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Highlights: 

 Traffic tidal flow in different street canyons was studied.  

 Personal intake fractions of CO in street canyons were evaluated.  

 Wind catchers were introduced to reduce pollutant concentration 
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Abstract: 

Increasing traffic emission presents a high risk of exposure to residents in near-road 

buildings. Traffic tidal flow (TTF) has gradually become one of the most important 

components of urban traffic congestion. By computational fluid dynamics simulation, 

the present study examines the airflow, spatial distribution of pollutant concentration, 

and personal intake fraction (IF_p) of CO in five street canyon structures (shallow, 

regular, deep, step-up, and step-down street canyons), with non-uniform TTF-induced 

traffic emission considered. Optimal urban design devices (wind catchers) are 

subsequently introduced to reduce IF_p.  

The results suggest that leeward IF_p is far higher in concentration than the windward 

wall in the shallow, regular, step-up, and step-down street canyons but lower than the 

windward side in the deep street canyon under different TTF conditions. Moreover, 

the TTF condition SL (leeward source)/SW (windward source)=3/1 leads to a higher 

leeward IF_p in the shallow, regular, deep, and step-up street canyons, compared with 

                  



SL/SW=1/3; however, no significant difference in windward IF_p is found under the 

different TTF conditions. The highest IF_p and lowest IF_p for both TTF 

configurations occur in the step-down and shallow street canyons, respectively. 

Finally, the effect of wind catchers (WCs) varies between the street canyon structures 

under different TTF conditions. WCs can lead to at least 30.6% reduction in leeward 

overall average IF_p (<IF_p>) in the shallow, regular, step-up, and step-down street 

canyons, as well as 12.8%–78.4% decrease in windward <IF_p> owing to the WCs in 

the regular, deep, step-up, and step-down street canyons.  

Keywords: Street canyon; Intake fraction; Computational fluid dynamics (CFD); 

Wind catchers 

 

 

1. Introduction 

Driven by rapid economic development and urbanization, the rural population 

has been flocking to the big cities. While cities with developed industry and commerce 

and perfect infrastructure have provided convenience to people, they have also encountered 

serious environmental problems. [1]. Simultaneously, high-density urban buildings 

increase the number of residences but reduce the ventilation capacity of the city. This 

occurrence hinders the rapid dilution and dispersion of pollutants emitted by vehicles, 

aggravating air pollution [2]. To address and further reduce severe pollution, 

considerable research has been conducted [3–16]. The majority of these studies report 

on identical pollutant sources on different sides [4, 17–20]. Traffic emission from 

different sides can entirely vary, particularly when traffic tidal flow (TTF) occurs. 

TTF, which is characterized by a very heavy traffic flow on one side and an 

unobstructed traffic flow on the other side during rush hours, occurs when the 

commercial and residential areas are separated by urban development [21]. Recently, 

TTF has gradually become one of the most important components of urban traffic 

congestion during peak commute periods in large- and medium-sized cities in China 

(Fig. 1). Thus, basic scientific understanding of the distinct transport of airborne 

pollutants within urban areas where TTF occurs is needed. 

                  



 

Hong Kong, China               Wuhan, China 

Fig. 1 Photos showing traffic tidal flow in a realistic urban area 

Street canyons vary in structure, including the aspect ratio (AR) [22–26], 

asymmetry [27, 28], and so on, which significantly influence wind field and pollutant 

dispersion within the street canyons. AR is defined as the building height-to-street 

width ratio (H/W, where H is the building height, and W is the street width). 

Variations in AR can lead to different flow patterns and capacities of pollution 

diffusion within street canyons [29–33]. Liu et al. [34] found that ventilation was 

enhanced with a reduction in H/W, but the maximum pollutant removal was at 

H/W=0.8. Murena and Vorraro [35] determined by field measurement that pollutant 

concentration in a deep canyon (H/W=5.7) was three times that in a regular canyon 

(H/W=1). With an increase in AR, pollution diffusion capacity and air quality within 

street canyons were reduced [36]. Moreover, Gu et al. [3] emphasized the effect of 

asymmetry on flow patterns and turbulence. Simulation of uniform street canyons 

may produce airflow patterns and spatial distribution of pollutants totally different 

from those of non-uniform street canyons. Using laboratory-scale experiments, Baik 

and Park [37] identified the creation of different vortices in various asymmetric street 

canyons. On the basis of these experiments, one vortex was observed within a step-up 

street canyon, but two counter-rotating vortices were observed in the canyon with a 

step-down notch. In the study by Nelson et al. [38], conducted field measurements of 

the wind field within the Oklahoma City Park Avenue street canyon showed that the 

non-uniform building arrangements could lead to a wind downdraft and horizontal 

divergence. To the best of our knowledge, the peculiarity of the little existing research 

on symmetric and asymmetric aspect ratios exists, but the analysis of its effect on the 

                  



spatial distribution of pollutant concentration when TTF occurs is rarely reported.  

Apart from the understanding of the spatial distribution of pollution, optimal 

techniques in urban design should be explored to maintain good ventilation and 

reduce high risk to pollutant exposure resulting from TTF. Setting wind catchers 

(WCs) is an effective method to enhance ventilation in street canyons by introducing 

fresh ambient wind from an upper level. Chew et al. [39] explored the potential of a 

WC to enhance air quality by installing a WC prototype in a water channel. 

Experiments showed that a WC enhances pedestrian-level wind speed in the target 

canyon by 2.5 times. Similarly, Zhang et al. [40] evaluated the effect of setting WCs 

on reducing vehicle pollution in deep canyon streets via CFD simulation. 

Consequently, the wind speed in the upper regions of the street canyon is considerably 

increased, particularly for wind in and below the WCs. In addition, normalized 

velocities at the pedestrian level are significantly increased owing to WCs, thereby 

reducing the CO concentration by one or two orders of magnitude. In the present 

study, we introduce the WC to explore how it can improve the dispersion of pollutants 

under TTF conditions. 

To elucidate the influence of the street canyon structure on pollutant dispersion 

when TTF occurs, this study conducts CFD simulations to evaluate the effects of 

symmetric and asymmetric aspect ratios (ARs and AARs) on the spatial distribution of 

pollutant concentrations under various TTF conditions. Moreover, the potential of 

optimal technique in urban design (WC) on the mitigation of airborne pollutant 

induced by TTF is explored by comparing the difference in air quality index with or 

without WCs. 

2. Methodology 

2.1. Experimental data for CFD validation 

 The numerical accuracy of current CFD models was evaluated using wind data by 

Brown et al. A total of 77 cubes with 7-row and 1-column buildings arranged under an 

approaching wind parallel to the main streets (Fig. 2(a)) were investigated, where x, y, 

and z denote the streamwise, lateral, and vertical axes. In the wind-tunnel experiment, 

all characteristic dimensions of the three-dimensional (3D) building array—that is, the 

                  



building width (B), building height (H), and street width (W)—are equal to 0.15 m. In 

Fig. 2(a), x/H=0 represents the location of the upstream edge of the first row of cubes, 

and y/H=0 denotes the vertical symmetric plane of the middle column. A neutral 

atmospheric boundary layer was formed, with a depth of 1.8 m, a power law exponent 

of 0.16, and a friction velocity u* of 0.24 m/s, which could be expressed in the 

power-law form. 

2.2. Computational approaches 

2.2.1. Governing equation 

 A theoretical model built using ANSYS/Fluent
®
 CFD software 15.0 was used to 

simulate the neutrally stratified atmospheric boundary layer over an array of 3D 

buildings under TTF conditions. The steady-state incompressible isothermal flow 

field and turbulent quantities were solved using the following governing equations: 
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where ui represents the velocity component in the i direction, and p, ρ, υ, υt, and gi 

denote the pressure, density, laminar kinematic viscosity, turbulent kinematic viscosity, 

and acceleration of gravity, respectively. 

 In addition, the species transport equation was solved to probe the pollutant 

dispersion in an urban environment, as follows:  

 i
t

i i i

u Y Y
D D S

x x x

   
   

   
                                 (3 ) 

where D represents the molecular diffusion coefficient; Dt (=νt/Sct) denotes the 

turbulent diffusion coefficient of the pollutants, with νt as the turbulent viscosity, and 

Sct as the turbulent Schmidt number equal to 0.4 to consider the underestimation of 

the turbulent mass diffusion from the Reynolds-averaged Navier–Stokes (RANS) 

models [35]; Y is the mass fraction of the pollutant distribution; and S is the source 

term. 

2.2.2. Turbulence model 

                  



 The RANS approach has been adopted in relevant studies to simulate urban 

airflow fields and pollutant dispersion with successful validation results. The RANS 

method can also provide reasonable results for mean flows and spatially averaged 

flow properties in a relatively time-efficient manner. In addition, a sensitivity study of 

various RANS methods against wind tunnel measurements was conducted, including 

standard, realizable, re-normalisation group (RNG) k-ε turbulence models. 

 The transport equations for the turbulent kinetic energy (k) and dissipation rate (ε) 

of a standard k-ε two-equation turbulent model are given by 
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The production term is defined as 
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where μt=Cμρk
2
/ε. The constants Cμ, σk, σε, Cε1, and Cε2, are equal to 0.09, 1.0, 1.3, 

1.44, and 1.92, respectively. In parallel, the prediction accuracy of other widespread 

turbulence models—that is, the realizable and RNG k-ε turbulence models—was 

further evaluated for comparison. 

2.2.3 Case description and boundary conditions 

  The airflow in the middle column of the aforementioned 3D building arrays is 

hardly affected by lateral urban boundaries when the lateral width is sufficiently large. 

To reduce the computational time, only half of the middle column (Fig. 2 (b)) was 

chosen. The full-scale cubic building array (H=B=W=30 m) was numerically 

investigated at a scale ratio of 1:200 in the CFD simulations. Fig. 2(b) presents the 

CFD domain and boundary conditions. The computational domain extended from 6.7 

H upstream windward face of the first row of cubes to 40.3H downstream leeward 

face of the last row of cubes, and the distance between the top domain and the ground 

was 10H. Symmetry boundary conditions are applied on the top and two lateral 

boundaries of the domain. The outflow boundary condition was set at the domain 

                  



outlet. The velocity inlet was set at the domain inlet with the vertical profiles of the 

power-law velocity U(z), turbulent kinetic energy k(z), and its dissipation rate ε(z). 
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where UH=3 m/s is the reference inflow velocity under the following conditions:  

building height H=30 m; Cμ=0.09, with u* as the friction velocity (=0.24 m/s); and κv 

as the von Karman constant (=0.41). 

 Fig. 2(c) describes in detail the target street canyon, which is the secondary street 

between the No. 3 building and the No. 4 building. Each building consists of 10 floors 

(each floor with a height of 3 m and window with a height of each 2 m), which are 

used for further evaluation of air quality index (personal intake fraction, IF_p). Two 

volumetric CO sources (Ws=9 m, Ly=30 m) are set near the ground with a depth of 

z=0–0.5 m to represent the traffic lanes on different sides. The constant emission rates 

per hour and per unit spanwise street length (36.1 g/h/m, i.e. the total mass release 

rate, about Ly × 1.0 × 10
−5

) are adopted for each CO source, with reference to the 

study by Ng and Chau [18]. In their calculation of the pollutant release rate, the type 

and number of vehicles passing a realistic street per hour in Mongkok, Hong Kong 

were considered. To simulate the non-uniform emission rates induced by TTF, the 

parameters representing different TTF conditions were set as follows: SL/SW=(0.67 × 

10
−6

 kg/m
3
/s) / (2.01 × 10

−6
 kg/m

3
/s) =1/3 and SL/SW=(2.01 × 10

−6
 kg/m

3
/s)/ (0.67 × 

10
−6

 kg/m
3
/s) =3/1, with SL and SW as the pollutant source term in leeward and 

windward traffic lanes, respectively. 

 The effects of street canyon arrangements on ventilation and pollutant 

distribution (Fig. 2(d)) were evaluated using five street canyon configurations: 

shallow street canyon (H1/W=H2/W=0.5), regular street canyon (H1/W=H2/W=1), 

deep street canyon (H1/W=H2/W=2), step-up street canyon (H1/W=1 and H2/W=2), 

and step-down street canyon (H1/W=2 and H2/W=1). H1 and H2 denote the upwind 

                  



building height and downwind building height, respectively. For further pollutant 

mitigation, two WCs were set near and above the street roof. A WC consists of two 

perpendicular rectangular walls: a 6 m × 12 m horizontal wall and a 10 m × 12 m 

vertical wall. 

 Moreover, three grid arrangements with hexahedral cells and a grid expansion 

ratio of 1.08 were tested to reduce errors from computational grids for the regular 

street canyon. Specifically, the minimum grid sizes nearest to the street ground and 

walls were 0.5 m (coarse grid: 595,626 cells), 0.2 m (medium grid: 1,505,028 cells), 

and 0.1 m (fine grid: 2,717,064 cells). By grid independence analysis, the calculated 

results revealed that satisfactory grid independence could be achieved using the 

medium grid arrangement (Fig. 2(e)). 

 

    

(a)                                 (c) 

 

                  



(b) 

 

(d) 

 

(e) 

Fig. 2 (a) Model in the wind tunnel test, (b) CFD model description and boundary 

conditions, (c) setup of the target street canyon, (d) diagrams showing various target 

street canyon geometries, and (e) CFD grid arrangements of target street canyon for 

regular street canyon 

2.2.4 Numerical method 

 The aforesaid governing equations were discretized using the finite volume 

scheme in the commercial software ANSYS Fluent®. This study used the 

semi-implicit method pressure-linked equations-consistent or SIMPLEC numerical 

method for pressure–velocity coupling. The second-order upwind scheme was 

                  



adopted to discretize both the convective and diffusion terms. A double-precision 

solver was also selected for CFD calculation. The convergence of the normalized 

residual errors of the energy equation was set to 10
−9

, whereas the convergence 

criterion of the remaining equations was set to 10
−6

. 

3. Results and discussion 

3.1 Validation study 

 Fig. 3 presents a comparison of the CFD predictions by using various k-ε 

turbulence models (standard, realizable, and RNG k-ε models) and three grid 

arrangements with wind experiment measurements of the (a) streamwise velocity and 

(b) turbulence kinetic energy (TKE) at x/H=1.5. 

 The profiles of the mean streamwise velocity and TKE obtained using the 

medium-grid were consistent with those obtained using the fine grid. In addition, the 

difference between the numerical results of the medium grid and the wind-tunnel data 

was less than that obtained using the coarse grid. Therefore, the medium-grid 

arrangement was sufficient to achieve grid independence. By using the medium-grid 

arrangement, various turbulence models were verified. Compared with the other two 

models, the standard k–ε model (Fig. 3) more efficiently predicted streamwise 

velocity and particularly, TKE. In the report by Yoshie et al. [41], the modified k-ε 

models exhibited a lower predictive accuracy than those of the other two models in 

the simulation of the wake region behind the buildings. 

 In general, the medium-grid arrangement with the standard k-ε turbulence model 

could provide the most optimal agreement between the present CFD simulations and 

wind tunnel measurements. 
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Fig. 3 Comparison of prediction obtained using the wind-tunnel data at x/H=1.5 on 

the coarse grid, medium grid, and fine grid with the standard k-ε model, medium with 

RNG k-ε model, realizable with RNG k-ε model: (a) Streamwise velocity and (b) 

TKE 

3.2 Air quality indices  

 This study uses IF_p as the air quality index, which stands for the fraction of total 

traffic exhaust inhaled on average by each person in a population, which was first 

introduced by Hang et al. [42] into CFD simulations to quantify the average personal 

exposure.  

 It is defined and calculated as  

, , /
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N M

i i j i j j

i j

M

i

j

P Br t Ce m

IF p

P
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





             (10) 

where N is the number of population groups (children, adults, elders, N=3, i=1 to 3), 

M is the number of different microenvironments (indoors at home, other indoor 

locations, outdoor locations near vehicles, and other outdoor locations away from 

vehicles, M=4, j=1 to 4). Only the micro-environment of j=1 (indoor at home) is 

considered. Pi is the total number of people exposed in the ith population group. Bri,j 

and Δti,j are the average volumetric breathing rate (m
3
/s) and the time spent (s) by 

individuals in the ith population group in the jth microenvironment, respectively, as 

summarized by Hang et al. [43]. Cej is the pollutant concentration in the jth 

                  



microenvironment (kg/m
3
), which can be determined from the area average 

concentration on the window surface on each floor. m is the total emission (kg).   

3.3 Effects of street canyon geometry 

3.3.1 Effects of street canyon geometry on flow and pollutant dispersion 

Fig. 4 illustrates the 3D streamlines, wind velocity, and CO concentration at 

y/H=0 in the five street canyons with different geometries (shallow, regular, deep, 

step-up, and step-down) and different pollutant sources. The geometry of the street 

canyons significantly affects the flow and the corresponding CO concentration 

distribution. In the shallow street canyon, only a clockwise vortex appeared; thus the 

CO concentration is higher in the immediate adjacency of the leeward surfaces, 

particularly for SL/SW=3/1. The possible reason is that part of CO from windward 

lanes could disperse upward instead of reaching the leeward surface, but most CO 

from the leeward lanes flow through the leeward surface before leaving the street 

canyon. A similar occurrence was observed in the regular street canyon, but the 

overall concentration was higher than that in the shallow street canyon because of a 

slightly weaker airflow. Similarly, Hang et al. [43] reported that the CO concentration 

increased significantly with the depth of the street canyons. In the deep street canyon, 

the vertically downward airflow mainly comprised the flow structure in the lower 

space of the street canyon, slightly hindering the dispersion of traffic emission into 

upper space. Meanwhile, wind velocity near the ground was rather small (about 0.2 

m/s). The primary method of pollutant dispersion was molecular diffusion rather than 

dispersion along streamlines. Consequently, the leeward CO concentration was 

mainly affected by the leeward lanes, resulting in a higher CO concentration on 

leeward side was still observed for SL/SW=3/1.  

In the step-up street canyon, the high windward building could introduce more 

fresh air into the street canyon, significantly increasing the wind velocity. In the lower 

space of the street canyon, the flow direction near the ground was still from the 

windward side to the leeward side, hence the higher concentration on the leeward side 

for SL/SW=3/1. In the step-down street canyon, the helical flow with a vertical rotary 

axis occupied the entire lower space (Fig. 4(e)). Therefore, the difference in 

                  



concentration between both sides was relatively small despite the higher concentration 

on the leeward side. Moreover, the concentration distribution was almost identical 

under different traffic emission configurations. 

 

 

 

                  



 

Fig. 4 3D streamlines, wind velocity, and CO concentration at y=30 m in  

(a) the shallow street canyon (H1/W=H2/W=0.5), (b) regular street canyon 

(H1/W=H2/W=1), (c) deep street canyon (H1/W=H2/W=2), (d) step-up street canyon 

(H1/W=1 and H2/W=2), and (e) step-down street canyon (H1/W=2 and H2/W=1) 

3.3.2 Effects of street canyon geometry on the concentration of building walls 

 Fig. 5 shows the CO concentration on the leeward and windward wall surfaces in 

street canyons with different geometries. First, the maximum concentration on the 

leeward wall was considerably higher than that on the windward wall in the shallow 

(0.8 mg/m
3
), regular (4.6 mg/m

3
), step-up (3.1 mg/m

3
), and step-down (3.3 mg/m

3
) 

street canyons, particularly in the lower space (floors 1–4), under different TTF 

configurations. However, a higher CO concentration was observed on the windward 

wall in the deep street canyon because the flow near the ground moved from the 

leeward side to the windward side (Fig. 4(c)). Second, on the leeward wall surfaces, 

the concentration distribution under different TTF configurations varied completely in 

the shallow, regular, deep, and step-up street canyons; a higher leeward concentration 

was obtained when SL/SW=3/1. In the step-down street canyon, the leeward 

concentration distribution was almost identical. On the windward wall surfaces, the 

concentration distribution was generally similar in the street canyons with different 

geometries, except that in the deep street canyon. In the deep street canyon, a higher 

windward concentration was observed when SL/SW=1/3 owing to its main pollutant 

dispersion mechanism (diffusion) and flow direction near the ground. Third, traffic 

emission in the street canyons could affect the upper wall on the leeward side, except 

                  



that in the deep street canyon. In the deep street canyon, only the area from the 1
st
 

floor to the 3
rd

 floor was affected by traffic emission under different TTF 

configurations. 

 

 

                  



 

 

Fig. 5 CO concentration on building walls in street canyons: (a) shallow 

(H1/W=H2/W=0.5), (b) regular (H1/W=H2/W=1), (c) deep (H1/W=H2/W=2), (d) 

step-up (H1/W=1 and H2/W=2), and (e) step-down (H1/W=2 and H2/W=1)  

3.3.3 Effects of street canyon geometry on personal intake fraction  

 Fig. 6 presents the vertical profiles of the CO IF_p on different floors in different 

street canyon geometries. On the leeward side, the IF_p from the 1
st
 floor to the 10

th
 

floor in the step-down street canyon was considerably higher than those in other street 

canyons under different TTF configurations, particularly in the lower space (1
st
 floor 

to 3
rd

 floor). In this regard, the leeward IF_p in the step-down street canyon was up to 

about 1 ppm higher than that in other street canyons. The step-down canyon caused 

the worst-case scenario and any kinds of TTF can lead to poor air quality. 

                  



Subsequently, a relatively higher IF_p was observed from the 1
st
 floor to the 10

th
 floor 

in the step-up and regular street canyons when SL/SW=3/1; the difference in IF_p 

between the different TTF configurations could reach approximately 0.4 ppm. 

Therefore, the step-up and regular street canyons favored SL/SW=1/3. The leeward 

IF_p was considerably lower in the shallow and deep street canyons than in other 

street canyons. The windward IF_p was substantially higher from the 1
st
 floor to the 

5
th
 floor in the deep and step-down canyons than in other street canyons. The largest 

difference reached approximately 0.7 ppm. Generally, the highest and lowest IF_p 

values under both TTF configurations were observed in the step-down and shallow 

street canyons, respectively. 
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(a) (b) 

Fig. 6 Vertical profiles of CO IF_p in different floors in the street canyons with 

different geometries 

3.4 Effects of wind catcher design for various street canyon geometries 

3.4.1 Effects of wind catcher design on flow and pollutant dispersion 

 Fig. 7 presents distinct characteristics (3D streamlines, wind velocity, and CO 

concentration) relative to the cases without WCs. Altering flow structures within 

street canyons and increasing wind velocity were effective approaches. In the shallow 

street canyon with WCs, a clockwise rather than counterclockwise vortex dominated 

the whole street canyon. In addition, the wind velocity near the leeward side was 

markedly increased (from 0.4 m/s to about 2 m/s); thus, the leeward CO concentration 

decreased considerably under different TTF configurations, although the windward 

                  



CO concentration increased slightly. In the regular street canyon with WCs, the flow 

structure was completely altered, and the air flow from both sides converged at the 

center of the street canyon, subsequently flowing from the canopy outward. Therefore, 

the CO concentration near the surface on both sides decreased significantly under 

different TTF configurations. In the deep street canyon with WCs, upward and 

downward helical flows with a vertical rotary axis occupied the upper and lower 

spaces, respectively. In parallel, the wind velocity near the ground was reinforced, and 

the pollutant dispersion mechanism changed, facilitating the movement of pollutants. 

The WCs in the step-up street canyon mainly affected the leeward flow structure. 

Owing to  the WCs, more fresh air was introduced along the leeward surface, further 

increasing the wind velocity and markedly reducing the leeward CO concentration. In 

the step-down street canyon with WCs, the flow structure in the upper space was 

noticeably altered, but the upward helical flow dominated the lower space. 

Consequently, the wind velocity near the ground increased by about 0.3 m/s owing to 

WCs. CO concentration slightly decreased under the different TTF configurations.  

 

 

                  



 

 

 

Fig. 7 3D streamlines, wind velocity, and CO concentration at y=30 m in the street 

canyons.  

(a) Shallow (H1/W=H2/W=0.5) and with WC, (b) Regular street canyon 

(H1/W=H2/W=1) with WC, (c) Deep street canyon (H1/W=H2/W=2) with WC, (d) 

Step-up street canyon (H1/W=1 & H2/W=2) with WC and (e) Step-down street canyon 

(H1/W=2 and H2/W=1) with WC 

3.4.2 Effects of wind catcher designs on IF_p 

 Fig. 8 presents the vertical profiles of CO IF_p in different floors in various street 

Comment [rcs-mc1]: Fix alignment. 

                  



canyon geometries with WCs. Initially, the distribution of the two-side IF_p remained 

nearly the same under different TTF configurations, except for the distribution in the 

step-up street canyon. In the step-up street canyon, the leeward IF_p at SL/SW=3/1 was 

about 0.3 ppm higher than that at SL/SW=1/3. Second, the IF_p could be reduced to 

different degrees for the different canyon geometries by comparing the IF_p in the 

cases with and without WCs. In the shallow street canyon with WCs, an apparent 

decline in leeward IF_p was observed, and the leeward IF_p was close to zero. The 

windward IF_p increased but only slightly. Thus, WCs can help avoid the effects of 

traffic emission when TTF occurs. Similarly, the leeward IF_p decreased significantly, 

whereas the windward IF_p only slightly increased in the regular street canyon with 

WCs. The WCs could reduce the leeward IF_p by as much as 1 ppm. Thus, the WCs 

can potentially mitigate the air pollution within the regular street canyon under 

different TTF configurations. In the deep street canyon with WCs, the windward IF_p 

significantly declined, particularly for SL/SW=1/3. However, the effects of WCs on 

leeward IF_p was relatively small, and the leeward IF_p for SL/SW=1/3 even 

increased mildly in the lower space. In the step-up street canyon, the WCs could 

substantially reduce only the leeward IF_p above the 4
th
 floor under different TTF 

configurations. By contrast, WCs largely reduced the two-side IF_p below the 5
th

 

floor (0.2–0.5 ppm) in the step-down street canyon.  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

5

10

15

20

F
lo

o
r 

n
u
m

b
er

IF_p (ppm)

 Shallow canyon & S
L
/S

W
=1/3

 Shallow canyon & S
L
/S

W
=3/1

 Regular  canyon & S
L
/S

W
=1/3

 Regular  canyon & S
L
/S

W
=3/1

 Deep      canyon & S
L
/S

W
=1/3

 Deep      canyon & S
L
/S

W
=3/1

 Step-up  canyon  & S
L
/S

W
=1/3

 Step-up  canyon  & S
L
/S

W
=3/1

 Step-down canyon  & S
L
/S

W
=1/3

 Step-down canyon  & S
L
/S

W
=3/1

Leeward CO IF_p of

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

5

10

15

20

F
lo

o
r 

n
u
m

b
er

IF_p (ppm)

 Shallow canyon & S
L
/S

W
=1/3

 Shallow canyon & S
L
/S

W
=3/1

 Regular  canyon & S
L
/S

W
=1/3

 Regular  canyon & S
L
/S

W
=3/1

 Deep      canyon & S
L
/S

W
=1/3

 Deep      canyon & S
L
/S

W
=3/1

 Step-up  canyon  & S
L
/S

W
=1/3

 Step-up  canyon  & S
L
/S

W
=3/1

 Step-down canyon  & S
L
/S

W
=1/3

 Step-down canyon  & S
L
/S

W
=3/1

Windward CO IF_p of

 

(a) (b) 

Fig. 8 Vertical profiles of the CO IF_p in different floors in the street canyons with 

different geometries with wind catcher design 

                  



Table 1 compares the overall average IF_p (<IF_p>) in different floors between 

the cases with WC and the cases without WC for different street canyon geometries. 

The WCs could lead to at least 30.6% reduction in the leeward <IF_p> for shallow, 

regular, step-up, and step-down street canyons under different TTF conditions, 

particularly in the upper space (88.2%–99.6%). However, the leeward <IF_p> 

increased by 258.1% from the 1
st
 floor to the 10

th
 floor but decreased by at least 36.7% 

from the 10
th
 floor to the 20

th
 floor in the deep street canyon with WCs. WCs could 

only improve the leeward <IF_p> in the upper space of the deep street canyon. A 

12.8%–78.4% decrease in windward <IF_p> was observed owing to windward WCs 

in the regular, deep, step-up, and step-down street canyons, whereas a slight increase 

of about 7% in windward <IF_p> was observed in the shallow street canyon. WCs are 

evidently effective devices for improving the <IF_p> on the two sides under different 

TTF conditions in the shallow, regular, step-up, and step-down street canyons, 

particularly in the upper space.   

Table 1. Difference in overall average IF_p (<IF_p>) between cases with WCs and 

cases without WCs  

Case 

Difference in overall average IF_p (<IF_p>) between cases with WC and cases without WC 

(%) 

Leeward Windward 

1
st
–5

th
 

floors 

5
th

–10
th 

floors 

10
th

–20
th

 

floors 

1
st
–5

th
 floor 

floors 

5
th

–10
th

 

floors 

10
th

–20
th 

floors 

Shallow canyon and SL/SW=1/3 99.6 - - -8.6   

Shallow canyon and SL/SW =3/1 99.5 - - -6.9   

Regular canyon and SL/SW=1/3 91.6 98.7 - 12.8 43.7  

Regular canyon and SL/SW =3/1 94.9 99.2 - 22.9 61.6  

Deep canyon and SL/SW=1/3 -121.7 -258.1 36.7 76.1 56.5 48.3 

Deep canyon and SL/SW =3/1 -5.7 -196.1 42.4 59.4 55.3 47.9 

Step-up canyon and SL/SW =1/3 35.7 99.8 - 46.1 78.4 66.1 

Step-up canyon and SL/SW =3/1 30.6 99.8 - 50.9 78.1 65.2 

Step-down canyon and SL/SW =1/3 33.8 29.6 88.2 36.7 28.7 - 

Step-down canyon and SL/SW =3/1 33.8 30.9 88.4 36.7 29.7 - 

 

                  



4. Conclusion 

 Increasing traffic emission causes a high risk of exposure for residents in 

near-road buildings. TTF has gradually become one of the most important 

components of urban traffic congestion. Although identical pollutant sources on 

different sides are usually considered, nonuniform traffic emission under different 

TTF conditions has rarely been investigated. This study aims to examine the airflow, 

spatial distribution of pollutants, and IF_p of CO in five street canyon structures 

under different TTF conditions. In addition, an optimal urban design device (WC) is 

introduced to reduce IF_p caused by different TTF conditions in different street 

canyons. The conclusions are presented below.  

The street canyon geometry significantly affects the distribution of IF_p in five 

street canyons under different TTF conditions. Under different non-uniform traffic 

emission configurations, the maximum leeward IF_p was considerably higher than 

the windward IF _p in the shallow (by 0.3 ppm), regular (by 0.9 ppm), step-up (by 0.7 

ppm), and step-down (by 0.7 ppm) street canyons; however, a higher maximum IF_p 

was observed on the windward side in the deep street canyon. Moreover, compared 

with the SL/SW=1/3 TTF condition, the SL/SW=3/1 TTF condition led to a higher 

leeward IF_p in the shallow, regular, deep, and step-up street canyons, particularly in 

the step-up and regular street canyons (the difference in leeward maximum IF_p 

between these two TTF configurations could reach ~0.4 ppm); however, the 

distribution of the leeward IF_p is almost identical for these two TTF conditions in 

the step-down street canyon. On the windward side, the difference in windward IF_p 

was not significant under different TTF conditions.  

The highest (1.4 ppm) and lowest (0.05 ppm) IF_p values for any TTF 

configurations were observed in the step-down and shallow street canyons, 

respectively. The leeward IF_p in the step-down street canyon, from the 1
st
 floor to 

the 10
th
 floor, was considerably higher than that in other street canyons under different 

TTF configurations, particularly in the lower space (from the 1
st
 floor to the 3

rd
 floor). 

The leeward IF_p in the step-down street canyon was ~1 ppm higher than the lowest 

leeward IF_p (deep street canyon and SL/SW=1/3). On the windward side, the 

                  



windward IF_p from the 1
st
 floor to the 5

th
 floor in the deep and step-down street 

canyons was substantially higher than those in other cases.  

The effects of WCs in the street canyon structures under different TTF conditions 

vary. The leeward IF_p evidently decreased in the shallow and regular street canyons 

with WCs, and the leeward IF_p was almost zero under different TTF conditions. 

WCs led to a relatively significant decrease in the step-up and step-down street 

canyons. By contrast, the decrease in windward IF_p was relatively slight with WCs. 

Specifically, WCs could lead to at least 30.6% reduction in leeward overall average 

IF_p (<IF_p>) in the shallow, regular, step-up, and step-down street canyons under 

different TTF conditions, particularly in the upper space (from 88.2% to 99.6%). 

Similarly, a 12.8%–78.4% decrease in windward <IF_p> due to WCs was observed in 

the regular, deep, step-up, and step-down street canyons.   

More attention should be paid to IF_p in realistic urban areas in future studies 

considering realistic TTF conditions. Non-uniform traffic-induced turbulence should 

also be included in further investigations. This study is one of the first attempts to 

quantitatively evaluate how IF_p is influenced by street canyon geometry under 

different TTF conditions. This study also adopts an optimal urban design (WCs) to 

improve air quality caused by TTF, providing practical and meaningful implications 

for urban planners and designers to solve the air pollution problem. 
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