, it ranges between 80 and 750z0, where z0 is the value estimated by a best-fit method
which will be explained later. Cheng and Castro (2002a) showed that 160z0 is required for
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Table 1 Morphological roughness parameters of arrays A, B, and C

Array Parameters Wind direction (◦)

0 10 20 30 40 50 60 70 80 90

A (λp = 0.02, H = 200) λ f 0.10 0.12 0.13 0.14 0.14 0.14 0.14 0.13 0.12 0.1

z0 5.8 1.7 2.0 2.2 3.1 3.2 1.9 2.4 3.2 7.0

d 91. 160. 157. 153. 145. 147. 164. 151. 128. 72.

B (λp = 0.06, H = 200) λ f 0.10 0.15 0.2 0.24 0.28 0.30 0.32 0.32 0.32 0.31

z0 5.3 4.8 2.7 5.3 5.7 9.7 11. 12. 16. 14.

d 117. 136. 161. 153. 162. 155. 154. 153. 146. 147.

C (λp = 0.12, H = 240) λ f 0.12 0.18 0.24 0.28 0.32 0.35 0.37 0.38 0.38 0.36

z0 2.4 1.4 3.0 3.4 3.3 3.3 2.8 3.2 3.4 4.0

d 173. 198. 189. 202. 231. 233. 233. 233. 222. 211.

Here z0 and d are the values that were obtained from the best-fit method. The length unit is mm

the development of an equilibrium boundary layer. In most cases, however, a shorter dis-
tance was sufficient for a fully developed mean wind speed and turbulence statistics. An
equilibrium is typically found after three to four rows of obstacles (Macdonald et al. 2000;
Hanna et al. 2002). Therefore, the present experimental configurations satisfy the above
criteria.

It is possible to provide various values of λ f by rotating a roughness array on a turntable,
thereby changing the wind direction, θ , relative to the array. For uniform roughness arrays,
the turntable is rotated by 10◦ until achieving 90◦ in the counterclockwise direction, and
this allows us to conduct ten experiments for each uniform array. For the non-uniform scale
model, experiments for four wind directions, 180, 225, 270, and 315◦ were conducted.

2.2 Uniform Roughness Arrays

Uniform roughness arrays consist of regularly arranged square or rectangular column blocks
on a disk with a diameter of 3 m, and represent idealized buildings of 1:250 scale for the wind
exposure B. The types of roughness arrays are selected to imitate common modern cities in
Korea. Figure 3 shows configurations of uniform array A, B, and C, and dimensions of three
different blocks forming the arrays. All blocks have surfaces that are covered with sandpapers
of 100 grits to improve the local flow similarity, although the roughness Reynolds numbers
are sufficiently high. Table 1 shows ranges of morphological parameters of the three arrays
obtained using a best-fit method, which will be explained in detail in Sect. 2.4.

The mean wind speed and turbulence intensities were measured at four different locations
shown in Fig. 3 at 49 levels in the range of 2 mm–1,200 mm, which will be used to obtain
spatially-averaged flow quantities.

2.3 Non-uniform Roughness Arrays

A 1:300 scale model of an urban area (latitude 36◦21′, longitude 127◦23′) of Daejeon City
in Korea was replicated for a wind-tunnel experiment (Fig. 2b). The target area for a model
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a

b

c

Fig. 3 Configurations and dimensions of the uniform arrays A, B, and C. Red boxes in array A and B represent
computational domains. Four measurement locations adjacent to centre of arrays are marked by ‘×’

assessment is a flat terrain containing buildings of medium height as shown in Fig. 4. Build-
ing information for the model construction was obtained from a 1:10,000 scale map as CAD
drawings, which was provided by the National Geographic Information Institute of Korea
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Fig. 4 a Aerial photo of the region of Daejeon City and b the height distribution in a replicated scale model
for a wind-tunnel experiment

and an on-the-spot survey. Scaled building structures were made of acrylic or styrofoam in
detail, while trees and minor irregularities of the surface were neglected.

Measurements were made at 40 locations, ten per each wind direction, shown in Fig. 5
and at 20 elevations within 10 mm < z < 400 mm for each location. Wind directions for
the measurement include the northwest, the west, the southwest and the south, which were
selected due to the frequent occurrence in this region.

2.4 Extraction of Roughness Parameters

For a fully developed wind field over a uniform array, the spatially-averaged wind speed
should be obtained by averaging the wind speed over one periodic domain. For our uniform
roughness array the spatially-averaged quantity was obtained by averaging the data at four
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Fig. 5 Wind measurement locations (denoted by numbers) in the non-uniform roughness array (Daejeon,
Korea) for wind directions a 180◦, b 225◦, c 270◦ and d 315◦. Rectangles shown in a, b, c, and d represent
the shape of the lot area corresponding to the measurement point aligned with the wind direction

locations in a periodic domain as marked by ‘×’ in Fig. 3 due to measurement limita-
tion. Cheng and Castro (2002b) showed that a four-point averaging is sufficient to obtain a
spatially-averaged wind speed over the canopy height in the staggered or aligned arrays
whose packing densities, λp , were 0.25. It has been known, from a direct numerical simu-
lation (Coceal et al. 2007) and an observational study (Christen et al. 2009), that turbulent
statistics, particularly the higher moments, are not spatially uniform below the canopy height.
Coceal et al. (2007) showed that how many sampling points are required to achieve a suffi-
ciently averaged quantity. Figure 12 in Coceal et al. (2007) shows that even three sampling
locations are sufficient for averaging immediately below the canopy height. They concluded
that a small number of sampling points located symmetrically are sufficient for a good rep-
resentative spatially-averaged profile of the flow statistics including second-order moment
even within the canopy. In our study only the data above the canopy height, which is believed
to be less inhomogeneous than below, are used to assess the existing models. For the further
verification of the assumption, we conducted an LES of a wind-tunnel experiment in Sect. 3.
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Fig. 6 Spatially averaged mean
wind speed for each wind
direction over the uniform arrays
A, B, and C
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Wind-speed profiles obtained by a four-point average are shown in Fig. 6 for each wind
direction. Hereinafter, all profiles of the mean velocity and turbulence statistics for uniform
arrays represent values that were obtained from four-point horizontal averaging denoted by
〈 〉.

Cheng and Castro (2002b) measured u∗ directly from the form drag arising due to the
pressure difference between the front and back faces of a block. A practical and reliable way
to estimate u∗ is to use u2∗ = −u′w′ in the constant stress layer. In an urban type rough wall
boundary layer, however, often the constant stress layer is not well established. Cheng and
Castro (2002b) deduced u∗ from a measured shear stress profile within the inertial sublayer

123



466 B.-G. Kim et al.

or within the roughness sublayer. They found that u∗ deduced by averaging −u′w′ in both
layers is significantly lower than that obtained from a direct measurement of the form drag.
Macdonald et al. (2002) proposed the averaged Reynolds stress in the layer between H and
2H as a good estimate of u2∗. On the other hand, Rotach (2001) suggested that the peak value
of the Reynolds stress, M AX ((−u′w′)0.5), be a good estimate of the friction velocity. A
detailed study for the determination of u∗ using a wind profile was extensively performed by
Kastner-Klein and Rotach (2004).

In this study, friction velocities were obtained by three different methods: a best-fit method
using a non-linear curve-fitting above the canopy layers; the maximum method that takes

M AX

((
−〈u′w′〉

)0.5
)

; and the average method averaging
(
−〈u′w′〉

)0.5
within H and 2H ,

and are compared in Fig. 7. Using the best-fit method, u∗, z0, and d were deduced simulta-
neously in this study. The best-fit was performed for every streamwise mean velocity profile
shown in Fig. 6. It has been recommended to perform the best-fit in the inertial sublayer
above the roughness sublayer. In boundary-layer flows over a vegetation canopy or urban
areas with height variation, the upper bound of the roughness sublayer is known to be two
to five times the mean height of the obstacles. It is vague, however, in the uniform height
roughness array (Cheng and Castro 2002b). Theurer et al. (1992) found that the disturbances
due to obstacles extend to a height differently in accordance with the patterns of roughness
array. For a uniform pattern in their wind-tunnel experiments, it extends to about the canopy
height itself, while that of the non-uniform height array extends to about twice height of
the tallest building. It is worth noting that the vertical range for the best-fit is not uniquely
defined (Petersen 1997; Cheng and Castro 2002b) but depends on the specific roughness
array. Recently, it is reported that performing the best-fit within both the inertial sublayer and
roughness sublayer results in a better prediction of u∗ than the best-fit in the inertial sublayer
only. Cheng and Castro (2002b) and Hagishima et al. (2009) performed best-fit in both layers
for the estimation of the roughness parameters. The approach would be advocated when the
logarithmic region can be extended to the roughness sublayer (Ploss et al. 2000).

Determination of the ranges of roughness sublayer and inertial sublayer was difficult
using the profiles of wind speed and turbulent statistics in wind-tunnel experiments. In the
sparse uniform roughness array, the influence of the obstacles on flow over the canopy layer
may be weak. Thus we can take advantage of fitting a logarithmic profile to the experi-
mental wind data above the canopy height. Ranges of H < z < 5H for arrays A and B
and 1.125H < z < 4.17H for array C resulted in good representative logarithmic profiles.
Raupach et al. (1980) found that the effect of obstacle wake is important for z < H + 1.5W ,
where W is the obstacle width, which is insignificant for the uniform arrays in this study. Thus
it reasonably validates the logarithmic curve-fit approach above the canopy layer equipped
with tall and sparse roughness elements. Different fitting ranges such as 1.1H < z < 5H
and 1.2H < z < 5H , thus avoiding obstacle corner region, were also tested, resulting in no
significant change in roughness parameters.

It was found that misalignment occurs between the approaching flow and the mean flow
above the canopy layer for oblique wind direction cases. Figure 6 shows that the lateral com-
ponent of wind has a non-zero value for oblique wind cases, which indicates that the wind
vector forms a spiral line aloft rather than stays in a plane. Maximum values of 〈v〉 are found
at the canopy height while minimum values are found between 1.6–1.9 z/H for arrays B
and C. It is hard to fit a spiralling wind profile to the logarithmic profile. Fortunately, lateral
components are significantly smaller than streamwise components. Thus, only 〈u〉 was used
for the curve-fit instead of using the total wind vector, which implies that lateral stress 〈v′w′〉
is neglected.
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Fig. 7 Comparisons of u∗ estimated using three different methods. a Array A; b array B; c array C

Before discussing the result obtained by the best-fit method, an uncertainty analysis for
the best-fit is conducted here. The residuals for the logarithmic curve-fit are

ei (u∗, z0, d) = ui − u∗
κ

ln

(
zi − d

z0

)
, (3)

where ui is an experimental wind speed at a height zi . Then the values of u∗, z0, and d were
iteratively estimated to minimize the error

∑
e2

i using a subroutine DRNLIN for non-linear
regression provided in the IMSL STAT/Library (Visual Numerics Inc. 1997). We checked
the normalized error E = ∑

(ei/ui )
2/n for all datasets, where n is the number of mea-

surement levels used for the non-linear regression. The range of the normalized error is
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8.4 × 10−5 < E < 7.8 × 10−4, which is small enough. It is known that the performance of
a non-linear regression depends on the initial value. However, the differences in parameter
values due to different initial conditions were found to be negligibly small such as 10−7–
10−6 when the parameters converge, suggesting that the parameters converge to unique
values through a non-linear regression process. The fact that d in most cases converges to a
reasonable value when compared with other models’ prediction suggests a correct regression.

Friction velocities predicted by the averaging method are consistently smaller than the
values predicted by other methods. This finding is consistent with that of Cheng and Castro
(2002b). For the array A with a wind direction of 010–070◦, friction velocities estimated
by the maximum method are higher than those obtained using the best-fit because one (or
more) hot-wire anemometers among four was positioned where turbulence is enhanced due
to the wake immediately behind the blocks. It is worth noting that the estimation using the
maximum value does not always predict a higher friction velocity than that provided by the
best-fit (e.g., array B, 40–90◦). For the array C with a wind direction 040–090◦, predictions
by the best-fit and the maximum methods collapse almost perfectly.

In real urban areas, securing a sufficient fetch for an equilibrium boundary layer often
fails due to the heterogeneity of urban buildings. In this case, the upper portion of the profile
higher than the roughness sublayer may carry the characteristics of the upstream flow that is
not adjusted to the local surface (Cheng and Castro 2002a). Therefore, selecting u∗ inevitably
from the peak or average value of the shear stress mostly in the roughness sublayer is an
alternative measure when a sufficient fetch is unobtainable or non-existent.

In summary, estimates by these three methods and comparisons against each other for
three arrays in Fig. 7 confirm that a reasonable estimation of u∗ can be made by any one of
these methods. Therefore, assessment of models in the prediction of u∗ will be carried out
against u∗ predicted by the best-fit method or M AX ((−u′w′)0.5).

3 Large-Eddy Simulation

3.1 Governing Equation and Numerical Setup

In this section, large-eddy simulations were conducted to numerically simulate the wind-
tunnel experiment of the arrays A and B to check how well the four-point average used
in the experiment approximates a space average. The space average was performed for the
plane occupied by air (without solid volume). The LES code is based on the Fire Dynamics
Simulator (McGrattan et al. 2009a) suitable for the simulation of flow around a complex
geometry. Verification and validation of the code are provided in McDermott et al. (2009)
and McGrattan et al. (2009b) in detail. The filtered Navier–Stokes equations in the Cartesian
coordinate read,

∂ui

∂xi
= 0, (4)

∂ui

∂t
+ ∂ui u j

∂x j
= − 1

ρ

(
∂p

∂xi
+ δi1

∂ 〈p〉
∂x1

+ δi2
∂ 〈p〉
∂x2

)
+ ∂

∂x j

(
−τi j + ν

∂ui

∂x j

)
, (5)

where ui , p, and τi j are the filtered velocity, pressure, and subgrid-scale stress tensor, respec-
tively, ρ and ν are the density and kinematic viscosity of air, respectively and δi j is the
Kronecker-delta. For the τi j , the Smagorinsky model was used with the Smagorinsky coeffi-
cient Cs = 0.1 as recommended by Shah (1998). The LES code adopts a second-order finite
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difference approximation to Eqs. 4 and 5 on a rectangular-linear mesh. Time advancement
is achieved using an explicit second-order Runge–Kutta scheme.

Computational domains containing 4×4 obstacles with a dimension of 1.12 m×1.12 m×
2.4 m for the arrays A and B are illustrated in Fig. 3. Periodic boundary conditions were im-
posed for horizontal directions, and the logarithmic wall model of Werner and Wengle (1992)
was applied on solid surfaces. Obstacles were symmetrically distributed on both bottom and
top walls to maintain the free-stream condition at the channel centre height. Number of grid
points on a rectilinear grid system were 280, 280, and 120 in x1, x2 (horizontal), and x3

(wall-normal) directions, respectively. Uniform grids were employed in horizontal space and
non-uniform in the vertical direction to cluster grid points in the vicinity of the canopy height.

In the numerical simulation, the turbulent flow along a certain wind direction θ was main-
tained by imposing a constant pressure gradient vector composed of ∂ 〈p〉/∂x1 and ∂ 〈p〉/∂x2.
Numerical simulations were initiated with uniform horizontal velocity with weak random
noises. For all cases, statistics were accumulated for 50 s after the turbulent flow reaches a
statistically steady state.

3.2 Mean Flow Statistics

The mean pressure gradient was adjusted to match the mean wind speed measured in the
experiment. The mean streamwise velocity obtained from the LES for array A with θ = 0, 40◦
and for array B with θ = 30, 60◦ are shown in Fig. 8. It is clear that in the region above
the canopy layer, z > H(= 0.2 m), one-point velocity profiles at four locations are indistin-
guishable not only from each other but also from the four-point average. In the same range,
the four-point average and the space average are very close to each other. Although there
are some differences in velocity gradient among four different points near H , the four-point
average and the space average are very close to each other. This indicates that four sampling
points even for the velocity gradient are sufficient to provide a surrogate for the space average
for our wind-tunnel experiments. It can provide a useful means when the velocity gradient
is used for the parametrization of the turbulent momentum flux, i.e., the K-theory approach
over urban-like obstacles (Santiago and Martilli 2010). Below the canopy layer the four-point
average and one-point statistics are all different from the space average for arrays A and B.
As indicated by Coceal et al. (2007), selecting sampling points in each of the distinct flow
regimes is crucial to obtaining a good representative spatially-averaged profile.

As shown in Fig. 8, dispersive stresses (Raupach et al. 1986), 〈ũw̃〉, where (̃) = (̄) − 〈
(̄)

〉
,

above the canopy layer decrease rapidly and are very small compared with the velocity
magnitude, confirm that the statistics were collected over sufficiently long time as noted by
Coceal et al. (2006) and more importantly that the flow above the canopy height is nearly
homogeneous. Note that in Fig. 8, (〈ũw̃〉)0.5 is plotted instead of 〈ũw̃〉 for the comparison
with velocity.

4 Assessment of Morphological Models

Theurer (1993), Macdonald et al. (1998), Grimmond and Oke (1999), and Hanna and Britter
(2002) suggested models to estimate both z0 and d . Lettau (1969), Counihan (1971), and
Petersen (1997) suggested models for only z0. In our study, four existing morphological mod-
els, Hanna and Britter, rule-of-thumb suggested by Grimmond and Oke, Macdonald et al.,
and Theurer, (hereinafter referred to as HB, Thumb, MGH, and Theurer, respectively) are
examined first, and a new model is proposed and validated.
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Fig. 8 Velocity profiles and velocity gradient are compared for time-space average and four-point average. a,
b Array A with wind direction 0◦; c, d array A with wind direction 40◦; e, f array B with wind direction 30◦; g,
h array B with wind direction 60◦; Blue solid line: 〈u〉 by LES; dashed, dashed-dot, dotted and dashed-dot-dot
lines: u by LES at point 1, 2, 3 and 4, respectively; red solid line: four-point average by LES; long dashed line
in wind speed plots: | 〈ũw̃〉 |0.5 by LES
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4.1 Existing Models for Estimating Surface Roughness Parameters

From real scale observations and wind-tunnel experiments, Theurer (1993) proposed a mor-
phological model,

d

H
= 1.67λp, (6)

for λp < 0.6,

z0

H
= 1.6λ f (1 − 1.67λp), (7)

for λ f < 0.25, which depends on λp as well as λ f . Later, Macdonald et al. (1998) extended
Lettau (1969)’s model to a general form without any approximations,

z0

H
=

(
1 − d

H

)
exp

(
−

(
0.5β

CD

κ2

(
1 − d

H

)
λ f

)−0.5
)

, (8)

where the drag coefficient CD = 1.2, and β = 0.55 for a square array and β = 1 for a
staggered array. The zero-plane displacement length is given by an empirical relation

d

H
= 1 + A−λp (λp − 1), (9)

where the empirical constant A is 4.43 and 3.59 for staggered and square arrays, respectively.
Unlike Theurer’s model, this model does not depend on λ f .

Grimmond and Oke (1999) suggested a rule-of-thumb model in which z0 and d linearly
increase with H ,

z0

H
= 0.1, (10)

d

H
= 0.7. (11)

Despite its simplicity, as will be shown later, this model performs relatively well compared
with other complicated models.

Recently, Hanna and Britter (2002) presented a morphological model

z0

H
= λ f (12)

for λ f < 0.15,

z0

H
= 0.15

(13)

for λ f ≥ 0.15,

d

H
= 3λ f

(14)

for λ f < 0.05,

d

H
= 0.15 + 5.5(λ f − 0.05) (15)
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for 0.05 < λ f < 0.15,

d

H
= 0.7 + 0.35(λ f − 0.15) (16)

for 0.15 < λ f < 1.0 (if λ f > 1.0 then set λ f = 1.0). This model depends on λ f only.
Jackson (1981) showed that the zero-plane displacement corresponds to the height at which
the mean drag appears to act on the flow. He recommended d/H = 0.7 for common types
of roughness elements.

4.2 Proposition of a New Model

The morphological models discussed in the previous section were applied to the uniform
arrays used in the wind-tunnel experiments. Roughness parameters predicted by these mod-
els are compared with the parameters determined using the best-fit method in Fig. 9. Most
models significantly overestimate z0 as compared with not only the best-fit data but also the
experimental data of Inagaki and Kanda (2008) and Cheng and Castro (2002b). On the other
hand, HB and the Thumb model predict d relatively accurately. For the array C, z0/H does
not vary significantly, ranging between 0.01 and 0.02, while λ f increases from 0.12 to 0.38
by a factor of 3. d/H of array C approaches unity when λ f exceeds 0.3 or when θ is large.
The behaviour of d indicates that the flow regime of array C at this high λ f belongs to the
skimming flow, which is not frequently observed in urban areas (Hanna and Britter 2002).
Hence the dataset of array C was not used in the derivation of a new model. Using datasets
of arrays A and B, a new morphological model, especially suitable for the obstacle arrays
modelling tall and slender buildings, is proposed here.

Taking a linear best-fit with the constraint that z0 = 0 at λ f = 0, a relation for z0 is
suggested as follows

z0

H
= 0.164λ f . (17)

Although a constraint for λ f is not specified here, the valid range of λ f is 0 < λ f < 0.5,
which is the range of the present wind-tunnel experiments.

Using a similar approach with a constraint that d = 0 at λ f = 0 yields the model equation
for d ,

d

H
= 5.5λ f (18)

for 0 < λ f < 0.14,

d

H
= 0.77 (19)

for λ f > 0.14. Here the constant 0.77 was calibrated so that the model equation is continuous
at λ f = 0.14. Figure 9 shows that d predicted by the present model is similar to predictions of
other models such as HB and Thumb models that are based on λ f or on H . However, predic-
tions by the Thumb model depart from the experimental data for λ f < 0.12. Morphological
models depending on λp such as Theurer and MGH significantly underestimate d , clearly
indicating that the frontal area is a more crucial parameter than the plan area. Recent mea-
surements of z0 and d over uniformly distributed cube arrays in the outdoor experiments by
Inagaki and Kanda (2008), wind-tunnel experiments by Cheng and Castro (2002b), and direct
numerical simulation by Coceal et al. (2006) all support our relation, although their cases
correspond to one case of λ f = 0.25 (Fig. 9). Experimental estimation of z0 by Iyengar and
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Fig. 9 Distributions of z0/H and d/H as a function of λ f . Predictions by MGH and Theurer models are
drawn for three λp cases

Farell (2001) is rather close to our model although the corresponding λ f is small. Raupach
et al. (1980)’s wind-tunnel measurement yields z0 larger than our model’s estimation, but
z0/H remains less than 0.07 even for a large λ f .

Roughness parameters, u∗, z0, and d , estimated by the five morphological models includ-
ing the present model and the best-fit method for arrays A, B, and C are shown in Figs. 10,
11, and 12, respectively. Here, u∗ was calculated by matching the measured wind speed at
the height z = 5H using the estimated z0 and d by Eq. 1. For all wind directions, the present
morphological model shows better agreement with the best-fit method than other models in
the estimation of u∗. Although data for array C were not used in the derivation of the present
model, the estimation of u∗ by our model is closest to the best-fit approximation.
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Fig. 10 Distributions of a the
friction velocity; b roughness
length; and c zero-plane
displacement as a function of the
wind direction in the array A. For
the estimation of u∗ using the
different morphological models
see text
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Another method to assess a model is to investigate whether a mean wind-speed pro-
file correctly represents a logarithmic profile. Nondimensional velocity profiles obtained
using roughness parameters, which were estimated by morphological models and the best-fit
method, are compared in Fig. 13. Clearly, the velocity profiles drawn from the best-fit method
approximate well the standard log profile except for small values of (z − d)/z0, i.e., in the
vicinity of the rooftops of roughness elements. Log regions attained by the HB, Theurer, and
Thumb models quickly deviate from the log profile when the value of (z − d)/z0 decreases.
Overall, their log ranges are shorter than those predicted by the best-fit method and the present
model although the width of log range does not guarantee good performance of the model
tested. MGH and the present model predict profiles best matched to the log profile. It is
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Fig. 11 Distributions of a the
friction velocity; b roughness
length; and c zero-plane
displacement as a function of the
wind direction in the array B. For
the estimation of u∗ using the
different morphological models
see text
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interesting to recognize that the MGH model produces good log-law profiles while z0 and u∗
are overestimated and d is underestimated. The overestimation of the friction velocity yields
over-predicted turbulence, leading to falsely enhanced dispersion.

Pollutant dispersion is influenced not only by the mean wind speed but also by turbulent
fluctuations. In an urban boundary layer, the turbulence intensity is enhanced by the mechan-
ical shear due to immersed bluff bodies. Due to the local similarity assumption, turbulence
levels in the urban boundary layer can be approximated by the following constant stress
distribution (Britter and Hanna 2003)
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Fig. 12 Distributions of a the
friction velocity; b roughness
length; and c zero-plane
displacement as a function of the
wind direction in the array C. For
the estimation of u∗ using the
different morphological models
see text

Wind direction (degree)

d/
H

0

0.2

0.4

0.6

0.8

1c

Wind direction (degree)

z 0
/H

0

0.1

0.2

0.3

0.4

0.5

Present
H&B
Thumb
MGH
Theurer
Best-fit

b

Wind direction (degree)

u *
(m

s–1
)

0 10 20 30 40 50 60 70 80 90

0 10 20 30 40 50 60 70 80 90

0 10 20 30 40 50 60 70 80 90

0

0.5

1

1.5

2a

σu = au∗, (20a)

σv = bu∗, (20b)

σw = cu∗, (20c)

where the a, b, and c are nondimensional model coefficients. Roth (2000) suggested a =
2.4 ± 0.25, b = 1.91 ± 0.26, and c = 1.27 ± 0.26 from comprehensive observations of
turbulence over numerous cities. Hanna and Britter (2002) recommended values a = 2.4,
b = 1.9, and c = 1.3 analogous to those of Roth (2000). Recently, Inagaki and Kanda (2008)
showed that the coefficients have similar values that are obtained from field experiments.
They showed that turbulence intensity decreases with the height in the vicinity of rooftops.
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Fig. 13 Profiles of the measured mean wind speed normalized by roughness parameters that are estimated
using morphological models as shown in legends for wind directions: a–c 0 and d–f 90 degrees

Similar behaviour is observed in the present experiments (Fig. 14). Vertical lines in Fig. 14
indicate the turbulence levels predicted by Eq. 20 with values for a, b, and c recommended by
Hanna et al. (2002). The friction velocity used here was obtained using the best-fit method. In
most cases, models overestimate turbulence intensity. It should be mentioned that turbulence
levels predicted by other morphological models are much higher than the levels shown in
Fig. 14, since u∗ estimated by those models are larger than that estimated by the best-fit
method due to underestimation of z0. A conjecture for overrestimation of a, b, and c is that
our roughness elements are tall and sparsely distributed while most previous studies were for
cubical elements. Slender bodies might not disturb the incoming flow as much as cubes do.

4.3 Application to a Scale Model of an Urban Area

In this section, the proposed model and other models are applied to a non-uniform roughness
case, a scale model of a real urban area, for further assessment. Measurement locations in
the non-uniform urban model for four wind directions are provided in Fig. 5. Morphological
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Fig. 14 Non-dimensional turbulence levels deduced from experiments (symbols) and the present model
(lines). In legends, u∗(B F) represents the friction velocity obtained by the best-fit method

parameters, λ f and λp , are computed using rasterized building height data, in the form of
digital elevation map (DEM), which was converted from the vector formatted CAD data. In
this way the algorithms to compute the λ parameters and to divide lot areas are easily carried
out. As was denoted by Martilli (2009), the best simplified morphology should have the same
values of λ parameters as the real morphology (or as the miniature in this study). In the DEM,
buildings are composed of grid cells, which are sufficiently fine for a good representation of
the building geometry. The sensitivity of λ parameters to the grid resolution was tested to
confirm that λ f and λp are obtained precisely. The test showed that λp approached an asymp-
totic value when the number of grids was greater than 300 × 300 (one grid cell corresponds
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Table 2 Mean building height (H ), standard deviation of the building height (sd(H)), and the number of
buildings located in each zone (N )

Wind direction Zone number 1 2 3 4 5 6 7 8 9 10

H 78 89 123 98 85 98 96 79 123 67

180◦ sd(H) 34 33 36 43 40 44 47 45 50 19

N 42 62 45 35 53 64 15 28 32 8

Wind direction Zone number 11 12 13 14 15 16 17 18 19 20

H 84 75 87 101 89 90 115 96 82 110

225◦ sd(H) 35 29 42 42 34 51 48 37 53 39

N 42 64 56 40 60 48 19 30 23 60

Wind direction Zone number 21 22 23 24 25 26 27 28 29 30

H 72 89 107 89 80 103 110 87 103 96

270◦ sd(H) 30 39 52 38 28 52 63 33 42 34

N 63 53 53 57 55 38 38 36 18 54

Wind direction Zone number 31 32 33 34 35 36 37 38 39 40

H 102 85 96 87 74 95 89 68 104 122

315◦ sd(H) 47 39 47 33 26 41 39 35 48 23

N 50 58 41 63 57 36 60 48 28 29

See Fig. 5 for the definition of the wind direction. The length unit is mm

to 6 m × 6 m in the real city). On the other hand, λ f converges rather slowly, thus it achieves
an asymptotic value at the resolution of 600 × 600 (3 m × 3 m in the real city). Distribution
of λ parameters are found to be quite inhomogeneous in space. It is also found that λ f is
sensitive to the wind direction in a real urban area, in which the majority of buildings with
a large width-to-depth ratio face the south. In this study, all morphological parameters for
the non-uniform array were obtained with the resolution of 2400 × 2400 (0.75 m × 0.75 m
resolution in the real city).

The mean building height, H , of a lot area is computed by weighting the plan area of
buildings,

H =
∑N

i=1 ai
phi

∑N
i=1 ai

p

, (21)

where N , ai
p , and hi denote the number of buildings in a lot area, sectional area and height of a

building, respectively. The specification of an area around each measurement point depicted
by a number as shown in Fig. 5 was made such that a sufficient number of obstacles are
included in the windward area of the point. The computed mean height, standard deviation
of building height, and the number of buildings per each lot area are listed in Table 2.

It has been known that an equilibrium boundary layer develops after a number of rows of
obstacles in a uniform array. In general, there are no rows of obstacles in real cites, nonethe-
less we can apply guidelines for sufficient fetch from previous studies. For example, Hanna
and Britter (2002) recommended five to ten or more rows, equivalently M AX (20 m, 10H)

in length, for the establishment of an equilibrium boundary layer. Cheng and Castro (2002a)
showed that 160z0 is required to achieve an equilibrium boundary layer in the 2-D rod array.
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If the rule-of-thumb is used as a basis, 16H is an equivalent fetch to the criterion. Considering
this and the mean building height of the Daejeon city scale model, H 	 0.1 m, fetches of 1.5,
0.5, and 0.5 m are selected for the windward, leeward, and both spanwise directions from a
measurement location selected as shown in Fig. 5. Thus all rectangular lot areas have AT of
2 m × 1 m as shown in Fig. 5. For this purpose, Kastner-Klein and Rotach (2004) used an
upwind elliptical area.

For the extraction of z0, d , and u∗, a conventional method was applied. A morphological
model provides z0 and d for given λ f and λp . Then u∗ is estimated by Eq. 1 using the mean
wind speed measured at the reference height, z = 0.4 m. Then, we evaluate the model perfor-
mance by comparing u∗ and a friction velocity estimated by taking the maximum from the
vertical profile of (−u′w′)0.5 regardless of height. The best-fit method is not used here since
the spatially-averaged mean speed cannot be properly calculated from experimental data due
to the building geometry and inhomogeneity of building arrangement. z0, d , and u∗ for each
lot area are illustrated in Figs. 15 and 16. The Theurer model performs relatively well when
λ f 	 λp . For example, for lot areas 1, 4, 7, and 8, and all lot areas for the wind direction 270◦,
u∗ predicted by the Theurer model does not show significant excursion from the measured
data. Figure 15b also shows that d predicted by λp-based models (i.e., Theurer and MGH)
is smaller than that predicted by λ f -based models. Opposite behaviour is observed in the
estimation of z0, which is a well-known problem of partitioning between z0 and d . Thus in
an urban area that is composed of tall buildings (i.e., λ f /λp > 1), λp-based models likely
fail to produce representative z0 and d .

Figure 16 shows that the least scattering is observed with the Thumb model, but it tends
to overestimate the friction velocity in the majority of cases. HB, MGH, and Theurer over-
estimate the friction velocity also, with greater scattering. Figure 16 clearly shows that the
friction velocity is best predicted by the present model in most lot areas. It is interesting to
note that there is a good correlation between z0 and u∗ (see Fig. 15a, c). It can be conjectured
that u∗ is determined by z0 in a more sensitive manner than by d . From Eq. 1, the sensitivities
of u∗ with respect to z0 and d can be obtained by

∂u∗
∂z0

z0

u∗
= 1

ln(z − d)/z0
, (22)

∂u∗
∂d

d

u∗
= 1

ln(z − d)/z0

d

z − d
. (23)

The ratio of these sensitivities becomes

(z0/u∗)∂u∗/∂z0

(d/u∗)∂u∗/∂d
= z

d
− 1, (24)

which is much larger than 1 since the reference height is much higher than d , confirming the
conjecture. Therefore, we carefully conclude that an overestimation of z0 directly leads to
an overestimation of u∗. This trend was also observed in the uniform arrays (see Figs. 10,
11, and 12).

4.4 Effect of the Height Variation

For a more quantitative assessment of the proposed model, we investigate the effect of the
height variation in the non-uniform array through the velocity difference between experi-
mental data and a logarithmic profile within H < z < zb at a measurement location where
an error is defined by
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Fig. 15 a Roughness length, b zero-plane displacement, and c friction velocity of each zone in the nonuniform
roughness array

ε =
∫ zb

H (ue − ul)
2 dz∫ zb

H u2
edz

, (25)

where zb is 1 m for the uniform arrays and 0.4 m for the non-uniform array, ue and ul repre-
sent experimental and logarithmic wind speeds, respectively, and are constructed using the
roughness parameters estimated by the proposed model. Again, the assumption that the log
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Fig. 16 Friction velocities
measured in the experiments and
predicted by different models
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profile is valid in the region right above H was based on our observation for uniform arrays.
The error computed at all measurement locations in the non-uniform array is presented in
terms of the standard deviation of the building height along with the upper and lower bounds
of the error obtained in the uniform arrays that have zero standard deviation of the height in
Fig. 17a. Velocity profiles at locations 12 and 33 where the minimum and maximum errors
are found, respectively, are also shown in Fig. 17b and c. Figure 17a shows that the scattered
errors are very weakly correlated with the standard deviation of the building height in the
scale model of the urban area, and the correlation coefficient is 0.24. It is noteworthy that
the error in a non-uniform array is often found within the range of the error observed in
the uniform arrays. Thus it can be suggested that the height variability is not a crucial fac-
tor that deteriorates performance of the morphological model when applied to a real urban
area.

In addition to the height variation, another factor is found to seriously influence the error.
The error is found to be small when the number of buildings is evenly distributed in the
upstream region of a measurement location (Fig. 17b). This trend is in some sense obvious
since the morphological models were derived for uniform arrays. It should be noted that
since the velocity profiles measured in the inhomogeneous array do not represent the spa-
tially-averaged velocity, local disturbances by a building adjacent to a measurement location
could severely affect the measured velocity. For example, the measured velocity at location
33 (Fig. 17c) is disturbed by the building at 0.5 m ahead of the location. The maximum error
is found at this location although the height variability is not largest.

5 Conclusions

We have carried out wind-tunnel experiments over two kinds of roughness arrays to assess
urban morphological models: uniformly distributed rectangular slender prisms and a scale
model of a real urban area. From the best-fit approximation of wind-speed profiles measured
for the uniform roughness arrays, the roughness length, zero-plane displacement, and friction
velocity were extracted. A comparison of predictions by preexisting morphological models
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Fig. 17 a Error defined by the velocity difference between an experimental value and a logarithmic profile
at a measurement location in the non-uniform array (symbol). Two measurement locations are indicated by
numbers. Dashed lines are the upper and lower bounds of the error for the uniform arrays. Solid line is the
linear fit of scattered errors with the correlation coefficient, R = 0.24; b, c experimental and logarithmic
velocity profiles at locations 12 and 33, respectively

against theses roughness parameters estimated by a best-fit method clearly shows that most
models overestimate z0, leading to overprediction of u∗. The overestimation may due to that
the models are based on the roughness array with high packing density or stocky obstacles
such as a cube array and urban area covered with low story buildings. As shown in Grimmond
and Oke (1999) the roughness parameters widely scattered according to urban morphologies.
The data provided in the present study can be placed in the lower part of envelopes suggested
by them. A new morphological model is proposed and validated through a comparison of the
estimated u2∗ and measured Reynolds shear stress. A further assessment of morphological
models including the newly proposed model was made in a scale model experiment. The
proposed model showed a superior predictive capability to other previous models.

123



484 B.-G. Kim et al.

It was also found that the error defined by the velocity difference between experimen-
tal data and the estimated log profile is weakly correlated with the building height varia-
tion in a lot area. A more significant factor influencing the error appears to be the spatial
inhomogeneity of the building distribution.

Finally it is worthwhile to mention that morphological models that do not rely on λp ,
showed better agreement with experimental data. The reason can be inferred, since for the
type of urban area in which buildings have the high ratio of width to depth, λ f is the more
important parameter than λp since λ f better represents the effect of the wind direction. It was
shown that inhomogeneity of λ f was significant in the urban area considered in this study.
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