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Complex urban structure and thermal conditions jointly determine the complexity of urban air flow, but the
coupling effect of mechanical and thermal processes on pedestrian-level ventilation has rarely been documented.
Using large-eddy simulation (LES) of the idealized wind environment in parametric urban-like geometric sce
narios, we evaluated the coupling effect of structural properties and the strength of sensible heat flux of urban
blocks on urban ventilation. The study focused mainly on high-rise and high-density urban scenarios, and it was
found that for an array of tall buildings, the width of streets perpendicular to the input wind should be considered
in defining flow regimes. Canonical flow regimes could be “horizontally” applied to pedestrian-level ventilation
because the horizontal wake interference between perpendicular and parallel streets slows down the mean wind
in the parallel street canyons. Thermal conditions enhance pedestrian-level ventilation through intensifying
vertical mixing by thermal turbulence under weak background wind. However, if the initial thermal conditions
are fixed, higher absolute wind speed means stronger horizontal convection, which will weaken the vertical
mixing caused by thermal turbulence and eventually lead to the weakening of pedestrian-level ventilation.

1. Introduction
Urbanization is one of the many results of human social develop
ment. However, rapid urbanization causes many problems such as urban
heat islands and air pollution, which threaten the health of city in
habitants [1–3]. Urban ventilation is one solution to mitigate these
problems, as it benefits both thermal comfort in hot weather and
pollutant dispersion in street canyons [4–6]. Hence, outdoor ventilation
is very important for high-quality and healthy living, particularly in
high-rise and high-density cities in tropical and subtropical regions with
a hot and humid climate. Nowadays, studies for pedestrian-level wind
assessment are receiving plenty of attention due to their rising impor
tance in improving urban living environments in areas of accelerating
urban sprawl [7,8].
Complex urban structure leads to complexity of airflow, which arises
mainly from turbulence generated by mechanical and thermal processes.
Various research methods have been used to describe the complex tur
bulent flows over urban environments. Computational fluid dynamics

(CFD) techniques, including the Reynolds-averaged Navier-Stokes
(RANS) model, large-eddy simulation (LES), and direct numerical
simulation, are among the commonly used tools [9–11]. The literature
on the CFD of urban ventilation in terms of adopting neutral assump
tions, i.e., considering only mechanical process, as well as considering
thermal conditions, is briefly reviewed.
1.1. Urban ventilation under neutral conditions
Turbulent airflow in urban areas is strongly influenced by the threedimensional urban form [12]. As a combination of individual shapes,
building dimensions, and their arrangement in the city, urban
morphology and urban density can be described by geometric parame
ters. Parametric studies, which simplify actual urban geometries into
idealized scenarios, are widely applied in urban ventilation studies for
their advantage of linking specific factors to ventilation performance.
Moreover, the CFD tools used in parametric studies are generally more
convenient than physical models. Many parameters used to describe the
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surface cover and structural properties of urban systems are considered
in parametric studies of urban ventilation, including urban cover pa
rameters such as building coverage ratio; length scale parameters such
as building dimensions, building spacing, and street canyon aspect ratio;
and urban structural parameters such as frontal area density [13,14].
Previous studies on air flows in idealized street canyons have indi
cated that aerodynamic resistance was controlled systematically by both
the street canyon aspect ratio and the urban boundary layer (UBL)
depth; using a friction factor alone was sufficient to estimate street-level
ventilation performance [15]. Lin, Hang [16] investiaged urban
canopy-layer ventilation with a uniform value of 0.25 in both building
coverage ratio and frontal area index, and the effects of urban size,
building height, overall urban form, and ambient wind direction were
quantified and assessed. Additionally, ventilation in dense building ar
rays with building coverage ratio values like those of typical European
cities was explored, and it was found that the breathability of compact
cities could be evaluated using building ventilation concepts (mean flow
rate and age of air), as well as vertical mean and turbulent fluxes
quantifiable through a bulk exchange velocity [7].
Building height variability enhances vertical mixing and hence in
fluences urban ventilation, but its effects remain incompletely explored.
Both wind tunnel tests and CFD simulations have been used to investi
gate the impacts of building height variation and building density on
flow adjustment in idealized urban models [5]. Other parameters
include approaching wind direction [16–18], building porosity [19],
half open spaces [20], and arcade and lift-up designs [21–24], which
may also have an impact on urban ventilation. Following a review of
CFD studies of outdoor ventilation for generic urban configurations,
Ramponi, Blocken [25] indicated that there was a lack of studies of
urban configurations in which all parallel streets do not have equal
widths; this initiated their CFD simulation of ventilation in generic
urban configurations with different urban densities, and equal and un
equal street widths. A parametric study of angular road patterns and
pedestrian ventilation in high-density urban areas suggested that the
flow field should be affected by both the prevailing wind direction and
the relative orientation of adjacent road segments [26].
However, there are still many uncertainties in practical CFD simu
lations of the pedestrian-level wind environment. For example,
following a non-exhaustive literature review of CFD studies on atmo
spheric processes in street canyons, Ai and Mak [27] indicated that there
were arbitrary selections of computational settings in terms of compu
tational domain, domain dimensions, and inflow boundary conditions.
In order to improve the quality of simulations of pollutant dispersion in
building arrays, Dai, Mak [28] evaluated computational and physical
parameters including turbulence models, grid resolution, discretization
of time step size, length of sampling period, aspect ratio of arrays, and
release rate of tracer gas for CFD simulations. Liu, Pan [29] conducted a
CFD study to explore the use of wind information from a meteorological
station to simulate wind distribution in an urban community, where the
station was located far away from the community. Additionally,
Blocken, Stathopoulos [11] reviewed pedestrian-level wind studies for
wind comfort assessment using wind tunnel and CFD techniques.

suggested that when thermal effects of surface heating were included,
the spanwise flow was stronger compared with that of the neutral case.
Considering different unstable thermal stratification scenarios, Mei, Liu
[34] studied pedestrian-level pollutant transport in street canyons.
Additionally, on a city scale, Wang and Li [35] used a CFD model to
reproduce urban heat island circulation, which has been considered one
of the most difficult problems in CFD.
Furthermore, using RANS simulations of two simplified city models,
Yang and Li [36] pointed out that airflow in street canyons was
dependent on thermal stratification when the wind speed was small
relative to the buoyancy force. Taking real building geometries on the
Kowloon Peninsula of Hong Kong as a case in a pair of large-domain LES
studies, Gronemeier, Raasch [37] indicated that significant ventilation
increased in unstable stratification due to enhanced vertical mixing.
With daytime observations in Hong Kong, Wang and Ng [38] demon
strated that unstable conditions were more common during summer in
the daytime, and hence cross-comparisons of field measurements, wind
tunnel tests, and LES under neutral and unstable conditions were con
ducted. In summary, all the above studies demonstrate the qualitative
effect of thermal conditions on urban ventilation in realistic urban
complexity.
However, it remains unclear how the above two factors, i.e., urban
form and thermal condition, jointly influence pedestrian-level ventila
tion. The influence of urban form on air flow is mechanical, while urban
heat affects air flow around buildings through buoyancy and thermal
turbulence. Competition between these two would result in different
dynamic stability of the atmosphere. Therefore, it is practical to ask how
they affect urban ventilation. The objective of this study is to clarify the
coupled effects of urban form and thermal conditions on pedestrianlevel ventilation through various sets of parametric scenarios using
LES experiments.
2. Scenario configurations
In order to evaluate the effects of urban form and thermal conditions
on urban ventilation, urban structures were idealized with a few
morphological configurations so that their influences on pedestrianlevel ventilation could be investigated and identified. The parametric
scenarios were relatively simple in terms of geometric setting but were
still based on previous studies. Four design and planning parameters and
their combinations were considered: building aspect ratio (which affects
mainly the width ratio between perpendicular and parallel streets),
Table 1
Prescribed values and nomenclature of parameters in defining parametric
scenarios.
Parameters

Prescribed values

Nomenclature

Geometric

30 m
60 m
1:1
2:1
Homogeneous
Inhomogeneous
25%
40%

H30
H60
X1
X2
HM
IM
CR1
CR2

1.5 m s− 1
3.0 m s− 1
Neutral
Rooftop and side walls heat flux
0.01 Kms− 1
Rooftop and side walls heat flux
0.02 Kms− 1
Rooftop, east and west walls heat
flux 0.01 Kms− 1, south walls heat
flux 0.02 Kms− 1
Surface and rooftop heat flux
0.01 Kms− 1

V1.5
V3.0
N
T1

Mean building
height (H)
Building aspect
ratio (X)
Building height
differential
Building
coverage ratio
(CR)
Dynamic initialization (input
velocity)
Thermal condition

1.2. Effects of thermal conditions on urban wind
As reviewed above, wind tunnel experiments and CFD models have
been used in parametric studies of urban ventilation generally with a
neutral assumption, which is commonly used mainly because of its low
computational cost and the ease with which it can achieve both nu
merical simulations and wind tunnel experiments. However, thermal
conditions are known to have great effects on air flow and turbulence in
the urban boundary layer [30,31]. For example, based on an LES study,
Nazarian and Kleissl [32] found that heating of roofs, building walls, and
the ground was important in the strength and location of a canyon
vortex. Within an idealized building array, the thermal effects on tur
bulent coherent structures were investigated by LES [33], and the results
2
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mean building height, building height differential, and building
coverage ratio (Table 1).
First, a floor area including street areas around the building was
assumed to be 100 m × 100 m (10000 m2), and the building was in the
middle of this floor area. Each parametric scenario was a composite of
10 × 10 building arrays. Therefore, the site area was 1 km2. A threedimensional schematic diagram of the parametric scenario setup is
shown in Fig. 1. The first geometric parameter to be included was the
horizontal building aspect ratio; two types of horizontal building aspect
ratios were considered. X1 represents a 1:1 ratio of frontal building size
(D) to lateral building size (L) (a square), while X2 indicates a ratio of 1:2
(a rectangle). Then, a building coverage ratio (CR) was assumed as 25%
or 40%. In this case, the horizontal building-street layouts were
computed as follows:
D × L = 100 × CR

(1)

WS = 100 − D

(2)

2

Finally, horizontal dimensions (building sizes and street widths)
were computed according to Table 1 and Eqs. (1) – (3). All values were
coerced to the closest even-integral numbers, as the horizontal resolu
tion in the LES experiments (refer to the next section) was 2 m. More
over, besides these geometric settings, we designed two initial input
velocities (namely background wind speeds) and three thermal condi
tions (Table 1), which will be discussed in more detail in the next
section.
3. Large-eddy simulation
3.1. Model basics
The LES model used in this study was the Parallelized LES Model
(PALM) [39]. The LES model has six prognostic quantities by default: the
velocity components u, v, w on a Cartesian grid; potential temperature;
specific humidity or a passive scalar; and subgrid-scale turbulent kinetic
energy. The governing equations are based on non-hydrostatic, filtered,
incompressible Navier-Stokes equations with the Boussinesq approxi
mation and are filtered implicitly using the volume-balance approach of
Schumann [40].
The modified version [41,42] of the 1.5-order Deardorff scheme [43]
was used for turbulence closure, and the Temperton algorithm [44] for
the fast Fourier transform was used to solve the Poisson equation for the
perturbation pressure. For the time integration, a third-order Runge-
Kutta scheme [45] was employed, and the advection scheme was used
for the second-order scheme of Piacsek and Williams [46]. Alternatively,
a fifth-order scheme developed by Wicker and Skamarock [47] could
also be utilized. Finally, the Monin-Obukhov similarity theory was
applied between the surface and the first grid level, and a Prandtl layer
was assumed at each surface.

(3)

′

WS = 100 − L

Where WS and WS are the parallel and perpendicular street width,
respectively. In the case of X1, D = L, and for X2, L = 2D.
The next geometric parameters to be investigated were mean
building height and building height differential. This study is devoted to
providing planning and building advice for tropical and subtropical
high-density Asian cities like Hong Kong, where the urban canopy-layer
height is about 60 m [10]; thus a mean building height of 60 m (H60)
was assumed in most scenarios. But as a supplement, a mean building
height of 30 m (H30) was also investigated in some scenarios. In cases of
homogeneous building height (HM), all buildings on-site were 60 m (or
30 m); in cases of inhomogeneous building heights (IM), building
heights were generated by normally distributed random series, which
were given a mean of H = 60 m (or H = 30 m) and a standard deviation
of H/4. According to the tolerance intervals of normal distribution, a
standard deviation of H/4 could basically ensure (99.99%) that no
negative random building heights would be generated.
The configurations resulted in eight combinations of urban form
except mean building height: X1HMCR1, X1HMCR2, X1IMCR1,
X1IMCR2, X2HMCR1, X2HMCR2, X2IMCR1, and X2IMCR2. The build
ing height differential and aspect ratio parameters fixed the building
volume (i.e., housing requirement), while the mean building height and
building coverage ratio modified the building volume. In cases of H60,
the building volume of the four CR1 scenarios was fixed at 1.5 × 105 m3,
while the building volume of the four CR2 scenarios was 3.6 × 105 m3. In
cases of H30, the building volume was half that of H60.
′

3.2. Grid sensitivity test
In PALM, the Cartesian topography is based on the mask method
[48], which allows for explicit resolution of solid obstacles such as
buildings. The grid points in the domain are separated into three types:
grid points in free fluid without adjacent walls for which standard code
is implemented; grid points next to walls that require additional code;
and grid points within obstacles that are excluded from computations.
Extra code (wall functions) was executed in grid volumes next to walls.
Specifically, the LES model employs two 2-D height index arrays,
nzb_w_inner (j, i) and nzb_w_outer (j, i) for the vertical component of
velocity to separate the domain into different regions based on the
vertical index k. Wall-bounded code was executed for grid points next to
vertical walls (nzb_w_inner ≤ k < nzb_w_outer) and horizontal walls (k =
nzb_w_inner = nzb_w_outer) [39].
A grid sensitivity study of PALM was conducted by Gronemeier,
Raasch [37]. In their study, four simulations with grid spacing sizes of 1
m, 2 m, 4 m, and 8 m were compared; neutral conditions were adopted
because turbulent structures were generally larger in the thermal case
than in the neutral case, while the latter defined the minimum grid size
to be used. It was found that a reduction of grid size from 2 m to 1 m only
slightly improved the quality of the representation of the wind field in
the city. Because a reduction of grid size by a factor of 2 increased the
computational load by a factor of 16, a grid size of 2 m was selected for
the main simulations in the current study as a tradeoff between accuracy
and computational cost.
3.3. Experimental setups
The velocity ratio was employed as an indicator to quantitatively
evaluate pedestrian-level ventilation, which was calculated by VP/V∞.
Here VP was the wind velocity at the pedestrian level (2 m above the
ground), and V∞ was the wind velocity at the top of the boundary layer
and was not affected by ground roughness. But in this study, wind speed

Fig. 1. A three-dimensional schematic diagram of the parametric scenario
setup. The floor area, including street areas around the building, is 100 m ×
100 m. The building is in the middle of the floor area. Each scenario is a
composite of 10 × 10 building arrays.
3
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computational time; that is, V∞ = 1.5 ms− 1 [51,52]. However, because
the mean wind speed could potentially interact with the thermal struc
ture, a higher velocity of 3.0 ms− 1 was also tested in some scenarios
(Table 1). The Reynolds number in the simulation is:

at the top boundary was affected by thermal conditions; hence the input
velocity at the inflow lateral boundary was used as V∞. There are many
other ventilation indicators such as purging flow rate, visitation fre
quency, average residence time, local mean age of air, and air exchange
efficiency [25], all of which can be calculated using a CFD technique
with the emission of pollutant/tracer gas [49]. The PALM model can
compute such emission and ventilation indicators with an embedded
Lagrangian stochastic particle model [50]. But in the current study, we
focus on the effects of both mechanical and thermal conditions on
pedestrian-level wind; hence many morphological scenarios were
simulated (64 main runs). To save computational time, only 3D wind
and turbulence were modelled and output (without calculation of
emission and tracer). In order to provide more comprehensive insight
into canopy ventilation, we also analyzed the normalized wind profile,
streamline, and Richardson number in the canopy. The bulk Richardson
number (Rib ) under thermal conditions is estimated by:
}
/{
Rib = gZCT (θCT − θ0 ) θ0 (UCT )2
(4)

Re = V ∞ H/μ

(5)

where V ∞ is the inflow bulk velocity, H is the mean building height, and

μ is the molecular viscosity. A realistic Reynolds number of Re = 106 is

used since PALM is designed for the urban boundary layer [53].
A no-slip bottom boundary condition and a free-slip top boundary
condition were applied to the horizontal velocity components. Only
wind directions parallel to the street canyons input from the left were
considered in all cases. Cyclic (periodic) horizontal boundary conditions
were adopted in the spanwise direction, while non-cyclic boundary
conditions were adopted in the streamwise direction. In the case of cy
clic lateral boundary conditions, the solution of the pressure solver was
achieved by using a direct fast Fourier transform (FFT). The Poisson
equation was Fourier transformed in both horizontal directions; the
resulting tridiagonal matrix was solved along the z direction and then
transformed back [39]. In the case of non-cyclic boundary conditions,
PALM
generates
time-dependent
turbulent
inflow
by
a
turbulence-recycling method, which was developed by Lund et al. [54],
with some modifications by Kataoka and Mizuno [55]. Fig. 2a provides
an overview of the recycling method used in PALM. In front of the
simulation domain, a recycling area is attached, and the outflow
boundary of this recycling area is the recycling plane, from where the
′
turbulence signal ϕ (y, z, t) is recycled:
)
(
′
ϕ (y, z, t) = ϕ xrecycle , y, z, t − ϕy (z, t)
(6)

where g = 9.8 ms− 1 is the acceleration of gravity, ZCT is the height of the
canopy top (estimated at 120 m in this study because the maximum
building height is 120 m according to the scenario configuration), θ0 is
the potential temperature at the bottom (the lowest model level), and
θCT and UCT are the potential temperature and wind speed at the canopy
top (120 m), respectively.
As we were focusing mainly on the pedestrian-level velocity ratio,
the input wind speed was not important under neutral conditions, and if
a high wind speed was used, more computational time would be needed
because the time steps, which were optimized in the LES model, had to
be shorter. Therefore, a wind velocity of 1.5 ms− 1 was prescribed to save

Fig. 2. (a)Schematic figure of the turbu
lence recycling method modified from Mar
onga, Gryschka [39]. This configuration
represents conditions with an open recycling
area (gray surface) and a built-up area for
analysis (blue surface). (b) The 3 km × 1 km
LES model domain with the 1 km × 1 km
urban topography (buildings) located in the
middle,
taking
geometric
scenario
X1IMCR1H60 as an example. The white
dashed line denotes xrecycle (location of the
recycling plane) in Eq. (6). (b) demonstrates
one of the model setups as an example,
which corresponds to geometric scenario
X1IMCR1H60 (horizontal building aspect
ratio 1:1, inhomogeneous building height,
building coverage ratio 25%, and mean
building height 60 m). The horizontal model
domains were 3 km × 1 km, which was
adopted from a previous study [38]. In front
of the idealized city, a turbulence recycling
area was added to the domain, where the
turbulence-recycling method was applied to
create a turbulent inflow for the simulation.
The size of the recycling area was 480 m by
1 km, and it was 520 m away from the city
area. The 520 m × 1 km buffer zone between
xrecycle and the city helped prevent the
blocking effects of the buildings from
reaching the recycling area, while the 1 km
× 1 km buffer zone on the leeward side of
the city ensured a positive outflow, as the
radiative outflow condition in this
non-cyclic boundary always required a pos
itive outflow. (For interpretation of the ref
erences to color in this figure legend, the
reader is referred to the Web version of this
article.)
4
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both rooftops and side walls were 0.01 Kms− 1 in the current study (see
T1 in Table 1), while in the literature the heat fluxes of side walls and
rooftops were 0.01 Kms− 1 and 0.1 Kms− 1, respectively. It should be
noted that even with the lower rooftop heat flux (i.e., 0.01 Kms− 1), its
impact on pedestrian-level ventilation is small, as Fig. 3 demonstrates
that the modified heat fluxes (both side wall and rooftop heat fluxes are
0.01 Kms− 1) can still capture the observed velocity ratios well.

Here xrecycle is the distance from the inflow boundary to the recycling
plane; ϕy (z, t) is the line average of a prognostic variable ϕ along y at

x = xrecycle . ϕ (y, z) is added to the mean inflow profile after each time
step. The recycling area length xrecycle should be much larger than the
integral length scale of the respective turbulent flow to avoid the same
turbulence structures being recycled repeatedly. Hence a precursor run,
which can have a comparatively small horizontal domain for generating
the initial turbulence field of the main run, is promoted [56]. In this
case, the domain of the main run was filled by cyclic repetition of the
precursor run data. Meanwhile, elements (buildings) were placed suf
ficiently downstream of xrecycle to prevent effects on turbulence at the
inlet.
The horizontal grid sizes were equidistantly 2 m, as mentioned
above. The vertical grid spacing was 2 m below 300 m and stretched
with a stretch factor of 1.08 above. With the 195 vertical levels, the top
level was up to 1150 m. The precursor run for the turbulence recycling
method has the same grid spacing size and vertical levels as the main run
but a much smaller horizontal domain. In this study, the precursor run
was set at 240 m × 240 m. The governing equations of PALM were
spatially discretized on an Arakawa-C grid. Scalar variables were
defined at the grid centers, while the velocity components were shifted
by half of the grid spacing. Therefore, the horizontal velocity output
from the 1 m and 3 m levels was linearly interpolated to obtain VP at 2 m
above the ground. The total simulation time was 2 h. The first hour was
excluded in the analysis, as the turbulence needed this time to spin-up
[57], and the simulated results of the last hour were averaged for
analysis [58].
For neutral runs, thermal effects were not considered; that is, the
temperature equation was shut down. However, for thermal simula
tions, we considered four sets of heat conditions: (a) a mean kinematic
heat flux of 0.01 Kms− 1 (about 11.75 Wm-2) from both rooftops and side
walls, (b) a mean kinematic heat flux of 0.02 Kms− 1 (about 23.5 Wm-2)
from both rooftops and side walls, (c) a mean kinematic heat flux of 0.01
Kms− 1 from rooftops and east and west walls, and a mean kinematic heat
flux of 0.02 Kms− 1 from the south walls but no heat flux from the north
walls, and (d) a mean kinematic heat flux of 0.01 Kms− 1 from the surface
and rooftops but no heat flux from the vertical walls. Four sets of
experimental conditions were named T1, T2, T3, and T4, respectively, as
listed in Table 1. Among these thermal scenarios, T2 doubled the heating
in T1, while T3 and T4 considered two different solar radiation condi
tions. T3 was comparable to the situation when the sun is at an angle
with the land surface; the heat fluxes among walls of different orienta
tions were set to roughly ensure that the total heat flux was consistent
with T1. T4 represented the case at noon in the summer, with the sun at
its zenith heating only horizontally oriented surfaces [37]. Moreover,
unstable stratification in the simulations was achieved by a prescribed
homogeneous potential temperature of 300 K below 800 m and a
capping inversion layer above with a potential temperature gradient of
1 K per 100 m.
′

4. Results
A total of 64 scenario simulations were carried out, as listed in
Table 2. There were 8 combinations of urban form except mean building
height, and 6 groups in terms of various thermal conditions, mean
building heights, and input velocities.
4.1. Mechanical effect of urban form on ventilation
Using the LES results of the parametric urban form scenarios, we first
examined the mechanical effect of urban morphology on urban venti
lation without considering the thermal effects. Fig. 4 shows LEScomputed velocity ratios in the urban area of neutral scenarios with a
mean building height of 60 m (H60) and an input velocity of 1.5 ms− 1
(V1.5), which could indicate detailed influences of urban morphology
on pedestrian-level ventilation. When ambient wind encounters the first
row of obstacles (buildings), flow separation occurs, indicating that flow
near the buildings is highly dynamic. Additionally, flow acceleration
occurs in the displacement zone around the buildings and results in very
high pedestrian-level velocity on both sides of the first row of buildings.
To focus on the urban effects inside the urban scenarios, ventilation
around the first row of buildings should be excluded by defining an
assessment. It should be noted that all pedestrian-level ventilation sta
tistics were calculated and analyzed inside the assessment area, which
reserved a 100 m buffer zone away from the lateral urban edge in all
directions (dashed boxes in Fig. 4), and the site-averaged velocity ratios
of all 64 tested scenarios are listed in Table 2. The site-averaged velocity
ratio is the mean of velocity ratios at z = 2 m in the assessment area.
4.1.1. Impacts of building spacing and flow regimes
The site-averaged velocity ratios range from 0.11 to 0.25 for different
geometric scenarios under neutral conditions with 60 m mean building
height and 1.5 ms− 1 input velocity (G1 of Table 2). This suggests that
pedestrian-level ventilation in scenarios with a building aspect ratio of
2:1 (X2) will be always better than those of X1 scenarios, mainly because
X2 scenarios provide wider street canyons parallel to the input wind
direction. This indicates that trunk road orientations should keep pace
with the summer prevailing wind direction in tropical and subtropical
cities that require better summer ventilation. However, Fig. 4 implies
that the width of the street parallel to the input wind direction is not the
only factor controlling site-averaged ventilation; for example, based on
the scenario configurations (Section 2), the parallel street width of the
X2CR2 scenarios (54 m) is only slightly greater than that of the X1CR1
scenarios (50 m), but the site-averaged velocity ratios of X2HMCR2
(0.25) and X2IMCR2 (0.21) are much larger than those of X1HMCR1
(0.15) and X1IMCR1 (0.17).
In order to interpret the dynamic contributing factors, simulated
flow fields (streamlines) are employed (Fig. 5). Classical urban aero
dynamic studies have proposed that building spacing with reasonably
uniform building height, i.e. the building height to street width ratio (H/
W), could set three canonical flow regimes, which are an isolated
roughness flow of H/W < 0.35 for widely spaced buildings, 0.35<H/W
< 0.65 for a wake interference flow at greater densities, and H/W > 0.65
for a skimming flow with even closer spacing [13]. Fig. 5 suggests that
for an array of very tall buildings, the H/W ratio could be an insufficient
indicator of flow regimes. Because we focused on high-rise and
high-density urban scenarios (representing the current situation of some
Asian cities), the mean building height was set to 60 m. It should be

3.4. Model validation
The LES model has been verified for simulating air flows and tur
bulence characteristics at the street-canyon and neighborhood scale in
urban areas [59–62], and the PALM version used in this study has
recently been validated by a CFD guideline [63] for pedestrian-level
ventilation under neutral atmospheric conditions [64,65]. Regarding
the simulation of the thermally stratified urban boundary layer, the
model has been tested by Uehara’s wind tunnel data [66] for thermally
stratified street canyons [67]. In this study, simulations under the
neutral assumption were validated by wind tunnel tests, and simulations
in thermal conditions were also verified by field measurements. As
mentioned above, the model domain setups used in the current study
were adopted from a previous study [38], but it is worth noting that the
thermal setup was different from that in the literature. The heat fluxes of
5
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Fig. 3. Velocity ratio scatterplots and regression of (a) wind tunnel and neutral LES and (b) field measurements and diabatic LES. Figures modified from Wang and
Ng [38].
Table 2
Parametric combinations of the 64 scenarios and site-averaged velocity ratios in the assessment area. The group ID is given in the last row in order to facilitate
interpretation.
Thermal condition

N

T2

T3

T4

Mean building height

H60

H30

H60

H60

H60

H60

H60

H60

Input velocity

V1.5

V1.5

V3

V1.5

V3

V1.5

V1.5

V1.5

0.15
0.11
0.17
0.14
0.24
0.25
0.19
0.21
G1

0.20
0.17
0.20
0.17
0.24
0.27
0.23
0.22
G2

0.15
0.12
0.17
0.15
0.26
0.26
0.20
0.21
G3

0.35
0.32
0.32
0.28
0.43
0.44
0.40
0.43
G4

0.20
0.23
0.19
0.18
0.30
0.31
0.23
0.25
G5

0.42
0.40
0.39
0.35
0.48
0.49
0.48
0.49
G6

0.34
0.34
0.31
0.27
0.41
0.42
0.39
0.39
G7

0.35
0.35
0.39
0.34
0.53
0.58
0.44
0.51
G8

Urban form except mean building height

Group ID

X1HMCR1
X1HMCR2
X1IMCR1
X1IMCR2
X2HMCR1
X2HMCR2
X2IMCR1
X2IMCR2

T1

Fig. 4. LES-computed velocity ratio in the urban area of neutral scenarios. Scenarios in G1 (mean building height = 60 m, input wind speed = 1.5 ms− 1, neutral
conditions) are demonstrated. The dashed white box encloses the assessment area with a 100 m wide buffer zone from the lateral boundary.

noted that this building height is higher than heights commonly used in
previous studies [7]. Thus, absolute building spacing or the width of the
street perpendicular to the input wind would be important. In this study,

we set the H/W ratios of 1.2, 1.7, 2.0, and 6.0 (Fig. 5a–d, corresponding
to the Ws at 50 m, 36 m, 30 m, and 10 m, respectively), which were
significantly larger than 0.65. Interestingly, only scenario X2HMCR2
6
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Fig. 5. Vertical streamlines of scenarios (a) X1HMCR1, (b) X1HMCR2, (c) X2HMCR1, and (d) X2HMCR2 in G1 (mean building height = 60 m, input wind speed =
1.5 ms− 1, neutral conditions). Color shading is velocity (u2+w2)1/2 normalized by the input velocity (1.5 m s− 1). The section is taken at y = 550 m. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 5d) demonstrated a skimming flow pattern, while the other three
had a wake interference flow.
Fig. 6 demonstrates the streamlines of four G1 scenarios with ho
mogeneous building height (HM). It is found that the canonical flow
regimes can be “horizontally” applied to pedestrian-level ventilation.
Although the widths of the streets parallel to the input wind are similar,
the latitudinal building spacing in Fig. 6a is significantly greater than
that in Fig. 6b and results in wake interference flow from the rooftops,
and more interestingly, from the lateral ventilating street canyon. The
horizontal wake interference between the perpendicular and parallel
streets slows down the mean wind in the parallel street canyons. This
dynamic process results in G1 scenarios in which, in the case of X1, CR1
(CR = 25%) is better than CR2 (CR = 40%), but in the case of X2, CR2 is
close to or even slightly better than CR1 (Table 2 and Fig. 4). But
obviously, the narrow perpendicular street widths could lead to a small
peak with a low velocity ratio in the distribution, particularly for ho
mogeneous building height (HM) scenarios (Fig. 7).

inhomogeneous building heights generate more vertical momentum in
street canyons by capturing more downward-propagated momentum
fluxes, and they have a negative (positive) effect on the pedestrian-level
velocity of low-roughness (high-roughness) idealized urban fabrics [64],
which is supported by previous wind tunnel studies of scalar (e.g., air
mass) transfer efficiency [68]. Generally, we suggest that the balance
between mean flow and turbulence intensity would be important for
ventilating street canyons.
4.1.3. Impacts of canopy height and input wind speed
It is well known that the lower the mean building height, the better
the canopy ventilation. Based on the site-averaged velocity ratios of the
G1 and G2 scenarios (Table 2), we quantitatively estimated the effect of
mean building height, i.e., the height of the urban canopy layer, on
ventilation. The rising percentage of the velocity ratio was calculated by
subtracting the site-averaged velocity ratio of the H60 scenarios (VRH60)
from the site-averaged velocity ratio of the H30 scenarios (VRH30) and
then dividing by VRH60 as in the following equation:

4.1.2. Balance between mean wind and turbulence intensity
Another statistical feature is that in the case of X1, IM is better than
HM, but in the case of X2, HM is better than IM (G1 in Table 2). The
downward-propagated momentum flux in IM scenarios is generally
stronger than that in HM scenarios, and the stronger vertical momentum
flux introduces more wind load to the pedestrian level in high-roughness
scenarios that formerly had worse ventilation (X1 scenarios here).
Stronger vertical momentum and mechanical turbulence decrease
pedestrian-level ventilation in low-roughness scenarios that formerly
had better ventilation (X2 scenarios here). In other words,

(VRH30 − VRH60 ) / VRH60 × 100%

(7)

When urban canopy height decreases from 60 m to 30 m, the increase
in the site-averaged velocity ratio ranges from 0% (X2HMCR1) to 54.5%
(X1HMCR2), with an average of 20.1% for the eight scenarios, in which
the average for the X1 scenarios is 31.0%, and for the X2 scenarios
11.3%. The site-averaged velocity ratios of the X1 scenarios approach
those of the X2 scenarios after reducing the average building height.
Fig. 7 demonstrates the differences in the velocity ratio distributions in
the H30 and H60 scenarios (corresponding to the green and red lines,
7
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Fig. 6. Horizontal streamlines at 2 m above the ground of scenarios (a) X1HMCR1, (b) X1HMCR2, (c) X2HMCR1, and (d) X2HMCR2 in G1 (mean building height =
60 m, input wind speed = 1.5 m s− 1, neutral conditions). Color shading represents the velocity ratio. Only four buildings and the surrounding flow fields are shown.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

pedestrian-level ventilation in thermal conditions is better than that in
neutral conditions (Table 2). Fig. 10 demonstrates the spatial distribu
tion of velocity ratios in urban areas under T1 thermal conditions (G4
scenarios). Compared with the G1 scenarios (Fig. 4), the pedestrian-level
ventilation under diabatic conditions is evidently better than that of the
neutral conditions.
Enhanced vertical mixing due to surface heating produces improved
ventilation performance in the thermal cases [37]. Near-surface velocity
over boundary-layer velocity (i.e., velocity ratio) is known to be larger in
an unstable atmospheric boundary layer than in a neutral one.
Comparing the u-wind profiles of G4 and G6 in Fig. 9 with that of G1 in
Fig. 8, it is obvious that the thermal cases produce a greater near-surface
velocity than the neutral cases. The higher wind speed in the thermal
cases is due to the additional convective motion caused by heating from
the buildings, which increases vertical mixing throughout the boundary
layer in and above the urban area and leads to the higher
pedestrian-level velocity ratios compared to the neutral cases. Further
more, when other conditions remain unchanged, stronger heating (e.g.,
T2 compared with T1) results in stronger vertical mixing in and over the
urban blocks and hence produces higher velocity ratios.

respectively), and Fig. 8 illustrates these ventilation differences
dynamically by showing the mean wind profiles. The profiles are aver
aged from 5 y-z sections at x = 1400 m, 1450 m, 1500 m, 1550 m, and
1600 m. With a lower mean building height, the momentum of mean
wind propagation will be deeper into the street canyon (Fig. 8), while
the peak of the velocity ratio distribution will shift to the right (with
greater velocity ratio) (Fig. 7).
Additionally, a comparison of site-averaged velocity ratios in G1 and
G3 suggests that the input velocity should have almost no impact on the
simulated pedestrian-level ventilation (Table 2). This demonstrates that
it was reasonable to use velocity ratio to describe pedestrian-level
ventilation under neutral conditions in previous studies [51,52]. How
ever, this is applicable only in neutral atmospheric conditions; under
thermal conditions (in next sections), background wind speed will have
a great impact on velocity ratios.
4.2. Impact of thermal conditions on urban ventilation
A comparison of site-averaged velocity ratios in the G1 and G4 sce
narios supports the contention that under low background wind speed,
8
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Fig. 7. Pedestrian-level ventilation performance of all neutral scenarios presented by the probability distribution of LES-computed velocity ratios. Each panel
presents one urban form combination, and the different line styles (colors) denote different groups (G1, G2, and G3). G1 represents 60 m mean building height (H60)
and 1.5 ms− 1 input velocity (V1.5), G2 represents 30 m mean building height (H30) and 1.5 ms− 1 input wind speed (V1.5), and G3 represents 60 m mean building
height (H60) and 3.0 ms− 1 input wind speed (V3.0). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 8. U-wind profiles in the urban area of neutral scenarios. Only profiles below 120 m are displayed to enlarge the differences between the different scenarios. The
profile is normalized by its input velocity. Each panel presents one urban form combination, and different line styles (colors) denote different groups (G1, G2, and
G3). G1 represents 60 m mean building height (H60) and 1.5 ms− 1 input velocity (V1.5), G2 represents 30 m mean building height (H30) and 1.5 ms− 1 input velocity
(V1.5), and G3 represents 60 m mean building height (H60) and 3.0 ms− 1 input velocity (V3.0). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

As mentioned above, thermal condition T3 prescribes 0.01 Kms− 1
heat flux from the rooftops and east and west walls, and 0.02 Kms− 1 heat
flux from the south walls, but no heat flux from the north walls. Such
differential treatment of the heat flux of the different walls is more
realistic than the idealized setting in T1. However, the total heat flux of
T3 and T1 is the same, which results in the site-averaged velocity ratios
in G7 and G4 being comparable (Table 2). The u-wind profiles in the two
groups are similar as well (figure not shown). In general, if the overall
heat flux is unchanged, the different heating from vertical walls has little
effect on pedestrian-level ventilation.
However, heat flux from the ground surface does improve

pedestrian-level ventilation and increases the overall velocity ratio
compared with the heat flux from vertical walls. According to the sce
nario configuration, T1 scenarios have more heated surface/wall area
than T4 scenarios in the case of H60. But the site-averaged velocity ra
tios in G8 are mostly larger than those of G4 (Table 2). The Rib of 40
scenarios under thermal conditions is estimated and listed in Table 3.
Generally, significant linkage between the site-averaged velocity ratio
and Rib cannot be found. But the Rib of the T4 scenarios (ranging from
− 0.43 to − 0.28) with ground surface heating is obviously different from
that of other scenarios (ranging from − 0.15 to − 0.1) without a pre
scribed surface heat flux, mainly because ground surface heating results
9
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Fig. 9. U-wind profiles in the urban area of thermal scenarios. Only profiles below 120 m are displayed to enlarge the differences between different scenarios. The
profile is normalized by its input velocity. Each panel presents one urban form combination, and different line styles (colors) denote different groups (G4, G5, and
G6). G4 represents the T1 thermal scenario and 1.5 ms− 1 input velocity (V1.5), G5 represents the T1 thermal scenario and 3.0 ms− 1 input velocity (V3.0), and G6
represents the T2 thermal scenario and 1.5 ms− 1 input velocity (V1.5). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 10. LES-computed velocity ratios in the urban area of thermal scenarios. Scenarios in G4 (mean building height = 60 m, input wind speed = 1.5 ms− 1, T1
thermal condition) are demonstrated. The dashed white box encloses the assessment area with a 100 m wide buffer zone from the lateral boundary.

in greater bottom potential temperature (θ0 in Eq. (4)). There are very
few data regarding Rib in urban areas. Nakamura and Oke measured the
temperature and wind distribution in a real street canyon and provided
an Rib range from − 0.45 to − 0.17 on a clear midsummer afternoon [69],
which implies that ground surface heating is reasonable.
4.3. Coupling of mechanical and thermal effects

level ventilation performance compared with X1 scenarios. Conse
quently, it can be concluded that ventilation performance is affected by
both mechanical and thermal conditions. Based on the current experi
mental settings, the different geometric combinations obtained siteaveraged velocity ratios of 0.11–0.25 under neutral conditions, while
thermal conditions (T1 and T2) increased these values to 0.28–0.49
(Table 2).

Fig. 10 shows LES-computed velocity ratios in the urban area of
thermal scenarios. It suggests that though the unstable conditions can
introduce a strong influence on urban ventilation, the impact of urban
form cannot be ignored. Scenarios with better ventilation under neutral
conditions will still have better ventilation under the same thermal
conditions. For instance, X2 scenarios have obviously better pedestrian-

4.3.1. Reaction of ventilation to urban heat
As shown in Fig. 9, heating will affect the vertical distribution of
wind speed through intensifying vertical mixing by thermal turbulence,
hence enhancing pedestrian-level ventilation. While Fig. 11 shows the
LES-computed horizontal distribution of potential temperature in the
urban area, and it indicates that better ventilation means greater cooling
10
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Furthermore, the potential temperature profiles in Fig. 12 indicate
that under the same initial thermal condition (T1), a higher background
wind speed leads to a lower air temperature in and above the urban
canopy layer (G5 compared with G4). In some cases, the air temperature
of G5 may be higher than that of G4, which is due to the lack of venti
lation near the ground. However, the potential temperature profiles
cannot prove that the vertical movement of airflow is weakened. In
order to further confirm that vertical motion is weakened when hori
zontal convection is strong, Figs. 13 and 14 show the vertical streamlines
under different scenarios for cross-building arrays and street canyons,
respectively. Taking the X1HMCR1 and X1HMCR2 scenarios as exam
ples, this suggests that in sections either across the street canyon or the
building array, the airflow in G4 scenarios has a stronger downwardinvading potential.
Similar to Eq. (7), the decreasing rates for the site-averaged velocity
ratio between an input wind speed of 3.0 m s− 1 and 1.5 ms− 1 under the
same T1 thermal condition are calculated as:

Table 3
Bulk Richardson number (Rib) of 40 scenarios under thermal conditions.
Thermal condition

T1

Mean building height

H60

Input velocity

V1.5
− 0.08
− 0.11
− 0.09
− 0.10
− 0.04
− 0.03
− 0.05
− 0.05
G4

Urban form except
mean building
height

Group ID

X1HMCR1
X1HMCR2
X1IMCR1
X1IMCR2
X2HMCR1
X2HMCR2
X2IMCR1
X2IMCR2

T2

T3

T4

H60

H60

H60

H60

V3

V1.5

V1.5

V1.5

− 0.03
− 0.03
− 0.03
− 0.03
− 0.02
− 0.01
− 0.02
− 0.02
G5

− 0.11
− 0.15
− 0.12
− 0.14
− 0.05
− 0.03
− 0.05
− 0.04
G6

− 0.06
− 0.08
− 0.08
− 0.08
− 0.03
− 0.01
− 0.04
− 0.03
G7

− 0.43
− 0.31
− 0.28
− 0.33
− 0.32
− 0.35
− 0.32
− 0.32
G8

effects under the same initial thermal conditions. Due to differences in
the actual area of walls and roofs in different urban scenarios, the total
heat-releasing flux could be slightly different. However, the horizontal
distribution of potential temperature under the T2 thermal condition
(Fig. 11) demonstrates that at the same vertical level (2 m above the
ground), X2 scenarios with a greater velocity ratio do have a lower
potential temperature. In contrast, in X1 scenarios with poor ventilation,
heat is pushed by the wind and accumulates in the back of the urban
scenario; consequently, the worse the ventilation, the higher the tem
perature in the back of the scenario. In general, the reaction of venti
lation to urban heat can be clearly identified in LES experiments. In
other words, the LES model captures the fact that ventilation can miti
gate urban heat.

(VRV3.0 − VRV1.5 ) / VRV1.5 × 100%

(8)

Where VRV1.5 and VRV3.0 are the site-averaged velocity ratios of the G4
and G5 scenarios, respectively. When the input velocity increases from
1.5 m s− 1 to 3.0 m s− 1 under the T1 thermal condition, the decreasing
rate of the site-averaged velocity ratio ranges from 28.1% (X1HMCR1)
to 42.8% (X1HMCR2), with a mean of 36.4% for the eight scenarios.
5. Discussion
The influences of urban form, i.e., its mechanical effects on urban
ventilation, have been discussed in the published literature, and how
urban thermal conditions affect the airflow in street canyons has been
also investigated in previous research. This study demonstrates the
coupled effects of both mechanical and thermal conditions on urban
ventilation, which has rarely been examined.
In a complex urban environment, there will be many factors both
geometric and thermal that can affect airflow, and some important
factors may have been ignored, for example scattered building arrays
and input wind direction with an angle. Moreover, thermal conditions
are simply initialized by a potential temperature profile and sensible
heat flux from building walls and roofs. Additionally, because we
focused on high-rise and high-density urban scenarios, which represent
the current situation of some Asian cities, the mean building height was
set to 60 m. Although a set of scenarios with 30 m mean building height

4.3.2. Interaction between mechanical and thermal conditions
Under weak background wind, thermal turbulence enhances vertical
mixing and thus strengthens near-surface ventilation. However, if the
initial thermal conditions are fixed, higher absolute wind speed means
stronger horizontal convection, which will weaken the vertical mixing
caused by thermal turbulence and eventually lead to the weakening of
pedestrian-level ventilation. This is demonstrated by the u-wind profiles
of various LES experiments with different input velocity and initial
thermal conditions shown in Fig. 9. It is found that u-wind speeds below
the mean building height of G5 scenarios (T1 thermal scenario and 3.0
ms− 1 input wind speed) are much smaller than those of G4 scenarios (T1
thermal scenario and 1.5 ms− 1 input wind speed), which is consistent
with the site-averaged velocity ratio (Table 2).

Fig. 11. LES-computed horizontal distribution of potential temperature in the urban area. Scenarios in G6 (mean building height = 60 m, input wind speed = 1.5
ms− 1, T2 thermal condition) are demonstrated. The dashed white box encloses the assessment area with a 100 m wide buffer zone from the lateral boundary.
11

W. Wang et al.

Building and Environment 191 (2021) 107586

Fig. 12. Potential temperature profiles in the urban area for all thermal scenarios. Only profiles below 120 m are displayed to enlarge the differences between the
different scenarios. Each panel presents one geometric combination, and different line styles (colors) denote different groups (G4, G5, and G6). G4 represents the T1
thermal scenario and 1.5 m s− 1 input velocity (V1.5), G5 represents the T1 thermal scenario and 3.0 m s− 1 input velocity (V3.0), and G6 represents the T2 thermal
scenario and 1.5 m s− 1 input velocity (V1.5). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 13. Vertical streamlines of scenario (a) X1HMCR1 in G4, (b) X1HMCR2 in G4, (c) X1HMCR1 in G5, and (d) X1HMCR2 in G5. Color shading is velocity (u2+w2)1/
2
normalized by the input velocity (1.5 m s− 1 and 3.0 m s− 1 for G4 and G5, respectively). The section is taken at y = 550 m (cross-building arrays). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 14. Vertical streamlines of scenario (a) X1HMCR1 in G4, (b) X1HMCR2 in G4, (c) X1HMCR1 in G5, and (d) X1HMCR2 in G5. Color shading is velocity (u2+w2)1/
2
normalized by the input velocity (1.5 m s− 1 and 3.0 m s− 1 for G4 and G5, respectively). The section is taken at y = 500 m (cross street canyons). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

were also simulated and the results compared, this building height
setting was still higher than heights commonly used in previous studies.
Under neutral conditions, the mechanical effects of urban geometry
on the pedestrian-level wind environment have been widely studied.
The main contribution of this study is considering the thermal effect.
The heat flux implied on building surfaces was only 0.01 and 0.02 Kms− 1
(about 11.75 and 23.5 Wm-2), which is much smaller than that applied
in Gronemeier, Raasch [37] (about 200 Wm-2), but comparable with
that of Wang and Li [35] (37 Wm-2). At present, the appropriate range of
heat flux that should be adopted in such simulations is unclear. The
current study is limited by finite scenario simulations; hence it is still
difficult to draw a general conclusion. In addition to heating on rooftops
and vertical walls, it is reasonable to prescribe ground surface heating.

(positive) effect on the pedestrian-level velocity of low-roughness (highroughness) urban fabrics.
Second, under weak background wind, the higher wind speed in the
thermal cases is due to the additional convective motion caused by
heating from the buildings, which increases vertical mixing throughout
the boundary layer in and above the urban area and leads to the higher
pedestrian-level velocity ratios compared to the neutral case. Stronger
heating results in stronger vertical mixing over the urban blocks, pro
ducing higher velocity ratios. Different heating from vertical walls has
little effect on pedestrian-level ventilation if the total heat flux is fixed,
while ground surface heating improves pedestrian-level ventilation
compared with heating from only vertical walls.
Third, better ventilation means greater cooling effects under the
same initial thermal conditions. Under weak background wind, thermal
turbulence enhances vertical mixing and thus strengthens near-surface
ventilation. However, if the initial thermal conditions are fixed, higher
absolute wind speed means stronger horizontal convection, which will
weaken the vertical mixing caused by thermal turbulence, eventually
leading to the weakening of pedestrian-level ventilation.

6. Conclusions
Based on these scenario designs and simulations, we summarize the
main conclusions from the following three aspects: the mechanical ef
fect, the thermal effect, and the coupling effect.
First, under neutral conditions, input velocity has no impact on
pedestrian-level ventilation. The H/W ratio is an insufficient indicator of
flow regimes for tall building arrays, while absolute building spacing
should be considered. Canonical flow regimes can be “horizontally”
applied to pedestrian-level ventilation, as the horizontal wake interfer
ence between perpendicular and parallel streets slows down the mean
wind in the parallel street canyons. Inhomogeneous building heights
generate more vertical momentum in street canyons by capturing more
downward-propagated momentum fluxes, and they have a negative
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