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 A B S T R A C T

Shielding by upstream buildings is a fundamental control on urban drag, yet its influence remains poorly 
quantified in realistic urban environments. Here, we investigate shielding effects using building-resolved large-
eddy simulations of the University of Bristol campus, comprising 110 buildings of varying height, shape 
and orientation. Twenty-four wind directions are considered, allowing each building to experience a wide 
range of upstream shielding conditions. While the total drag of the campus exhibits only moderate directional 
variability, the drag acting on individual buildings varies substantially. In the present case, approximately 
20% of buildings account for 80% of the total drag, which is primarily attributed to a small number of 
large buildings that contribute disproportionately high drag forces. To quantify shielding, we introduce two 
dimensionless parameters: the upstream fetch ratio, 𝐿𝑠∕𝐻𝑠, and the relative height ratio, 𝐻𝑠∕𝐻 , where 𝐿𝑠
is the distance to the nearest upstream obstacle, 𝐻𝑠 is the height of the upstream obstacle, and 𝐻 is the 
height of the target building. These parameters distinguish between near- and far-wake conditions and between 
sheltered and exposed buildings, providing a simple method to characterise shielding effects in realistic urban 
environments. The study provides valuable quantitative insight into drag and shielding in the Bristol campus 
morphology; more importantly, it establishes a general framework for analysing drag and shielding that can be 
applied in other complex urban environments. The results identify shielding as a primary control on building 
drag and motivate shielding-aware measures of effective frontal area and drag coefficient.
1. Introduction

Aerodynamic drag exerted on urban buildings plays a pivotal role 
in shaping urban boundary layers, particularly in modern cities charac-
terised by clusters of high-rise buildings, dense layouts, and heteroge-
neous spatial arrangements (Oke et al., 2017). Substantial efforts have 
been devoted to investigating aerodynamic drag across a variety of 
urban forms for wind engineering applications, and to parameterising 
it within urban canopy models (UCMs) used in mesoscale weather 
forecasting models, such as the UK Unified Model (UM) and the US 
Weather Research and Forecasting (WRF) model. Early studies typically 
inferred the drag from bulk aerodynamic properties of entire districts, 
such as the roughness length 𝑧0 and displacement height 𝑧𝑑 (Rotach, 
1993; Grimmond and Oke, 1999; Roth, 2000), or through morpho-
logical indicators such as plan-area index 𝜆𝑝 and frontal-area index 
𝜆𝑓  (Cheng and Castro, 2002; Barlow and Belcher, 2002; Hagishima 
et al., 2009; Placidi and Ganapathisubramani, 2015). More recent 
studies, benefiting from advances in computational fluid dynamics 
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(CFD), including direct numerical simulation (DNS) and large-eddy 
simulation (LES), have enabled building-resolved simulations down to 
the scale of small turbulent structures. As a result, aerodynamic drag 
can now be estimated at much higher resolution, for example through 
distributed drag formulations that account for vertical variations within 
the canopy region (Coceal et al., 2006; Xie and Castro, 2006; Dejoan 
et al., 2010; Leonardi and Castro, 2010; Sützl et al., 2020), as well as 
volumetric drag coefficients associated with the local plan-area index 
𝜆∗𝑝 and frontal-area index 𝜆∗𝑓  within localised units (Zhang et al., 2025; 
van Reeuwijk and Huang, 2025).

The interaction between the urban boundary layer and buildings 
generates more complex turbulent flow structures, for example, by 
enhancing variability in wind speed (Xie et al., 2008; MacGarry et al., 
2025) and direction (Xie and Castro, 2009). Tall buildings (Xie et al., 
2008; Fuka et al., 2018), especially when arranged in clusters (Wang 
et al., 2026), generate substantial aerodynamic drag, leading to sig-
nificant reductions in local wind speed (Mishra et al., 2023) and 
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complex non-linear dynamics in the turbulence (Mishra et al., 2024). 
Street canyons, for instance, impose geometric confinement that con-
strains the wind to align preferentially with the street axis. Variations 
in building height further modulate wind direction by inducing sec-
ondary circulations and enhancing vertical turbulent exchange (Hang 
et al., 2012). In addition, irregular building morphologies promote 
flow separation and corner accelerations, leading to rapid and spatially 
heterogeneous directional fluctuations over short distances (Moonen 
et al., 2012).

Shielding effects, as a specific manifestation of building interaction, 
constitute an important factor governing building drag. Unlike the 
frontal area, which is an intrinsic geometric property of a building, 
shielding effects are associated with extrinsic properties such as the 
spatial configuration of upstream buildings and incident wind direction 
(Lam et al., 2008; Yu et al., 2015; Kim et al., 2015; Yan and Li, 2016; 
Placidi and Ganapathisubramani, 2017). In dense urban environments, 
a building is almost always influenced by shielding, which usually 
reduces the drag acting on it. Previous studies have provided important 
insights into shielding as a key part of building interference effects. 
The resulting drag force reduction can be substantial, reaching approx-
imately 30%–60% relative to isolated conditions (English, 1990; Lam 
et al., 2011; Standards Australia and Standards New Zealand, 2021). 
Khanduri et al. (1998) defined a shielding factor as the ratio of the 
aerodynamic force (i.e., drag) on a building under shielding effects to 
the force on that building in an isolated condition. Considerable efforts 
have been devoted to investigating interference effects between twin 
tall buildings (Tang and Kwok, 2004; Xie and Gu, 2007; Lam et al., 
2011; Yu et al., 2015; Liang et al., 2020). These studies have shown that 
drag reduction and pressure redistribution depend strongly on building 
spacing and relative height. Kim et al. (2015), Yu et al. (2015) addi-
tionally considered shielding under various wind directions. However, 
the previous studies mentioned above have largely been restricted to 
pairs of idealised cuboid buildings arranged in tandem, side-by-side, 
or staggered configurations, and such simplified configurations do not 
capture the complexity of realistic urban environments. Although Hui 
et al. (2012), Yan and Li (2016) attempted to consider more complex 
building configurations, these remained limited and did not reflect the 
full complexity of real urban environments. Therefore, a systematic 
characterisation of building drag and shielding effects in realistic urban 
environments is yet to be investigated. A building that is well exposed 
under one wind direction may become more sheltered under another; 
wind direction thus has a substantial influence on shielding and drag, 
as it not only alters the frontal area of the building facing the wind 
but, importantly, alters the shielding conditions imposed by upstream 
structures. However, this aspect also remains insufficiently studied.

The aim of the present study is to characterise shielding effects 
in realistic urban environments through building drag. We analyse 
turbulent flow through a realistic representation of the University of 
Bristol campus (UK), comprising 110 buildings of substantially varying 
shapes and orientations, using building-resolved LES under 24 wind 
directions. This dataset enables a building-by-building assessment of 
how drag is modified by upstream shielding across a wide range of 
local geometric configurations. Based on this analysis, we identify 
controlling geometric parameters for the shielding effects, classify the 
resulting drag behaviour into distinct regimes, and examine how shield-
ing influences the characterisation of drag coefficients in realistic urban 
settings. The manuscript is organised as follows: Section 2 introduces 
the methodology for computing drag and drag coefficients; Section 3 
describes the LES setup and implementation details; Section 4 presents 
the results and discussion; and the main conclusions are summarised in 
Section 5.

2. Methodology

To analyse building drag and upstream shielding, this section pri-
marily formulates the streamwise drag at a building-resolved scale 
2 
based on the algorithm from van Reeuwijk and Huang (2025). Sub-
sequently, the total drag and bulk drag coefficient of an individual 
building are defined. It is worth clarifying that the term ‘streamwise’ al-
ways refers to the prescribed upstream wind direction, while ‘spanwise’ 
denotes the direction perpendicular to it. The wind can also induce a so-
called ‘across-wind’ force (or ‘lift force’, ‘lateral force’) in the spanwise 
direction (Claus et al., 2012), so that the resultant force acting on build-
ings is not necessarily aligned with the prescribed inflow direction. 
The deflection of the wind velocity can be locally strong within the 
canopy due to wind veering; however, for the plane-averaged velocity, 
it is typically less than 7◦, indicating that the induced force remains 
dominated by the streamwise component (Claus et al., 2012). The 
present study focuses primarily on the drag in the streamwise direction; 
the across-wind force is discussed only briefly in Section 4.3 and is 
otherwise beyond the main scope of this work.

2.1. Building-resolved Reynolds-averaged drag in the streamwise direction

Since we focus on the drag in a time-averaged sense and neglect 
buoyancy effects, the Reynolds-averaged momentum equation in the 
streamwise direction for incompressible flow over the canopy region 
can be written as: 
𝜕𝑢𝑗𝑢
𝜕𝑥𝑗

+
𝜕𝑢′𝑗𝑢′

𝜕𝑥𝑗
+

𝜕𝑝
𝜕𝑥

= 𝑓 + 𝜈 𝜕
2𝑢

𝜕𝑥2𝑗
. (1)

Here, we define the coordinate vector 𝒙 = [𝑥, 𝑦, 𝑧]𝑇 , where 𝑥, 𝑦, and 𝑧
denote the streamwise, spanwise, and vertical directions, respectively, 
and the velocity vector 𝒖(𝒙) = [𝑢, 𝑣,𝑤]𝑇 , where 𝑢, 𝑣, and 𝑤 are the 
corresponding velocity components. 𝑝(𝒙) is the kinematic deviatoric 
pressure including density, 𝑓 (𝒙) is the external force, for example, 
the large-scale pressure forcing imposed to drive the wind, 𝜈 is the 
turbulent kinematic viscosity, and the symbol ⋅ represents the time 
average. We define the superficial horizontal plane average as: 

⟨𝜒⟩ (𝑧) = 1
𝐴𝑇 ∫𝛺𝑓 (𝑧)

𝜒d𝒙ℎ , (2)

where 𝜒 is an arbitrary quantity, 𝐴𝑇  is the horizontal plane area, 
𝒙ℎ = [𝑥, 𝑦]𝑇  represents the horizontal vector, and 𝛺𝑓  denotes the fluid 
domain. Under this averaging operation, the horizontal momentum-
transport terms vanish, and Eq. (1) becomes: 

−
d𝜏𝑢
d𝑧 = ⟨𝑓⟩ − 𝑓𝐷 , (3)

where 𝜏𝑢 is the total vertical flux of streamwise (kinematic) momentum: 

𝜏𝑢 ≡ ⟨𝑤𝑢⟩ + ⟨𝑤′𝑢′⟩ − 𝜈
d ⟨𝑢⟩
d𝑧 . (4)

Then, we use the triple decomposition framework (Raupach and Shaw, 
1982; Finnigan, 2000), where the time average is decomposed into a 
spatial mean and a spatial variation, e.g., 𝑢 ≡ ⟨𝑢⟩𝑓 + 𝑢′′. The notation 
⟨𝜒⟩𝑓  denotes the intrinsic average, i.e. the plane average over the fluid 
field, which can be obtained via Eq. (2) by replacing 𝐴𝑇  with the area 
of the fluid region 𝛺𝑓 . Applying this decomposition gives: 

⟨𝑤𝑢⟩ = ⟨⟨𝑤⟩

𝑓
⟨𝑢⟩𝑓 ⟩ + ⟨⟨𝑤⟩

𝑓 𝑢′′⟩ + ⟨𝑤′′
⟨𝑢⟩𝑓 ⟩ + ⟨𝑤′′𝑢′′⟩ . (5)

Note that: first, due to the spatial deviation definition, ⟨𝑢′′⟩ and ⟨𝑤′′
⟩

are zero; second, the intrinsic and horizontal averages ⟨𝑤⟩

𝑓  and ⟨𝑢⟩𝑓
are constants with respect to horizontal position. Additionally, for 
the periodic boundary conditions, ⟨𝑤⟩

𝑓 = 0 due to mass continuity. 
Therefore, only the last term remains on the right-hand side of Eq. (5), 
so that Eq. (4) becomes: 

𝜏𝑢 = ⟨𝑤′′ 𝑢′′⟩ + ⟨𝑤′𝑢′⟩ − 𝜈
d ⟨𝑢⟩
d𝑧 . (6)

The term ⟨𝑤′′ 𝑢′′⟩ represents the dispersive stress associated with ver-
tical momentum transport caused by local variations in the mean 
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Fig. 1. Schematic definition of (a) the solid–fluid interface 𝜕𝛺𝑓  and the 3-D normal vectors 𝑵 of the interface, where the solid domain is shown in grey and 
the fluid domain 𝛺𝑓  in white. The surface of an individual building 𝑞 is outlined in red; (b) the decomposition of 𝑵 , where 𝑵 is a unit vector pointing into the 
fluid domain. (c) the plan view of (a) at a height level corresponding to the horizontal dashed line in (a). The solid–fluid interface 𝜕𝛺𝑓 (𝑧) is highlighted in red.
velocity. The term ⟨𝑤′𝑢′⟩ is the superficial plane-averaged turbulent 
flux, and the last term is the momentum flux associated with the 
viscosity, which can be negligible for turbulent flows.

The term 𝑓𝐷 is the plane-averaged drag in the streamwise direction 
that results from performing the plane integral of the pressure and 
viscous terms in Eq. (1), and is given by van Reeuwijk and Huang 
(2025): 

𝑓𝐷(𝑧) = − 1
𝐴𝑇 ∮𝜕𝛺𝑓 (𝑧)

(

𝑝
𝑁𝑥
|𝑵ℎ|

− 𝜈 𝜕𝑢
𝜕𝑥𝑗

𝑁𝑗

|𝑵ℎ|

)

d𝑠 . (7)

This is a line integral of the pressure and viscous stresses along the solid 
surface 𝜕𝛺𝑓 (𝑧). Here, 𝜕𝛺𝑓 (𝑧) denotes the 1-D closed contour obtained 
by intersecting the solid surface 𝜕𝛺𝑓  with the horizontal plane at height 
𝑧. This contour integral yields the distributed drag 𝑓𝐷(𝑧) as a function 
of 𝑧 (as shown in Fig.  1c), which includes the form drag (component 
associated with pressure) and the skin drag (component associated with 
viscosity).

In the equation above, 𝑵ℎ represents the horizontal component 
of the local surface normal. In Fig.  1(a), the black line outlines the 
solid surface which is the interface between the solid and fluid phases, 
𝑵 = [𝑵ℎ, 𝑁𝑧]𝑇  is the normal of the solid surface with 𝑵ℎ = [𝑁𝑥, 𝑁𝑦]𝑇

(Fig.  1b), so that |𝑵ℎ| is the projected length of the normal on the 
horizontal plane.

The distributed drag 𝑓𝐷 can be obtained via two approaches: (1) 
indirectly from the budget closure of Eq. (3); and (2) directly from 
Eq. (7). Eq.  (7) is the preferred approach for three reasons. First, it 
allows for a direct check on whether the budget closes. Second, it allows 
for the calculation of components (e.g., the form drag associated with 
pressure, and the skin drag associated with viscosity). Third, it allows 
us to calculate the drag of an individual building by restricting the 
integration domain 𝜕𝛺𝑓  to a specific building surface 𝜕𝛺(𝑞)

𝑓  (see Fig. 
1a for an example outlined in red); here the superscript (𝑞) denotes the 
building ID. Denoting 𝑄 as the entire building group, the solid surface 
𝜕𝛺𝑓  consists of every single building surface and the ground surface 
𝜕𝛺𝑔

𝑓 . Therefore, the distributed drag 𝑓𝐷 can be split as: 

𝑓𝐷 = 𝑓 𝑔
𝐷 +

∑

𝑓 (𝑞)
𝐷 , (8)
𝑞∈𝑄

3 
where the drag from the buildings is: 

𝑓 (𝑞)
𝐷 (𝑧) ≈ − 1

𝐴𝑇 ∮𝜕𝛺(𝑞)
𝑓 (𝑧)

𝑝
𝑁𝑥
|𝑵ℎ|

d𝑠 . (9)

Here, the skin drag is ignored as the form drag is the dominant 
component on buildings. The skin drag is the only contribution at the 
ground surface: 

𝑓 𝑔
𝐷(𝑧) =

1
𝐴𝑇 ∮𝜕𝛺𝑔

𝑓 (𝑧)
𝜈 𝜕𝑢
𝜕𝑥𝑗

𝑁𝑗

|𝑵ℎ|
d𝑠 . (10)

This term is singular, since |𝑵ℎ| = 0 for horizontal surfaces. This is 
to be expected, as a finite amount of momentum is exchanged over an 
infinitesimal distance d𝑧, i.e. 𝑓 𝑔

𝐷(𝑧) = 𝜏𝑔𝐷𝛿(𝑧), see Van Reeuwijk et al. 
(2021), van Reeuwijk and Huang (2025). Note that the presence of 
these apparent singularities is an unavoidable consequence of using a 
planar average. The implementation details for computing the surface 
integrals are described in Section 3 and Appendix  B.

2.2. Vertically cumulative drag

Integrating the distributed drag along the vertical direction yields 
the vertically cumulative drag, which represents the total drag that 
acts on the buildings. In this sense, the plane-averaged total drag stress 
acting on the entire canopy region can be expressed as: 

𝜏𝐷 = ∫

ℎ

0
𝑓𝐷(𝑧)d𝑧 . (11)

where ℎ is the top of the domain. Note that, above the canopy, the 
drag is zero by definition because no solid surfaces are present. The 
quantity 𝜏𝐷 is also referred to as total kinematic surface shear stress 
(Pope, 2000), and is usually denoted as 𝜏0. Similar to Eq. (8), 𝜏𝐷 can 
be decomposed as 
𝜏𝐷 =

∑

𝑞∈𝑄
𝜏(𝑞)𝐷 + 𝜏𝑠 , (12)

where 𝜏(𝑞)𝐷  is the drag stress on an individual building: 

𝜏(𝑞) =
ℎ
𝑓 (𝑞)(𝑧)d𝑧 , (13)
𝐷 ∫0 𝐷
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and 𝜏𝑠 is the ground surface stress. 

𝜏𝑠 = ∫

ℎ

0
𝑓 𝑔
𝐷(𝑧)d𝑧 , (14)

respectively.
Alternatively, we can also use an actual drag force to incorporate 

the influence of plane area, e.g., the actual drag acting on the entire 
canopy 𝐹𝐷 = 𝐴𝑇 𝜏𝐷, and the actual force acting on a single building 𝑞
is 𝐹 (𝑞)

𝐷 = 𝐴𝑇 𝜏
(𝑞)
𝐷 .

2.3. Bulk drag coefficient

The drag of the entire domain can be evaluated via a single bulk 
drag coefficient 𝑐𝐷 (Coceal and Belcher, 2004; Sützl et al., 2021): 

𝜏𝐷 = 1
2
𝜌0𝜆𝑓 𝑐𝐷𝑈

2 , (15)

or equivalently 

𝐹𝐷 = 1
2
𝜌0𝐴𝑓 𝑐𝐷𝑈

2 , (16)

where 𝜌0 is the density of air, 𝜆𝑓  and 𝐴𝑓  are the frontal-area index and 
the frontal area of the buildings, respectively, 𝐴𝑓 = 𝜆𝑓𝐴𝑇 , and 𝑈 is a 
characteristic velocity at a reference height. Note that the frontal area 
is associated with the streamwise direction.

Similarly, the bulk drag coefficient 𝐶 (𝑞)
𝐷  of an individual building 𝑞

is defined via 
𝐹 (𝑞)
𝐷 = 1

2
𝜌0𝐴

(𝑞)
𝑓 𝐶 (𝑞)

𝐷 𝑈2 , (17)

where 𝜆(𝑞)𝑓  and 𝐴(𝑞)
𝑓  are the frontal-area index and frontal area of 

building 𝑞, respectively, with 𝐴(𝑞)
𝑓 = 𝐴𝑇 𝜆

(𝑞)
𝑓 .  The characteristic velocity 

𝑈 is typically taken at a specific height (Grimmond and Oke, 1999; 
Hagishima et al., 2009). In this study, it is taken as the plane-averaged 
streamwise velocity at 𝑧 = 30 m, i.e., 𝑈30, for two reasons. First, this 
height lies approximately 2.5ℎ𝑚 above the ground where the mean 
flow is less disturbed by the buildings, and is furthermore consistent 
with the reference height used in previous studies (e.g., García-Sánchez 
and Gorlé, 2018). Second, the wind velocity at this height can be 
readily obtained from mesoscale numerical weather prediction models 
(Skamarock et al., 2008), facilitating the practical application of the 
drag coefficient to larger-scale simulations. A sensitivity study reported 
by Claus et al. (2010) has confirmed that the choice of reference height 
primarily affects the magnitude of the drag coefficient while leaving the 
directional variation and relative trends essentially unchanged.

2.4. Effective drag coefficient

The drag coefficient, 𝐶𝐷, is commonly used as a dimensionless 
measure of the intrinsic aerodynamic resistance of a building. For 
example, it is typically measured for an isolated building in a wind 
tunnel, where no upstream shielding is present, as in studies on the 
CAARC buildings (e.g. Melaku and Bitsuamlak, 2024). In real urban en-
vironments, however, buildings are rarely isolated. Upstream obstacles 
modify the approaching flow, and consequently, the drag force acting 
on a building inherently incorporates the influence of shielding. Drag 
coefficients evaluated directly from such drag forces should therefore 
be interpreted as effective drag coefficients, denoted here as 𝐶𝐷,eff , 
to reflect the shielding effects embedded within them. Shielding is 
unavoidable in dense layouts such as the one examined here; hereafter, 
we therefore calculate and examine the effective drag coefficient 𝐶𝐷,eff : 

𝐹 (𝑞)
𝐷 = 1

2
𝜌0𝐴

(𝑞)
𝑓 𝐶 (𝑞)

𝐷,eff𝑈
2 . (18)

However, for brevity, the qualifier ‘effective’ is omitted in the 
narrative until Section 4.5, with the distinction preserved through the 
symbolic notation. In Section 4.5, we analyse the relationship between 
the effective (𝐶𝐷,eff ) and the conventional drag coefficients (𝐶𝐷); the 
two terms are strictly distinguished therein.
4 
3. Simulation details

Fig.  2 presents both the plan view and 3-D view of the simulated 
domain — the campus of the University of Bristol. The domain contains 
110 individual buildings of varying shapes and orientations, with a 
mean full-scale building height of ℎ𝑚 = 12 m, and a maximum height 
of ℎmax = 63 m, corresponding to the Wills Memorial Tower, which 
has a dark red top in Fig.  2(b). As indicated in Fig.  2(b), the campus 
buildings exhibit a circular layout around the campus centre, and a 
large horizontal extent but relatively limited vertical development: the 
plan-area index and frontal area index of the morphology are 𝜆𝑝 = 0.24
and 𝜆𝑓 = 0.12 (for a south wind 𝜃 = 180◦), respectively. Note that the 
building layout is based on a wind tunnel model (Bi et al., 2025), where 
the buildings are closely circled around the campus centre, forming a 
dense layout and providing substantial shielding effects — we shall see 
this in fetch distance and shielding height in Section 4.4. Two coordi-
nate systems are established, see Fig.  2(a), a fixed global one (𝑋, 𝑌 ,𝑍)
with positive 𝑋, 𝑌  aligning with East and North, respectively, and a 
local one (𝑥, 𝑦, 𝑧) with positive 𝑥, 𝑦 aligning with the streamwise and 
spanwise directions, respectively. According to Organization (2018), 
the wind direction 𝜃 is defined as the direction from which the wind 
is blowing, measured clockwise from true North, as labelled in Fig. 
2(a). The local and global coordinates coincide at 𝜃 = 270◦. Finally, 
although Bristol City is characterised by strong terrain variations, the 
topography is not considered in this study. We assume that within this 
specific campus domain, the local elevation changes are not significant. 
Therefore, the ground surface is flat in this study.

The urban flows over the campus are simulated using the open-
source large-eddy simulation code uDALES (Suter et al., 2022; Owens 
et al., 2024), which implements the solid boundary using the im-
mersed boundary method (IBM). The dynamics near the boundary 
are parametrised by the logarithmic wall functions (Uno et al., 1995; 
Suter et al., 2022). The eddy viscosity is calculated following Vre-
man’s subgrid model (Vreman, 2004). The code employs a second-order 
central difference scheme on a staggered Arakawa C-grid for spatial 
discretisation and an explicit third-order Runge–Kutta scheme for time 
integration.

The simulation domain size is 𝐿𝑋 × 𝐿𝑌 × 𝐿𝑍 = 800 × 800 × 300m3

with an equidistant grid size 𝑁𝑋 × 𝑁𝑌 × 𝑁𝑍 = 400 × 400 × 300. The 
domain top is free-slip, and the four lateral sides of the domain have a 
periodic boundary condition. The use of periodic boundary conditions 
is a well-established approach in LES of urban canopy flows (Xie and 
Castro, 2006; Letzel et al., 2008; van Reeuwijk and Huang, 2025). The 
primary objective of this study is to examine the building shielding 
effect on drag, which is mainly governed by local flow interactions 
within the canopy. Specifically, the shielding is determined by the 
relative positioning of upstream and downstream buildings, rather than 
by the large-scale flow development or wake recovery effects that could 
be influenced by the artificial periodic boundary conditions. Moreover, 
the current domain size is nearly two orders of magnitude greater than 
the turbulence integral length scale, suggesting the impact of artificial 
repetition of flow and turbulence is not significant. The simulation is 
thermally neutral with a constant pressure gradient forcing d𝑃∕d𝑥 =
1.25 × 10−5 kg m−2s−2 imposed to drive the wind, therefore, the total 
shear stress 𝜏0 is predetermined accordingly as 𝜏0 = 1

𝜌0
𝑉𝑎𝑖𝑟
𝐴𝑇

d𝑃
d𝑥 = 3.7 ×

10−3 m2∕s2 , where 𝑉𝑎𝑖𝑟 is the air volume, which is constant across all 
simulated cases, and noting that 𝜏0 is consistent with 𝜏𝐷. To account 
for directional dependence, a total of 24 wind directions are simulated, 
with the inflow wind direction varying from 𝜃 = 0◦ (a north wind, 
aligned with the negative global 𝑌 -axis) to 𝜃 = 345◦ in 15◦ increments. 
For ease of post-processing, instead of rotating the wind direction, the 
campus geometry is actually rotated in simulations, while the wind 
direction is kept aligned with the positive 𝑌 -axis to achieve the same 
effect. Each simulation runs for 240 000 s, of which the final 168 000 s
are used to obtain converged time-averaged statistics.
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Fig. 2. (a) A satellite plan view of the campus of the University of Bristol, overlaid with a footprint of the simulation morphology. From Google Maps. (b) A 3-D 
view of the simulated campus morphology (Bi et al., 2025), with the colour indicating the building height level. A global Cartesian coordinate system (𝑋, 𝑌 ,𝑍)
is defined with the origin at the campus centre of the plane view, where positive 𝑋, 𝑌  point eastward and northward, respectively. A local coordinate system 
(𝑥, 𝑦, 𝑧) is also defined, where positive 𝑥, 𝑦 are along the wind streamwise and spanwise directions, respectively, while vertical 𝑧 coincides with 𝑍. The wind 
direction forms an angle 𝜃, defined as the clockwise rotation of the positive local 𝑥-axis from the North.
uDALES is a well-established LES code that has demonstrated excel-
lent performance in numerous previous studies, including comparisons 
against wind tunnel experiments (Lim et al., 2022; Owens et al., 
2024; Fellini et al., 2026). These previous studies provide validation 
of the underlying LES methodology; additionally, a two-step numerical 
verification and grid-sensitivity assessment is presented in Appendix  A, 
which addresses the numerical robustness of the particular simulation 
configuration used here. First, a cross-code comparison is performed 
between the current uDALES results and simulations conducted with 
the PALM 6.0 code (Maronga et al., 2020), another widely used LES 
code that has been validated across many studies (Gronemeier et al., 
2021; Resler et al., 2021; Anders et al., 2023; MacGarry et al., 2025; 
Wang et al., 2026), at the same resolution for four wind directions 
𝜃 = 0◦, 90◦, 180◦, 270◦. Secondly, a grid-sensitivity analysis is performed 
by comparing the current baseline uDALES results against higher-
resolution uDALES simulations (with grid spacing halved) for 𝜃 = 0◦
and 180◦. Both the cross-code and the grid-sensitivity analyses show 
good agreement, confirming that the present simulation setup and 
results are numerically robust and thus are adequate for the study.

The surface calculation is an important feature of the uDALES. 
Besides the conventional Cartesian grid, uDALES employs an addi-
tional surface mesh defined on building surfaces to support the IBM 
and surface-related calculations. Building surfaces are discretised into 
triangular facets, for which geometric information (area and normal 
vectors), the nearest Cartesian grid cells, and surface variables such as 
pressure and fluxes are stored. This facet-based representation enables 
an efficient and accurate treatment of IBM and surface processes, partic-
ularly for buildings with irregular geometries. Using the facet pressure 
together with facet areas and normals, we introduce a volumetric drag 
density field, denoted as 𝜌𝐷(𝒙), which is converted from the facet 
pressure and is non-zero only in the nearest Cartesian grid cells to the 
surface facets. The detailed definition of the volumetric density is given 
in Appendix  B. By construction, the drag force can then be evaluated as 
𝑓𝐷 = ⟨𝜌𝐷⟩, such that the surface integral in the drag formulation Eq. (7) 
is transformed into a planar integral over the Cartesian grid. This 
transformation renders the surface calculation more straightforward 
and flexible within the Cartesian coordinate system.

4. Results

This section first analyses the horizontally plane-averaged flow 
statistics, including the drag, then examines the individual-building 
5 
drag under different shielding conditions, and finally explores the 
factors associated with the shielding effects.

4.1. Plane-averaged flow statistics for different directions

Fig.  3 summarises the plane-averaged flow statistics over all wind-
direction simulations. The solid lines denote the directional mean, 
while the shaded bands indicate the range across wind directions. Over-
all, the streamwise velocity (Fig.  3a) shows only moderate directional 
variability, especially within the lower canopy where the campus mor-
phology is relatively symmetric, but the directional variation increases 
with height as fewer buildings remain. While the streamwise dispersive 
stress (Fig.  3c) and distributed drag (Fig.  3d) show more directional 
variation in the lower canopy, where most buildings are located, they 
gradually decrease as the buildings are absent. This is because the 
buildings are the primary source of the dispersive stress and drag.

The streamwise total kinematic stress 𝜏𝑢∕𝜏0 (Fig.  3b) remains nearly 
identical across wind directions and exhibits a linear dependence above 
the canopy. This is as expected according to Eq. (3) under the fixed 
driving pressure gradient, consistent with boundary-layer theory. The 
dispersive stress (Fig.  3c) is appreciable within the canopy, reflecting 
spatial heterogeneity induced by the buildings, but is much smaller 
than the total kinematic stress; hence, the turbulent stress component is 
dominant. The spanwise velocity, spanwise stress, and spanwise disper-
sive stress (Fig.  3e, f, g) are all small compared with their streamwise 
counterparts, confirming that the plane-averaged momentum balance 
is dominated by the streamwise component.

Fig.  3(d) shows that the distributed drag is concentrated within the 
canopy and decreases rapidly above the main building-height range. 
Its vertical integral, shown in Fig.  3(h), is consistent between the 
momentum-budget estimate and the direct surface-integral calculation, 
with discrepancies below 5%. The direct calculation slightly underes-
timates the prescribed stress, likely because the facet mesh is coarser 
than the Cartesian grid (with one facet associated with approximately 
six Cartesian grid cells in the present simulations; see Appendix  B). 
The building-only contribution accounts for most of the total drag, 
whereas the ground surface contributes approximately 10%; therefore, 
the following analysis focuses on building drag and shielding.

Fig.  4(a) shows the variation of the overall frontal area index 𝜆𝑓  and 
the drag coefficient 𝑐  of the campus with respect to wind direction 𝜃. 
𝐷
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Fig. 3. The vertical profiles of plane-averaged velocity (a, e), total kinematic stress (b, f) and dispersive stress (c, g) in the streamwise direction (upper row) and 
spanwise direction (bottom row), respectively. (d) Streamwise distributed drag 𝑓𝐷. The solid line represents the overall mean value across the wind directions, 
while the shaded band denotes the range between the minimum and maximum values. The dashed horizontal line marks the level of maximum building height 
ℎmax, while the dotted horizontal line in (a) marks the level of 𝑧 = 30 m. The height is normalised by the mean building height ℎ𝑚. The total shear stress 𝜏0 from 
different approaches (h), according to Eq.  (3) and Eq.  (7), respectively, overlaid with the stress only contributed by the building surface.
As discussed, to be consistent with the subsequent individual-building 
study, the ground surface drag is hereafter excluded from the drag 
coefficient. The frontal-area index 𝜆𝑓  has a mean of 0.12, and a co-
efficient of variation of 0.06 (defined as the ratio of standard deviation 
to the mean), while the drag coefficient 𝑐𝐷 has a mean of 0.28, with a 
coefficient of variation of 0.09. Note that the relationship between 𝑐𝐷
and 𝜆𝑓  is governed by Eq. (15), in which 𝑈30 also plays a role.

The principal and secondary directions of the morphology can 
characterise the spatial orientation and anisotropic heterogeneity of 
buildings from the geometry, and indicate the wind directions asso-
ciated with the maximum and minimum building drags, respectively. 
A height-Weighted Principal Component Analysis (WPCA) is employed 
(Delchambre, 2014; Jolliffe and Cadima, 2016), where the eigenvectors 
of a weighted covariance matrix — constructed from centred coordinate 
vectors and the corresponding local building heights — define the 
principal and secondary axes of the geometry, see Appendix  C for more 
technical details.

Fig.  4(b) presents the principal and secondary directions of the 
entire campus, shown as bold black arrows, overlaid on the map of 
local building height. The vectors are centred at (17m,−35m), which is 
close to the geometric centre of the domain (0, 0) but is slightly shifted 
towards the fourth quadrant due to the presence of taller buildings 
in that region. Although the principal and secondary directions align 
approximately with the north–south and east–west axes, respectively, 
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their lengths are nearly identical and close to the diameter of the 
circular campus patch. This indicates a symmetric and approximately 
isotropic spatial distribution of the campus buildings, consistent with 
the plan-view observation. As also marked in Fig.  4(a), the values of 
𝑐𝐷 and 𝜆𝑓  corresponding to the principal and secondary directions are 
close within 5%.

In contrast, individual buildings, whose principal and secondary di-
rections are also marked in Fig.  4(b), exhibit much stronger directional 
heterogeneity owing to their distinct shapes. Specifically, for most 
buildings, it is obvious that, the frontal area is small along the principal 
direction, whereas it is much larger along the secondary direction, 
indicating that the drag has a strong wind-direction dependence, if the 
building is isolated. Overall, the aerodynamic drag of a single building 
is far more sensitive to wind direction than that of the campus as a 
whole.

4.2. The drag force on individual buildings

To investigate the drag acting on individual buildings 𝐹 (𝑞)
𝐷 , we first 

show the drag and related statistics under one wind direction, and 
then examine the drag averaged over all wind directions. The colour 
plot in Fig.  5(a) shows the drag force of each building under wind 
direction 𝜃 = 180◦, normalised by the total drag force 𝐹𝐷. It shows that 
most buildings experience a positive drag (along the wind direction), 
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Fig. 4. (a) The frontal area index 𝜆𝑓  and the drag coefficient 𝑐𝐷 of the entire campus varying with the wind direction 𝜃, where the solid and dashed vertical 
lines label the principal direction and secondary direction of the morphology, respectively. (b) A plane view of the morphology with the principal direction (thick 
solid) and secondary direction (thick dashed) from the centre and marked by a solid line and a dashed line in (a), respectively. The principal direction and 
secondary direction of each individual building are also presented with thin arrows.
while a small proportion of buildings experience a slight negative drag 
(opposite to the wind direction); these buildings are located in the 
wake region (e.g., the building numbered as ‘104’). Note that this 
dimensional drag is affected by the size of the buildings; the 3 buildings 
experiencing the largest drag (numbered as ‘29’, ‘44’, ‘4’) are either 
particularly tall or have large footprints.

The values of drag for each building shown in Fig.  5(a) are then 
ranked in descending order, and their Cumulative Distribution Func-
tion (CDF) is shown in Fig.  5(b). The CDF demonstrates that a small 
subset of buildings contributes disproportionately to the total drag. 
Specifically, the first 6 buildings with the largest drag account for ap-
proximately 50% of the total drag, while the first 20 buildings with the 
largest drag together contribute approximately 80%. Conversely, nearly 
half of the buildings (e.g., the 50 lowest-drag buildings) experience very 
low drag force in total. The slight exceedance of the CDF above unity 
in some intervals arises from buildings with small negative drag. This 
highly uneven distribution highlights the strong spatial heterogeneity 
across the campus.

We further conducted a similar analysis on the drag, but averaged 
over all 24 wind directions, and a similar uneven result was obtained: 
nearly 20% of the buildings contribute 80% of the total drag. Note 
that this result depends on the specific campus layout; for example, the 
campus has a circular and symmetric layout, so that the wind-direction 
variation is moderate as shown in Fig.  4(a). Moreover, the dimensional 
drag force is associated with the size of the buildings, and there are 
indeed some large buildings on the campus that contribute more.

4.3. The across-wind force on individual buildings

Although the across-wind force, i.e., spanwise lateral force, is not 
the primary focus of this study, it is worth briefly investigating its effect 
before proceeding to the more detailed analysis of drag. Analogous to 
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the drag in Eq. (9), the plane-averaged across-wind force of building 𝑞
can be written as 

𝑓 (𝑞)
𝐿 (𝑧) ≈ − 1

𝐴𝑇 ∮𝜕𝛺(𝑞)
𝑓 (𝑧)

𝑝
𝑁𝑦

|𝑵ℎ|
d𝑠 , (19)

where 𝑓 (𝑞)
𝐿  denotes the across-wind force associated with the pressure 

force acting in the spanwise direction through the 𝑁𝑦 component of 
the building-surface normal. Here, the contributions from the roof and 
ground surfaces are neglected. The total across-wind force acting on 
building 𝑞 and on the campus as a whole is then given by 

𝐹 (𝑞)
𝐿 = 𝐴𝑇 ∫

ℎ

0
𝑓 (𝑞)
𝐿 (𝑧)d𝑧 , 𝐹𝐿 =

∑

𝑞∈𝑄
𝐹 (𝑞)
𝐿 . (20)

Two conclusions are drawn from this investigation and exemplified 
in this section by presenting a single wind direction case; the findings 
are, however, generally true for other wind directions. First, because 
the flow is driven purely in the streamwise direction, the spanwise 
velocity is strongly influenced by local building geometry, causing 
the across-wind force on each building to alternate in sign. Conse-
quently, when summed over all buildings (plane-averaged campus force 
𝐹𝐿∕𝐴𝑇 ) or averaged over all wind directions for an individual building, 
the positive and negative spanwise contributions largely cancel each 
other, leaving a negligible net spanwise force. The average 𝐹𝐿∕𝐴𝑇  is 
indicated by the weak plane-averaged spanwise velocity in Fig.  3(e). 
Second, for an individual building under a specific wind direction, the 
across-wind force can be comparable in magnitude to its streamwise 
drag counterpart, as illustrated by the resultant force arrows in Fig. 
5(a) for 𝜃 = 180◦: most resultant forces deviate noticeably from the 
wind direction due to the spanwise component. Fig.  5(c) presents the 
probability distribution of the deviation angle of these resultant forces 
from the drag direction. The deviation angle ranges from −90◦ to 
+90◦, where positive values indicate clockwise deviation and negative 
values indicate anti-clockwise deviation. The probability distribution 
shows that most deviations are smaller than ±45◦ under this wind 
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Fig. 5. Building drag under wind direction 𝜃 = 180◦ (wind direction indicated by the light blue arrow at the bottom-left corner): (a) Drag of each building 
represented by colour, normalised by the total campus drag. The three buildings with the largest drag are numbered. Black arrows indicate the resultant force 
direction of each building, with lengths proportional to the logarithm of the resultant force magnitude. (b) Cumulative distribution function (CDF) of drag, with 
buildings ranked in descending order of drag. (c) Probability distribution of the deviation angle between the resultant force directions and the drag direction. 
The deviation angles range from −90◦ to +90◦, where positive values indicate clockwise deviation and negative values indicate anti-clockwise deviation.
direction, indicating that the across-wind force does contribute, but the 
streamwise drag still dominates the resultant direction. Note that the 
peaks of the deviation angle distribution occur in the range ±(15◦−30◦)
rather than near 0◦, indicating that flow and force deflection are in 
fact a common occurrence for individual buildings on the campus. This 
is largely attributed to the building orientations, geometries and the 
wind-induced interference within the campus.

In conclusion, the across-wind force is of limited importance at the 
campus scale or when direction-averaged for an individual building, 
but can make a meaningful contribution to the resultant wind load on 
a specific building under a specific wind direction; this represents an 
interesting avenue for future work.

4.4. Factors causing shielding effects

The drag acting on a building varies with wind direction, due to two 
main factors: the change in frontal area exposed to the wind, and more 
importantly, the shielding effects induced by neighbouring buildings, 
which vary significantly with wind direction.

In a simple 2-building configuration, e.g., a target building and 
an upstream building located right in front of it, the drag on the 
target building is affected by both its spatial position relative to the 
upstream building and also its own height (English, 1990; Lam et al., 
2008). For a fixed height of the target building, a shorter distance from 
the upstream building places the target building within its near-wake 
region, leading to stronger shielding and, consequently, a lower drag 
coefficient. Conversely, for a fixed spacing, increasing the height of 
the target building allows it to rise above the shielding region from 
the upstream building, resulting in a larger drag coefficient. These two 
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mechanisms together influence the drag acting on individual buildings 
and underpin the strong directional dependence of drag observed across 
the campus.

However, in a realistic scenario, the situation is more complex, 
e.g., the shielding effect may arise from multiple neighbouring build-
ings. To systematically quantify the spatial relationships, two dimen-
sionless parameters are introduced: (1) the relative open distance up-
stream of the target building, indicating its location relative to the 
wake flow, and (2) the relative height between the upstream and target 
buildings. Since the frontal area is inherently linked to building height, 
the second parameter also implicitly reflects variations in the frontal 
area of the building.

Fig.  6(a) illustrates the definition of the first parameter. Taking a 
T-shaped building numbered 31 as an example, and assuming that the 
wind direction is 𝜃 = 180◦ (shown at the bottom-left corner), the open 
space in front of this building, highlighted in purple, represents the 
region between the building and its nearest upstream building along 
the wind direction. Geometrically, this open space corresponds to the 
projection of the target building upstream along the wind direction 
until it intersects with other buildings. Denoting the plane area of the 
open space as 𝑆, the maximum width of the open space as 𝑊  (labelled 
by the horizontal double-headed arrow in Fig.  6a), and the mean height 
of the intersected upstream buildings as 𝐻𝑠, an averaged fetch distance 
is defined as 𝐿𝑠 = 𝑆∕𝑊 , which is the first parameter of interest, and 
is indicated by the vertical double-head arrow in Fig.  6(a). The second 
parameter, the relative building height, is defined as 𝐻𝑠∕𝐻 , where 𝐻
is the target building height.

Fig.  6(b, c) show the variations of the dimensionless parameters, the 
averaged fetch 𝐿 ∕𝐻  and relative building height 𝐻 ∕𝐻 , with respect 
𝑠 𝑠 𝑠



J. Huang et al. Journal of Wind Engineering & Industrial Aerodynamics 278 (2026) 106612 
Fig. 6. (a) Sketch of the open space (the purple patch) and shielding height in front of a target T-shaped building 31 under the wind direction 𝜃 = 180◦ shown 
as the purple arrow. The horizontal double-headed arrow marks the maximum width of the fetch 𝑊  perpendicular to the wind direction, and the vertical 
double-headed arrow indicates the fetch length 𝐿𝑠 starting from the most windward point of the target building. Variation of the shielding effect parameters (b) 
𝐿𝑠∕𝐻𝑠 and (c) 𝐻𝑠∕𝐻 of the target building with the wind direction. (d) Variation of cumulative integral drag 𝐹 (31)

𝐷  and (e) drag coefficient 𝐶 (31)
𝐷,eff  of the target 

building with the wind direction. Several peaks and troughs in (b–e) are marked with their corresponding wind directions labelled in the bottom right of (a) in 
the corresponding colour, which are 𝜃 = 90◦ (red), 𝜃 = 135◦ (purple), 𝜃 = 255◦ (green), 𝜃 = 300◦ (black), 𝜃 = 345◦ (yellow), respectively.
to the wind direction for target building 31. The parameter 𝐿𝑠∕𝐻𝑠
indicates the target building’s position relative to the upstream wake 
flow: a larger 𝐿𝑠∕𝐻𝑠 indicates that the building is located further down-
stream from the upwind buildings. In contrast, the parameter 𝐻𝑠∕𝐻
reflects the degree of shielding provided by the upstream buildings: 
a higher 𝐻𝑠∕𝐻 corresponds to stronger shielding effects. The wake 
parameter 𝐿𝑠∕𝐻𝑠 has a strong dependence on wind direction 𝜃 (Fig. 
6b). A peak occurs at 𝜃 = 135◦ (marked in purple and also indicated 
by the same colour arrow in Fig.  6a), where a large open area exists 
upstream of the target building. As observed from the building layout, 
relatively lower values of 𝐿𝑠∕𝐻𝑠 are found when the wind comes to 
the target building from the first, second, and third quadrants, where 
the urban density is higher. It should be noted that 𝐿𝑠∕𝐻𝑠 also depends 
on the height of the upstream buildings 𝐻𝑠, although the variation of 
𝐻𝑠 is not expected to be as large as that of the fetch 𝐿𝑠. Fig.  6(c) 
presents the height ratio parameter 𝐻𝑠∕𝐻 . Since the height of the 
target building 𝐻 remains constant, this variation shows the change 
in the averaged upstream building height 𝐻𝑠. The value of 𝐻𝑠 remains 
relatively constant except for wind directions 60◦ < 𝜃 < 120◦, where it 
reaches a distinct peak at 𝜃 = 90◦ (marked in red and also indicated by 
the arrow in Fig.  6a), where the upstream buildings are relatively taller 
than their surroundings.

Fig.  6(d, e) present the cumulative integral drag 𝐹 (31)
𝐷  and the 

corresponding drag coefficient 𝐶 (31)
𝐷,eff  of the target building. Overall, 

both curves exhibit a similar shape across the wind directions. Two 
wind directions associated with the lowest drag are observed at 𝜃 = 90◦
and 𝜃 = 300◦ (highlighted in red and black in the figures, respec-
tively). These directions generally correspond to local minima of 𝐿 ∕𝐻
𝑠 𝑠
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(see Fig.  6b), consistent with the expectation that a shorter upstream 
fetch results in stronger shielding and, consequently, lower drag. At 
𝜃 = 300◦, the ratio 𝐻𝑠∕𝐻 ≈ 0.55, indicating a moderate level of 
shielding, whereas at 𝜃 = 90◦, 𝐻𝑠∕𝐻 has a maximum value (see Fig. 
6c), strengthening the shielding and further reducing the drag. These 
observations are largely in line with the expectations from the effects 
of the two parameters. Conversely, two wind directions corresponding 
to the highest drag are found at 𝜃 = 255◦ (in green) and 𝜃 = 345◦

(in yellow). At 𝜃 = 255◦, 𝐿𝑠∕𝐻𝑠 approaches a local maximum while 
𝐻𝑠∕𝐻 is relatively low. As the building height 𝐻 is fixed for the target 
building, this set of parameters indicates a low shielding height at the 
front and a relatively long-fetch location in the wake flow, both of 
which contribute to a high drag coefficient.

However, it is worth noting that (1) the two parameters introduced 
here do not always have a consistent effect for a given wind direction, 
and (2) although 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 capture the major directional effect, 
they do not fully describe the complex flow interactions. For example, 
the second drag coefficient peak at 𝜃 = 345◦ (in yellow) demonstrates 
this limitation: despite 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 being close to their values for 
the low-drag direction (𝜃 = 300◦, in black), the drag at 𝜃 = 345◦ is 
unexpectedly large. This could be because of the streamwise extent of 
this T-shaped building at 𝜃 = 345◦, where the vertical stem of the ‘T’ 
is oriented almost perpendicular to this wind direction. This induces 
a larger local pressure difference between the windward and leeward 
sides, as the flow separation is likely to occur at this short distance.

To generalise the effect of the two dimensionless parameters on 
the buildings within the domain, we examine the drag coefficients 
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Fig. 7. (a) Dependence of the bin-averaged drag coefficient of an individual building on the shielding parameters 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 . (b) The probability of the 
shielding parameters 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 occurring on the campus. The red dashed lines classify the domain into four regimes (S1–S4) according to the wake 
location and shielding situation.
Table 1
Probability of each regime (S1 to S4) occurring under all wind-direction cases, along with 
the average drag coefficient of the building for each situation.
 Near-wake (NW) Far-wake (FW)
 Percentage Average 𝐶𝐷,eff Percentage Average 𝐶𝐷,eff 
 Non-Shielding (NSH) 12.5% 0.31 9.4% 0.44  
 Shielding (SH) 54.9% 0.07 23.2% 0.24  
of the 110 buildings over the 24 wind directions. The values of the 
parameters, 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 , are each divided into 50 bins. For every 
bin, the number of data points is counted to construct a probability with 
respect to the two parameters, reflecting the geometric characteristics 
of the building morphology. As shown in Fig.  7(b), most buildings on 
the campus are subject to wind conditions where 𝐿𝑠∕𝐻𝑠 < 10 and 
𝐻𝑠∕𝐻 < 2. It is rare for a building to be situated in an extremely 
long wake or to be shielded by buildings that are substantially taller 
than itself. This spatial configuration, in turn, makes the campus model 
strongly heterogeneous with respect to wind direction.

Within each bin, the mean value of the individual building drag 
coefficients is calculated and shown in Fig.  7(a). Consistent with the 
previous analysis, for a given 𝐻𝑠∕𝐻 , the drag coefficient tends to 
increase with increasing 𝐿𝑠∕𝐻𝑠, indicating that larger fetch leads to 
weaker shielding and higher drag. Conversely, for a fixed 𝐿𝑠∕𝐻𝑠, a 
higher shielding-height ratio 𝐻𝑠∕𝐻 corresponds to lower drag coef-
ficients, confirming that taller upstream buildings provide stronger 
sheltering effects.

The parameter space can therefore be divided into four regimes 
using two thresholds: one on 𝐿𝑠∕𝐻𝑠 to separate near-wake (NW) from 
far-wake (FW) conditions, and another on 𝐻𝑠∕𝐻 to distinguish shield-
ing (SH) from non-shielding (NSH) conditions. However, the deter-
mination of the thresholds is somewhat arbitrary and not unique in 
the literature; for example, the wake threshold value ranges from 
𝐿 ∕𝐻 > 2 to 𝐿 ∕𝐻 > 7 in urban areas (Belcher et al., 2012; S.L.R. 
𝑠 𝑠 𝑠 𝑠

10 
Consulting Australia Pty Ltd, 2012; Hertwig et al., 2019), and the 
shielding threshold can physically — and intuitively — be set to 1 by 
simply judging whether the upstream building is taller than the target 
building. Therefore, to identify an appropriate pair of thresholds that 
divide the drag coefficient into four regimes: (S1) near-wake shielding, 
(S2) far-wake shielding, (S3) near-wake non-shielding, and (S4) far-
wake non-shielding, we apply a data-driven clustering approach to the 
full dataset of building drag coefficients. The optimal thresholds are 
selected to minimise the spread of drag coefficient values within each 
regime, while maximising the separation between different regimes. 
Details of the threshold-selection procedure and the corresponding 
sensitivity analysis are provided in Appendix  D.

Following this approach, the optimal thresholds are identified as 
𝐿𝑠∕𝐻𝑠 = 6.15 and 𝐻𝑠∕𝐻 = 0.77. This threshold pair, marked by the 
red dashed lines in Fig.  7, produces a reasonably good collapse of the 
drag coefficient within each regime and a clear separation between 
the regime-wise distributions: S1 occupies the lowest drag-coefficient 
range, S4 the highest, while S2 and S3 form an intermediate band with 
limited overlap with S1 and S4. This reflects the combined effects of 
fetch and relative height: S1 corresponds to buildings that are both 
in the near wake and greatly shielded by taller upstream buildings, 
whereas S4 corresponds to buildings that are well exposed to the 
incoming flow with neither substantial wake nor shielding benefits. In 
S2 and S3, these two effects oppose one another and therefore partially 
cancel out, leading to intermediate drag coefficients.



J. Huang et al. Journal of Wind Engineering & Industrial Aerodynamics 278 (2026) 106612 
Fig. 8. (a) Schematic of the effective velocity calculation, where the projected 
frontal area of the target building (blue cuboid) is defined at mid-fetch (𝐿𝑠∕2), 
and the effective velocity   is computed as the spatially averaged streamwise 
wind velocity 𝑢 over this projection plane (the red plane). (b) Dependence of 
the bin-averaged exposure factor 𝜎 of an individual building on the shielding 
parameters 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 . The red dashed lines indicate the thresholds of 
regimes.

Statistics of the drag coefficient for each regime are summarised in 
Table  1. The averaged drag coefficient for each regime is consistent 
with the regime-wise distribution described above (and can also be 
seen in Fig.  13b in Appendix  D). The probabilities of occurrence, also 
indicated in Fig.  7(b), reveal that more than half of the cases fall within 
the near-wake shielding regime (S1), while the far-wake non-shielding 
regime (S4) is the least common. The predominance of S1, S2 and 
S3 together reflects the generally dense campus layout, in which most 
buildings are surrounded by upstream buildings of comparable height.

4.5. Evaluation of shielding factor

As previously introduced, the shielding factor is defined as the ratio 
of the building drag under shielding conditions to that in isolated 
conditions (Khanduri et al., 1998). However, a practical challenge in 
studying this within a realistic urban environment is that obtaining 
11 
data, whether from numerical simulations or wind tunnel experiments, 
for all 110 buildings under isolated conditions is highly infeasible. 
Therefore, in this section, given that the building drag is largely gov-
erned by the approaching wind velocity, we alternatively assess the 
shielding factor directly by examining the averaged inflow wind ve-
locity to the target building, and comparing it against the reference 
velocity.

We determine a characteristic inflow velocity  , which is defined as 
the spatially averaged streamwise velocity over the frontal projection 
plane of the target building at mid-fetch distance (see Fig.  8a). This 
velocity directly characterises the reduced momentum flux experienced 
by the building due to upstream shielding. In terms of drag, this 
suggests a parameterisation as 

𝐹 (𝑞)
𝐷 = 1

2
𝜌0𝐴

(𝑞)
𝑓 𝐶 (𝑞)

𝐷  (𝑞)2 , (21)

noting that, 𝐶 (𝑞)
𝐷  is the conventional ‘intrinsic’ drag coefficient that 

represents the aerodynamic resistance of the building under equivalent 
non-shielded conditions. Compared with Eq. (18), this equation incor-
porates the shielding effects into the velocity square term rather than 
into the effective drag coefficient. Since both expressions ultimately 
describe the same drag force 𝐹 (𝑞)

𝐷 , equating them yields: 

𝐶 (𝑞)
𝐷,eff = 𝜎𝐶 (𝑞)

𝐷 , 𝜎 =
(

 (𝑞)

𝑈

)2
. (22)

The parameter 𝜎 can be regarded as a shielding factor. It quantifies the 
momentum retained despite the presence of upstream buildings, and 
therefore, reflects the degree to which the target building is shielded 
from the incoming flow relative to the reference condition. Neglecting 
other flow modification effects, such as channelling acceleration or 
wake-induced interference, a larger 𝜎 represents less shielding from 
upstream buildings. Note that 𝑈 is a reference velocity, which is 𝑈30
in this study.

Fig.  8(b) shows the shielding factor of each building as a function of 
the geometric parameters 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 . A clear trend is evident: 
buildings with a large fetch ratio 𝐿𝑠∕𝐻𝑠 and a low height ratio 𝐻𝑠∕𝐻
tend to have high 𝜎, indicating very little shielding from upstream 
obstacles. Conversely, buildings with a small 𝐿𝑠∕𝐻𝑠 and a large 𝐻𝑠∕𝐻
exhibit low 𝜎, corresponding to strong shielding by their upstream 
neighbours. This behaviour is consistent with the variation of 𝐶 (𝑞)

𝐷,eff
observed in Fig.  7(a), but 𝜎 offers a more direct physical interpretation 
of shielding rather than embedding it in the effective drag coefficient. 
The shielding factor provides an explicit quantitative link between 
the effective drag coefficient 𝐶 (𝑞)

𝐷,eff  and the intrinsic drag coefficient 
𝐶 (𝑞)
𝐷 , allowing 𝐶 (𝑞)

𝐷  to be inferred for each building without requiring 
separate isolated-building assessments, which would be impractical for 
a layout containing many buildings.

5. Conclusions

This study analysed 24 building-resolved large-eddy simulations 
over a realistic representation of the University of Bristol campus, 
comprising 110 buildings of varying shapes and orientations. The ob-
jective was to quantify how upstream shielding affects the building drag 
under various wind directions. At the campus scale, the approximately 
circular and relatively symmetric morphology leads to only moderate 
directional variation in the plane-averaged flow statistics and total 
drag. At the scale of individual buildings, however, the drag response 
is highly heterogeneous: approximately 80% of the total building drag 
is produced by only 20% of the buildings, and the drag coefficient of 
an individual building can vary substantially with wind direction.

The directional variation in individual-building drag is primarily 
controlled by shielding effects. Two geometric parameters were in-
troduced to characterise this effect: the normalised upstream fetch, 
𝐿𝑠∕𝐻𝑠, which describes the position of a target building relative to 
the wake of upstream buildings, and the relative shielding height, 
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𝐻𝑠∕𝐻 , which measures the height of upstream obstacles relative to 
the target building. Larger 𝐿𝑠∕𝐻𝑠 generally corresponds to weaker 
wake shielding and higher drag, whereas larger 𝐻𝑠∕𝐻 corresponds to 
stronger shielding and lower drag. Using threshold values of 𝐿𝑠∕𝐻𝑠 =
6.15 and 𝐻𝑠∕𝐻 = 0.77, the building configurations were classified into 
four regimes. The near-wake shielding regime (S1) contains about half 
of all cases and is associated with negligible drag, whereas the far-
wake non-shielding regime (S4), although less frequent, produces the 
largest drag coefficients and is therefore important for wind-loading 
assessment.

The study also highlighted that drag coefficients evaluated directly 
from the urban morphology should be interpreted as effective drag 
coefficients, because the computed drag forces already include the 
influence of shielding. To separate this shielding contribution from the 
intrinsic aerodynamic response, a shielding factor was defined from the 
approaching velocity at the target building. This factor provides a direct 
link between the effective drag coefficient and the conventional drag 
coefficient that would apply under equivalent non-shielded conditions 
but is not trivial to measure directly in an urban environment. Its 
variation with 𝐿𝑠∕𝐻𝑠 and 𝐻𝑠∕𝐻 is consistent with the effective drag 
coefficient, confirming that these two parameters capture the main 
geometric controls on shielding.

Most previous studies of shielding and interference effects have 
considered relatively idealised building configurations, whereas shield-
ing in realistic urban environments remains much less explored. This 
study addresses this gap by analysing building drag and shielding in 
a dense, irregular campus morphology and by developing an LES-
based study for quantifying these effects at the individual-building 
scale. Some quantitative findings, such as the exact drag distribution 
and occurrence probabilities, are specific to the Bristol campus case. 
However, the methodology itself, including the building-resolved drag 
evaluation, the geometric shielding parameters, the regime classifica-
tion, and the shielding-factor approach, is general and can be applied 
to other complex urban environments.

The present work also opens several directions for future work. 
First, as discussed, the across-wind force can be important for indi-
vidual buildings and should be examined further together with the 
resultant wind load. Second, the four shielding regimes provide a 
basis for morphological statistics that account explicitly for shielding. 
For example, Wong et al. (2010), Xu and Gao (2022) suggested that 
frontal areas shielded by upstream buildings (so-called ‘effective frontal 
area’) should be excluded when parameterising the drag coefficient. 
The regime classification developed here provides a practical way to 
identify such shielded areas in realistic urban morphologies.
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Appendix A. Numerical verification and grid-sensitivity assess-
ment

Following the previous experimental validation of the underlying 
uDALES methodology cited in Section 3, this appendix assesses the nu-
merical robustness of the particular simulation configuration used here 
through a cross-code comparison and a grid-refinement assessment. 
The code used for comparison is PALM 6.0 (Maronga et al., 2020), 
a widely used LES code that has been validated across many studies 
(Gronemeier et al., 2021; Anders et al., 2023; Resler et al., 2021). 
PALM 6.0 employs a 1.5-order subgrid-scale turbulence closure and a 
third-order Runge–Kutta fractional-step time integration scheme for the 
incompressible flow equations. The PALM simulations share the same 
settings as the current uDALES simulations: domain size 𝐿𝑋 × 𝐿𝑌 ×
𝐿𝑍 = 800 × 800 × 300m3, grid size 𝑁𝑋 × 𝑁𝑌 × 𝑁𝑍 = 400 × 400 × 300
(i.e., a grid spacing of 𝛥𝑋 × 𝛥𝑌 × 𝛥𝑍 = 2 × 2 × 1m3), periodic (cyclic) 
boundary condition at lateral sides, and the same pressure-gradient 
forcing d𝑃∕d𝑥 = 1.25 × 10−5 kg m−2s−2 to drive the wind in the 
streamwise direction. A Courant–Friedrichs–Lewy (CFL) number of 0.9 
is used, resulting in a time step of approximately 1.00 s. Simulations 
are conducted for four wind directions, 𝜃 = 0◦, 90◦, 180◦, 270◦. Each 
simulation runs for 240 000 s, of which the final 168 000 s are used 
to obtain converged time-averaged statistics. The time- and plane-
averaged velocity profiles, as well as vertical profiles at four local 
stations, are collected and compared. The four local stations (A–D) 
are marked in Fig.  9: A at (10m, 10m), near the domain centre but 
on a building roof; B at (300m, 300m), in an open space away from 
buildings; C at (50m,−150m), in a square surrounded by buildings; and 
D at (−120m, 150m), in a narrow street channel.

High-resolution uDALES simulations are conducted for the grid-
sensitivity test using the same setting as the current simulation, but 
with the grid size doubled: 𝑁𝑋 × 𝑁𝑌 × 𝑁𝑍 = 800 × 800 × 600, 
corresponding to a halved grid spacing of 𝛥𝑋×𝛥𝑌 ×𝛥𝑍 = 1×1×0.5m3. 
The high-resolution simulations are conducted for two wind directions, 
𝜃 = 0◦, and 180◦. The plane-averaged velocity profiles and local vertical 
profiles at the four stations A–D are, again, collected and compared. In 
addition, the streamwise drag forces on each individual building (build-
ings are numbered in Fig.  9) are computed and compared between the 
two resolutions, enabled by the unique facet-based surface treatment 
implemented in uDALES (see Appendix  B).

Fig.  10(a–h) shows the comparison of velocity profiles among the 
three types of simulations. Figs.  10(a–d) compare the time- and plane-
averaged streamwise velocity profiles across the simulations; note that 
the high-resolution uDALES results are only available for 𝜃 = 0◦ and 
180◦. The comparison shows good agreement across all simulations and 
wind directions, with 𝑅2 values greater than 99%. The figures show 
the discrepancies are even smaller within the canopy region, indicated 
by the horizontal dotted line. Figs.  10(e–h) compare the local time-
averaged velocity profiles at stations A–D for 𝜃 = 0◦. The profiles again 
show excellent agreement with all 𝑅2 values greater than 98.50%. Note 
that station A is located within a building footprint, so its velocity 
profile begins from the building roof level; all three simulations capture 
this, confirming that the building geometry is also handled consistently 
and correctly among the simulations, and that the results are well 
converged.

Figs.  10(i, j) present the drag force on each individual building, 
calculated from the two uDALES simulations at different resolutions. All 
110 campus buildings are numbered in Fig.  9 in order from southwest 
to northeast. The drag is normalised by the total streamwise drag 
of all buildings. The results show good agreement between the two 
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Fig. 9. All 110 campus buildings, numbered from 1 to 110 in order from 
southwest to northeast, overlaid with four representative point stations (A–D) 
used for local velocity verification. The buildings are coloured according to 
their height.

resolutions and across wind directions, with 𝑅2 values of 99.76% 
for 𝜃 = 0◦ and 99.71% for 𝜃 = 180◦. This demonstrates that, for 
the two wind directions examined, the per-building drag distribution 
is insensitive to the factor-of-two refinement in grid spacing for the 
cases tested, providing direct support for the adequacy of the baseline 
resolution for the comparative building-drag and shielding analysis 
undertaken in the present study. The small discrepancies can only be 
observed for buildings with very large drag, confirming that the results 
are grid-converged.

Appendix B. Calculation of distributed drag and frontal area

The uDALES code employs a surface mesh for building surfaces that 
is comprised of triangular facets. Each facet is associated with a set 
of Cartesian boundary cells as shown in Fig.  11(a). These are the cells 
immediately adjacent to the facet that are used to apply the momentum 
and scalar exchanges between the surface and the fluid (see Owens 
et al., 2024, for more details). However, this mapping is also extremely 
useful for diagnostic purposes, such as calculating vertically distributed 
quantities, frontal areas and forces on individual buildings.

The conservation of an arbitrary surface quantity 𝜙 requires that 
van Reeuwijk and Huang (2025): 

∫ ∮𝜕𝛺𝑓 (𝑧)

𝜙
|𝑵ℎ|

d𝑠d𝑧 = ∯𝜕𝛺𝑓

𝜙d𝑆, (23)

which illustrates that integrating the line integral over 𝑧 is identical 
to the total flux exchanged between the solid surface and the fluid. 
By discretising this identity, it becomes clear how to deal with the 
surface normal since 𝛥𝑠𝑚∕|𝑵ℎ|𝑚 = 𝐴𝑚∕𝛥𝑧𝐾𝑚

 (van Reeuwijk and Huang, 
2025). This also shows that the singularity that emerges if the surface 
is horizontal is only apparent — a finite amount of exchange occurs 
over an infinitesimal increase in 𝑧.

uDALES defines a volumetric density 𝜌𝜙 that contains the boundary 
exchanges and which is only non-zero in the cells next to the boundary 
(van Reeuwijk and Huang, 2025): 

𝜌𝜙;𝑖𝑗𝑘 =
∑ 𝜙𝑚𝐴𝑚

𝛥𝑥𝛥𝑦𝛥𝑧
, (24)
𝑚∈𝑀𝑖𝑗𝑘 𝐾𝑚

13 
where each cell-facet 𝑚 has area 𝐴𝑚 and contribution 𝜙𝑚. The term 
𝑀𝑖𝑗𝑘 ∈ {𝑚 ∶ 𝐼𝑚 = 𝑖, 𝐽𝑚 = 𝑗, 𝐾𝑚 = 𝑘} is the set of all cell-facets associated 
with cell 𝑖, 𝑗, 𝑘. From (24), it is clear that the volumetric density is a 
distribution comprising a large number of discrete delta functions. This 
makes its local value resolution-dependent and not directly meaningful. 
However, its integral is well defined. By substituting (24) into the 
discrete form of (23), it is straightforward to show that 
∑

𝑖,𝑗,𝑘
𝜌𝜙;𝑖𝑗𝑘𝛥𝑥𝛥𝑦𝛥𝑧𝑘 =

∑

𝑚
𝜙𝑚𝐴𝑚, (25)

The left-hand side is a discrete volume integral, which we can rewrite 
as ∫ 𝜌𝜙d𝑉 = 𝐴𝑇 ⟨𝜌𝜙⟩ using (2). This implies that 

⟨𝜌𝜙⟩ (𝑧) =
1
𝐴𝑇 ∮𝜕𝛺𝑓 (𝑧)

𝜙
|𝑵ℎ|

d𝑠 . (26)

This is an important result, since it links the superficial average of the 
volumetric density directly to the surface integral. Indeed, using 𝜙𝑚 =
−(𝑝𝑚𝒆𝑥 − 𝜈(∇𝑢)𝑚) ⋅𝑵𝑚, we obtain the distributed drag forcing 𝑓𝐷(𝑧) =
⟨𝜌𝐷⟩ where 𝜌𝐷 is the volumetric drag density. It is straightforward to 
obtain the individual contributions of skin and form drag using this 
approach.

Fig.  11(b) shows the facet pressure 𝑝𝑚 on one building surface, 
and Fig.  11(c) shows the corresponding volumetric drag density 𝜌𝐷
distributed over the facet-associated Cartesian grid cells. Besides 𝑝𝑚, 
the volumetric drag density 𝜌𝐷 also incorporates the shear stress con-
tribution, which is also a surface property (although it is not expected 
to be as significant as the pressure contribution).

One caveat for the approach used is that one has to make sure 
that facets are sufficiently small to capture spatial variations in surface 
pressure. Indeed, inside uDALES, the pressure on a facet is obtained by 
taking the area-weighted average of the pressure inside all boundary 
cells associated with the facet. Any spatial variations across the surface 
are averaged out, which is why it is advisable to generate facets that 
are no larger than a few cells if surface properties are of interest.

Another useful application of this method is in the calculation of 
the frontal area for the entire urban surface. By setting 𝜙𝑚 = −min(𝒆𝑢 ⋅
𝑵𝑚, 0) where 𝒆𝑢 is the unit vector associated with the wind direction, 
the quantity 𝜙𝑚𝐴𝑚 represents the contribution of facet 𝑚 to the frontal 
area. Denoting the associated volumetric frontal area density, 𝜌𝐴𝑓

, the 
frontal area is simply 𝐴𝑓 = ∫ 𝜌𝐴𝑓

d𝑉 ; see Eq. (25).

Appendix C. Principal component analysis of building geometry

This section describes the method for obtaining the principal and 
secondary directions of an urban geometry. This method is well-known 
for porous media flows (Athanatopoulou and Doudoumis, 2008; Jolliffe 
and Cadima, 2016). The novelty of the approach described here is that 
the height distribution of the buildings is taken into account. Let ℎ(𝒙ℎ)
be the height function for the urban surface, where 𝒙ℎ = [𝑥, 𝑦]𝑇  and 
where ℎ is the local building height if 𝒙ℎ is inside a building and is 0 
otherwise.

The height-weighted building centroid 𝒙𝑐 is given by 

𝒙𝑐 =
∫𝛺 ℎ(𝒙ℎ)𝒙ℎ d𝒙ℎ
∫𝛺 ℎ(𝒙ℎ)d𝒙ℎ

(27)

where 𝛺 is the horizontal extent of the urban surface. A 2 × 2 weighted 
covariance matrix 𝐶 is constructed to characterise the distribution 
tensor of the structure 

𝐶 =
∫𝛺 ℎ(𝒙ℎ)(𝒙ℎ − 𝒙𝑐 )(𝒙ℎ − 𝒙𝑐 )𝑇 d𝒙ℎ

∫𝛺 ℎ(𝒙ℎ)d𝒙ℎ
, (28)

which is decomposed into its eigenvectors and eigenvalues using the 
identity 𝐶𝑉 = 𝑉 𝛬, where 𝑉 = [𝒗1, 𝒗2] contains the eigenvectors 
and 𝛬 the eigenvalues. The primary eigenvector 𝒗1 aligns with the 
principal direction of the building, while the secondary eigenvector 𝒗2
aligns with the secondary direction. The length of the eigenvectors also 
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Fig. 10. Grid-sensitivity analysis and cross-code verification. Results from PALM simulations at the current resolution and uDALES simulations at a doubled 
resolution (grid spacing halved) are compared against the current uDALES results. (a–d) Horizontally plane-averaged streamwise velocity profiles for four wind 
directions, 𝜃 = 0◦, 90◦, 180◦, 270◦, respectively; refined uDALES results are available for 𝜃 = 0◦, 180◦ only. The horizontal dotted line marks the maximum building 
height. (e–h) Local streamwise velocity profiles at four representative points A–D (marked in Fig.  9) for 𝜃 = 0◦. Comparison of per-building drag force (normalised 
by the total streamwise drag force of all buildings) between the current-resolution and doubled-resolution uDALES simulations for wind directions (i) 𝜃 = 0◦ and 
(j) 𝜃 = 180◦.
indicates the characteristic length scale in the corresponding direction. 
The angle between the wind direction and 𝒗1 (denoted by 𝛼), therefore, 
characterises the relative alignment between the incoming wind and 
the principal direction of the building geometry. This method can be 
14 
applied to either a group of buildings or an individual building, as it 
operates on the height field and characterises the spatial distribution 
of the height-weighted geometry.
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Fig. 11. (a) Facet mesh of an example building, with a representative facet highlighted together with its associated nearest Cartesian grid cells. (b) The facet 
pressure of building 31 on the Bristol campus. (c) The drag density field 𝜌𝐷 converted from the facet data of building 31.
Fig. 12. The height-masking footprint ℎ of building 31, overlaid with its 
principal (𝒗1 in black) and secondary (𝒗2 in grey) directions, originating at 
the building centroid (indicated by a circle). The dashed arrow indicates the 
wind direction 𝜃, while 𝛼 denotes the angle between the wind direction and 
𝒗1.
15 
Applying the above approach, as an example, vectors 𝒗1 and 𝒗2 in 
Fig.  12 show the principal and secondary directions of building 31, 
respectively, as well as the characteristic length of extension in both 
directions.

Appendix D. Selection of regime thresholds

As described in Section 4.4, the fetch ratio 𝐿𝑠∕𝐻𝑠 and height ratio 
𝐻𝑠∕𝐻 thresholds are determined using a data-driven clustering analysis 
applied to the full dataset of building drag coefficients. The objective 
is to identify a threshold pair that partitions the parameter space into 
four regimes while yielding drag-coefficient distributions that are as 
compact as possible within each regime, and as distinct as possible 
between regimes.

To quantify these two requirements, a separation parameter 𝛤  is de-
fined as the ratio of between-regime variance 𝑉𝑏 (corresponding to the 
second criterion above) to within-regime variance 𝑉𝑤 (corresponding to 
the first criterion) of the drag coefficient 𝐶 (𝑞)

𝐷,eff  across the four regimes, 
i.e., 

𝛤 =
𝑉𝑏
𝑉𝑤

. (29)

Here, the between-regime variance 𝑉𝑏 represents the separation of the 
drag coefficient between the four regimes: 

𝑉𝑏 =
4
∑

𝑘=1
𝑛𝑘

(

𝐶 (𝑞)
𝐷,eff ;𝑘 − 𝐶 (𝑞)

𝐷,eff

)2
, (30)

where 𝑘 denotes the regime index (from 1 to 4), 𝑛𝑘 is the number of data 
samples in regime 𝑆𝑘, 𝐶 (𝑞)

𝐷,eff  is the overall average of all drag coefficient 
samples, and 𝐶 (𝑞)  is the average drag coefficient of regime 𝑆 . The 
𝐷,eff ;𝑘 𝑘
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Fig. 13. (a) The colour plot of the separation parameter 𝛤  against different threshold pairs 𝐿𝑠∕𝐻𝑠,𝐻𝑠∕𝐻 . The larger the 𝛤 , the better the thresholds satisfy the 
separation requirements. The star marks the optimal thresholds, and the black contour marks 𝛤 = 0.25. (b) Box plots of the building drag coefficient for the four 
regimes identified by the optimal threshold. S1: shielding near-wake, S2: shielding far-wake, S3: non-shielding near-wake, S4: non-shielding far-wake.
within-group variance 𝑉𝑤 represents the spread of the drag coefficient 
within each regime: 

𝑉𝑤 =
4
∑

𝑘=1

∑

𝑖∈𝑆𝑘

(

𝐶 (𝑞)
𝐷,eff − 𝐶 (𝑞)

𝐷,eff ;𝑘

)2
. (31)

By definition, a larger 𝛤  indicates that the selected thresholds better 
satisfy both requirements simultaneously. To ensure that the resulting 
regimes are practically meaningful, an additional constraint is applied 
to the threshold selection: each regime must contain at least 5% of the 
total data samples; otherwise, 𝛤  is set to NaN for that threshold pair.

Fig.  13(a) shows the 𝛤  values against different threshold pairs, 
where the maximum value 𝛤 = 0.27, i.e., the optimal threshold, 
is marked at 𝐿𝑠∕𝐻𝑠 = 6.15 and 𝐻𝑠∕𝐻 = 0.77. The corresponding 
box plot of the building drag coefficient for each regime obtained 
using the optimal thresholds is presented in Fig.  13(b). Note that the 
regime boundaries do not necessarily need to be two orthogonal lines, 
nevertheless, they provide a reasonable and pragmatic division of the 
space. The box plot shows that the near-wake shielding regime (S1) 
yields a median drag coefficient of only approximately 0.04, as both 
the near-wake location and large height ratio act to suppress drag. In 
contrast, the far-wake non-shielding regime (S4) has the highest drag 
coefficients, with a median of approximately 0.41, as buildings are 
highly exposed to the incoming wind with neither wake nor shielding 
protection. The remaining two regimes, far-wake shielding (S2) and 
near-wake non-shielding (S3), exhibit intermediate and comparable 
drag coefficients, because in each case the two factors act in opposing 
directions and partially cancel, resulting in similar distributions for S2 
and S3. The box plot reveals a clear separation, with S1 occupying 
the lowest coefficient range while S4 occupies the highest, and S2 and 
S3 together form an intermediate band with limited overlap with S4, 
confirming that the selected thresholds are physically meaningful and 
that the clustering is appropriate.

The sensitivity of the threshold choice is also illustrated in Fig. 
13(a). The black contour encloses a region of threshold pairs that yield 
similarly high 𝛤  values (greater than 0.25) as the selected optimal pair; 
16 
however, note that this region is small relative to the full parameter 
space shown in Fig.  7(a). Within this region, 𝛤  is relatively insensitive 
to fetch threshold 𝐿𝑠∕𝐻𝑠 but more sensitive to the height threshold 
𝐻𝑠∕𝐻 . This is primarily attributable to the distribution of data samples 
shown in Fig.  7(b): in this contour region, shifting the 𝐻𝑠∕𝐻 threshold 
redistributes a larger number of samples across the regimes than shift-
ing the 𝐿𝑠∕𝐻𝑠 threshold. Nevertheless, as reflected by 𝛤 , varying the 
thresholds within this contour region does not substantially degrade the 
clustering quality, although it does shift the statistics shown in the box 
plots; for instance, increasing the fetch ratio 𝐿𝑠∕𝐻𝑠 threshold would 
marginally raise the median values of all the regimes simultaneously. 
Overall, these results support the threshold pair adopted in this work.

Data availability

Data will be made available on request.

References

Anders, J., Schubert, S., Sauter, T., Tunn, S., Schneider, C., Salim, M., 2023. Modelling 
the impact of an urban development project on microclimate and outdoor thermal 
comfort in a mid-latitude city. Energy Build. 296, 113324.

Athanatopoulou, A.M., Doudoumis, I.N., 2008. Principal directions under lateral loading 
in multistorey asymmetric buildings. Struct. Des. Tall Spec. Build. 17 (4), 773–794.

Barlow, J.F., Belcher, S.E., 2002. A wind tunnel model for quantifying fluxes in the 
urban boundary layer. Bound.-Layer Meteorol. 104 (1), 131–150.

Belcher, S., Coceal, O., Hunt, J., Carruthers, D., Robins, A., 2012. A Review of Urban 
Dispersion Modelling. Health Protection Agency, Chilton.

Bi, D., Carpentieri, M., Placidi, M., Robins, A., 2025. Wind tunnel modelling of flow 
and pollutant dispersion in a Heterogeneous Urban Area. In: 12th International 
Conference on Urban Climate (ICUC12). Rotterdam, The Netherlands, http://dx.
doi.org/10.5194/icuc12-1014, ICUC12-1014.

Cheng, H., Castro, I.P., 2002. Near-wall flow over urban-like roughness. Bound.-Layer 
Meteorol. 104 (2), 229–259.

Claus, J., Coceal, O., Thomas, T.G., Branford, S., Belcher, S.E., Castro, I.P., 2012. 
Wind-direction effects on urban-type flows. Bound.-Layer Meteorol. 142 (2), 
265–287.

http://refhub.elsevier.com/S0167-6105(26)00281-3/sb1
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb1
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb1
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb1
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb1
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb2
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb2
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb2
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb3
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb3
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb3
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb4
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb4
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb4
http://dx.doi.org/10.5194/icuc12-1014
http://dx.doi.org/10.5194/icuc12-1014
http://dx.doi.org/10.5194/icuc12-1014
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb6
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb6
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb6
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb7
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb7
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb7
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb7
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb7


J. Huang et al. Journal of Wind Engineering & Industrial Aerodynamics 278 (2026) 106612 
Claus, J.M., Xie, Z.-T., Castro, I.P., 2010. Wind direction effects on flow in urban 
street. In: Proceedings of the 9th UK Conference on Wind Engineering. University 
of Bristol, Bristol, UK.

Coceal, O., Belcher, S.E., 2004. A canopy model of mean winds through urban areas. 
Q. J. R. Meteorol. Soc. 130 (599), 1349–1372.

Coceal, O., Thomas, T.G., Castro, I.P., Belcher, S.E., 2006. Mean flow and turbulence 
statistics over groups of urban-like cubical obstacles. Bound.-Layer Meteorol. 121 
(3), 491–519.

Dejoan, A., Santiago, J.L., Martilli, A., Pinelli, A., et al., 2010. Comparison between 
large-eddy simulation and Reynolds-averaged Navier–Stokes computations for the 
MUST field experiment: Part II. Effects of incident wind-angle deviation on the 
mean flow and plume dispersion. Bound.-Layer Meteorol. 135 (1), 133–150.

Delchambre, L., 2014. Weighted principal component analysis: a weighted covariance 
eigendecomposition approach. Mon. Not. R. Astron. Soc. 446 (4), 3545–3555.

English, E., 1990. Shielding factors from wind-tunnel studies of prismatic structures. J. 
Wind Eng. Ind. Aerodyn. 36, 611–619.

Fellini, S., Majumdar, D., Salizzoni, P., van Reeuwijk, M., 2026. Three-dimensional 
pollutant dispersion in tree-lined urban canyons: Combined wind-tunnel and LES 
analysis. Atmos. Environ. 367, 121748.

Finnigan, J., 2000. Turbulence in plant canopies. "Annual Rev. Fluid Mechanics" 32 
(Volume 32, 2000), 519–571.

Fuka, V., Xie, Z.-T., Castro, I.P., Hayden, P., Carpentieri, M., Robins, A.G., 2018. Scalar 
fluxes near a tall building in an aligned array of rectangular buildings. Bound.-Layer 
Meteorol. 167 (1), 53–76.

García-Sánchez, C., Gorlé, C., 2018. Uncertainty quantification for microscale CFD 
simulations based on input from mesoscale codes. J. Wind Eng. Ind. Aerodyn. 176, 
87–97.

Grimmond, C.S.B., Oke, T.R., 1999. Aerodynamic properties of urban areas derived 
from analysis of surface form. "Journal Appl. Meteorology" 38 (9), 1262–1292.

Gronemeier, T., Surm, K., Harms, F., Leitl, B., Maronga, B., Raasch, S., 2021. Evaluation 
of the dynamic core of the PALM model system 6.0 in a neutrally stratified 
urban environment: comparison between LES and wind-tunnel experiments. Geosci. 
Model. Dev. 14, 3317–3333.

Hagishima, A., Tanimoto, T., Nagayama, M., Meno, K., 2009. Aerodynamic parameters 
of regular arrays of rectangular blocks with various geometries. Bound.-Layer 
Meteorol. 132 (2), 315–337.

Hang, J., Li, Y., Sandberg, M., Buccolieri, R., Di Sabatino, S., 2012. The influence of 
building height variability on pollutant dispersion and pedestrian ventilation in 
idealized high-rise urban areas. Build. Environ. 56, 346–360.

Hertwig, D., Gough, H.L., Grimmond, S., Barlow, J.F., Kent, C.W., Lin, W.E., 
Robins, A.G., Hayden, P., 2019. Wake characteristics of tall buildings in a realistic 
urban canopy. Bound.-Layer Meteorol. 172 (2), 239–270.

Hui, Y., Tamura, Y., Yoshida, A., 2012. Mutual interference effects between two high-
rise building models with different shapes on local peak pressure coefficients. J. 
Wind Eng. Ind. Aerodyn. 104–106, 98–108.

Jolliffe, I.T., Cadima, J., 2016. Principal component analysis: a review and recent 
developments. Philos. Trans. R. Soc. A: Math. Phys. Eng. Sci. 374 (2065), 
20150202.

Khanduri, A.C., Stathopoulos, T., Bédard, C., 1998. Wind-induced interference effects 
on buildings—a review of the state-of-the-art. Eng. Struct. 20 (7), 617–630.

Kim, W., Tamura, Y., Yoshida, A., 2015. Interference effects on aerodynamic wind 
forces between two buildings. J. Wind Eng. Ind. Aerodyn. 147, 186–201.

Lam, K.M., Leung, M.Y.H., Zhao, J.G., 2008. Interference effects on wind loading of a 
row of closely spaced tall buildings. J. Wind Eng. Ind. Aerodyn. 96 (5), 562–583.

Lam, K., Zhao, J., Leung, M., 2011. Wind-induced loading and dynamic responses of 
a row of tall buildings under strong interference. J. Wind Eng. Ind. Aerodyn. 99, 
573–583.

Leonardi, S., Castro, I.P., 2010. Channel flow over large cube roughness: a direct 
numerical simulation study. J. Fluid Mech. 651, 519–539.

Letzel, M.O., Krane, M., Raasch, S., 2008. High resolution urban large-eddy simulation 
studies from street canyon to neighbourhood scale. Atmos. Environ. 42 (38), 
8770–8784.

Liang, Q., Fu, J., Li, Z., Yan, B., Shu, Z., He, Y., 2020. Bimodal distribution of wind 
pressure on windward facades of high-rise buildings induced by interference effects. 
J. Wind Eng. Ind. Aerodyn. 200, 104156.

Lim, H.D., Hertwig, D., Grylls, T., Gough, H., van Reeuwijk, M., Grimmond, S., 
Vanderwel, C., 2022. Pollutant dispersion by tall buildings: laboratory experiments 
and Large-Eddy Simulation. Exp. Fluids 63 (6), 92.

MacGarry, D., Vanderwel, C., Xie, Z.-T., 2025. Effects of aspect ratio on flow over 
arrays of tall buildings. Int. J. Heat Fluid Flow 116, 109935.

Maronga, B., Banzhaf, S., Burmeister, C., Esch, T., Forkel, R., Fröhlich, D., Fuka, V., 
Gehrke, K.F., Geletič, J., Giersch, S., Gronemeier, T., Groß, G., Heldens, W., 
Hellsten, A., Hoffmann, F., Inagaki, A., Kadasch, E., Kanani-Sühring, F., Ketelsen, K., 
Khan, B.A., Knigge, C., Knoop, H., Krč, P., Kurppa, M., Maamari, H., Matzarakis, A., 
Mauder, M., Pallasch, M., Pavlik, D., Pfafferott, J., Resler, J., Rissmann, S., 
Russo, E., Salim, M., Schrempf, M., Schwenkel, J., Seckmeyer, G., Schubert, S., 
Sühring, M., von Tils, R., Vollmer, L., Ward, S., Witha, B., Wurps, H., Zeidler, J., 
Raasch, S., 2020. Overview of the PALM model system 6.0. Geosci. Model. Dev. 
13 (3), 1335–1372.
17 
Melaku, A.F., Bitsuamlak, G.T., 2024. Prospect of LES for predicting wind loads and 
responses of tall buildings: A validation study. J. Wind Eng. Ind. Aerodyn. 244, 
105613.

Mishra, A., Carpentieri, M., Robins, A., Placidi, M., 2024. Experimental study of the 
turbulent characteristics in the wake of tall building clusters. Flow 4, E15.

Mishra, A., Placidi, M., Carpentieri, M., Robins, A., 2023. Wake characterization of 
building clusters immersed in deep boundary layers. Bound.-Layer Meteorol. 189, 
1–25.

Moonen, P., Defraeye, T., Dorer, V., Blocken, B., Carmeliet, J., 2012. Urban physics: 
Effect of the micro-climate on comfort, health and energy demand. Front. Archit. 
Res. 1 (3), 197–228.

Oke, T.R., Mills, G., Christen, A., Voogt, J.A., 2017. Urban Climates. Cambridge 
University Press.

Organization, W.M., 2018. Guide to Meteorological Instruments and Methods of 
Observation. (WMO-No. 8), WMO.

Owens, S.O., Majumdar, D., Wilson, C.E., Bartholomew, P., van Reeuwijk, M., 2024. 
A conservative immersed boundary method for the multi-physics urban large-eddy 
simulation model uDALES v2.0. EGUsphere 2024, 1–33.

Placidi, M., Ganapathisubramani, B., 2015. Effects of frontal and plan solidities on 
aerodynamic parameters and the roughness sublayer in turbulent boundary layers. 
J. Fluid Mech. 782, 541–566.

Placidi, M., Ganapathisubramani, B., 2017. Turbulent flow over large roughness 
elements: Effect of frontal and plan solidities on turbulence statistics and structure. 
Bound.-Layer Meteorol. 164 (1), 1–30.

Pope, S.B., 2000. Turbulent Flows. Cambridge University Press, http://dx.doi.org/10.
1017/CBO9780511840531.

Raupach, M.R., Shaw, R.H., 1982. Averaging procedures for flow within vegetation 
canopies. Bound.-Layer Meteorol. 22, 79–90.

van Reeuwijk, M., Huang, J., 2025. Multi-scale Analysis of Flow over Heterogeneous 
Urban Environments. Bound.-Layer Meteorol. 191 (11), 47.

Resler, J., Eben, K., Geletič, J., Krč, P., Rosecký, M., Sühring, M., Belda, M., Fuka, V., 
Halenka, T., Huszár, P., Karlický, J., Benešová, N., Ďoubalová, J., Honzaková, K., 
Keder, J., Nápravníková, Š., Vlček, O., 2021. Validation of the PALM model system 
6.0 in a real urban environment: a case study in Dejvice, Prague, the Czech 
Republic. Geosci. Model. Dev. 14, 4797–4842.

Rotach, M.W., 1993. Turbulence close to a rough urban surface. Part I: Reynolds stress. 
Bound.-Layer Meteorol. 65 (1–2), 1–28.

Roth, M., 2000. Review of atmospheric turbulence over cities. Q. J. R. Meteorol. Soc. 
126 (564), 941–990.

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M., Duda, M.G., 
Huang, X.-Y., Wang, W., Powers, J.G., 2008. A Description of the Advanced 
Research WRF Version 3. NCAR Technical Note NCAR/TN-475+STR, National 
Center for Atmospheric Research, Boulder, Colorado.

S.L.R. Consulting Australia Pty Ltd, 2012. Guidance material for building induced wake 
effects at airports. Working Paper Report No. 670.10044 R1R1. Department of 
Infrastructure and Transport, Australian Government.

Standards Australia and Standards New Zealand, 2021. AS/NZS 1170.2: Structural 
Design Actions—Part 2: Wind Actions.

Suter, I., Grylls, T., Sützl, B.S., Owens, S.O., Wilson, C.E., van Reeuwijk, M., 2022. 
uDALES 1.0: a large-eddy simulation model for urban environments. Geosci. Model. 
Dev. 15 (13), 5309–5335.

Sützl, B.S., Rooney, G.G., Finnenkoetter, A., Bohnenstengel, S.I., Grimmond, S., van 
Reeuwijk, M., 2021. Distributed urban drag parametrization for sub-kilometre scale 
numerical weather prediction. Q. J. R. Meteorol. Soc. 147 (741), 3940–3956.

Sützl, B.S., Rooney, G.G., van Reeuwijk, M., 2020. Drag distribution in idealized 
heterogeneous urban environments. Bound.-Layer Meteorol. 178, 225–248.

Tang, U., Kwok, K., 2004. Interference excitation mechanisms on a 3DOF aeroelastic 
CAARC building model. J. Wind Eng. Ind. Aerodyn. 92 (14–15), 1299–1314.

Uno, I., Cai, X.M., Steyn, D.G., Emori, S., 1995. A simple extension of the louis method 
for rough surface layer modelling. Bound.-Layer Meteorol. 76, 395–409.

Van Reeuwijk, M., Vassilicos, J.C., Craske, J., 2021. Unified description of turbulent 
entrainment. J. Fluid Mech. 908, A12.

Vreman, A.W., 2004. An eddy-viscosity subgrid-scale model for turbulent shear flow: 
Algebraic theory and applications. Phys. Fluids 16 (10), 3670–3681.

Wang, C., Mishra, A., Clements, D., Bi, D., Placidi, M., Lasagna, D., Coceal, O., 
Barlow, J., Carpentieri, M., Grimmond, S., Robins, A., Xie, Z.-T., 2026. Flow and 
dispersion over a cluster of ‘real-world’tall buildings. Urban Clim. 67, 102916.

Wong, M.S., Nichol, J.E., To, P.H., Wang, J., 2010. A simple method for designation of 
urban ventilation corridors and its application to urban heat island analysis. Build. 
Environ. 45 (8), 1880–1889.

Xie, Z.T., Castro, I.P., 2006. LES and RANS for turbulent flow over arrays of 
wall-mounted obstacles. Flow, Turbul. Combust. 76 (3), 291–312.

Xie, Z.-T., Castro, I.P., 2009. Large-eddy simulation for flow and dispersion in urban 
streets. Atmos. Environ. 43 (13), 2174–2185.

Xie, Z.-T., Coceal, O., Castro, I.P., 2008. Large-eddy simulation of flows over random 
urban-like obstacles. Bound. -Layer Meteorol. 129, 1–23.

Xie, Z., Gu, M., 2007. Simplified formulas for evaluation of wind-induced interference 
effects among three tall buildings. J. Wind Eng. Ind. Aerodyn. 95 (1), 31–52.

Xu, F., Gao, Z., 2022. Frontal area index: A review of calculation methods and 
application in the urban environment. Build. Environ. 224, 109588.

http://refhub.elsevier.com/S0167-6105(26)00281-3/sb8
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb8
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb8
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb8
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb8
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb9
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb9
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb9
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb10
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb10
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb10
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb10
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb10
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb11
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb12
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb12
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb12
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb13
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb13
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb13
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb14
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb14
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb14
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb14
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb14
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb15
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb15
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb15
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb16
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb16
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb16
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb16
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb16
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb17
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb17
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb17
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb17
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb17
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb18
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb18
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb18
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb19
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb20
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb20
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb20
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb20
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb20
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb21
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb21
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb21
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb21
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb21
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb22
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb22
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb22
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb22
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb22
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb23
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb23
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb23
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb23
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb23
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb24
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb24
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb24
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb24
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb24
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb25
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb25
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb25
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb26
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb26
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb26
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb27
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb27
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb27
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb28
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb28
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb28
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb28
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb28
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb29
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb29
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb29
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb30
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb30
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb30
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb30
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb30
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb31
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb31
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb31
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb31
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb31
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb32
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb32
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb32
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb32
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb32
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb33
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb33
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb33
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb34
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb35
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb35
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb35
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb35
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb35
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb36
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb36
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb36
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb37
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb37
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb37
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb37
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb37
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb38
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb38
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb38
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb38
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb38
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb39
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb39
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb39
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb40
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb40
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb40
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb41
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb41
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb41
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb41
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb41
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb42
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb42
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb42
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb42
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb42
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb43
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb43
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb43
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb43
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb43
http://dx.doi.org/10.1017/CBO9780511840531
http://dx.doi.org/10.1017/CBO9780511840531
http://dx.doi.org/10.1017/CBO9780511840531
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb45
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb45
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb45
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb46
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb46
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb46
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb47
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb48
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb48
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb48
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb49
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb49
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb49
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb50
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb51
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb51
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb51
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb51
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb51
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb52
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb52
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb52
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb53
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb53
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb53
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb53
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb53
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb54
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb54
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb54
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb54
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb54
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb55
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb55
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb55
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb56
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb56
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb56
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb57
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb57
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb57
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb58
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb58
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb58
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb59
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb59
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb59
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb60
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb60
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb60
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb60
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb60
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb61
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb61
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb61
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb61
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb61
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb62
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb62
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb62
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb63
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb63
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb63
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb64
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb64
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb64
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb65
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb65
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb65
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb66
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb66
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb66


J. Huang et al. Journal of Wind Engineering & Industrial Aerodynamics 278 (2026) 106612 
Yan, B., Li, Q.-S., 2016. Wind tunnel study of interference effects between twin super-
tall buildings with aerodynamic modifications. J. Wind Eng. Ind. Aerodyn. 156, 
129–145.

Yu, X., Xie, Z., Zhu, J., Gu, M., 2015. Interference effects on wind pressure distribution 
between two high-rise buildings. J. Wind Eng. Ind. Aerodyn. 142, 188–197.
18 
Zhang, M., Carlo, O., Peng, Y., Gao, Z., Zhang, J., Ji, G., Buccolieri, R., 2025. 
Volumetric drag coefficients for generic urban configurations: Insights from canopy 
flow analysis. Build. Environ. 267, 112273.

http://refhub.elsevier.com/S0167-6105(26)00281-3/sb67
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb67
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb67
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb67
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb67
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb68
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb68
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb68
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb69
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb69
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb69
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb69
http://refhub.elsevier.com/S0167-6105(26)00281-3/sb69

	Building drag and shielding in a realistic urban environment
	Introduction
	Methodology
	Building-resolved Reynolds-averaged drag in the streamwise direction
	Vertically cumulative drag
	Bulk drag coefficient
	Effective drag coefficient

	Simulation details
	Results
	Plane-averaged flow statistics for different directions
	The drag force on individual buildings
	The across-wind force on individual buildings
	Factors causing shielding effects
	Evaluation of shielding factor

	Conclusions
	CRediT authorship contribution statement
	Acknowledgements
	Declaration of competing interest
	Appendix A. Numerical verification and grid-sensitivity assessment 
	Appendix B. Calculation of distributed drag and frontal area
	Appendix C. Principal component analysis of building geometry
	Appendix D. Selection of regime thresholds
	Data availability
	References


