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Abstract 17 

Winds in the atmospheric surface layer (ASL) over distinctive urban morphology are 18 

investigated by building-resolved large-eddy simulation (LES). The exponential law is applied 19 

to urban canopy layers (UCLs) unprecedentedly to parameterize vertical profiles of mean-20 

wind-speed 
z

u  and examine the influence of morphological factors. The skewness of 21 

streamwise velocity Su is peaked at the zero-plane displacement d (drag center) where flows 22 

decelerate mostly. The dynamics and intermittency in roughness sublayers (RSLs) are further 23 

contrasted. It helps determine the critical strength of the organized structures (ejection, Q2 and 24 
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sweep (Q4) in their contributions to the average momentum transport (i.e., 3 u’’w’’ to 5 u’’w’’). 25 

Two key factors of the local-scale dynamics are revealed - building heterogeneity and upstream 26 

giant wakes that could amplify turbulence kinetic energy (TKE) and energetic intermittent Q4 27 

by different mechanisms. The former is conductive for large-eddy generation that promotes 28 

vertical fluctuating velocity w’’, stimulating intermittent, energetic Q2 and Q4. The latter, 29 

whose footprints are identified by the two-point correlation of streamwise velocity Ruu with 30 

specific size and inclination, facilitates intermittent, fast streamwise fluctuating velocity u’’, 31 

forming vigorous Q4.  Nevertheless, excessive planar density λp (≈ 0.7) is detrimental to both 32 

transport processes. These findings contribute to the theoretical and empirical wall models of 33 

large-scale roughness that help urban planners and policymakers to improve air quality.  34 

Word count: 215 35 

 36 

Keywords: atmospheric surface layer (ASL); wind parameterization; urban morphology; wake 37 

effect; turbulence structure; and urban canopy layer (UCL)  38 

 39 

1. Introduction 40 

 41 

Atmospheric-surface-layer (ASL) flows over dense cities are much more complicated 42 

than those over schematic layouts of idealized roughness elements commonly used in literature 43 

(Li & Bou-Zeid, 2019; Cheng & Yang, 2022). Topography configurations complicate the 44 

meteorological conditions, such as wind speed and direction, which govern the transport of 45 

inhalable particles and toxic gases (Guo et al., 2019; Zhao et al., 2021), together with the (aged 46 

and fresh) air exchange for urban aggregations. Hence, their in-depth understanding helps 47 

refine architectural design and urban planning for the management of accidental release and air 48 

quality, safeguarding the public health (Capolongo et al., 2020).  49 
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Identification of the key factors for bulk-flow properties over real urban setting is vital 50 

to elucidate turbulence dynamics, mixing processes, and pollutant dispersion (Palusci et al., 51 

2022). Quantitative measures for wind parameterization, aerodynamic resistance, and 52 

turbulence characteristics are crucial to the pedestrian-level environment (Li et al., 2022; Liu 53 

et al., 2023). Especially, how ASL flows respond to urban morphology is important to 54 

practitioners, policymakers, and scientists working in environmental engineering and urban 55 

sustainability. This paper is thriving to approach these issues by calculating the winds over the 56 

downtown area of a megacity adopting building-resolved large-eddy simulation (LES).  57 

 58 

Flows separate at building edges and the subsequent vortex shedding is crucial for 59 

pollutant removal (updraft) and fresh air entrainment (downdraft; Lim et al., 2022). In the 60 

recirculation behind buildings (2H ≤ x ≤ 6H; where x is the streamwise distance after the 61 

buildings and H the average building height; Peterka et al., 1985), shrank eddies suppress 62 

turbulence kinetic energy (TKE) over shorter blockages (≤ H in this study) that weakens the 63 

ventilation in urban canopy layers (UCLs; Hertwig et al., 2019). The stagnant airflows would 64 

also worsen pollutant accumulation (Yuan et al., 2019). On the other hand, the wakes after 65 

high-rises would stimulate vortex shedding and strengthen updraft, facilitating pollutant 66 

removal (Han et al., 2017). It has also been shown that building downwash improves 67 

pedestrian-level winds (Letzel et al., 2012; Miao et al., 2014). Whereas, quantitative 68 

investigations into the roles of wakes in street-level air quality are limited. 69 

 70 

Unlike a single, isolated building being considered in conventional wind engineering, 71 

the wakes after building clusters are giant, often extending a few kilometers downstream 72 

(Byrne et al., 2021; García-Sánchez et al., 2018; Hayati et al., 2019). The winds and turbulence 73 

are modified substantially, which, however, are rarely reported (Hertwig et al., 2019). The 74 
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wakes after high-rise building clusters complicate the subsequent flows and transport. 75 

Analogously, the low-rises downstream could break up large eddies (Lim et al., 2022). Unlike 76 

classic flow regimes (Oke, 1988), quantifying the interactions of the multiscale wakes 77 

generated by actual urban buildings are not yet available. Advanced understanding of 78 

microscale flow response to urban morphology, especially in dense cities, is therefore crucial.    79 

 80 

Megacities are characterized by diversified building geometry. By schematic layouts of 81 

cuboids, it has been shown that the maximum Hmax and standard deviation σHa of building 82 

height are crucial to the dynamics. The friction velocity uτ and the zero-plane displacement d 83 

depend more tightly on Hmax rather than H (Sützl et al., 2020). Buildings with σHa ≥ 0.4H could 84 

reduce pollutant concentrations by 70% (Papp et al., 2021). Real urban areas feature more 85 

complicated, heterogeneous buildings. For example, σHa is up to H in Los Angeles (Ratti et al., 86 

2002) and Abu Dhabi (Ramirez et al., 2018) but the influence on ASL winds is unknown. 87 

Moreover, σHa of schematic layouts is much smaller (say H; Huang et al., 2021) than that of 88 

megacities. For instance, the existence of skyscrapers in street or neighborhood scales soars 89 

σHa to 10H for Seoul (Park, Baik, & Lee, 2015) or even 12H for Tokyo (Kanda et al., 2013). It 90 

is recognized that horseshoe vortices are important to coherent structures and large-scale 91 

streaks (Adrian et al., 2000). However, those around skyscrapers (h ≥ 100 m; Drobinski et al., 92 

2004) may not sustain but entrain into the legs of the leeward arch vortices (Yakhot et al., 2006). 93 

How the excessively heterogeneous urban surfaces affect the turbulence generation, coherent 94 

structures, and turbulence statistics, is not available yet.    95 

 96 

The complexity of winds over urban areas is the major issue for parametrization, 97 

especially in the roughness sublayers (RSLs) close to buildings. The exponential law (exp-law) 98 

has been tested over urban-like rough surfaces (Li & Katul, 2022). It was initially derived for 99 
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vegetation canopies in which the mixing length and the drag coefficient were assumed constant 100 

(Cionco, 1965). Whereas, it is not the case for urban areas (Castro, 2017). Extending the exp-101 

law to urban-like roughness is acknowledged by their similar (inflected) RSL/UCL mean-102 

wind-speed (MWS) profiles based on the plane-mixing-layer theory (Yang et al., 2016). The 103 

reliability of this extension, however, is debatable because of urban heterogeneity. The 104 

applicability of the exp-law to RSL/UCL flows over real urban morphology remains an open 105 

question.    106 

 107 

Other than those based on vortex method and Green’s function (Furtak-Cole & Ngan, 108 

2020), most RSL MWS parametrizations are the variants of Monin-Obukhov similarity theory 109 

(MOST; Harman & Finnigan, 2007). Although they predicted well the RSL winds over dense 110 

cities, there exists a natural defect that the ASL is displaced upward (d; Ho & Liu, 2017). The 111 

flows below that plane is however unavailable. Especially, the zero-plane displacement of real 112 

cities (1.2H ≤ d ≤ 3.6H) is much higher than that reported of uniform cuboids (0.8H; Coceal et 113 

al., 2007). The winds in the vicinity of buildings are core ASL dynamics which can merely be 114 

addressed by the conventional approach unfortunately. 115 

 116 

This paper focuses on the LES of a dense city, Hong Kong. The numerical method and 117 

building information are detailed in Sec. 2. The mean and turbulence properties are reported in 118 

Sec. 3 which is further partitioned into: MWS parameterizations (Sec. 3.1); momentum 119 

transport and turbulence strength (Sec. 3.2); flow anisotropy in streamwise and vertical 120 

direction (Sec. 3.3); extremity and intermittency of velocity fluctuations (Sec. 3.4); quadrant 121 

analysis (Sec. 3.5); together with eddy structures (Sec.3.6). Sec. 4 discusses the practical 122 

implication of the results obtained. Sec. 5 concludes the findings and outcome.  123 

 124 
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2. Methodology 125 

2.1 Numerical Method  126 

LES is adopted in this paper whose mathematical model is detailed in Yao et al., (2022). 127 

In brief, the governing equations are decomposed into resolved-scale   and subgrid-scale 128 

(SGS) ψ’ variables. The Smagorinsky model (Smagorinsky, 1963) and the SGS TKE 129 

conservation (Li et al., 2008) are employed for SGS parameterization. The finite volume (FV) 130 

method is used for spatial discretization. The velocity-pressure coupling in incompressible 131 

flows is solved by the combination of pressure implicit with splitting of operator (PISO) and 132 

semi-implicit method for pressure-linked equations (SIMPLE). The cell-limited gradient and 133 

limited linear divergence schemes are used, respectively, to calculate the gradient and 134 

divergence terms. The first-order-accurate, implicit Euler scheme is used for time integration. 135 

 136 

The current LES was validated by wind tunnel experiments elsewhere (Cheng & Yang, 137 

2022; Mo and Liu, 2023). Selected vertical profiles of mean and turbulence statistics were 138 

compared well. The mild discrepancies are attributed to the inherent differences between 139 

laboratory experiments and mathematical models, such as inevitable errors caused by 140 

instrumentation, fabrication of physical models, approximation to numerical methods, 141 

dissimilar background turbulence levels, or empirical modeling constants. Nevertheless, our 142 

LES is capable of calculating the flows over a real city with diversified urban morphology.  143 
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Figure 1. (a) Building height distribution in Kowloon Peninsula, Hong Kong and the ten 

subzones (dashed squares). (b) Building statistics and urban configuration.  
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2.2 Model Setup  144 

Kowloon Peninsula, Hong Kong (downtown area 4.4 × 4.4 km2) is digitalized in which 145 

the buildings are resolved explicitly (data source: the Survey and Mapping Office of Lands 146 

Department, HKSAR Government). The computation domain sizes 10 km (east-west) × 13 km 147 

(south-north) × 1 km (vertical; z) that is discretized into 11 million FV hexahedra. A 148 

background pressure gradient is prescribed such that the freestream wind speed U∞ is around 149 

10 m sec−1 from the Southwest. The Reynolds number Re (= U∞Hmax/ν; where Hmax = 490 m is 150 

the height of the tallest building and ν = 1.56 × 10−5 m2 sec−1 the kinematic viscosity of air) is 151 

over 108 so the turbulent flows are full-developed (Elbing et al., 2011).  152 

 153 

Five morphological indicators are used to quantify the surface topology in terms of the 154 

building density and the height distribution. The plan area index 155 

1
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measures the building density where Ap is the sum of the projected area of individual buildings 156 

Ai and Nb the number of buildings in a subzone. Real urban morphology is composed of 157 

buildings with diversified sizes, shapes, and orientation. The building volume is utmost 158 

important to the UCL flows. In this connection, the area-weighted building height 159 
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is adopted to compare the subzone blockage where hi is the height of building i. Besides, the 160 
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of building height are calculated to characterize the urban morphology of the ten selected 163 

subzones (Figure 1b). Previous studies demonstrated the significance of high-rises to ASL 164 

flows (Xie & Castro, 2009). Hence, the kurtosis of building height 165 

 4

1
4

bN

i a b

i
h

Ha

h H N

K








 (5) 

is included to account for the (minor) high-rises in building-height heterogeneity. 166 

 167 

To reveal the mechanisms of turbulence dynamics in the ASL flows over dense urban 168 

areas with large spatial heterogeneity in megacities, e.g., Los Angeles (λp ≈ 0.28, σHa ≈ Ha) 169 

(Ratti et al., 2002) and Tokyo (λp ≈ 0.4, σHa ≥ 0.65Ha) (Yoshida et al., 2018), ten subzones 170 

(individual lot area Al = 0.4 × 0.4 km2) across the downtown (Figure 1a) are selected. Their 171 

morphological features, such as substantial building height heterogeneity (σHa/Ha ≥ 0.7 for all 172 

the subzones and Kh ≥ 4 for NO.3, NO.5, NO.7, NO.8, NO.9, and NO.10), are similar. The 173 

characteristic size of each subzone complies with that of neighborhood scale (0.2 km to 1 km) 174 

(Xu and Gao, 2022). It is a crucial parameter in urban environment, affecting street-level 175 

ventilation and urban heat island (Sabatino et al., 2020; Britter and Hanna, 2003). The height 176 

of majority buildings is in the range of 3 m ≤ h ≤ 27 m (Figure 1a) and the area-weighted 177 

building height Ha is around 25 m (Figure 1b). To the southwest of the subzones NO.2 and 178 

NO.5, there exist several high-rise building clusters (h ≥ 150 m) that initiate giant wakes over 179 

the downtown in Southwesterly winds (Appendix, Figure A1). The main streets (most are 180 

South-North oriented) cross all the subzones. A vast number of buildings are erected in the 181 

commercial districts (subzones NO.1 to NO.5). Especially, the subzones NO.1 and NO.4 are 182 

densely built (λp = 0.71 and Nb ≥ 270). A large number of slender buildings with relatively 183 
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uniform height (λp = 0.43, Nb = 258, and σHa = 0.72Ha) are sparsely distributed in NO.2. On the 184 

contrary, uniform-height, bulky buildings (λp = 0.5, Nb = 178, and σHa = 0.78Ha) reside in NO.6. 185 

Most of the buildings in the subzones NO.3, NO.5, NO.7, and NO.9 are tall (Hmax ≥ 3.4Ha) that 186 

possess wide spectra of height distribution (σHa ≥ Ha and Kh ≥ 5). Among others, the tallest 187 

building of the entire computation domain is in NO.7 (Hmax = 4Ha) where the buildings are 188 

sparse such that the kurtosis of building height is as high as Kh = 9.  189 

 190 

In the sake of distinct geometric features, 6 out of 10 subzones (NO.1, NO.2, NO.5, 191 

NO.6, NO.7, and NO.9) are further analyzed for turbulence statistics in Sec. 3.2 to Sec. 3.5. 192 

Apart from the most densely built NO.1, there are three high-Kh subzones (NO.5, NO.7, and 193 

NO.9) and another two with rather uniform building height (NO.2: slender buildings and NO.6: 194 

bulky, 0.72 ≤ σHa/Ha ≤ 0.78). Hereafter, the statistics are presented as ensemble (both time- and 195 

horizontal-plane) average of individual subzones <ψ> and fluctuation ψ’’ (= ψ - <ψ>) at 196 

different vertical levels z. 197 

 198 

3. Results 199 

3.1 RSL Identification 200 

The log-law  201 

0

ln
z

u z d
u

z




 

   
 

 (6) 

 is applied to the LES-calculated inertial sublayer (ISL) MWS profile of each subzone (Figure 202 

2 and Figure A2 in Appendix). Here, κ (= 0.42) is the von Kármán constant. The friction 203 

velocity uτ (= <- u’’w’’>max
1/2) is determined by the maximum downward momentum flux (Yao 204 

et al., 2022). The aerodynamic parameters of the log-law (zero-plane displacement d and 205 

roughness length z0) as well as the RSL height z* (i.e., ISL bottom) are then determined by 206 

linear regression (Table A1 in Appendix).  207 
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Results show that a longer z0 tends to manifest a rougher urban area that is in line with 208 

(stronger) uτ (Table A1 in Appendix). It in turn corroborates the applicability of the 209 

conventional turbulent boundary layer (TBL) theory over a smooth wall to a rough wall. Other 210 

than NO.2 and NO.5, the LES-calculated z* (≈ 4Ha) agrees well with that available in literatures 211 

(3Ha ≤ z* ≤ 5Ha; Zhu et al., 2017). The elevated RSLs observed in the subzones NO.2 and 212 

NO.5 (almost 5Ha ≤ z* ≤ 6Ha; 20% higher) could be attributed to the giant wakes after the 213 

building clusters to the Southwest (Figure 1a and Figure A1 in Appendix). The winds interact 214 

with the distinctive high-rises in NO.2 (Hmax = 2.5Ha) and NO.5 (Hmax = 3.6Ha) that raises the 215 

inhomogeneous RSL eventually.  216 

 217 

3.2 UCL MWS Profiles 218 

The wind typically inflects uniformly at the top of vegetation (Luhar et al., 2008) or 219 

building roof of idealized, homogeneous canopies (Sützl et al., 2020) which acts as an interface 220 

differentiating the dynamics below and above UCL (Xie et al., 2008). In a real city, however, 221 

it seldom inflects at z = H because of the heterogeneity (Giometto et al., 2016). The UCL height 222 

is therefore determined by the inflection (z = He) of MWS profile, which is located above the 223 

mean building height (1.8 ≤ He/Ha ≤ 4.1; Table A1 in Appendix). Although debatable, 224 

assuming constant drag coefficient Cd and mixing length lm yields the following widely adopted 225 

exp-law of MWS profile 226 

exp 1
eH

z
e

z
u U

H

  

     
  

 (7) 

for urban setting (Castro, 2017). Here, UHe is the MWS at z = He and α the attenuation 227 

coefficient in response to urban morphology (Böhm et al., 2013). Equation (7) transforms 228 

smoothly from the UCL upward to the ISL (log-law) via the inflection. The transport induced 229 

by spatial inhomogeneity, such as dispersive stress, is neglected in the equation, which, 230 

however, was found invalid in vegetation (Luhar et al., 2008) or urban (Santiago & Martilli, 231 
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2010) canopies. Besides, the UCL mixing length lm is merely constant but exhibits a local 232 

maximum at z = 0.5Ha (Cheng & Yang, 2022).    233 

 

Figure 2. (a) LES-calculated MWS profiles Heu U  plotted against height z/He of the ten subzones. (b) 

Enlarged window with exponential fitting Equation (9) for subzones NO.1 (red squares; 

maximum α = 3.28) and NO.3 (brown circles; minimum α = 1.52). 
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Equation (7) was applied to idealized roughness elements (Cheng & Castro, 2002). An 234 

analytical model of MWS profile based on MOST was proposed by Mo et al. (2021) but it is 235 

intrinsically limited to the upper RSL above drag center z > d. Whereas, d could reach as high 236 

as 3Ha in sub-kilometer scale (Sützl et al., 2020) and even 4Ha for the building-resolved LES 237 

in this study. Under this circumstance, modeling the majority RSL flows could not be easily 238 

attained. Regardless of the spatial heterogeneity of real urban morphology, minimizing the 239 

root-mean-square errors between Equation (9) and the current LES-calculated MWS u  240 

arrives attenuation α in response to urban morphology (1.5 ≤ α ≤ 3.3; Figure 2 and Table A1 241 

in Appendix).  242 

 243 

The attenuation of all the UCL MWS profiles falls within 1.5 (NO.3) ≤ α ≤ 3.3 (NO.1, 244 

NO.7, and NO.8; Figure 2b and Table A1 in Appendix). A larger α signifies a faster 245 

diminishing RSL flow toward the UCL, and vice versa. It in turn results in a substantial 246 

difference in RSL and UCL wind speeds. Hence, a windy RSL does not necessarily imply 247 

favorable pedestrian-level ventilation that is probably attributed to building blockage and/or 248 

flank. The RSL/UCL winds in NO.3 diminish most slowly due to the “chopstick” architectural 249 

design, resulting in a small packing density (Nb = 240 and λp = 0.35). Compared with the real 250 

urban morphology in this study (0.24 ≤ λp ≤ 0.71), schematic layout is smoother in which the 251 

attenuation is even smaller. For example, the attenuation α equals 1.1 and 1.8 for aligned and 252 

staggered cases, respectively, with λp = 0.25 (Yang et al., 2016). Whereas, α does not exhibit a 253 

simple relationship to either momentum transport or aerodynamic resistance. 254 

 255 

Although the subzones NO.3 (uτ = 0.42 m sec-1 and α = 1.5) and NO.7 (uτ = 0.54 m sec-1 256 

and α = 3.3) are roughest, their UCL attenuation is very different. Similarly, schematic layouts 257 

with the same λp but different roughness would double the attenuation α, e.g. the cuboid cases 258 
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L11A and L25A in Yang et al., (2016). As shown in the current LES, the subzones with large 259 

α either have large λp (NO.1, NO.4 and NO.8) or substantial building height heterogeneity 260 

(elevated σHa and Kh; NO.7). Hence, dense, heterogeneous urban areas slow down the UCL 261 

flows. In brief, the attenuation α of real urban areas is larger than that of the schematic ones. 262 

The plan area index (λp), building heterogeneity (σHa and Kh), and road alignment could modify 263 

the UCL winds substantially. 264 

 265 

Although the shear at the inflection z = He is well represented by the exp-law Equation 266 

(7), previous results of urban-like roughness elements underestimated the attenuation α due to 267 

shear-layer thickening (Xie et al., 2008). A mild deviation from Equation (7) arises in this study 268 

due to the real-urban heterogeneity. For example, in the subzones NO.7 and NO.8, the mean-269 

wind speeds for z ≤ 1.8Ha are merely described by the exp-law (Figure 2). Besides, pedestrian-270 

level winds could be faster than the exp-law because of the flow channeling under certain 271 

incident angle (Castro, 2017). Close to the ground (z ≤ 0.05He), recirculating winds (negative 272 

u ; Figure 2) were reported elsewhere (Coceal et al., 2006). Large deviations from the exp-273 

law are thus found within the bottom 20% to 25% of RSL (Yang et al., 2016) where the MWS 274 

drops sharply (Leonardi & Castro, 2010). In general, the exp-law could well predict the UCL 275 

MWS profiles (z ≤ He), especially in the region where the log-law (z ≥ d) fails since the 276 

inflection is above the zero-plane displacement (0.69 ≤ d/He ≤ 0.99; Table A1 in Appendix). 277 

 278 

3.3 Momentum Transport and Turbulence Intensity 279 

For a succinct representation, the results of 6 subzones (NO.1, NO.2, NO.5, NO.6, NO.7, 280 

and NO.9) scattering across the peninsula (Figure 1) are examined in the subsequent sections. 281 

Because of the dominated turbulence production, the vertical variations of streamwise 282 

fluctuating velocity <u’’u’’>1/2/U∞ and TKE are similar (Figure 3). In 4Ha ≤ z ≤ 5Ha, TKE is 283 
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either peaked (in NO.1, NO.6, and NO.9) or inflected (in NO.5 and NO.7). Specifically, the 284 

peak is located as high as z ≥ 6Ha in NO.2 (and NO.5) because of the wakes after the high-rises 285 

to the Southwest and the elevated zero-plane displacement (d = 4Ha). The wakes extend above 286 

subzones NO.2 and NO.5, amplifying the mixing layer. In addition, more pronounced u’’ peaks 287 

are observed over the ISLs in subzones NO.5, NO.7, and NO.9 where the buildings are 288 

extremely heterogeneous (Kh ≥ 5 and σHa ≥ Ha) whose maximum height exceeds 90 m (3.6Ha; 289 

Figure 1b). It is therefore suggested that pencil-like high-rises would modify the ASL flows 290 

downstream substantially (Hertwig et al., 2021). Obviously, the TKE in subzones NO.5 and 291 

NO.9 (both λp = 0.62) is more intensified than that in NO.7 (λp = 0.43). This is because more 292 

obstacles disturb the flows, triggering the turbulence aloft. Besides, the peaked streamwise 293 

fluctuating velocity is largest in NO.5 (Figure 3). As discussed previously, it would be the 294 

collective effect of wakes and building heterogeneity, including maximum building height Hmax, 295 

plan area index λp, and building height standard deviation σHa.   296 

 297 

Other than NO.7, the maximum downward momentum flux -<u’’w’’>/U∞
2 coincides 298 

with the strong shear (together with the maximum <u’’u’’>1/2/U∞). In NO.7, on the contrary, 299 

possesses the highest Hmax, Ha, and σHa, leading to a broad range of motion scales at elevated 300 

level (7Ha ≤ z ≤ 11Ha). It is speculated that, with heterogeneous buildings (Kh ≥ 3 and σHa ≥ 301 

Ha), the aggregated wakes complicate the turbulence structure (e.g. NO.5 with maximum 302 

<u’’u’’>1/2/U∞) while the local, diversified building height variability (Ha, Hmax, and σHa) 303 

determine the transport (e.g. NO.7 with largest -<u’’w’’>/U∞
2). Especially, high-rises (h ≥ 200 304 

m) possess non-negligible effects on wake dynamics (Cheng et al., 2021). On the other hand, 305 

in NO.1 with excessive λp (≈ 0.7), both the momentum flux and TKE are weakened because 306 

the skimming flows over idealized geometry seldom penetrate the canopy level (He et al., 307 

2019). It is detrimental to turbulent transport, suppressing pedestrian-level winds.  308 
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Figure 3. Momentum flux <u’’w’’>/U∞
2, TKE (<u’’u’’> + <v’’v’’> + <w’’w’’>)/2U∞

2, and streamwise 

fluctuating velocity <u’’u’’>1/2/U∞ plotted as functions of height z/Ha. 

 309 

3.4 Skewness and Kurtosis of Velocity 310 

The skewness of RSL streamwise velocity Su is positive (Figure 4), hence, the 311 

streamwise flow is skewed with rare, pronounced acceleration (u’’ >> 0) and recurring, 312 

moderate deceleration (u’’ < 0). The maximum Su coincides with d in 2Ha ≤ z ≤ 4Ha (Table A1 313 

in Appendix) so aerodynamic resistance acts like the driving force, leading to the RSL gusts 314 

commonly observed. Above its local maximum, Su reduces, crosses zero then turns to negative. 315 

The zero-crossing is located around the RSL-ISL interface for NO.7 and NO.9, that is up in the 316 
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ISL for the rest subzones. In subzones NO.2 and NO.5, the elevated upstream wakes (discussed 317 

in Sec. 3.2) affect streamwise TKE that raise the positive Su to higher elevation (z ≥ 7Ha). Their 318 

broad (2Ha ≤ z ≤ 4Ha), large Su (≈ 0.7) signifies the massive deceleration in the vicinity of drag 319 

center z = d which is elevated above the peaked Su in NO.2 resulting from the slow air masses 320 

encompassed in the giant upstream wakes. 321 

  322 

 

Figure 4. Skewness Sui (= <ui’’
3>/<ui’’

2>3/2) and kurtosis Kui (= <ui’’
4>/<ui’’

2>2) of streamwise u and vertical 

w velocities plotted as functions of height z/Ha.  
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Aside from NO.9, the skewness of RSL vertical velocity Sw is negative that switches to 324 

positive over the RSL-ISL interfaces (Figure 4). The negative Sw demonstrates that, from the 325 

ground level, most slow air masses are transported upwards (w’’ > 0). On the other hand, the 326 

positive Sw at higher elevation signifies downdraft (w’’ < 0). For rougher surfaces (subzones 327 

NO.2, NO.5 and NO.7), majority slow detrainment (w’’ > 0 and Sw < 0) resides at higher 328 

elevation (z > 4Ha). However, for the less rough but densely built subzones (NO.1 and NO.9), 329 

most fast entrainment (w’’ < 0 and Sw > 0) penetrates more deeply. In view of the height 330 

variability in NO.9, enhanced entrainment diagnoses its upper RSL by appreciable positive Sw.  331 

 332 

Different from other subzones, the kurtosis Ku < 3 in NO.2 that embellishes the 333 

intermittent streamwise flows in the lower RSL. In our previous study, Ku > 3 was notable in 334 

the lower RSL because of a skyscraper (h > 200 m) nearby (Yao et al., 2022). A fraction of 335 

intermittent streamwise acceleration is likely induced by the wakes associated with neighboring 336 

high-rise buildings and urban roughness. This intermittency is intensified mostly (where Ku 337 

peak is gained) around the Su peak in NO.2. Along with such deceleration, intermittent, extreme 338 

streamwise acceleration takes place around the drag centers z = d of urban areas. 339 

 340 

Generally, Su > 0 and Sw < 0 in RSLs, hence, slower winds (u’’ ≤ 0) are ejected (w’’ ≥ 341 

0). On the other hand, faster winds are entrained (Su < 0 and Sw > 0) above RSL-ISL interface. 342 

Yet, Su > 0 and Sw > 0 are found coexist in the ISLs in the subzones NO.2, NO.5, and NO.6, or 343 

in most RSL in NO.9. This part will be elaborated by conditional sampling in Sec 3.5. The 344 

vertical flows are not intermittent in most subzones (Kw < 3). However, Kw > 3 is notable in the 345 

ISL of NO.9 where a nonzero Sw is evident. This pair of nonzero Sw (Su) and Kw (Ku) > 3 346 

illustrate highly intermittent, ascending (accelerating) flows with elevated turbulence 347 

intensities, implying the potential contribution to the aged air removal from pedestrian level. 348 
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Figure 5. (a). Shaded contours of probability density function of streamwise fluctuating velocity <u’’>/<u’’u’’>1/2 at different elevation z/Ha. 

349 
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3.5 Probability Density Function of Velocity Fluctuation  350 

To differentiate the velocity fluctuations with a range of magnitude and occurrence 351 

(probability density function; PDF), RSL flows are divided based on the skewness and kurtosis 352 

(Figure 5 and Table A2 in Appendix). 353 

 354 

The PDF of streamwise velocity is asymmetric (Figure 5a). Within the RSLs, on the 355 

left-hand side (LHS) of zero fluctuation, there is a high probability of mild streamwise 356 

deceleration (MSD; PDF(-0.5 ≤ u’’/<u’’u’’>1/2 ≤ 0) ≥ 0.4), resulting in a positive RSL Su. On 357 

the right-hand side (RHS), energetic streamwise acceleration (ESA) is more frequent (PDF(2 358 

≤u’’/<u’’u’’>1/2 ≤ 2.2) = 0.08) than its extreme deceleration counterpart. At the high-359 

probability regime (PDF(u’’/<u’’u’’>1/2) ≥ 0.4), the contours shrink mostly on the LHS but 360 

expand towards strong accelerations (u’’ >> 0) on the RHS. This exaggerates the difference 361 

between the major deceleration and minor acceleration, resulting in the maximum Su. 362 

 363 

In the subzones NO.2 and NO.5, the frequent, substantial streamwise deceleration (SSD; 364 

PDF(-0.9 ≤ u’’/<u’’u’’>1/2 ≤ 0) = 0.4) leads to highly skewed RSL streamwise flows. 365 

Especially, major, much more biased streamwise decelerations (-0.9 ≤ u’’/<u’’u’’>1/2 ≤ -0.6), 366 

together with intense streamwise acceleration (ISA; PDF(2.3 ≤ u’’/<u’’u’’>1/2 ≤ 2.5) = 0.08) 367 

appears more often in NO.2 than does in other subzones. The scarce and extreme portion 368 

diagnoses highly intermittent turbulent flows in NO.2. Moreover, the streamwise fluctuations 369 

are strong around the drag center z = d. For example, PDF(u’’/<u’’u’’>1/2 ≥ 3) ≥ 0.04 is 370 

observable (the threshold of gusty wind; Duan & Takemi, 2021).  371 
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Figure 5. (b). Shaded contours of probability density function of vertical fluctuating velocity <w’’>/<w’’w’’>1/2 at different elevation z/Ha. 

372 
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For the RSL vertical fluctuating velocity, the high-probability contours lean to the RHS 373 

(Figure 5b). The magnitude of the vertical fluctuating velocity (MU; w’’/<w’’w’’>1/2 = 0.3) is 374 

slower than its streamwise counterpart (MSD; u’’/<u’’u’’>1/2 = -0.5). Compared with the u’’ 375 

contours, the w’’ ones are more uniform that concur the smaller Sw magnitude (more symmetric 376 

PDF) and vertical variations explained in Sec. 3.3 (Figure 4). In line with the negative skewness, 377 

energetic RSL vertical fluctuating velocity tends to be downward (ED; PDF(w’’/<w’’w’’>1/2 ≤ 378 

-2.2) = 0.04). Among all the subzones, the PDF of streamwise fluctuating velocity is most 379 

symmetric in NO.1 (Figure 5a). It is thus suggested that an exceptionally dense, built area (λp 380 

≥ 0.7) would suppress turbulence because of the dominated skimming flows. 381 

 382 

Above elevation z ≥ 2Ha in NO.9, substantial downdraft appear frequently (SD; PDF(-383 

0.7 ≤ w’’/<w’’w’’>1/2 ≤ 0) ≥ 0.4; Figure 5b). It provokes a large kurtosis (Kw ≥ 3) together with 384 

intermittent, intense updraft (IU, PDF((w’’/<w’’w’’>1/2 ≥ 2.3) = 0.08). The tendency becomes 385 

more pronounced with increasing height. It is noteworthy that the pair of positive Sw (Su) and 386 

Kw (Ku) ≥ 3 stimulate RSL vertical (streamwise) flow regime of SD and IU (SSD and ISA). For 387 

the remaining subzones, MSD and MU characterize the RSL flows. They diagnose negative 388 

and positive RSL skewness of vertical Sw and streamwise Su velocities, respectively. 389 

 390 

Apart from the noticeable downdraft above RSL of NO.9 induced by building 391 

heterogeneity, it is noted that, for 4Ha < z < 5Ha in NO.7, the modal vertical fluctuating velocity 392 

deviates much from its mean, signifying moderate downdraft (-0.5 ≤ w’’/<w’’w’’>1/2 ≤ -0.3). 393 

It could be inferred that the substantial building heterogeneity (Kh ≥ 9 and σHa ≥ Ha) and the 394 

maximum building height (Hmax ≥ 4.4Ha) would strengthen the downdraft. Such urban 395 

morphology could boost fresh air entrainment, improving pedestrian-level ventilation. 396 
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In spite of the dense buildings comparable to those in NO.7, moderate downdraft is 397 

merely observed in NO.2. More homogeneous-building predominant NO.2 could be the reason. 398 

This observation concurs the importance of building heterogeneity to RSL dynamics. With a 399 

slightly denser pattern, the vertical flows in NO.9 are more intermittent (Sw > 0 and Kw > 3) 400 

that triggers the extreme updraft. The urban morphology of NO.5 is similar to that of NO.9 but 401 

intermittent flow is not observed. As discussed in Sec.3.2, giant, upstream wakes could 402 

complicate the downstream flows in the subzones NO.5 and NO.2 so the roles of buildings in 403 

RSL turbulence generation are hardly differentiated. Further studies should consider how to 404 

separate the upstream wake effects, focusing on the dynamics attributed to the local buildings 405 

only. On the other hand, in the urban planning perspective, wakes after high-rise buildings 406 

should be considered before project development for sustainable cites. 407 

 408 

3.6 Quadrant Analysis  409 

To investigate the vertical transport mechanism of streamwise momentum, conditional 410 

sampling is conducted to partition the momentum flux u’’w’’ into four quadrants, i.e., u’’+w’’+ 411 

(Q1), u’’-w’’+ (Q2), u’’-w’’- (Q3), and u’’+w’’- (Q4), where the superscripts + and - denote a 412 

gain and a loss, respectively, relative to the mean velocities (Wallace & Brodkey 1977). The 413 

gradient events, ejection Q2 and sweep Q4, favor vertical momentum transport that strengthen 414 

the streamwise flows by either descending high-momentum winds (Q4) or bursting low-415 

momentum winds (Q2). The time fraction 416 
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is used to contrast the occurrence and the flux fraction 417 
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the contribution. Here, the subscript Qi denotes the quadrant i and IQi is the number of events 418 

in the ith quadrant. 419 

 420 

Relationship between quadrants and flow statistics 421 

The four quadrant events are organized into forward (streamwise accelerations Q1 and 422 

Q4) and backward (streamwise decelerations Q2 and Q3) motions (Guerrero et al., 2022). In 423 

RSL, majority flows decelerate (-0.5 ≤ u’’/<u’’u’’>1/2 ≤ 0; TQ3 > TQ1 and TQ2 > TQ4) while 424 

minority accelerate remarkably (u’’/<u’’u’’>1/2 ≥ 2.0; MQ4 > MQ2 and MQ1 ≈ MQ3; Figures 6). 425 

These findings concur the positive Su discussed in Sections 3.3 and 3.4. Amid the subzones, 426 

Q2 occurs most frequently in NO.2 (TQ2 ~ 35%) that signifies the highly skewed flows with 427 

intense, spur-like structures (u’’/<u’’u’’>1/2 ≥ 2.3; Figure 5). This large portion of Q2 persists 428 

at higher elevation (z ≥ 5Ha) in the subzones NO.2 and NO.5, lifting those decelerating air 429 

masses. The wakes behind high-rise buildings could extend a few kilometers horizontally 430 

(Inagaki et al., 2017) whose upper-level vortices (z ≥ 250 m) could dominate the ejections (Park, 431 

Baik, & Han, 2015) or promote intermittent, extreme sweeps (Hertwig et al., 2017) at high 432 

elevation.  433 

 434 

Among others, the RSL Q1 in NO.9 is apparently suppressed for z ≥ 2.2Ha (TQ1 ≤ 15%) 435 

while its contribution remains unchanged (MQ1 = -0.2; Figure 6). Although its occurrence is 436 

comparable to that in other subzones, Q2 contributes substantially to momentum flux (MQ2 ≥ 437 

0.4). It is thus suggested that Q1 and Q2 consist of occasional, very strong vertical flows. With 438 

mild streamwise fluctuations (Figure 5a), fast, intermittent vertical flows are induced (Sw ≥ 0 439 

and Kw ≥ 3), which, however, is not observed in other subzones. In our previous study [Figure 440 
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9 in Yao et al., (2022)], Q1 and Q3 are equally important to momentum transport (both time 441 

and flux fractions). On the contrary, with more diversified buildings, their occurrence is 442 

noticeably different.  443 

 444 

In Sec. 3.3, it is also found that Su ≥ 0 and Sw ≥ 0 around RSL top (the subzones NO.2, 445 

NO.5, and NO.6). It is especially profound in most RSL of NO.9. Likewise, the vertical 446 

fluctuating velocities are partitioned into updraft (w’’ > 0; Q1 and Q2) and downdraft (w’’ < 0; 447 

Q3 and Q4). At RSL top, it is notable that TQ2 + TQ3 > TQ1 + TQ4 (Su > 0) and TQ3 + TQ4 > TQ1 448 

+ TQ2 (Sw > 0). It is logical to deduce that TQ3 > TQ1. Therefore, outward events are more 449 

frequent than inward ones around RSL-ISL interface.  450 

 451 

Roles of Q2 and Q4 in momentum transport 452 

Approaching the roof level, downdraft hardly penetrates the UCL because of the 453 

physical blockage that degrades the entrainment efficiency. Under this circumstance, the anti-454 

gradient (Q1 and Q3) and gradient (Q2 and Q4) events are comparable in terms of occurrence. 455 

With the increasing magnitude of momentum flux aloft, the gradient events (up to 71% in time 456 

at ISL top) play crucial roles in the transport. Especially, TQ2 is peaked around the drag center 457 

d (Figure 6) where the flows accelerate most (maximum Su). This observation strengthens the 458 

role of ejections Q2 in low-level turbulence organization. 459 
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Figure 6. Time fraction TQi and momentum flux fraction MQi of individual quadrant events Qi plotted as functions of height z/Ha. 
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Other than NO.2, it is interesting that TQ4 increases monotonically with increasing 461 

height throughout the ASLs. On the contrary, TQ2 develops a peak, mostly in the RSLs, then 462 

decreases thereafter (Figure 6). The reason could be the origin of rough-wall turbulence, i.e., 463 

the top-down or bottom-up theory (Li & Wang, 2018). The former states that TKE at lower 464 

level is provided by the (faster) freestream flows aloft. Whilst the latter supports the intrinsic 465 

turbulence structures being initiated by the surface-mounted roughness elements (Adrian, 466 

2007). Their interaction was demonstrated by the energy increase (decrease) with height for 467 

low (high) wavenumber in pre-multiplied spectra (Wang & Zheng 2016). Hereby, Q4 entrains 468 

high-momentum fluids down to a low-momentum level whose occurrence reduces while 469 

approaching the ground (top-down theory). Whilst, Q2 accounts for detraining low-momentum 470 

fluid upwards to a high-momentum level within RSLs. It is thus tied with the surface-471 

roughness-organized turbulence structures in the near-wall region (bottom-up theory). 472 

  473 

Multiscale coherent structures and their relations to wakes and building morphology 474 

To elucidate the effect of wakes and building heterogeneity, the occurrence of coherent 475 

structures from individual bins T*
i,η of filter size η (Yao et al., 2022) for subzones NO.5 and 476 

NO.9 are compared in Figure 7. These two subzones possess a similar building pattern in terms 477 

of λp ≈ 0.63, Hmax ≈ 88 m, and 1 ≤ σHa/Ha ≤ 1.1 but the wakes upstream NO.5 are elongated. 478 

The results of other subzones are reported in Appendix (Figure A3). Within the RSLs, coherent 479 

structures appear less often with increasing strength. Especially at smaller η, say η ≈ 0.5, Q2 480 

appears more often (T*
2,η ≈ 14%) than does Q4 (T*

4,η ≈ 10%). Nonetheless, stronger Q4 occurs 481 

more frequently (T*
4,η ≈ 2.6%, T*

2,η ≈ 1.3% for η ≥ 4.4) whose overall contribution eventually 482 

outperforms its Q2 counterpart (MQ4 > MQ2, Figure 6). Furthermore, the critical strength of 483 

turbulence structures to differentiate the dominance between Q2 and Q4 falls within the range 484 

of 3 ≤ η ≤ 5 throughout the RSLs of all the subzones (Figure A4 in Appendix). 485 
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Figure 7. Shaded contours of time fraction of ejection T*
2,η and sweep T*

4,η plotted as 

functions of strength η and height z/Ha.  

 486 

The energetic Q4 in NO.5 consists of strong streamwise acceleration (u’’/<u’’u’’>1/2 ≥ 487 

2.3), sustaining at elevated extent (z ≥ 5Ha). Whereas, Q4 in NO.9 is composed of strong 488 

downdraft (-0.7 ≤ w’’/<w’’w’’>1/2 ≤ 0). In view of the strong updraft (w’’/<w’’w’’>1/2 ≥ 2.3), 489 

intermittent, stronger Q2 are also embellished above z ≥ 2.2Ha in NO.9. These structures of 490 

energetic Q2 and Q4 are also observed in NO.7 with magnificent height heterogeneity. 491 

Moreover, strong Q4 is generated in NO.2 (z ≥ 3Ha) in response to the upstream wake (Figure 492 

A3 in Appendix). Across all the cases, Q4 contributes mostly to the momentum flux despite its 493 

restrained occurrence (less than 30% in time; Figure 6). This finding suggests that upstream 494 
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wakes could activate energetic Q4 to an extended ASL coverage in the vertical. It would 495 

promote the entrainment from the core to low-level winds. Building height variation stimulates 496 

both energetic Q2 and Q4, augmenting the vertical transport. 497 

 498 

3.7 ASL Eddy Structure 499 

Two-point correlation coefficient of streamwise velocity 500 
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 (10) 

at the reference point (x0, y0, z0) is used to depict the ASL turbulence structures (Coceal et al., 501 

2007). Small-scale structures (≈ 3Ha) are initiated by the rather uniform buildings in NO.1 502 

(Figure 8a) where the skimming flows dominate the transport over the dense buildings 503 

(Takimoto et al., 2013). On the other hand, at the center of NO.9 (z = 2.8Ha), large RSL 504 

turbulence structures (streamwise length scale ≈ 10Ha) are generated by the heterogeneous 505 

buildings (Figure 8b) that are in line with those over schematic roughness (Wu & Christensen, 506 

2007). The footprints of upstream wakes, which pass the center of NO.5, are identified by bulky 507 

upstream emanating contours (Ruu ≥ 0.9; Figure 8c) whose size is almost 30Ha and an 508 

inclination angle Θ ≈ 7o throughout the ASL. These findings are consistent with those observed 509 

in near-neutral ASL (Marusic & Heuer, 2007). The invariant wake structure (Θ = 7o; Lee et al., 510 

2011; Reynolds & Castro, 2008) further demonstrates the outer-layer similarity, supporting the 511 

top-down theory. The current inclination is comparable to that of smooth walls (6o ≤ Θ ≤ 8o; 512 

Volino et al., 2007), wavy surfaces (Θ = 9o; Nakagawa & Hanratty, 2001), as well as ASLs (Θ 513 

≤ 10o; Heisel et al., 2018). Whereas, it is smaller than the range (10o ≤ Θ ≤ 15o) reported by 514 

Liu et al. (2017) and Zhang et al. (2021) due to the weakened eddies and shear interfaces.  515 

 516 
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In the real-urban context, versatile turbulence structures are determined locally by the 517 

building morphology underneath (Salizzoni et al., 2011). In NO.5, there is a superposition of 518 

upstream steeply inclined (13o ≤ Θ ≤ 20o) eddies (Ruu ≥ 0.9) above a “step-up” building 519 

configuration (Figure 8c). A high-rise (3Ha), which is erected after another shorter building 520 

(2Ha), restricts the eddy extension downstream. However, a high-rise would steepen the eddy 521 

inclination (Θ ≈ 19o) right behind (NO.6, Figure A5 in Appendix). It is because, after separation 522 

at the building edges, the shear layer keeps thickening downstream, lifting the rear part of the 523 

eddies. Those peculiar shape, orientation, and size reflect the broad spectrum of multiscale 524 

eddies over cities, suggesting the diversified ASL turbulence structures in response to real 525 

urban morphology.  526 
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Figure 8. Shaded contours of two-point correlation coefficient of streamwise velocity Ruu at z = 2.8Ha on x-z plane. Dark, dashed lines indicate 

the average inclination Θ and the characteristic length of the turbulence structures. 

527 
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4. Discussion  528 

The ASL flows over a real, dense urban area, Kowloon Peninsula, Hong Kong, are 529 

investigated by LESs in which buildings are explicitly resolved. In this paper, a comprehensive 530 

analytical method is applied to probe the turbulence dynamics in both ISLs and UCLs. The 531 

ASL flows are critically examined to reveal the highly non-Gaussian behaviors which are 532 

crucial to momentum transport and air quality (Khan et al., 2020). A dataset consisting of 533 

statistical indicators of turbulence (ui’’ and TKE) and structures (Qi and eddies), together with 534 

the minority, majority and extreme flows (Sui, Kui and PDF) is archived. Notably, the 535 

characteristic winds (Sec. 3.5) constitute the large-scale coherent structures which are 536 

diagnosed to examine the flow modification. The findings bridge the knowledge gap in the 537 

environmental fluid mechanics over heterogeneous (especially diversified, high-rise) buildings 538 

which is rather limited currently (Hertwig et al., 2021). Besides, the analytical methods, which 539 

uncover the physical processes of ASL turbulence over urban areas, have a broad impact on 540 

micrometeorological and geographical applications. This section elaborates the results 541 

obtained and the implications to urban planning guidelines. 542 

 543 

The MWS profiles in ISLs are parameterized by the log-law. In this study, the physical 544 

significance of roughness length z0 is verified as an indicator of surface roughness (measured 545 

by the friction velocity uτ or the drag coefficient Cd). The zero-plane displacement d is in 546 

accordance with the maximum skewness of streamwise velocity Su where the flows decelerate 547 

most. This finding evinces the role of d as a drag center in turbulence statistics. In view of the 548 

potential pollutant accumulation around d, where atmospheric flows decelerate most, it is 549 

helpful to formulate the guidelines for the height of local-scale building clusters so as to 550 

improve pedestrian-level air quality. Despite the assumptions behind the log-law over 551 

heterogeneous surfaces may not hold (Sützl et al., 2021), the results concur with the 552 
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applicability of the conventional TBL theory over real, heterogeneous urban morphology.  553 

Moreover, incorporating the bulk aerodynamical indices (z0, d, height of Su peak) makes an 554 

urban climate model (UCM) rooted in the vigorous depiction of building-induced ASL 555 

momentum transport, enabling urban surface topologies adapted to climate change without 556 

solving the buildings explicitly in the planning.  557 

 558 

The exp-law Equation (7), which is conducted on the UCL flows over real urban area 559 

unprecedentedly, predicting well the winds below d. Its characteristic being exerted by the real 560 

urban morphology leads to highly skewed streamwise (Su ≥ 0; MSD and ESA), and milder 561 

vertical flows (Sw ≤ 0; MU and ED). By identifying Q2 and Q4 across a range of strength, a 562 

critical value of 3 to 5 times of the average momentum flux determines their dominance. The 563 

current MWS parameterizations and RSL dynamics contribute to a multilayer unified UCM in 564 

which the distinct UCL and ISL flows are resolved, enabling a sound, continuously tracking of 565 

airflows and pollutant transport at several vertical levels. Hence, facilities could be installed at 566 

designated locations for proper air quality monitoring. Since the wind field is generated across 567 

spatial heterogeneity, the multilayer model is more resilient than the single-layer one (Schoetter 568 

et al., 2020). Besides, the multilayer model could be used in the planning stage of development 569 

projects to estimate the ASL flows over diverse surface morphology (i.e., building layouts and 570 

configurations). It facilitates comprehensive datasets of the statistical, spatial wind 571 

distributions, offering quantitative evidence for policy innovation. 572 

 573 

The response of dynamics on urban morphology provides insight for the arrangement 574 

of urban aggregations regarding the wakes generated by upstream clusters and local 575 

morphological factors (i.e., statistics of building height distribution). The extreme building 576 

height heterogeneity (Hmax, Kh, and σHa) promotes the intermittency of vertical winds (Sw ≥ 0 577 
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and Kw ≥ 3) for z ≥ 2Ha, stimulating IU. It in turn helps forge energetic Q2 and Q4, augmenting 578 

the momentum transport. Upstream wake is conductive for RSL, raising the streamwise 579 

turbulence intensity. It lifts and amplifies small-scale Q2 in the decelerating region, rendering 580 

remarkable Su (≈ 0.7) to a large vertical extent and elevated drag center d. Although the 581 

intermittent streamwise winds (Ku ≥ 3) are triggered where ISA takes place to form energetic 582 

Q4, residential areas should be avoided locating downstream bulky clusters to prevent from the 583 

drawback of massive, slow airflows with elevated pollutant levels. On the practical side, the 584 

annual average, dominant wind can be used to determine the prevailing wind in the planning 585 

stage of development projects. Note that dominant winds vary from city to city. Moreover, the 586 

wind statistics of the Kowloon Peninsula from 1998 to 2017 are given in the wind rose 587 

published elsewhere (Peng et al., 2018). On the other hand, building height variation is 588 

encouraged for improved street-level ventilation. Nevertheless, the excessive plan area density 589 

(λp ~ 0.7) should be avoided which is detrimental for momentum transport and turbulent mixing, 590 

restraining turbulence anisotropy. In particular, both Q2 and Q4 are mostly constrained in terms 591 

of occurrence and flux fraction in the RSLs of the densest subzone.       592 

 593 

In real urban environment, the distribution of the upstream and local wakes is complex. 594 

In this study, the footprints of upstream wakes with certain size and inclination angle are 595 

identified by the contours of the two-point correlation Ruu, superimposing on the locally 596 

generated eddies. Local wakes collectively function as a streamwise envelope at the concerned 597 

points in the skimming-flow subzone. The two wakes interact that hardly distinguish the effects 598 

from neighborhood-scale buildings on the flows (see the length scales defined in Britter & 599 

Hanna, 2003). Besides, specific building arrangements could induce diversified eddies. 600 

Conspicuously, a high-rise building in the least heterogeneous case induces the most 601 

downstream inclined eddy right behind. Whilst, a combination of profound upstream wakes 602 
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and a “step-up” structure triggers the largest upstream inclined eddy (Ruu = 0.9). In (or above) 603 

ISL, consistent inclination angles are found among the subzones. Generally, building 604 

heterogeneity is conductive to large, energetic eddy generation. While a more uniform, less 605 

building-covered surface forms smaller, less inclined turbulence structures. The eddies in 606 

building wakes govern local flow dynamics that is crucial to urban ventilation. Hence, urban-607 

surface heterogeneity is favorable to vertical mixing and street-level ventilation by energetic 608 

eddies. Further investigation into local and non-local wakes could be developed.    609 

 610 

5. Conclusion 611 

ASL flows over a dense urban area are investigated. The applicability of the exp-law 612 

demonstrates a preliminary attempt on RSL-mean-flow parameterization. Compared with 613 

vegetation canopies and idealized roughness schemes, the mean winds over urban areas 614 

diminish faster, especially over specific morphological features, such as high plan area density, 615 

heterogeneous buildings. Statistically, the drag of ASL winds centers at the zero-plane 616 

displacement d that is in line with the elevation of maximum skewness of streamwise velocity.  617 

 618 

Local urban morphology and upstream wakes are two key factors influencing flow 619 

dynamics and eddy formation. The imprints of upstream wakes are identified by persistent, 620 

bulky contours of two-point correlation Ruu throughout the ASL while the response to eddies 621 

above local buildings is depicted by distinctive shapes. Both building heterogeneity and 622 

upstream wakes could boost turbulence production and intermittent sweep structures 623 

(-4.4<u’’w’’>), but excessive planar density (λp ≈ 0.7) weakens. Building height variability 624 

could enhance the energy extraction from mean flows to vertical, leading to more occurrence 625 

of RSL SD and intermittent IU. Upstream wakes, however, could promote the streamwise 626 

fluctuating velocity, especially energizing ISA. 627 
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Coherent structures suggest the co-existence of top-down and bottom-up eddies. UBL 628 

flows demonstrate distinctive turbulence behaviors in response to real urban surfaces. With 629 

upstream wakes, elevated region of frequent Q2 leads to large, positive Su and notable Ku ≥ 3. 630 

While in the most heterogeneous case (NO.9), Q1 is substantially suppressed, provoking Kw ≥ 631 

3. The results show the superiority of height heterogeneity in large-eddy generation which is 632 

beneficial to vertical transport. The current depiction would contribute to supplement wall-633 

models as well as advance the understanding of ASL winds over real, dense cities. The outcome 634 

in turn helps improve the air quality by proper urban planning.  635 
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