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a b s t r a c t

Improving city breathability has been confirmed as one feasible measure to improve pollutant dilution in
the urban canopy layer (UCL). Building height variability enhances vertical mixing, but its impacts remain
not completely explored. Therefore, both wind tunnel experiments and computational fluid dynamic
(CFD) simulations are used to investigate the effect of building height variations (six height standard
deviations sH ¼ 0%e77.8%) associated to building packing densities namely lp/lf ¼ 0.25/0.375 (medium-
density) and 0.44/0.67 (compact) on city breathability. Two bulk variables (i.e. the in-canopy velocity (UC)
and exchange velocity (UE)) are adopted to quantify the horizontal and vertical city breathability
respectively, which are normalized by the reference velocity (Uref) in the free flow, typically set at
z ¼ 2.5H0 where H0 is the mean building height.

Both flow quantities and city breathability experience a flow adjustment process, then reach a balance.
The adjustment distance is at least three times longer than four rows documented in previous literature.
The medium-density arrays experience much larger UC and UE than the compact ones. UE is found mainly
induced by vertical turbulent fluxes, instead of vertical mean flows. In height-variation cases, taller
buildings experience larger drag force and city breathability than lower buildings and those in uniform-
height cases. For medium-density and compact models with uniform height, the balanced UC/Uref are
0.124 and 0.105 respectively, moreover the balanced UE/Uref are 0.0078 and 0.0065. In contrast, the
average UC/Uref in height-variation cases are larger (115.3%e139.5% and 125.7%e141.9% of uniform-height
cases) but UE/Uref are smaller (74.4%e79.5% and 61.5%e86.2% of uniform-height cases) for medium-
density and compact models.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In 2011, about 3.5 billion (51%) of world population lived in
cities, and this number is predicted to reach about 5.0 billion (60%)
by 2030 [1]. The ongoing urbanization worldwide and the
increasing vehicle emissions in cities have raised much environ-
mental concern on urban air pollution and its adverse effects on
public health [2e4]. Urbanization is also responsible for the

exacerbation of the urban heat island phenomenon generating
concern about the increasing of urban energy consumption for
summertime cooling [5,6] in many cities in the world.

From the physical view of the urban canopy layer (UCL), where
people live and where the emission sources are, is defined as the
layer of the atmosphere from the ground to the rooftop of buildings
in urban regions (Fig. 1a). Improving ventilation within UCL has
been confirmed one of the effective technique in helping pollutant
and heat dilution [7e14].

In the last three decades, as reviewed by the literature [15e21] a
number of outdoor field measurements, computational fluid dy-
namic (CFD) simulations and controlled laboratory experiments
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have been carried out for urban airflow and dispersion modeling
within and above UCL models in street-scale (~100 m) and
neighborhood-scale (~1 km). Urban morphologies and meteoro-
logical conditions are key parameters for UCL ventilation, such as
street aspect ratios (building height/street width, H/W) [22e24],
building packing densities (Fig. 1b) [25e28], ambient wind di-
rections [11,29e32,36], building height variations [33e36], urban
tree planting [37,38], the buoyancy force induced by wall heating
and solar radiation shading [39e47] etc.

City breathability was first defined by Neophytou and Britter
[48,49] as a UCL ventilation concept reflecting a city's potential to
dilute and remove pollutants, heat, moisture, and other scalars.
Nevertheless, the initial concept was not quantified in terms of
specific variables which was later done in Buccolieri et al. [27]
where the concept of age of air was used to explain pollution hot
spots in arrays of buildings. As displayed in Fig. 1a, the starting
point of city breathability is the assumption that the surrounding
air is relatively clean, and the air exchange between the external
flow and the in-canopy flow contributes to supplying clean air into
cities (inhale effect) and removing pollutants out (exhale effect).
The capacity of city breathability is associated with the interaction
between the approaching atmospheric flow and urban
morphologies.

In recent years, city breathability and their correlation with
urban morphologies have been accessed and quantified by some
ventilation indices such as volumetric flow rate and air change rate
per hour [24,25,29,30,32], purging flow rate and pollutant reten-
tion time [10,34], age of air and ventilation efficiency [25e27,29],
net escape velocity [36], exchange velocity and in-canopy velocity
[48e53] etc. Horizontal mean flows, vertical mean flows and ver-
tical turbulent diffusions are verified to make significant contri-
bution on city breathability. Specially, as first originated by
Bentham and Britter [48], the concept of in-canopy velocity (UC)
represents a constant velocity within the urban canopy layer to
quantify the scale of horizontal dilution capacity instead of a ve-
locity profile in street canyons (Fig. 1c). Moreover, the concept of
exchange velocity (UE) represents the average velocity of scalar
transfer out of or into the UCL at an interface plane (i.e. roof level)
between the in-canopy and above-canopy flows (Fig. 1c). Here UE

can be used to evaluate overall vertical ventilation performance
induced by vertical mean flows and vertical turbulent diffusion.
Later UE and UC were introduced into CFD simulations to success-
fully estimate the city breathability induced by vertical exchange
(UE) and horizontal dilution (UC) respectively in idealized UCL
models [50e52] or realistic urban areas [49,53].

In addition, there are two groups in urban flow and dispersion
modeling. One group considers the flow adjustment from the up-
stream toward downstream regions and resolves the airflows
around all buildings in the target urban domain inwhich the effects
of urban boundaries are considered [9e11,23e30,34e36]. As
defined by Belcher et al. [54] (Fig. 1a), the “adjustment region” is
downwind of thewindward UCL boundaries and belowUCL rooftop
where the horizontal flow substantially decelerates and a fraction
of air is driven out upwardly across UCL roofs (i.e. exchange velocity
UE and in-canopy velocity UC change toward downstream urban
regions). Then it comes into the “canopy interior” region [54] or the
“fully-developed region” [32], where a local flow balance is estab-
lished between downward transport of momentum by turbulent
stresses and removal of momentum by the drag of the canopy el-
ements (i.e. UE and UC keep constants). The other group only con-
siders a periodic urban unit in the “canopy interior” region
assuming the UCL model is infinitely large and uniform to apply
periodic boundaries for one unit [31e33]. This paper aims to
investigate the effects of building height variations on the adjust-
ment of both urban airflow and city breathability (UE and UC).

As first defined by Grimmond and Oke [55] (Fig.1b), the building
planar area index lp (i.e. the ratio between the planar area of
buildings viewed from above and the total floor area) and the
frontal area index lf (i.e. the ratio of the frontal area of buildings to
the total floor area) are usually adopted to quantify urban
compactness. Sparse UCL models (i.e. lf ¼ 0.0625 or 0.11) usually
attain better city breathability, but have a low efficiency of land
utilization. Densely built-up urban areas (i.e. lf ¼ 0.56 or more)
experience a higher land-use efficiency but come into a challenge in
inducing worse UCL ventilation [25e28,56e58]. The typical me-
dium and compact UCL models are usually reported as lp ¼ 0.25 or
0.44 [25e28,56e58]. In addition, building height variations can
significantly influence city breathability [33e36]. In this context,
the main objective of the paper is to examine the influence of
typical building height variations and building packing densities
(lp ¼ 0.25 or 0.44, average lf ¼ 0.375 or 0.67) on city breathability
(UE and UC) and their adjustment processes, which have been rarely
investigated.

The remainder of this paper is structured as below: Section 2
describes the CFD methodologies and wind tunnel studies,
including the concepts of in-canopy velocity (UC) and exchange
velocity (UE) (subsection 2.1), the setups of wind tunnel experi-
ments (subsection 2.2) and numerical models (subsection 2.3).
Section 3 presents the CFD validation using wind tunnel data. Re-
sults are discussed in Section 4 and conclusions are drawn in Sec-
tion 5.

2. CFD methodologies and wind tunnel studies

2.1. Concepts of in-canopy velocity (UC) and exchange velocity (UE)

On the assumption that the in-canopy flow below roof level
follows a constant velocity rather than the usual logarithmic pro-
file, Bentham and Britter [48] firstly deduced the spatially and
temporally simplified in-canopy velocity (UC). Results for UC were
evaluated by a number of wind tunnel data and were found in good
agreement.

As presented in Eq. (1), the scale of UC is determined by the
pressure force (Fp) acting on the building and the drag coefficient
(CD). Fp can be calculated by the net pressure surface integral on the
frontal and back area of the building unit. CD is assigned a standard
value of 1 [50], and Af refers to the building's frontal area.

UC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2FP

rCDAf

s
(1)

The exchange velocity (UE) was derived for the vertical exchange
rate, of pollutant, heat or water vapor being removed or added at
the top of the urban canopy layer [48]. The exchange velocity (UE) is
also relevant to determine the vertical momentum transport to the
urban canopy layer, which counterbalances the form drag induced
by buildings. Hamlyn and Britter [50] first applied UE into CFD
simulations to quantify the city breathability in idealized building
clusters. It is defined as a ratio of the momentum flux to the dif-
ference between the mass flux above and below the UCL top (i.e.
the exchange plane (Ac) in Fig. 1c).

UE ¼
∬
�
ru0w0 þ ruw

�
dS

rAC

�
Uref � UC

� (2)

The vertical momentum flux in Eq. (2) is produced by two terms,
one is evaluated from the vertical Reynolds' shear stress (ru0w0) and
the other is the vertical flux induced by vertical mean flows
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