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Abstract 

The wake effect caused by high-rise buildings could have a strong influence on the boundary layer 

and result in a strong impact on the turbulence associated with street canyon flows. A wind tunnel 

experiment was performed to investigate this, focusing on a realistic street canyon configuration 

embedded in a realistic urban fabric. A morphographic scale model of the centre of Nantes, France, 

at the scale of 1:200 was used, in which the Rue de Strasbourg was the investigated canyon and the 

nearby cathedral was identified as the local tall building. To complement this investigation, additional 

experiments were performed by replacing the cathedral with a block building as a comparison. 

Stereoscopic PIV was set up to capture the vertical plane at the centre of the street canyon for 

turbulence statistics. The wake caused by the cathedral affects all the flow statistics, such as the 

mean velocities, the Reynolds stresses, and the velocity skewnesses within the shear layer. The 

cathedral wake was also found to reduce the vertical exchanges at roof level. Finally, strong spanwise 

velocities at the pedestrian level were also observed, as a result of the complex morphology of the 

surrounding building layout and the presence of nearby intersections.  

Introduction 

With the growth of the global economy, the number of designs and constructions of tall buildings in 

the coming years has increased progressively. A single tall building or a cluster of tall buildings within 

a low-rise neighbourhood could bring multiple unexpected influences on urban climates, such as 

strong gusts at the pedestrian level (Tominaga & Shirzadi, 2021), poor pollutant dispersion and 

ventilation in street canyons (Yuan et al., 2014).  

Previous in-situ, experimental, or computational studies of urban boundary layers and street canyons 

focused on flow turbulence, or pollutant dispersion using idealized homogeneous roughness 

elements such as bars or cubes (Bottema, 1996; Inagaki & Kanda, 2008; Salizzoni et al., 2011; 

Blackman et al., 2015; Basley et al., 2019; Jaroslawski et al., 2019). Basley et al. (2019) stated that the 

flow characteristics in the inertial layer, such as coherent structures and vortices, show 

independence from the wall configuration, in agreement with the smooth-wall situation (Castro et 

al., 2013; Squire et al., 2016) and the roughness sublayer could be penetrated by large-scale motions 

of the overlaying boundary layer if the packing density, which is defined by the ratio of the plan area 

of the obstacles to the total plan area, is below a certain threshold.  Some studies used idealized 

heterogeneous roughness such as bars and cubes whose heights followed a normal distribution 

(Cheng & Castro, 2002; Goulart et al., 2019) or examined different element spacings (Choi et al., 

2020; Cheng et al., 2021), or focused on the effects of the different roof shapes (Schultz et al., 2007) 

and orientation of the buildings in roughness (Yang & Meneveau, 2016). Although Cheng & Castro 

(2002) found that the upper limit of the inertial sublayer over a homogeneous roughness 

arrangement is almost identical to that over inhomogeneous roughness, while the roughness 

sublayer is much thinner and the friction velocity and roughness length are significantly smaller for 
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the latter case, studies of heterogenous simplified arrays seldom focused on the influence on the 

downstream boundary layer (Cheng et al., 2021).  

Furthermore, tall buildings, in accordance with their definition, are extreme outliers to the height 

distribution of the upstream roughness and, hence, cannot simply be represented by the normal 

distribution. Tall buildings protrude across the roughness sublayer which extends two or three times 

the mean building height above the underlying roughness (Cheng & Castro, 2002). Karman vortices, 

horseshoe vortices, and tip vortices are generated around and downstream of a wall-mounted finite 

cylinder with a high aspect ratio ARw = hcylinder/dcylinder (Roh & Park, 2003), and can noticeably influence 

the downstream boundary layer over the relatively low-height surrounding roughness. The effects of 

tall buildings have been, therefore, studied either in idealized roughness arrays (Brixey et al., 2009; 

Heist et al., 2009; Fuka et al., 2018) or morphological models (Rotach et al., 2005; Ng et al., 2011; 

Salizzoni et al., 2011b; Cheng et al., 2021; Hertwig et al., 2019, 2021). Cheng et al. (2021) divided the 

urban roughness sublayer into two layers and found that the upper layer, which is governed by tall 

buildings, has larger dispersive stress and smaller drag than the lower layer which contains more 

dense and shorter buildings. The incoming flow, influenced by the upstream low-rise canopy, strikes 

the tall building to generate a rooftop shear layer and the tall building's wake changes the near-wake 

dynamics by interacting with the downstream low-rise canopy (Lim et al., 2022). The wake caused by 

a tall building, therefore, could have a strong and long-distance effect on the flow and scalar field of 

the low-rise surrounding urban terrain and the downstream urban boundary layer (Hertwig et al., 

2021).  

Grimmond & Oke (1999) suggested categorizing street canyon flows into three different regimes;  

isolated, wake interference, and skimming, based on the building plan area density and showed that 

the canyon aspect ratio ARc = wcanyon/hcanyon has a large influence on street canyon flow. Studies have 

examined the effect of varying the geometry (2D or 3D) of the roughness elements on the boundary 

layer flow (Michioka & Sato, 2012; Takimoto et al., 2013) and have found that the friction velocity 

and shear stress increase from 2D to 3D configurations throughout the boundary layer. More 

detailed studies regarding both 2D and 3D arrays falling within both the skimming flow regime and 

the wake interference regime were studied by Blackman et al. (2015) and Jaroslawski et al. (2019), 

who found that the mean streamwise velocity is higher in skimming flow regime than in the wake 

interference regime, whilst the 2D configurations of upstream roughness yield a larger streamwise 

velocity than in 3D with same plan area density λp. They also suggested that a higher level of vertical 

ventilation at the roof level and larger shear stresses appear with a higher ARc. 

The same test model of the Rue de Strasbourg in Nantes, was studied in a series of experiments, 

either in-situ (Mestayer et al., 1999; Berkowicz et al., 2002; Louka et al., 2002; Vachon et al., 2002) or 

in wind tunnels (Kastner-Klein et al., 2004; Kastner-Klein & Rotach, 2004) to understand the 

turbulence and pollutant dispersion mechanism within and above the canyon considering different 

factors. The thermal effects caused by solar heating (Mestayer et al., 1999; Louka et al., 2002) 

provided insights into their influence on the pollutant concentration and wind turbulence within the 

street canyon and were compared with a Reynolds Averaged Navier Stokes (RANS) model that 

incorporated a k-ε turbulence closure named CHENSI (Sini et al., 1996). The CHENSI simulations 

showed two counter-rotating vortices and a small eddy at the bottom of the leeward wall which was 

thought to be an overestimation in comparison with the field experiment, probably due to the 

potential error in its wall function and the limitation of the 2D simulation. The traffic-induced 
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turbulence and pollutant dispersion were studied (Berkowicz et al., 2002; Vachon et al., 2002) in 

comparison with the Danish Operational Street Pollution Model (OSPM) (Berkowicz, 2000) and Micro 

Scale Air Pollution Model (MISKAM) (Eichhorn, 1996). The dependence of pollutants concentration 

on the wind speed was found to be less obvious on the leeward side and MISKAM was shown to be in 

better agreement with the field experiment than the OSPM model by considering the initial mixing of 

vehicle exhausting at a lower height of 2 m. The wind tunnel experiments (Kastner-Klein et al., 2004; 

Kastner-Klein & Rotach, 2004) used the same morphographic model as this present research while 

measuring with Laser Doppler Velocimetry (LDA) and placing the cathedral downstream of the street 

canyon. Mean streamwise velocities and shear stresses were fitted within the overlying boundary 

layer through parameterization of length scales and friction velocities. 

All these studies focusing on the effect of upstream roughness and boundary layer on the street 

canyon used homogeneous arrays while, as illustrated above, the rarely investigated heterogeneous 

terrain and, especially, the presence of a tall building would noticeably change the boundary layer 

characteristics and, therefore, would strongly influence the flow and scalar field of street canyons. 

However, such a topic lacks abundant studies and so this aspect is the focus of the present paper. 

Experiment details 

The experiments were conducted in the open circuit atmospheric boundary layer wind tunnel in the 

LHEEA at Ecole Centrale de Nantes, which has test section dimensions of 24 m (length) × 2 m (width) 

× 2 m (height) and a 5:1 ratio inlet contraction. To initiate the boundary layer, five vertical tapered 

spires of 800 mm in height and 134 mm in width were located at the intersection of the end of the 

contraction and the test section, followed by a 200 mm high solid fence across the working section 

downstream of the inlet and then a 19 m fetch of staggered cube roughness elements with height h1 

= 50 mm and a plan area density λp1 = 25 %. A 1:200 scaled morphographic model part of the city of 

Nantes, France, centred around the rue de Strasbourg, in which the cathedral was identified as the 

local tall building was placed downstream of the cubic array. The model has an upstream plan area 

density λp2 = 44 % and an overall average ridge height of approximately 100 mm (Petra Kastner-Klein 

& Rotach, 2004). In another experiment, the cathedral was replaced by a 200 mm × 200mm × 

100mm rectangular block, named as 1-block configuration for comparison purposes. The width of the 

street canyon is 73 mm, and the upstream building ridge height h2 equals 116 mm while the 

downstream ridge height is 114.5 mm. The distinction between the height of the upstream 

roughness and the street canyon is due to the different terrain categories of suburban areas and city 

centre.  

A Dantec particle image velocimetry (PIV) system was utilized to measure the 3-component velocity 

field in the vertical plane at the centre of the street canyon. LaVision Laskin-Nozzle aerosol generator 

was used to seed the flow with olive oil aerosol with a mean droplet diameter of 1 um. A Litron 

double cavity Nd-YAG laser (2 × 200 mJ) was mounted on the ceiling of the wind tunnel to generate a 

laser light sheet. Two 2048 x 2048 CCD cameras with 105 mm objective lenses were installed under 

the wind tunnel floor and used for stereoscopic PIV to record pairs of images at a frequency of 7.4 Hz 

between pairs of pulses and a time-step of 300 μs between two images of the same pair, as shown in 

Fig.1. The synchronization of the cameras and laser was controlled using Dantec Dynamic Studio 

software, which was also used to perform the PIV analysis on the recorded images. 10,000 pairs of 

images were recorded for each flow configuration and the multi-pass cross-correlation PIV 

processing resulted in a final interrogation window size of 32 × 32 pixels with an overlap of 50 %. For 
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all the configurations, the final spatial resolution was 1.6 and 3.2 mm in the longitudinal and vertical 

directions, respectively.  

  

Fig 1. Left: The morphological model in the wind tunnel; Right: Stereoscopic PIV set-up 

All the experiments were performed with the same free-stream velocity of Ue = 5.8 m s−1 measured 

with a pitot-static tube located 1.5 m above the wind tunnel floor and the centreline of the tunnel in 

the test section, without the model. The Reynolds number, based on upstream roughness height, of 

Reh1
=

h1u*

v
=1.2 × 10

3  was computed and the oncoming boundary layer parameters and scaling factors 

are shown in Table 1.  

Table 1. Oncoming boundary layer characteristics (Blackman et al., 2018) 

 Ue (m s-1)  u*/Ue h1 (m) δ (m) Reh1
(u*) Reδ(u*) d/h1 z0/h1 

∂P

∂x
(Pa m-1) 

Cathedral 
/ 1-block 

5.8 0.07 0.05 0.975 1.2 ×103 2.4 ×104 0.64 0.08 - 0.37 

 

Results  

Contours of temporally averaged components are presented below for a comparison between the 

scenario with the cathedral or with the replaced block in the upstream direction. Fig. 2 shows the 

magnitude of streamwise, vertical, and longitudinal velocity distributions by sequence. The 

streamwise velocity component over the canyon is noticeably smaller if the cathedral is upstream 

which could be explained by the fact that the induced wake downstream the cathedral is more 

turbulent than the overlying boundary layer flow for the 1-block configuration. This could also be 

observed in the vertical velocity component contour since the zone at z/h2 = 2 shows larger 

magnitudes than the surroundings, which indicates some lifting effects in the observed region. In the 

near-wall region, the vertical component shows a general pattern, such that the most negative 

region is near the downstream wall and the most positive region is near the upstream wall, while the 

magnitude of the latter is larger than the former. Spanwise velocities were usually regarded as 

negligible in long symmetrical street canyon models, while a strong spanwise effect was observed at 

the upstream lower corner within the canyon in this presenting morphological model. This might 
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primarily be induced by the intersections that separated the street canyon into multiple short 

sections and partly be caused by the asymmetric wake generated by the upstream building since it is 

not situated perpendicular to the street canyon but at an angle of around 20° to the streamwise 

direction.  

      
Fig 2. Comparison of contours of velocity components (Left: cathedral; Right: 1-block) 

      
Fig 3. Comparison of contours of velocity standard deviations (Left: cathedral; Right: 1-block) 

As shown in Fig 3. for the case of the cathedral, the standard deviations of velocity components in 

the overlying boundary layer are clearly larger while those within the shear layer are visibly smaller 

for the 1-block configuration. This could be explained by the wake induced by the cathedral and a 

relatively smaller streamwise velocity at the leading edge of the upstream canyon obstacle, 

respectively. Similar patterns in the streamwise and vertical components within the canyon are 

observed in both configurations, while those in the 1-block configuration show a slightly larger 

magnitude and spatial extent. The standard deviation of the vertical velocity component shows 
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extremely distinct patterns since the regions with maximum magnitudes are at different canyon 

corners at the pedestrian level. 

      
Fig 4. Comparison of contours of Reynolds stresses (Left: cathedral; Right: 1-block) 

Reynolds stresses (Fig 4.), interpreted as momentum fluxes, could bring insights into turbulent kinetic 

energy (TKE) production. Within the shear layer caused by the upstream canyon leading-edge, - u'w'̅̅ ̅̅ ̅ 

and - u'v'̅̅ ̅̅  are positive but the - v'w'̅̅ ̅̅ ̅̅  is negative. The - u'w'̅̅ ̅̅ ̅ between z/h2 = 2 and 3, and - v'w'̅̅ ̅̅ ̅ between 

z/h2 = 1.5 and 2.5 over the canyon in the cathedral configuration show a large positive value, but the 

- u'v'̅̅ ̅̅  within the same region show a negative value. A large positive - u'v'̅̅ ̅̅  is observed at the upstream 

lower corner of the canyon whilst there is an elliptical region of negative  - u'v'̅̅ ̅̅  immediately below 

the shear layer which penetrates deep into the canyon. The negative - v'w'̅̅ ̅̅ ̅ extends from the shear 

layer along the upstream wall and also has a local minimum at the downstream wall between z/h2 = 

0.2 and 0.6.  

Higher-order moments of velocities such as skewness (Fig 5.) and flatness (Fig 6.) help characterize 

the shape of the probability density function (PDF). The value of a non-zero skewness indicates 

whether the probability of the existence of larger velocity excursions in one direction is greater than 

in the others. A larger flatness shows whether the occurrence of larger excursions from mean values 

is more frequent. 

The streamwise skewness Su is highly positive in the shear layer for both configurations. Positive Su is 

observed in the wake-affected boundary layer in the cathedral configuration while in the 1-block 

configuration, the Su shows a negative region immediately above the shear layer and stays negative 

in the overlying boundary layer. Within the canyon, the major part of the downstream near-wall 

region is positively skewed and the upstream near-wall region is negatively skewed. Similar patterns 

occur between the cathedral and 1-block configurations for the skewnesses of the vertical and 

spanwise components, although a large difference is the positive vertical skewness in the boundary 

layer over the canyon downstream of the block. It is worth noting that there is a strongly positive 

elliptical area in the canyon for the skewness of the spanwise velocity component near the 

downstream wall. The positive areas suggest that the PDFs of velocity in a certain direction at these 
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locations have a peak value that is smaller than the mean value while the tail is larger, and they show 

that the dominant modes are slower than the mean wind speeds in this corresponding direction. 

      
Fig 5. Comparison of contours of velocity skewness (Left: cathedral; Right: 1-block)  

      
Fig 6. Comparison of contours of velocity flatness (Left: cathedral; Right: 1-block) 

Differences in the velocity flatness (kurtosis) between the two configurations are not apparent. The 

upper limit of the shear layer shows a strongly flattening effect in the streamwise direction. The 

region between z/h2 = 1.2 to 2 has a much more elevated peak in the vertical PDF than a normal 

distribution. A more peaked region is found at the bottom of the street canyon for the cathedral 

model than the 1-block model for the spanwise flatness, but a similar high-value core appears near 

the downstream wall. 

Conclusion 

In the present work, the flow within and above a street canyon immersed within a morphological 

model with or without an upstream tall building was investigated through the analysis of the main 
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one-point statistics, and the following conclusions were drawn. The wake caused by the upstream 

cathedral has a strong effect on the turbulence statistics in comparison to the 1-block situation. The 

presence of the cathedral decreases the - u'w'̅̅ ̅̅ ̅, σu, σw and Sw within the shear layer, in comparison to 

the 1-block configuration, and this results in weaker vertical exchanges at the roof level. Strong 

spanwise velocities were found at the pedestrian level at the upstream corner of the canyon in both 

configurations, which could be explained by the heterogeneity caused by the intersections along the 

canyon.  However, the spanwise velocity in the cathedral configuration smaller while being more 

turbulent than in the 1-block configuration. The influence of the upstream tall building and the 

coupling between the flow within the canyon and the overlying flow will be investigated in future 

work. 
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