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Gustiness is examined for the wind speed, fluctuations, turbulence intensities and8

fluxes for a real urban topography. Using large-eddy simulation (LES) and an ensemble9

sampling approach, which allows a more comprehensive characterisation of the10

urban morphological features, a wide range of boundary-layer stabilities is consid-11

ered: the bulk Richardson number, Rb ∈ [−0.41, 0.82]. Ratios of the proposed gustiness12

statistics, G, over the conventional time-averaged flow and turbulence statistics are max-13

imised for z/Have ≲ 1 (where Have is the mean building height). The strong linear scaling14

of G with the plan-area index (λp) for neutral stratification is found to persist for stably-15

and unstably-stratified flows (R2 ∼ 0.8). By contrast, the non-dimensionalised building-16

height variability, σH/Have, and the effective frontal-area index, λ̂f ≡ λfHave/σH , are17

argued to be of more appropriateness as scaling parameters for G compared to their orig-18

inal forms, σH and λf . While the sensitivity of G to Rb is well defined at greater19

heights, the influence of surface inhomogeneity may be strong enough to op-20

pose the effect of thermal stratification in the lower surface layers. Qualitative21

differences in the sensitivities to the boundary-layer stability are narrowly dis-22

tinguishable amongst the zeroth-, first- and second-order gustiness statistics.23

The results are relevant to the understanding of urban wind hazards.24
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1. Introduction27

Urban turbulent boundary-layer (TBL) flows are strongly perturbed by the roughness28

elements mounted on the ground (Wooding et al., 1973; Oke, 2006). Understanding the29

complex interaction between the flow and the obstacles is important for urban planning30

and building design towards optimised building aerodynamics (Belcher, 2005; Bou-Zeid31

et al., 2009; Ashie and Kono, 2011) and improved urban microenvironments (Britter and32

Hanna, 2003; Yassin and Ohba, 2012; Wang et al., 2019). In particular, the extremes33

of micrometeorological events, including strong winds and turbulence (or wind gusts,34

hereafter G), that can lead to wind hazards, are crucial to the urban-climate and35

building-environment safety (Nakayama et al., 2012; Takemi et al., 2019; Knoop et al.,36

2019; Takemi et al., 2020).37

The geometry and arrangement of the roughness elements affect the flow and turbu-38

lence. Asymmetric street canyons (Hoydysh and Dabberdt, 1988; Addepalli and Pardy-39

jak, 2013) result in flow and turbulence structures differing greatly from symmetric ones40

(Murena et al., 2011; Ngan and Lo, 2016). The flow pattern may also be altered by vary-41

ing roof shapes (Wooding et al., 1973; Korycki et al., 2016; Allegrini, 2018) or differential42

organisations of the building obstacles (Hagishima et al., 2009), e.g. aligned (Inagaki and43

Kanda, 2008; Duan and Ngan, 2019) or staggered (Coceal et al., 2007b; Xie et al., 2008).44

Efforts have been made to characterise the urban surface inhomogeneity using a set of45

convenient parameters, which include the building-packing densities,46

λp ≡
Ap

AT

and λf ≡
Af

AT

, (1)

(where Ap is the total plan area, Af the total frontal area of the roughness elements and47

AT the total lot area (Grimmond and Oke, 1999)), the mean and maximum building48

heights (Have and Hmax) and the building-height variability (σH) (Britter and Hanna,49

2003; Nakayama et al., 2011; Yoshida et al., 2018; Yoshida and Takemi, 2018). For50

convenience, hereafter51

S ≡ {λp, λf , Have, Hmax, σH}. (2)

This has proven useful. For example, micrometeorological method in determining the52

surface aerodynamics parameters (the roughness length, ẑ, and the zero-plane displace-53

ment height, d), which define the well known surface-layer scaling (Perry et al., 1969;54
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M. R. Raupach, 1991),55

U =
u∗

κ
ln(

z − d

ẑ
), (3)

where u∗ is the friction velocity and κ the von Kármán constant (usually assumed to be56

0.4), can be simplified with the morphometric method, whereby ẑ and d are parameterised57

with the surface morphometric parameters, S (e.g. Macdonald et al., 1998; Grimmond58

and Oke, 1999; Kanda et al., 2013). However, relevant studies have originated with59

the purpose of incorporating urban canopy influences into mesoscale modelling as flux60

sources or sinks via parameterisation (Cheng and Castro, 2002) rather than quantifying61

the sensitivity of the turbulent flow within the canopy per se to S.62

Applying urban computational fluid dynamics (CFD) techniques, the influence of ur-63

ban morphology on the turbulent flow can be explicitly resolved (Hanna et al., 2006). For64

example, the flow regime inside an urban canyon has shown a well-defined classification65

according to the building-height-to-canyon-width aspect ratio (AR) (Hunter et al., 1992)66

and the canyon vortex dynamics for different AR has been explored using large-eddy67

simulation and Green’s function (Ngan and Lo, 2016). While studies of the 2-D cases68

shed lights on the nature of flow inside street canyons (e.g. Murena and Mele, 2014; Ngan69

and Lo, 2017), urban TBL flows are essentially 3-D in realistic urban scenarios–the mean70

flow only represents a partial picture–the perturbations that originated from the urban71

surface heterogeneity and the roughness anisotropy would almost always lead to a more72

complicated urban TBL environment, which may not be solely described by the mean73

streamline geometries. Organised low-frequency coherent structures and high-frequency74

turbulence may dominate compared to the mean flow (Thomas and Foken, 2007). Also,75

conventional time averages have often been applied to turbulence statistics76

(e.g. Duan and Ngan, 2019; Marucci and Carpentieri, 2020), wherein the77

extremes (or gusts) are smoothed out.78

Attempts have been sought to apply the instantaneous maximum as a diagnostic for79

wind gusts. He and Song (1999) defined the peak gust, ugust, as the wind speed, u,80

that exceeds the time average, u, by three times of the turbulence intensity (ur.m.s.), i.e.81

ugust ≥ u + 3ur.m.s.. A similar criteria was applied in Hayashi (1992). The occurrence of82

wind gusts was shown to be more frequent for 1.2 ≲ ugust/u ≲ 1.8 (Nakayama et al., 2012).83

However, gusts may not be robustly distinguished from instantaneous signals without84

ensemble averages given the fact that the urban flow is highly intermittent and unsteady.85
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Wind gusts may be quantified in a probabilistic way, e.g. by means of the Weibull86

distribution (Murakami and Fujii, 1983). Conditional sampling (e.g. Wallace, 2016) has87

also proven useful in filtering extreme turbulence fluxes with a specified bandwidth, α,88

|−u′w′| > α|u′w′| (e.g. Duan and Ngan, 2019). Gusty signals may be also identified in the89

spectral space, e.g. using wavelet analysis, which enables the localisation of extremes in90

time (Knoop et al., 2019). The gust index has often been defined as the ratio of the local91

maximum wind speed over the local temporal mean or the freestream wind speed (e.g.92

Ahmad et al., 2017; Takemi et al., 2020). While this perhaps simplifies the analysis, it is93

not necessarily implied that higher-order gustiness statistics, e.g. turbulence intensities94

and fluxes, would be of negligible effects (Inagaki and Kanda, 2008; Anderson et al.,95

2015).96

Wind gusts have been studied for realistic urban areas under the perturbation of97

strong typhoons (Takemi et al., 2019, 2020). It was shown that the gust index scaled98

monotonicaly with λp at two vertical levels, z/Have = 0.5 and 1.0. The wind gusts were99

found to be maximised in major streets and districts with sparse buildings, i.e. for low100

λp. Similar results had been obtained in Ahmad et al. (2017) and it has been noted that101

the relationship at a higher vertical level was less conclusive compared to the pedestrian102

level (∼ 2 m). While urban wind gusts have been explicitly linked to the plan-area index,103

influences of other morphometric parameters remain uncertain, e.g. σH , the building-104

height variability, which affects the surface inhomogeneity but is independent of λp by105

definition. The sensitivity of G to S remains inadequately resolved.106

Most importantly, effects of the boundary-layer stability, which could be of significant107

impacts on the sensitivity of G to S, have received little attention (if any). Both the mean108

flow and turbulence could be more complicated in thermal stratification: the flow regime109

undergoes a transition as the boundary-layer stability changes from unstable to stable110

stratifications and the wind fluctuations may need to attain a certain threshold before111

they can be unambiguously identified as gusts (Duan and Ngan, 2019). It is desirable to112

confirm if the previous findings for neutral flow carry over to thermally-stratified urban113

TBLs.114

The current study attempts to resolve the above issues pertinent to urban gustiness115

with emphases on the following aspects. 1. In addition to λp, the influence of other mor-116

phometric parameters are considered, specifically the frontal-area index and the building-117
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height variability. The surface heterogeneity of a realistic urban (Sec. 2.1) is characterised118

in a more comprehensive manner by traversing a sampling unit of various dimensions and119

displacement distances across the entire domain (Sec. 2.2), which allows ensemble averag-120

ing and hence more robust results. 2. The influence of thermal stratification is examined121

by considering a wide range of boundary-layer stabilities using large-eddy simulation122

(LES) (Sec. 2.3). The bulk Richardson number, Rb ∈ [−0.41, 0.82], satisfies values ob-123

served in realistic urban environments. 3. The previous studies are complemented by also124

exploring second-order gustiness statistics, which include gustiness turbulence intensities,125

momentum and thermal fluxes (see Sec. 2.4).126

The remaining part of the paper is organised as follows. Sec. 3 analyses the vertical127

distribution of the gustiness statistics. Sec. 4 is focused on the 10 m-height G, wherein128

influences of building-packing indices (λp and λf ) (Sec. 4.1) and building-height variabil-129

ity (σH) (Sec. 4.2) are studied. The sensitivity of G to the boundary-layer stability is130

summarised in Sec. 5. Summary and discussion are given in Sec. 6.131

2. Methodology132

2.1. Building topography133

Fig. 1 shows the topography of the studied area. The building topography herein is134

obtained from the digital surface model (DSM) data at the horizontal resolution of 2 m135

provided by Kokusai Kogyo Co., Ltd. As in Yoshida et al. (2018), the domain is sur-136

rounded by a buffer region that filled with cubic roughness elements. This is to alleviate137

influences due to the building-height discontinuity that may arise from the periodic lateral138

boundary conditions. The lateral dimensions (width and length) of the cuboids are fixed139

at 10 m, the height set to the domain averaged building height, Have,g, and the packing140

density to λp = 0.06. The dimensions of the domain are Lx = 1504×∆x = 3008 m in the141

streamwise (x), Ly = 480×∆y = 960 m in the spanwise (y) and Lz ≈ 500 m in the vertical142

(z) directions. The spatial resolution in the lateral is homogeneous, i.e. ∆x = ∆y = 2 m,143

which has proven sufficient for simulations of thermally-stratified urban boundary layers144

(Keck et al., 2014; Gronemeier et al., 2017). In the vertical, ∆zmin = 2 m for 0 < z ≤ 80 m145

(∼ 4 − 8Have,g) and the grid spacing is stretched for z > 80 m with a stretching factor of146

1.08 until ∆zmax = 16 m, which is maintained up to the upper boundary of the domain.147

The ratio of the coarsest and finest ∆z is ∆zmax/∆zmin = 8. The maximum grid cell148
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Figure 1: Topography of the studied domain, an urban area of Osaka, Japan. A buffer region filled with

cubic blocks is set around the domain. The lateral dimensions of the cuboids are fixed at 10m following

Yoshida et al. (2018) and the height is equal to the global average, Have,g = 11.5m (the building

height averaged for the entire domain). The maximum building heigh, Hmax,g = 58.2m, and

the standard deviation, σH,g = 7.1m. The domain dimensions are summarised in Table 1. Fig. 3

plots the morphometric statistics.

Table 1: Domain dimensions and model parameters.

Lx/∆x Ly/∆y Lz (m) Have,g (m) σH,g (m) Hmax,g (m)

1504 480 500 11.5 7.1 58.2

∆x = ∆y (m) ∆zmin (z ≤ 80) (m) ∆zk+1/∆zk (z > 80m) ∆zmax (m)

2 2 1.08 16

∆Px (Pam−1) ξ ≡ tf − t0 (s) ∆t (s) Sampling unit, D

0.6× 10−3 3600 10 See Eqs. (4)-(7) and Fig. 2

deformation is smaller than Cui et al. (2004) and Michioka et al. (2019) by a factor of149

∼ 2.150

The domain dimensions and spatial resolutions are summarised in Table 1.151

2.2. Sampling152

The analysis areas are defined by traversing a sampling unit, D, across the entire153

domain, i.e. D ∈ Lx × Ly. D is initially located at154

D0,0 ≡ A0 ∩B0, (4)

where A0 ≡ [x0, x0 + lx], B0 ≡ [y0, y0 + ly] and lx × ly defines the total lot area covered155

by D (see Fig. 2 for a schematic illustration). O(x0, y0) ≡ (0, 0) denotes the bottom-left156
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corner of the domain (excluding the buffer region, see Fig. 1). The next analysis area is157

given by displacing D0,0 in the lateral directions, viz.158

Dm,n ≡ Am ∩Bn, (5)

where Am ≡ A0 +m∆lx and Bn ≡ B0 + n∆ly. The non-dimensional size of the sampling

units,

lx/∆x ∈dx, (6a)

ly/∆y ∈dy, (6b)

are summarised in Table 2. The dimensions of D need to ensure that the profiles within

each sampling unit are statistically representative. Cheng and Castro (2002) considered a

spatial average over 25 sampling profiles and it was shown that a 4-profile average yielded

very similar results. In the current study, the minimum quantity of profiles within each

sampling unit is 125× 125, which is larger compared to Cheng and Castro (2002) by two

orders of magnitude. The non-dimensional displacement distances, ∆lx and ∆ly,

∆lx/∆x ∈sx, (7a)

∆ly/∆y ∈sy, (7b)

allow partial overlap of neighbouring D (see the green and blue patches in Fig. 2 for159

a schematic illustration). Through permutations and combinations of the sampling unit160

dimensions, Eq. (6), and the displacement distances, Eq. (7), the sample size is effectively161

increased, allowing a more comprehensive characterisation of the morphometric features162

of a realistic urban area (cf. Yoshida et al., 2018). For example, assuming ∆lx = 1
2
lx163

and ∆ly = 1
2
ly, the sample size can be increased by a factor of up to 3 ∼ 4. Given the164

dimensions considered for the current domain (see Table 1), a dataset of about 4 × 103
165

analysis units is established.166

For convenience, angle brackets denote horizontal averaging over each D, viz.,167

⟨⋆⟩ =
1

AD

∫
AD

(⋆)dx, (8)

where AD = dx∆x× dy∆y = lx × ly. For brevity, the notation will be dropped off for the168

gustiness statistics (see Sec. 2.4). For simplicity, the same notation is applied to ensemble169
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Table 2: Normalised dimensions and displacement distances of the sampling unit, D (Fig. 2).

dx dy sx sy

{125, 150, 175} {125, 150, 175} {50, 100, 150} {50, 100, 150}

L y

Am=A0+mΔl x

l y D m,n Bn=B0+nΔl y

A0

l y D 0,0 B0

O=(x0 ,y0 ) L x

l x l x

Figure 2: Schematic illustration of the sampling methodology. The sampling unit, D, is initially located

at A0 ∩B0 (i.e. D0,0 ≡ A0 ∩B0), the bottom left corner of the domain, Lx×Ly (see Fig. 1 and Table 1),

where A0 ≡ [x0, x0 + lx] and B0 ≡ [y0, y0 + ly]. Dm,n denotes the updated sampling unit after displacing

D0,0 in the streamwise direction by m∆lx and in the spanwise direction by n∆ly. lx and ly are the lateral

dimensions of D, Eq. (6), and ∆lx and ∆ly are the displacement distances, Eq. (7). The green and blue

patches denote that neighbouring D’s are allowed to overlap.

averaging over the sampling units,170

⟨⋆⟩ ≡
1

M ×N

DM,N∑
D0,0

(⋆), (9)

where M × N denotes the maximum number of the urban unit, D, that the domain171

can accommodate given the unit dimensions and displacement distances (see Fig. 2 and172

Table 2). Similar ensemble averaging was seen in Coceal et al. (2007a).173

Applying the proposed sampling approach, a dataset of surface morpho-174

metric features is established. The morphometric metrics are graphed in175

a boxplot in Fig. 3, which includes the nominal minimum, maximum, the176

median and the 25%-75% quartiles. The values of each measure are roughly177

symmetrically distributed about the median, despite the plan-area index (λp)178

that is slightly positively skewed. λp also exhibits a greater variability com-179

pared to the frontal-area index (λf). The maximum building height (Hmax)180

8



p f Have Hmax H

0.3

0.4

0.5

0.6

0.7

0.8

p,
f

0.00

10.00

20.00

30.00

40.00

50.00

60.00

H
av

e,
H

m
ax

,
H

(m
)

Figure 3: Morphometric statistics of the studied urban area (Fig. 1) applying the sampling approach

proposed in Sec. 2.2. The red diamond indicates the mean and the short horizontal line

colored in white shows the median.

shows a wide range of variation across the entire domain and is approximately181

four times of the mean building height (Have), indicating the presence of areas182

with a cluster of high-rise buildings. The morphometric statistics are similar183

to Kyoto (Takemi et al., 2020) and London, but differ greatly from some cities184

in North American, e.g. Los Angeles (Ratti et al., 2002).185

2.3. Large-eddy simulation186

2.3.1. Numerical model187

The flow and turbulence are simulated using large-eddy simulation based on the im-188

plicitly filtered non-hydrostatic, incompressible Boussinesq equations (Duan and Ngan,189

2019; Wang and Anderson, 2019),190

Dũ(x, t)

Dt
==

1

ρ
F (x, t) (10)

where F denotes the forcing term, ũ is the velocity vector with its three components, ũ, ṽ191

and w̃, representing the projections on the streamwise (x), spanwise (or cross-stream, y)192

and vertical (z) axes of the coordinate vector, x, respectively. The grid-filtered quantity,193

(̃·), is obtained from convolution with a spatial filter kernel, ũ = G∗u(x, t). The resultant194

9
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subgrid-scale (SGS) stress tensor, τij = ũiuj − ũiũj, is parameterised using the modified195

1.5-order Deardorff closure (Deardorff, 1980) of Moeng and Wyngaard (1988). The SGS196

eddy viscosity for momentum, νsgs,m, is modelled by solving a prognostic equation for197

the SGS turbulence kinetic energy. SGS parameterisation is also needed for the filtered198

energy equation (Bou-Zeid et al., 2010). The SGS eddy diffusivity for heat, νsgs,h, is199

modeled as νsgs,h = νsgs,m/Prt, where Prt is the turbulent Prandtl number and is slightly200

smaller than unity. For brevity, the tilde is dropped off hereafter. Coriolis accelerations201

are neglected.202

The governing equations are solved using the LES model, PALM (Maronga et al.,203

2015). Third-order Runge-Kutta time-stepping scheme (Williamson, 1980) is combined204

with a fifth-order finite differencing scheme for momentum and scalar advection (Wicker205

and Skamarock, 2002). The Poisson equation for the pressure is solved with the multigrid206

method.207

PALM has been extensively applied to studies of urban TBL flows (e.g. Letzel et al.,208

2008; Kanda et al., 2013; Park et al., 2015; Duan and Ngan, 2019). The model has been209

successfully validated for first-order statistics of temperature and velocity components210

(e.g. Yaghoobian et al., 2014; Park and Baik, 2013; Wang and Ng, 2018b). Second-211

order statistics also show good agreement with wind-tunnel measurements for thermally-212

stratified TBL flows (e.g. Duan and Ngan, 2020).213

2.3.2. Initialisation and forcing214

A thermally-stratified urban turbulent boundary-layer (TBL) flow is driven by a fixed215

pressure gradient in the streamwise direction, ∆Px, which mimics an external large-scale216

forcing (e.g. Lo and Ngan, 2017), and a temperature difference specified between the217

ground surface, Tref , and the freestream, T0, ∆T ≡ Tref − T0 (see Table 3). The 3-D LES218

model is initialised from the stationary solution of a 1-D model based on the Reynolds-219

average turbulence parameterisation (Detering and Etling, 1985).220

As in Cheng and Liu (2011), periodic boundary conditions are applied in the lateral221

directions and Neumann at the domain top. At solid surfaces, there is no-slip for the222

velocity components and Neumann for scalars, except for temperature on the ground,223

wherein Dirichlet boundary condition is used. A Prandtl layer is assumed between the224

roughness height, z0 = 0.1 m, and the first grid level; the near-wall boundary conditions225

are parameterised following the Monin-Obukhov similarity theory (MOST). The occur-226
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rence of streak-like structures originating from the persistent periodic boundary condi-227

tions, also known as the spanwise locking of very large-scale structures (e.g. Hutchins228

and Marusic, 2007; Fang and Porté-Agel, 2015), is alleviated by applying ‘shifted peri-229

odic boundary conditions’ in the streamwise direction, whereby the outlet boundary no230

longer corresponds to the original inlet boundary but rather the one shifted in the span-231

wise direction (Munters et al., 2016). The periodic boundary conditions herein232

differ from Duan and Ngan (2019), wherein turbulence recycling was com-233

bined with Dirichlet and radiation boundary conditions applied at the inlet234

and outlet boundaries, respectively, so as to mimic a neutrally-stratified flow235

approaching a local region that is thermally stratified. The current study re-236

quires horizontally-homogeneous statistics for both the velocity components237

and the temperature.238

The above model setups yield a thermally stratified TBL flow with the bulk Richard-239

son number (e.g. Duan and Ngan, 2020),240

Rb =

 g

T

˜̃T − Tref

˜̃H

/ ˜̃U

˜̃H

2

, (11)

satisfying Rb ∈ [−0.41 ± 0.08, 0.82 ± 0.10], where ˜̃H denotes the canopy height (herein241

˜̃H ∼ Hmax as momentum fluxes peak close to the maximum building height (Kanda242

et al., 2013)), ˜̃T and ˜̃U the temporally- and spatially-averaged roof-level temperature and243

streamwise velocity, respectively, T the temporally- and vertically-average temperature244

for z/ ˜̃H ∈ [0, 1], g = 9.8 m s−2 the gravitational acceleration. Similar boundary-layer245

stabilities have been considered in previous studies of urban TBL flows. For exam-246

ple, Rb ∈ [−0.52, 0.31] in the LES study of an idealised building array (Duan and247

Ngan, 2019), Rb ∈ [−0.21, 0.78] in wind-tunnel experiments (Uehara et al., 2000),248

Rb ∈ [−0.35, 0] from field measurements in a real city (Wang and Ng, 2018a) and249

Rb ∈ [−0.45, −0.17] from in situ measurements inside a street canyon (Nakamura and250

Oke, 1988).251

The vertical scale may be limited by the domain height (Lz), which is252

smaller than the inversion height of a typical convective boundary layer. How-253

ever, given the fact that only the flow and turbulence statistics in the surface254

layers are of great concern in the current study, it is a common practice to255

decrease the domain height to a reasonable level so that the simulations can256
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Table 3: Temperature differences, ∆T ≡ Tref − T0. Tref denotes the temperature specified on

the ground and T0 = 300K is the freestream temperature.

Stability –Stable– –Neutral– –Unstable–

∆T (K) {-8, -4} {0} {4, 8}

be accommodated without requiring an immerse amount of computer power257

(e.g. Kanda and Yamao, 2016; Nazarian and Kleissl, 2016; Duan and Ngan,258

2019). In fact the current domain height is comparable with Park and Baik259

(2013), wherein turbulence coherent structures were studied for stably- and260

unstably-stratified urban TBL flows.261

The Reynolds number based on ˜̃H and ˜̃U , Re = ˜̃U ˜̃H/ν ∼ O(107), is consistent with262

the LES study of Wang and Anderson (2019) and the roughness Re, Re∗ = u∗ẑ/ν ∼263

O(106), comparable with the measured value of Inagaki and Kanda (2008) (104 − 105),264

where ẑ denotes the roughness length that obtained via least-squares regression of the265

mean wind profiles in the logarithmic region (Cheng et al., 2007). The friction velocity, u∗,266

is calculated from the averaged Reynolds shear stress, −u′w′, at z/ ˜̃H = 1 (e.g. Kastner-267

Klein and Rotach, 2004), i.e. u∗ = (−u′w′)1/2. The stress may be averaged for the268

roughness sublayer (RSL) (e.g. Have +σH < z < Hmax, Kanda et al., 2013) or throughout269

the RSL and the inertial sublayer (ISL); however, this would not lead to a qualitatively270

differing result (Cheng and Castro, 2002).271

For comparison, Rb, Re, Re∗ and associated standard deviations are plotted in Fig. 4.272

The values of the Reynolds number and the bulk Richardson number for each ∆T are273

calculated from the ensemble average over the sampling units (see Eq. 9 in Sec. 2.2). The274

standard deviations therefore reflect the spatial variability.275

The 3-D model is forced to develop for tf = 7 hours, with a 6-hour spin up, t0 = 6 h.276

The last 1-hour data, ξ ≡ tf − t0 = 3600 s, which are recorded every ∆t = 10 s and have277

reached statistically-steady state, are used for analyses. For convenience, an overbar, (⋆),278

will be used to denote the time averaging of the resolved-scale quantity, (⋆),279

(⋆) ≡
1

ξ

tf∫
t0

(⋆)(t) dt, (12)

and a single prime, (⋆)′, the deviation from the time average, (⋆)′ ≡ (⋆) − (⋆).280
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Figure 4: (Blue) Re; (green) Re∗; (red) Rb. The angle brackets denote the ensemble average over the

sampling units (see Eq. 9 in Sec. 2.2). The error bars (standard deviations) reflect the spatial variability.

2.4. Gustiness and notation281

Gustiness is defined as the extremes associated with either the resolved scale, e.g. ui,

or the turbulence quantity, e.g. u′i, viz.

|ui|max ≡ max
t∈ξ
x⃗∈D

|ui(t, x⃗)|, (13a)

|u′i|max ≡ max
t∈ξ
x⃗∈D

|u′i(t, x⃗)|, (13b)

σui,max ≡ max
t∈

x⃗∈D

u′i
2
(t, x⃗), (13c)

TKEmax ≡ max
t∈ξ
x⃗∈D

1

2
(u′

2
+ v′

2
+ w′2)(t, x⃗), (13d)

−|φ′ϕ′
(−)|max ≡ −max

t∈ξ
x⃗∈D

|φ′ϕ′
(−)(t, x⃗)|, (13e)

where ξ ≡ tf − t0 = 3600 s (see Sec. 2.3.2), the subscript ‘(−)’ denotes negative fluxes1,282

ui = {u, v, w}, φ′ and ϕ′ (φ′ ̸= ϕ′) denote the deviation of a velocity component (ui)283

1Negative covariances (known as sweeps or ejections in quadrant analysis) contribute to turbulence

generation (Wallace, 2016).
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or temperature (T ) from the corresponding time average, Eq. (12). The extremes are284

calculated for all the grid points of each sampling unit, i.e. x⃗ ∈ D (see Sec. 2.2), and285

then horizontally averaged (see Eq. (8)). For convenience, a gust factor, G, summarises286

all the gustiness statistics,287

G ≡ {
Eq. (13a)︷ ︸︸ ︷
|ui|max , |u′i|max︸ ︷︷ ︸

Eq. (13b)

,

Eq. (13c)︷ ︸︸ ︷
σui,max , TKEmax︸ ︷︷ ︸

Eq. (13d)

,

Eq. (13e)︷ ︸︸ ︷
−|ψ′ϕ′

(−)|max}. (14)

The gustiness statistics may be non-dimensionalised with respect to the local temporal288

average (Nakayama et al., 2012), viz.289

G ≡



|ui|max/⟨ui⟩,

|u′i|max/⟨u′i⟩,

σui,max/⟨σui
⟩,

TKEmax/⟨TKE⟩,

−|ψ′ϕ′
(−)|max/⟨ψ′ϕ′⟩,

(15)

or the freestream reference quantities (e.g. Ahmad et al., 2017; Takemi et al., 2020), viz.290

G ≡



|ui|max/U∞,

|u′i|max/U∞,

σui,max/U∞,

TKEmax/U
2
∞,

−|ψ′ϕ′
(−)|max/ψrefϕref ,

(16)

where U∞ is the temporal and spatial average of the streamwise velocity in291

the horizontal plane close to the domain top and Tref denotes the temperature292

specified on the urban floor (see Sec. 2.3.2), ψrefϕref = U∞Tref for thermal fluxes293

and ψrefϕref = U2
∞ for momentum fluxes. The former, Eq. (15), quantifies the gusts with294

respect to the local statistically-steady state, while the latter, Eq. (16), assesses the local295

extremes versus the large-scale forcing.296

In urban microenvironments, the flow and turbulence are strongly perturbed by the297

roughness elements that mounted on the urban surface. Well-defined local steady states298

are generally difficult to be established within the roughness sublayer in realistic scenarios299
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(Ahmad et al., 2017). The dynamics of the flow are complicated by perturbations of300

ground heating or cooling (Duan and Ngan, 2019). By contrast, fully developed turbulent301

boundary layers are often seen above the roughness sublayer: TBLs have been shown for302

z/H ≳ 1.5 for idealised urban canyons (Park and Baik, 2013; Duan and Ngan, 2018) and303

z/Have ≳ 2−5 for realistic ones (Rotach, 1995; Giometto et al., 2016). While gustiness is304

essentially local, the normalisation with respect to the freestream reference quantities may305

be more appropriate for the evaluation of influences of severe meteorological perturbations306

(e.g. strong typhoons, Takemi et al., 2019, 2020).307

3. Vertical profiles308

Vertical profiles are helpful in characterising the change of turbulence and gustiness309

statistics from inside the canyons to the boundary layers aloft the surface roughness310

and up to the top of the domain. Fig. 5 plots the vertical profiles of the gustiness311

statistics, G, for different ∆T . Each profile corresponds to the horizontal average over312

a single (urban) sampling unit, D (see Sec. 2.2). For clarity in the lower surface313

layers, a base-10 logarithmic scale is used for y axis and results of only one314

unit displacement, sx = sy = 100, but all unit sizes, dx × dy (see Table 2 in315

Sec. 2.2), are shown. Despite that the profiles are plotted for the gustiness, the316

general pattern resembles the conventional time-averaged flow and turbulence317

statistics that observed in wind-tunnel experiments for thermally-stratified318

TBL flows (Uehara et al., 2000).319

The sensitivity of G to λp depends on the vertical level. The color gradients are320

well defined for z ≲ Hmax, implying a monotonic dependence of G on λp in the lower321

surface layers. This is consistent with previous studies for neutral flows, e.g. Ahmad322

et al. (2017), which was focused on the 2 m-height wind gusts, and Takemi et al. (2020),323

wherein the gusty winds were compared for z/Have,g = 0.5 and 1.0. We note that the324

relationship between G and λp is inconclusive at higher vertical levels, z ≳ Hmax, which325

coincides with Ahmad et al. (2017) that the surface aerodynamic roughness326

length was found to be of more relevance to G compared to the plan-area327

index at higher elevations above the canopy layer (though the study was328

conducted for only neutral stratification). However, the influence of the surface329

obstacles does not vanish–the profiles associated with each ∆T do not exactly collapse.330
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Figure 5: Vertical profiles of the normalised gustiness statistics, Eq. (16), for different ∆T . (Blues)

∆T = −8 ◦C; (greens) ∆T = 0 ◦C; (purples) ∆T = 8 ◦C. The profiles are colored in light

(for low λp) and deep (for high λp) colors that associated with each ∆T . For brevity, the

colorbar is only shown for ∆T = −8 ◦C. The horizontal lines indicate the global values:

upper dashed line for Hmax,g and lower dash-dotted line for Have,g (see Table 1). Note the

base-10 logarithmic scale for y axis. 16



Unlike the conventional time-averaged turbulence statistics (Kastner-Klein and Rotach,331

2004; Cheng et al., 2007; Roth et al., 2015), the profiles of the gustiness statistics do not332

converge at greater heights.333

As in Raupach et al. (1996), G attain local maxima for Have ≲ z < Hmax and there is334

a rapid decay with decreasing height for z/Have ≲ 1. Note Have,g ∼ 10 m (see Table 1).335

Comparable 10 m−height G were found in urban areas of Osaka (Takemi et al., 2019) and336

Kyoto (Takemi et al., 2020) during the passage of a strong typhoon. The pedestrian-level337

G are also in good agreement with the LES study of wind gusts in Tokyo (Ahmad et al.,338

2017), G ∼ O(0.1).339

The profiles also exhibit a strong dependence on the boundary-layer stability. While340

the sensitivity to ∆T seems monotonic for z/Hmax ≲ 1, there is a slight overlap of341

neighboring profile bunches, indicating that the influence of surface inhomogeneity may342

be strong enough to oppose the effect of thermal stratification in certain regions of the343

domain–the 3-D details of urban roughness elements may be of non-negligible importance.344

By contrast, the influence of ∆T predominates away from the surface roughness–the345

three bunches of the profiles that associated with different ∆T are well separate at higher346

vertical levels.347

The G statistics (except the thermal fluxes, panels e,f) are not maximised for z/Have ∼348

1 or z/Hmax ∼ 1. This is because the normalisation is against the freestream reference349

parameters, U∞ and Tref (see Eq. (16)), rather than the local quantities (see Eq. (15))350

and the turbulence production increasingly dominates for large fluctuations at greater351

heights.352

Fig. 6 plots the point-wise comparison of the G intensities against the conventional353

time-averaged turbulence statistics. While the colormaps also indicate a rough monotonic354

dependence of the gustiness statistics on the building-height variability, this is less evident355

for the unstable case. The ratios offer a general idea about the relative strength of356

gustiness over the time averages. There is a well-defined convergence towards lower357

values as the height is increased for z/Have ≳ 1 and the maximum ratios are found358

to occur substantially inside the canyons (z/Have < 1, note Have,g ∼ 10 m, see359

Table 1). The dependence of the 10 m-height G on the urban morphometric parameters,360

S, is investigated in greater detail in Sec. 4.361
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Figure 6: As in Fig. 5, but for the ratios of the gustiness intensities over the conventional time-

averaged turbulence statistics, Eq. (15). The profiles are colored by the building-height vari-

ability, σH (m), in the color associated with each ∆T . The colormaps follow that in Fig. 5.

Angle brackets denote horizontal averaging over D (see Eq. (8)) and overline denotes the

temporal average.
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4. 10 m-height gustiness statistics362

Inside the urban canyons, the flow is strongly perturbed by the obstacles and the363

dynamics are more complex as the flow being thermally stratified. The most obvious364

evidence is the Reynolds shear stress, −u′w′, which is weakened in stably-stratified flows,365

whilst strengthened in unstable stratification. A direct influence is on the friction ve-366

locity, u∗ ∝
√

| − u′w′|. Fig. 7 plots the normalised u∗ against the non-dimensionalized367

σH (panel a) and the building-packing indices (panel b) for stable, neutral and368

unstable stratification. The friction velocity is reduced by ∼ 50% in stable stratification369

(∆T = −8 ◦C) compared to the unstable case (∆T = 8 ◦C). A comparable reduction has370

been measured in wind-tunnel experiments of thermally-stratified flows in a 2-D canyon371

(Marucci and Carpentieri, 2019).372

The increasing trend of u∗/U∞ with σH/Have (panel a) admits the fact that373

the drag force is larger for urban surfaces of higher inhomogeneity (Cheng374

and Castro, 2002; Britter and Hanna, 2003), and this is especially so when the375

boundary layer is unstably stratified. By contrast, the colormap indicates a376

complicated influence of the normalised maximum building height, Hmax/Have,377

on the drag. The surface inhomogeneity is not solely determined by the378

geometric parameters (e.g. σH and Hmax), but also affected by the building379

packing indices (panel b). Medium values of u∗/U∞ are found to be clustered380

around the maximum λf (indicated in the colormap); however, this is not381

necessarily true for λp. Unlike the frontal-area index (λf), λp is not explicitly382

correlated with σH by definition (Grimmond and Oke, 1999). It plausible that383

the dependence of u∗/U∞ on λp is also nonlinear. A likely explanation is that384

as λp approaches the theoretical limit, λp → 1, the drag force returns to that385

for a flat plane (assuming σH = 0)–an intermediate range of λp may exist for386

the drag force to attain maximum values (Shaw and Pereira, 1982; Raupach,387

1992). The idea also agrees with the rationale categorising the urban flow388

regimes (Hussain and Lee, 1980). The friction velocity reflects the combined389

effects of those different components that affect the surface homogeneity;390

however, disentangling the contribution of separate factors to the drag force391

is not straightforward.392

Following the discussion in Sec. 3 and Takemi et al. (2019), this section analyses the393
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Figure 7: Normalised friction velocity, u∗/U∞, versus the (a) non-dimensional building-

height variability and the (b) building-packing indices. (blues) ∆T = −8 ◦C; (greens) ∆T =

0 ◦C; (purples) ∆T = 8 ◦C. The colormaps follow that in Fig. 5.

10 m-height gustiness statistics. As the vertical level is increased, the plan-area index is394

decreased and eventually the flow is devoid of direct perturbations from the395

surface roughness elements (Giometto et al., 2016).396

Fig. 8 plots the gustiness statistics in the x− y plane at the 10 m height. There is a397

strong sensitivity to the boundary-layer stability: the extremes weaken in stable strat-398

ification (left panels), whilst strengthen in unstable stratification (right panels), which399

coincide with the pattern of the thermal flux (panels g,h). The sensitivity exhibits a great400

similarity to that for the conventional time-averaged turbulence statistics (e.g. Duan and401

Ngan, 2019).402

The extremes are markedly visible in areas of more sparsely distributed building403

obstacles (i.e. regions of low plan-area index as annotated in the white squares404

in panel b), which agrees well with previous studies (e.g. Ahmad et al., 2017; Takemi405

et al., 2020). The current study also shows that the pattern is well preserved irrespective406

of ground heating or cooling. The sensitivity of G to the surface morphometric parameters407

(λp, λf and σH) and the boundary-layer stability is investigated in the remaining sections.408

4.1. Influence of building-packing indices, λp and λf409

Fig. 9 plots the normalised G against λp. For ∆T = 0 (the blues), G show a strong410

linear dependence on λp (e.g. R2 = 0.80 for the gustiness TKE), wherein G are maximised411

for small λp and minimised for large λp. The results are consistent with the study of412
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Figure 8: Normalised gustiness statistics, G (Eq. (14)), in the 10m-height x − y plane. (left panels)

Stable stratification, ∆T = −4 ◦C; (right panels) unstable stratification, ∆T = 4 ◦C. (a-b) Vertical

velocity component, |w|
max

; (c-d) turbulence kinetic energy, TKEmax; (e-f) turbulent momentum flux,

−|u′w′
(−)|max; (g-h) thermal flux, −|T ′w′

(−)|max. As the G statistics are approximately an order

of magnitude smaller for the stable cases compared to the unstable ones (cf. Fig. 5), for

visualisation purpose, the colorbars are capped at smaller values for stable stratification.

Ahmad et al. (2017) for a neutrally-stratified TBL flow that developed over an urban area413

of Tokyo. It is further confirmed herein that the linear scaling of G with λp persists414

for stable and unstable stratifications. By contrast, the colormap implies a strong415

non-linear relationship between G and the frontal-area index, λf (explored in416

the later text accompanying Fig. 10).417

The gustiness is considerably more sensitive to the change of ∆T , d∆T , for ∆T >418

0 compared to that for ∆T < 0, i.e. dG/d∆T |∆T>0 > dG/d∆T |∆T<0. For example,419
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the trends of G versus λp for ∆T = −4 ◦C and −8 ◦C almost collapse, while that for420

∆T > 0 are well separate. The slope is much steeper for the latter. More specifically,421

G ∝ −0.03λp for ∆T = −8 ◦C and G ∝ −0.18λp for ∆T = 8 ◦C. Analogous results422

have been noted in Duan and Ngan (2019, 2020) for thermally-stratified flows developed423

over an idealised building array. While those studies were focused on the standard time-424

averaged turbulence statistics, the influence of ∆T on wind gusts was indicated in the425

quadrant analysis: stable flow is characterised with small fluctuations and the quadrant426

statistics change marginally with ∆T ; however, sweeps diminish greatly for ∆T > 0 as427

∆T is increased and ejections dominate.428

Fig. 10 plots the normalised G against the frontal-area index, λf . Despite that the429

general pattern of G versus λp (Fig. 9) is roughly preserved (noticeably for430

high Have as indicated in the colormap), the dependence of gustiness on λf is431

non-linear: the weakest gustiness appears to prioritise moderate λf that accompanied432

with low Have (highlighted in the ellipse between the vertical dash-dotted lines, see panel433

a) and this is especially so for ∆T > 0. Also, we note that the quality of the linear curve434

fitting using least-squares regression is not good for both the stable and unstable cases,435

e.g. R2 = 0.22 for ∆T = −8 ◦C and 0.35 for ∆T = 8 ◦C for the gustiness TKE, TKEmax.436

By definition, λf should be small when the building height is low (Grim-437

mond and Oke, 1999); however, this is not necessarily true for inhomogeneous438

surfaces. The results indicate that there exists regions of high σH to offset the439

decrease of λf due to the low averaged building height, Have. This may explain440

the concurrence of low Have with medium λf but not small λf , suggesting that441

an effective λf may be defined for inhomogeneous surfaces by incorporating442

σH and Have into the scaling. Following the idea in Kanda et al. (2013) that443

on a somewhat unrelated topic, it is sensible to combine the nondimensional444

quantity, Have/σH, directly with λf , i.e.,445

λ̂f ≡ λfHave/σH . (17)

An appreciable increase is seen in the R-squared with the effective λf , λ̂f , in446

place of the unscaled λf for the linear least-squares fitting (see Fig. 11), e.g. the447

R2 for TKEmax is increased from 0.22 to 0.53 for ∆T = −8 ◦C and from 0.35 to 0.50 for448

∆T = −8 ◦C, suggesting that λ̂f is of a more appropriate scaling parameter for G449

compared to λf .450
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0.4 0.6 0.8
λp

0.2

0.4

0.6

0.8

1.0

1.2

σ
u
i,

m
ax
/U
∞

0.22

0.26

0.3

0.34

0.38

0.42

0.46

0.5

0.54

λ
f

(d) TKEmax (Eq. (13d))
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Figure 9: Normalised G versus λp. For brevity, results of only the streamwise velocity component are

shown (ui = u and u′
iu

′
j = u′w′); other components show similar trends. The gustiness statistics are

colored by the frontal area density, λf : (gradient red) ∆T = −8 ◦C; (gradient green) ∆T = −4 ◦C;

(gradient blue) ∆T = 0 ◦C; (gradient purple) ∆T = 4 ◦C; (red-green-blue) ∆T = 8 ◦C. The trends for

the stable cases nearly overlap. For brevity, the colorbar is only shown for ∆T = 8 ◦C. The

colormaps for the other ∆T follow the convention that light colors indicate small values

(herein λf) and deep for large ones.
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Figure 10: As in Fig. 9, but for λf , and colored by Have. For clarity, results of only one stable

(gradient purple, ∆T = −8 ◦C), one neutral (gradient blue, ∆T = 0 ◦C) and an unstable (red-green-blue,

∆T = 8 ◦C) case are shown. The colormaps follow that in Fig. 9. The dashed ellipse in panel a

highlights the minimal Have that obtained for moderate λf , 0.3 ≲ λf ≲ 0.4, the range bounded between

the dash-dotted vertical lines.
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Figure 11: As in Fig. 10, but for G versus the effective λf , λ̂f (i.e. λfHave/σH , see Eq. (17)). For

brevity, only the gustiness momentum flux and the TKE are plotted. (a) −|u′
iu

′
j(−)|max; (b) TKEmax.

Note the shift of low Have to high λfHave/σH compared to the clustering of low Have around moderate

λf in Fig. 10. The dash-dotted lines indicate the linear curve fitting using least-squares regression:

R2 = 0.57 for the gustiness flux (panel a) and R2 = 0.53 for the gustiness TKE (panel b).

4.2. Influence of building-height variability, σH451

A similar trend as that for G versus λp and λf (Sec. 4.1) may not be expected for G452

versus σH . This is because the building-height variability affects the frontal-area density453

but is independent of the plan-area density by definition.2454

Fig. 12 plot the gustiness statistics versus the building-height variability, σH . For455

comparison, the dependence of G on the building-packing indices are indicated456

in the colormaps: the left panels are colored by λp and the right by λf , but457

they plot the same data. Therefore, the plots agree with Fig. 9 and Fig. 10,458

respectively.459

The strongest G prioritise a certain range of σH , 4 m ≲ σH ≲ 10 m (or 0.35 ≲460

σH/Have ≲ 0.9), wherein both λp and λf attain smallish values (indicated in the col-461

ormaps). The smallest σH appears to be in concurrence with the largest λp on minimised462

G, implying that the gustiness is weak in urban areas of high plan-area packing density463

and low building-height variability.464

The dependence of G on σH differs for stable stratification compared to unstable465

2This may be a contributing factor to the clustering of scattered G at low building heights for a

certain range of λf (distinctly for unstable stratification, see Fig. 10), in contrast to the well defined

linear scaling of G versus λp (see Fig. 9).
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stratification. A familiar monotonic dependence (approximately linear) seems well pre-466

served for ∆T ≤ 0. In stably-stratified flows, the (internal) boundary-layer thickness467

is suppressed (roughly to the roof level) (Duan and Ngan, 2020) and hence wind gusts468

are affected by the surface roughness obstacles in a more direct manner. However, the469

quality of the linear curve fitting using least-squares regression is actually not as good470

as the plots show (e.g. R2 = 0.37 for TKEmax). For unstable stratification, G are more471

scattered (R2 = 0.26) and the dependence on σH is even less definite for the second-order472

G statistics (see panels c-d, e-f). This may be attributed to the alignment of the vorticity,473

which is altered by the convective plumes. In a neutrally-stratified shear flow, the vor-474

ticity orientation is set by the symmetric, S =
1

2

(
∇ũ−∇ũT

)
, and the anti-symmetric,475

Ω =
1

2

(
∇ũ + ∇ũT

)
, components of the velocity gradient tensor, ∇ũ (Wu et al., 2006).476

The vorticity is stretched by the former and rotated by the latter. The orientation to-477

wards the streamwise direction is a result of the balance between the strain-rate tensor478

and the rotation-rate tensor (Dubief and Delcayre, 2000). As the ground being heated or479

cooled, buoyancy competes against the shear. A direct measure to quantify the balance480

is the Richardson number, Ri = N2/S2, where N2 is the buoyancy term and S2 the shear481

term (also see Sec. 2.3.2). With the increase of the boundary-layer instability, buoyancy-482

induced vertical motions set in, tilting the alignment of the vorticity towards the vertical483

(Li and Bou-Zeid, 2011; Simpson and Glezer, 2016). As a consequence, vertical fluxes484

intensify up to greater heights (e.g. Kanda and Yamao, 2016) (roughly indicated in the485

peak ratios in Fig. 6, Sec. 3) and the influence of σH is effectively alleviated. Similar jus-486

tification may be applied to the weakening influence of λp and λf on G at higher vertical487

levels that away from the surface perturbations.488

The results suggest that σH may not be an appropriate scaling parameter for the489

gustiness statistics; however, we note that the quality of the linear curve fitting is im-490

proved when its normalised form (cf. Ratti et al., 2002), σH/Have, is used (see Fig. 13).491

For example, the R2 of the least-squares regression for the gustiness momentum flux,492

−|u′iu′j(−)|max (panel a), is increased from 0.45 to 0.5 for ∆T = −8 ◦C and from 0.36 to493

0.45 for ∆T = 8 ◦C. A comparable improvement is also seen for the gustiness494

TKE, TKEmax (panel b), e.g. from 0.37 to 0.43 for ∆T = −8 ◦C and from 0.26495

to 0.38 for ∆T = 8 ◦C. While the increase of the R-squared seems unremark-496
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able, implying that σH may be of secondary importance for the scaling, the497

influence of building-height variability on the gustiness is non-negligible.498
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Figure 12: Normalised G versus σH . For comparison, (left panels) colored by λp as in Fig. 9; (right

panels) colored by λf as in Fig. 10.
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Figure 13: As in Fig. 11, but for G versus the normalised σH , σH/Have.

5. Sensitivity to Rb499

Fig. 14 compares the spatial and ensemble averages of the normalised gusti-500

ness TKE, TKEmax, versus the boundary-layer stability and the plan-area in-501

dex for z/Have,g ∈ [0, 1] (panel a) and z/200 m ∈ [0, 1] (panel b). The gustiness TKE502

increases monotonically with the increasing of the boundary-layer instability (Rb ≤ 0)503

and plateaus for stable stratification (Rb > 0). Quadrant analyses have shown that504

large turbulence fluctuations are more sensitive to the boundary-layer stability (as that505

for Rb < 0), whilst small ones may need to exceed a certain threshold to become fully506

turbulent (as that for Rb > 0) (Duan and Ngan, 2019). The trends reconcile with previ-507

ous studies for thermally-stratified TBL flows over idealised urban topographies (Uehara508

et al., 2000; Cheng and Liu, 2011; Duan and Ngan, 2019) (though for the conventional509

time-averaged turbulence statistics), implying that the sensitivity of time-averaged statis-510

tics of urban TBL flows to Rb is well preserved in the associated extremes.511

The colormaps associated with each Rb reproduce the monotonic dependence of512

TKEmax on λp (almost linear, see Sec. 4.1). While TKEmax strengthens with decreasing513

λp, the influence of surface roughness weakens at greater heights–the color bins in panel514

b are greatly shortened compared to that plotted in panel a. Nevertheless, the general515

trend of TKEmax versus Rb is well maintained to higher vertical levels. The other gusti-516

ness quantities exhibit a similar sensitivity to Rb (summarised in Fig. 15). Qualitative517

differences in the sensitivities to the boundary-layer stability are narrowly distinguishable518

amongst the zeroth-, first- and second-order gustiness statistics.519
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Figure 14: Spatial and ensemble averages of the normalised gustiness TKE, TKEmax, versus

Rb for (a) z/Have,g ∈ [0, 1] and (b) z/200m ∈ [0, 1]. The colormaps sketch the change of λp.

Following the same convention, deep colors correspond to large λp and light to small λp.

For brevity, the colorbar is only shown for the most unstable case (Rb = −0.41). The solid

line connects the ensemble averages (denoted using the angle brackets, Eq. (9)) of TKEmax

associated with each Rb.
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Figure 15: As in Fig. 14, but a summary of the sensitivity of the zeroth- and second-order gustiness

statistics, Eq. (16), to the boundary-layer stability. The angle brackets denote the ensemble

average over all sampling units, Eq. (9). Note the y-axis values that are plotted in reverse

order for the gustiness fluxes.
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6. Summary and discussion520

This research investigated gustiness in thermally-stratified turbulent boundary-layer521

flows for a real urban topography using LES. It complements previous studies (e.g.522

Ahmad et al., 2017; Takemi et al., 2020), wherein the focus was primarily on523

wind gusts outreaching the time-averaged wind speed in neutrally-stratified524

urban boundary layers, in the aspects that gustiness were explored for the525

zeroth-order (the local maximum wind speed), first-order (the local maximum wind fluc-526

tuation) and second-order (local maxima of turbulence intensities and fluxes) statistics527

for a wide range of boundary-layer stabilities, Rb ∈ [−0.41, 0.82], that satisfy observa-528

tions of realistic urban TBLs. The results were obtained based on a proposed529

ensemble sampling approach across the domain, which allows the analysis to530

be performed in statistical manner and hence a more comprehensive charac-531

terisation of the urban surface heterogeneity.532

The contribution of this study includes the following findings. 1. The strong linear533

scaling of the gustiness statistics (G) with the plan-area index (λp) for neutral flow is534

found to persist for stable and unstable stratification. 2. There is a similar trend for535

G versus the other topographic parameters (S): the frontal-area index (λf ) and the536

building-height variability (σH); however, their scaled forms, λfHave/σH and σH/Have,537

are argued to be of more appropriateness as scaling parameters for G. 3. While the538

monotonic dependence of G on S appears to be well maintained across z/Have ≲ 1,539

the influence of S on G is less definite at greater heights. 4. The gustiness increases540

monotonically with the boundary-layer instability and plateaus for stable flow, in accord541

with the sensitivity for the conventional mean and turbulence statistics. 5. Qualitative542

differences in the sensitivities to the boundary-layer stability are narrowly distinguishable543

amongst the proposed gustiness statistics.544

The results are obtained for a realistic urban topography. It is plausible that the545

conclusions would carry over to urban cities of comparable morphological metrics, e.g.546

Kyoto, London or Berlin. For example, Kyoto city centre is characterised with547

a mean building height of 10.8 m ± 7.0 m (Yoshida et al., 2018), which is al-548

most the same as that investigated in the current study (11.5 m ± 7.1 m, see549

Sec. 2.1). While the building packing indices (λf = 0.25 and λp = 0.41) are550

slightly smaller, the values lie well within the range covered by the urban551
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areas herein (Sec. 2.2). However, further work may be required to verify the552

robustness of the results for cities like Los Angeles. Although the building553

packing densities are comparable to Osaka, the mean building height (51.3 m)554

of Los Angeles (Ratti et al., 2002) is almost five times larger and the non-555

dimensional building height variability (σH,g/Have,g) is also much greater than556

that considered in the current study (1.0 versus 0.6).557

One limitation of this study is only unidirectional wind was considered. It558

is unlikely that the conclusions for λp and σH versus G would be affected; how-559

ever, the frontal-area index, λf , differs when the wind direction is changed.560

More efforts would be demanded to verify the scaling of G with the pro-561

posed effective λf , λ̂f . Another limitation is that the flow is driven by a562

steady forcing through a prescribed pressure gradient and thermal stratifica-563

tion generated by fixed temperature differences (Duan and Ngan, 2019). For564

urban wind hazards, it may be of more relevance if unsteady perturbations565

from mesoscale model output or observations, in particular of strong tropical566

cyclones (Islam et al., 2015; Takemi and Ito, 2020), could be incorporated567

into building-resolving LES. While the proposed sampling approach allows568

ensemble averaging and analyses in a statistical manner, the conclusions for G569

versus S may not be anticipated for a very local urban district and influences570

of architecture contours, e.g. building roof shapes and the 3-D details of spe-571

cific building obstacles (Korycki et al., 2016), may be of potential interest for572

future investigation.573
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Jiannong Fang and Fernando Porté-Agel. Large-eddy simulation of very-large-scale mo-645

tions in the neutrally stratified atmospheric boundary layer. Boundary-Layer Meteo-646

rology, 155(3):397–416, Jun 2015. ISSN 1573-1472. doi: 10.1007/s10546-015-0006-z.647

M. G. Giometto, A. Christen, C. Meneveau, J. Fang, M. Krafczyk, and M. B. Parlange.648

Spatial characteristics of roughness sublayer mean flow and turbulence over a realistic649

urban surface. Boundary-Layer Meteorology, 160(3):425–452, 2016. ISSN 1573-1472.650

doi: 10.1007/s10546-016-0157-6.651

C. S. B. Grimmond and T. R. Oke. Aerodynamic properties of urban areas derived from652

analysis of surface form. Journal of Applied Meteorology, 38(9):1262–1292, 1999. doi:653

10.1175/1520-0450(1999)038⟨1262:APOUAD⟩2.0.CO;2.654

Tobias Gronemeier, Siegfried Raasch, and Edward Ng. Effects of unstable stratification655

on ventilation in Hong Kong. Atmosphere, 8(9):168, 2017.656

Aya Hagishima, Jun Tanimoto, Koji Nagayama, and Sho Meno. Aerodynamic parame-657

ters of regular arrays of rectangular blocks with various geometries. Boundary-Layer658

Meteorology, 132(2):315–337, 2009. ISSN 1573-1472. doi: 10.1007/s10546-009-9403-5.659

Steven R. Hanna, Michael J. Brown, Fernando E. Camelli, Stevens T. Chan, William J.660

Coirier, Sura Kim, Olav R. Hansen, Alan H. Huber, and R. Michael Reynolds. De-661

tailed simulations of atmospheric flow and dispersion in downtown Manhattan: An662

application of five computational fluid dynamics models. Bulletin of the American663

Meteorological Society, 87(12):1713–1726, 2006. doi: 10.1175/BAMS-87-12-1713.664

35



Taiichi Hayashi. Gust and downward momentum transport in the atmospheric surface665

layer. Boundary-Layer Meteorology, 58(1):33–49, 1992. ISSN 1573-1472.666

Jianming He and Charles C.S Song. Evaluation of pedestrian winds in urban area by667

numerical approach. Journal of Wind Engineering and Industrial Aerodynamics, 81(1):668

295 – 309, 1999. ISSN 0167-6105. doi: https://doi.org/10.1016/S0167-6105(99)00025-2.669

Walter G. Hoydysh and Walter F. Dabberdt. Kinematics and dispersion characteristics670

of flows in asymmetric street canyons. Atmospheric Environment (1967), 22(12):2677671

– 2689, 1988. ISSN 0004-6981. doi: https://doi.org/10.1016/0004-6981(88)90436-2.672

L.J. Hunter, G.T. Johnson, and I.D. Watson. An investigation of three-dimensional673

characteristics of flow regimes within the urban canyon. Atmospheric Environment.674

Part B. Urban Atmosphere, 26(4):425 – 432, 1992. ISSN 0957-1272. doi: http://dx.675

doi.org/10.1016/0957-1272(92)90049-X.676

M. Hussain and B.E. Lee. A wind tunnel study of the mean pressure forces acting on large677

groups of low-rise buildings. Journal of Wind Engineering and Industrial Aerodynamics,678

6(3):207 – 225, 1980. ISSN 0167-6105. doi: http://dx.doi.org/10.1016/0167-6105(80)679

90002-1.680

N. Hutchins and Ivan Marusic. Evidence of very long meandering features in the logarith-681

mic region of turbulent boundary layers. Journal of Fluid Mechanics, 579:128, 2007.682

doi: 10.1017/S0022112006003946.683

A. Inagaki and M. Kanda. Turbulent flow similarity over an array of cubes in near-684

neutrally stratified atmospheric flow. Journal of Fluid Mechanics, 615:101–120, 11685

2008. ISSN 1469-7645. doi: 10.1017/S0022112008003765.686

Tanvir Islam, Prashant K. Srivastava, Miguel A. Rico-Ramirez, Qiang Dai, Manika687

Gupta, and Sudhir K. Singh. Tracking a tropical cyclone through wrf–arw simula-688

tion and sensitivity of model physics. Natural Hazards, 76(3):1473–1495, Apr 2015.689

ISSN 1573-0840. doi: 10.1007/s11069-014-1494-8.690

Isao Kanda and Yukio Yamao. Passive scalar diffusion in and above urban-like roughness691

under weakly stable and unstable thermal stratification conditions. Journal of Wind692

Engineering and Industrial Aerodynamics, 148:18–33, 2016. ISSN 0167-6105.693

36



Manabu Kanda, Atsushi Inagaki, Takashi Miyamoto, Micha Gryschka, and Siegfried694

Raasch. A new aerodynamic parametrization for real urban surfaces. Boundary-695

Layer Meteorology, 148(2):357–377, Aug 2013. ISSN 1573-1472. doi: 10.1007/696

s10546-013-9818-x.697

Petra Kastner-Klein and Mathias W. Rotach. Mean flow and turbulence characteristics in698

an urban roughness sublayer. Boundary-Layer Meteorology, 111(1):55–84, 2004. ISSN699

1573-1472. doi: 10.1023/B:BOUN.0000010994.32240.b1.700

Marius Keck, Siegfried Raasch, Marcus Letzel, and Edward Ng. First results of high701

resolution large-eddy simulations of the atmospheric boundary layer in macau. Journal702

of Heat Island Institute International, 9:39–43, 12 2014.703

H. Knoop, F. Ament, and B. Maronga. A generic gust definition and detection method704

based on wavelet-analysis. Advances in Science and Research, 16:143–148, 2019. doi:705

10.5194/asr-16-143-2019.706

Micha l Korycki, Lech  Lobocki, and Andrzej Wyszogrodzki. Numerical simulation of strat-707

ified flow around a tall building of a complex shape. Environmental Fluid Mechanics,708

16(6):1143–1171, Dec 2016. ISSN 1573-1510.709

Marcus Oliver Letzel, Martina Krane, and Siegfried Raasch. High resolution urban large-710

eddy simulation studies from street canyon to neighbourhood scale. Atmospheric En-711

vironment, 42(38):8770–8784, 2008.712

Dan Li and Elie Bou-Zeid. Coherent structures and the dissimilarity of turbulent trans-713

port of momentum and scalars in the unstable atmospheric surface layer. Boundary-714

Layer Meteorology, 140(2):243–262, Aug 2011. ISSN 1573-1472. doi: 10.1007/715

s10546-011-9613-5.716

K. W. Lo and K. Ngan. Characterizing ventilation and exposure in street canyons using717

Lagrangian particles. Journal of Applied Meteorology and Climatology, 56(5):1177–718

1194, 2017. doi: 10.1175/JAMC-D-16-0168.1.719

S. Rajagopalan M. R. Raupach, R. A. Antonia. Rough-wall turbulent boundary layers.720

Applied Mechanics Reviews, 4(1):1–25, 1991. doi: https://doi.org/10.1115/1.3119492.721

37



R.W. Macdonald, R.F. Griffiths, and D.J. Hall. An improved method for the estimation722

of surface roughness of obstacle arrays. Atmospheric Environment, 32(11):1857 – 1864,723

1998. ISSN 1352-2310. doi: http://dx.doi.org/10.1016/S1352-2310(97)00403-2.724

B. Maronga, M. Gryschka, R. Heinze, F. Hoffmann, F. Kanani-Sühring, M. Keck, K. Ke-725

telsen, M. O. Letzel, M. Sühring, and S. Raasch. The parallelized large-eddy simulation726

model (PALM) version 4.0 for atmospheric and oceanic flows: model formulation, re-727

cent developments, and future perspectives. Geoscientific Model Development, 8(8):728

2515–2551, 2015. doi: 10.5194/gmd-8-2515-2015.729

Davide Marucci and Matteo Carpentieri. Effect of local and upwind stratification on730

flow and dispersion inside and above a bi-dimensional street canyon. Building and731

Environment, 156:74 – 88, 2019. ISSN 0360-1323. doi: https://doi.org/10.1016/j.732

buildenv.2019.04.013.733

Davide Marucci and Matteo Carpentieri. Stable and convective boundary-layer flows734

in an urban array. Journal of Wind Engineering and Industrial Aerodynamics, 200:735

104140, 2020. ISSN 0167-6105. doi: https://doi.org/10.1016/j.jweia.2020.104140.736

Takenobu Michioka, Hiroshi Takimoto, Hiroki Ono, and Ayumu Sato. Large-eddy simu-737

lation of the effects of wind-direction fluctuations on turbulent flow and gas dispersion738

within a cubical canopy. Boundary-Layer Meteorology, Jul 2019. ISSN 1573-1472. doi:739

10.1007/s10546-019-00467-y.740

Chin-Hoh Moeng and John C. Wyngaard. Spectral analysis of large-eddy simulations of741

the convective boundary layer. Journal of the Atmospheric Sciences, 45(23):3573–3587,742

1988.743

Wim Munters, Charles Meneveau, and Johan Meyers. Shifted periodic boundary condi-744

tions for simulations of wall-bounded turbulent flows. Physics of Fluids, 28(2):025112,745

2016. doi: 10.1063/1.4941912.746

Shuzo Murakami and Kunio Fujii. Turbulence characteristics of wind flow at ground747

level in built-up area. Journal of Wind Engineering & Industrial Aerodynamics, 15748

(1-3):133–144, 1983.749

38



F. Murena, A. Di Benedetto, M. D’Onofrio, and G. Vitiello. Mass transfer velocity750

and momentum vertical exchange in simulated deep street canyons. Boundary-Layer751

Meteorology, 140(1):125–142, 2011.752

Fabio Murena and Benedetto Mele. Effect of short-time variations of wind velocity on753

mass transfer rate between street canyons and the atmospheric boundary layer. Atmo-754

spheric Pollution Research, 2014, Vol. 5:p484, 2014.755

Y. Nakamura and T.R. Oke. Wind, temperature and stability conditions in an east-west756

oriented urban canyon. Atmospheric Environment (1967), 22(12):2691 – 2700, 1988.757

ISSN 0004-6981. doi: http://dx.doi.org/10.1016/0004-6981(88)90437-4.758

Hiromasa Nakayama, Tetsuya Takemi, and Haruyasu Nagai. LES analysis of the aero-759

dynamic surface properties for turbulent flows over building arrays with various ge-760

ometries. Journal of Applied Meteorology and Climatology, 50(8):1692–1712, 2011. doi:761

10.1175/2011JAMC2567.1.762

Hiromasa Nakayama, Tetsuya Takemi, and Haruyasu Nagai. Large-eddy simulation of ur-763

ban boundary-layer flows by generating turbulent inflows from mesoscale meteorological764

simulations. Atmospheric Science Letters, 13(3):180–186, 2012. doi: 10.1002/asl.377.765

N. Nazarian and J. Kleissl. Realistic solar heating in urban areas: Air exchange and766

street-canyon ventilation. Building and Environment, 95:75 – 93, 2016. ISSN 0360-767

1323. doi: http://dx.doi.org/10.1016/j.buildenv.2015.08.021.768

K. Ngan and K. W. Lo. Revisiting the flow regimes for urban street canyons using the769

numerical green’s function. Environmental Fluid Mechanics, 16(2):313–334, Apr 2016.770

ISSN 1573-1510. doi: 10.1007/s10652-015-9422-3.771

K. Ngan and K. W. Lo. Linear error dynamics for turbulent flow in urban street canyons.772

Journal of Applied Meteorology and Climatology, 56(5):1195–1208, 2017. doi: 10.1175/773

JAMC-D-16-0173.1.774

Tim R Oke. Initial guidance to obtain representative meteorological observations at urban775

sites. INSTRUMENTS AND OBSERVING METHODS REPORT No. 81, WMO/TD-776

No. 1250, 2006.777

39



Seung-Bu Park and Jong-Jin Baik. A large-eddy simulation study of thermal effects778

on turbulence coherent structures in and above a building array. Journal of Applied779

Meteorology and Climatology, 52(6):1348–1365, 2013.780

Seung-Bu Park, Jong-Jin Baik, and Beom-Soon Han. Large-eddy simulation of turbulent781

flow in a densely built-up urban area. Environmental Fluid Mechanics, 15(2):235–250,782

Apr 2015. ISSN 1573-1510. doi: 10.1007/s10652-013-9306-3.783

A. E. Perry, W. H. Schofield, and P. N. Joubert. Rough wall turbulent boundary layers.784

Journal of Fluid Mechanics, 37(2):383413, 1969. doi: 10.1017/S0022112069000619.785

C. Ratti, S. Di Sabatino, R. Britter, M. Brown, F. Caton, and S. Burian. Analysis of786

3-d urban databases with respect to pollution dispersion for a number of european787

and american cities. Water, Air and Soil Pollution: Focus, 2(5):459–469, 2002. ISSN788

1573-2940.789

M. R. Raupach. Drag and drag partition on rough surfaces. Boundary-Layer Meteorology,790

60(4):375–395, 1992. ISSN 1573-1472.791

M. R. Raupach, J. J. Finnigan, and Y. Brunei. Coherent eddies and turbulence in792

vegetation canopies: The mixing-layer analogy. Boundary-Layer Meteorology, 78(3):793

351–382, 1996. ISSN 1573-1472. doi: 10.1007/BF00120941.794

M. W. Rotach. Profiles of turbulence statistics in and above an urban street canyon.795

Atmospheric Environment, 29(13):1473–1486, 1995.796

Matthias Roth, Atsushi Inagaki, Hirofumi Sugawara, and Manabu Kanda. Small-scale797

spatial variability of turbulence statistics, (co)spectra and turbulent kinetic energy798

measured over a regular array of cube roughness. Environmental Fluid Mechanics, 15799

(2):329–348, Apr 2015. ISSN 1573-1510. doi: 10.1007/s10652-013-9322-3.800

Roger H Shaw and A.R Pereira. Aerodynamic roughness of a plant canopy: A numerical801

experiment. Agricultural Meteorology, 26(1):51 – 65, 1982. ISSN 0002-1571. doi:802

https://doi.org/10.1016/0002-1571(82)90057-7.803

Mark W. Simpson and Ari Glezer. Buoyancy-induced, columnar vortices. Journal of804

Fluid Mechanics, 804:712748, 2016. doi: 10.1017/jfm.2016.541.805

40



Tetsuya Takemi and Rui Ito. Benefits of high-resolution downscaling experiments for806

assessing strong wind hazard at local scales in complex terrain: a case study of typhoon807

songda (2004). Progress in Earth and Planetary Science, 7(1):4, 2020. ISSN 2197-4284.808

Tetsuya Takemi, Toshiya Yoshida, Shota Yamasaki, and Kentaro Hase. Quantitative809

estimation of strong winds in an urban district during typhoon jebi (2018) by merging810

mesoscale meteorological and large-eddy simulations. SOLA, 15:22–27, 2019. doi:811

10.2151/sola.2019-005.812

Tetsuya Takemi, Toshiya Yoshida, Mitsuaki Horiguchi, and Wim Vanderbauwhede.813

Large-eddy-simulation analysis of airflows and strong wind hazards in urban areas.814

Urban Climate, 32:100625, 2020. ISSN 2212-0955. doi: https://doi.org/10.1016/j.815

uclim.2020.100625.816

Christoph Thomas and Thomas Foken. Organised motion in a tall spruce canopy: Tem-817

poral scales, structure spacing and terrain effects. Boundary-Layer Meteorology, 122818

(1):123–147, Jan 2007. ISSN 1573-1472. doi: 10.1007/s10546-006-9087-z.819

Kiyoshi Uehara, Shuzo Murakami, Susumu Oikawa, and Shinji Wakamatsu. Wind tun-820

nel experiments on how thermal stratification affects flow in and above urban street821

canyons. Atmospheric Environment, 34(10):1553 – 1562, 2000. ISSN 1352-2310. doi:822

http://dx.doi.org/10.1016/S1352-2310(99)00410-0.823

James M. Wallace. Quadrant analysis in turbulence research: History and evolu-824

tion. Annual Review of Fluid Mechanics, 48(1):131–158, 2016. doi: 10.1146/825

annurev-fluid-122414-034550.826

C. Wang and W. Anderson. Turbulence coherence within canonical and realistic aeo-827

lian dune-field roughness sublayers. Boundary-Layer Meteorology, 173(3):409–434, Dec828

2019. ISSN 1573-1472. doi: 10.1007/s10546-019-00477-w.829

Huanhuan Wang, Peter Brimblecombe, and Keith Ngan. Particulate matter inside and830

around elevated walkways. Science of The Total Environment, page 134256, 2019. ISSN831

0048-9697. doi: https://doi.org/10.1016/j.scitotenv.2019.134256.832

Weiwen Wang and Edward Ng. Air ventilation assessment under unstable atmospheric833

41



stratification-a comparative study for hong kong. Building and Environment, 130:1 –834

13, 2018a. ISSN 0360-1323. doi: https://doi.org/10.1016/j.buildenv.2017.12.018.835

Weiwen Wang and Edward Ng. Large-eddy simulations of air ventilation in parametric836

scenarios: comparative studies of urban form and wind direction. Architectural Science837

Review, 0(0):1–11, 2018b. doi: 10.1080/00038628.2018.1481359.838

Louis J. Wicker and William C. Skamarock. Time-splitting methods for elastic models839

using forward time schemes. Monthly weather review, 130(8):2088–2097, August 2002.840

ISSN 0027-0644. doi: 10.1175/1520-0493(2002)130⟨2088:TSMFEM⟩2.0.CO;2.841

J. H. Williamson. Low-storage runge-kutta schemes. Journal of Computational Physics,842

35(1):48–56, 1980.843

R. A. Wooding, E. F. Bradley, and J. K. Marshall. Drag due to regular arrays of roughness844

elements of varying geometry. Boundary-Layer Meteorology, 5(3):285–308, Jul 1973.845

ISSN 1573-1472. doi: 10.1007/BF00155238.846

Jie-Zhi Wu, Hui-Yang Ma, and Ming-De Zhou. Vorticity and Vortex Dynamics. Springer-847

Verlag Berlin Heidelberg, 2006. doi: 10.1007/978-3-540-29028-5.848

Zheng-Tong Xie, Omduth Coceal, and Ian P. Castro. Large-eddy simulation of flows over849

random urban-like obstacles. Boundary-Layer Meteorology, 129(1):1, Aug 2008. ISSN850

1573-1472. doi: 10.1007/s10546-008-9290-1.851

Neda Yaghoobian, Jan Kleissl, and Kyaw Tha Paw U. An improved three-dimensional852

simulation of the diurnally varying street-canyon flow. Boundary-Layer Meteorology,853

153(2):251–276, 2014. ISSN 0006-8314. doi: 10.1007/s10546-014-9940-4.854

Mohamed F Yassin and Masaake Ohba. Experimental simulation of air quality in street855

canyon under changes of building orientation and aspect ratio. J Expos Sci Environ856

Epidemiol, 22(5):502–515, September 2012. ISSN 1559-0631.857

Toshiya Yoshida and Tetsuya Takemi. Properties of mixing length and dispersive stress858

in airflows over urban-like roughness obstacles with variable height. SOLA, 14:174–178,859

2018. doi: 10.2151/sola.2018-031.860

42



Toshiya Yoshida, Tetsuya Takemi, and Mitsuaki Horiguchi. Large-eddy-simulation study861

of the effects of building-height variability on turbulent flows over an actual urban area.862

Boundary-Layer Meteorology, 168(1):127–153, 2018. ISSN 1573-1472.863

43


	Introduction
	Methodology
	Building topography
	Sampling
	Large-eddy simulation
	Numerical model
	Initialisation and forcing

	Gustiness and notation

	Vertical profiles
	10 m-height gustiness statistics
	Influence of building-packing indices, p and f
	Influence of building-height variability, H

	Sensitivity to Rb
	Summary and discussion



