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Introduction

Outdoor air pollution is an important environmental problem in the urban environment [START_REF] Kumar | New directions: Air pollution challenges for developing megacities like Delhi[END_REF] and poses a major long-term health risk of respiratory diseases [START_REF] Guan | Impact of air pollution on the burden of chronic respiratory diseases in China: time for urgent action[END_REF]. Vehicular emissions are the predominant source of air pollution in streets [START_REF] Kumar | New Directions: Can a "blue sky" return to Indian megacities?[END_REF]. Three main approaches are considered to mitigate air pollution, including (i) controlling the activity (e.g., the number of cars), (ii) controlling the emission intensity (e.g., reducing emission factors), and (iii) controlling sourcereceptor pathways [START_REF] Mcnabola | The development and assessment of an aspiration efficiency reducing system of air pollution control for particulate matter in building ventilation systems[END_REF]. Among them, controlling source-receptor (traffic emissions-roadside residences) pathways has been considered as a low-cost passive method for existing streets compared to the other two methods which take a long time to achieve [START_REF] Gallagher | Passive methods for improving air quality in the built environment: A review of porous and solid barriers[END_REF][START_REF] Li | Review on pollutant dispersion in urban areas-part B: Local mitigation strategies, optimization framework, and evaluation theory[END_REF].

Road barriers have been identified as effective passive methods to control source-receptor pathways and reduce personal exposure in open roads and street canyons [START_REF] Buccolieri | Obstacles influence on existing urban canyon ventilation and air pollutant concentration: A review of potential measures[END_REF]. Road barriers can be divided into porous barrier and solid barrier [START_REF] Mcnabola | New Directions: Passive control of personal air pollution exposure from traffic emissions in urban street canyons[END_REF]. Hedges are common porous barriers and are low-level vegetation with continuous leaves covering from the ground to the top. Hedges can act either partially or completely as a baffle between traffic emissions and roadside receptors [START_REF] Baldauf | Roadside vegetation design characteristics that can improve local, near-road air quality[END_REF]. On the other hand, solid barriers, including low boundary walls [START_REF] Mcnabola | A numerical investigation of the impact of low boundary walls on pedestrian exposure to air pollutants in urban street canyons[END_REF] and noise barriers [START_REF] Bowker | The effects of roadside structures on the transport and dispersion of ultrafine particles from highways[END_REF][START_REF] Finn | Tracer studies to characterize the effects of roadside noise barriers on near-road pollutant dispersion under varying atmospheric stability conditions[END_REF], act as baffle plates and redirect the flow and thereby affect the dispersion at street level. The essential difference between hedge barriers and solid barriers is that the wind can pass through the hedge barriers at a reduced wind speed depending on the porosity, whereas the wind is forced over the solid barrier. Reducing the porosity (or increasing the density) of hedge barriers may make their effect close to that of solid barriers.

The pollutant reduction effect of hedge and solid barriers in street canyons is largely dependent on their proper implementation. Several common considerations have been recommended for both hedge and solid barriers. For instance, Gallagher et al. [START_REF] Gallagher | Numerical modelling of the passive control of air pollution in asymmetrical urban street canyons using refined mesh discretization schemes[END_REF] and Gromke et al. [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF] reported that one central barrier resulted in greater improvements in pollutant concentration reduction than two sidewise barriers. In addition, increasing the barrier height was found resulting in more effective pollutant reduction near the building walls [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF][START_REF] Issakhov | Numerical study of air pollution exposure in idealized urban street canyons: Porous and solid barriers[END_REF]. Moreover, the barrier effects are also dependent on the wind direction. McNabola et al. [START_REF] Mcnabola | A numerical investigation of the impact of low boundary walls on pedestrian exposure to air pollutants in urban street canyons[END_REF] reported that the solid barriers reduced the pollutant exposure of pedestrians walking on sidewalks by up to 40% and 75% under perpendicular and parallel wind conditions, respectively.

To reduce construction and maintenance costs, the barrier width is expected to be as thin as possible. Tong et al. [START_REF] Tong | Roadside vegetation barrier designs to mitigate near-road air pollution impacts[END_REF] showed that increasing hedge barrier width resulted in a greater reduction in concentration behind the barrier in an open road situation. However, the influence of barrier width for both hedge and solid barriers in a street canyon is unclear. In addition, the density or leaf area density (LAD) is an important parameter for vegetation [START_REF] Xue | The impact of roadside trees on traffic released PM10 in urban street canyon: Aerodynamic and deposition effects[END_REF][START_REF] Maison | Parameterizing the aerodynamic effect of trees in street canyons for the street network model MUNICH using the CFD model Code_Saturne[END_REF]. The LAD of hedges is generally higher than that of tree crowns [START_REF] Buccolieri | Review on urban tree modelling in CFD simulations: Aerodynamic, deposition and thermal effects, Urban For[END_REF]. Gromke et al. [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF] reported that increasing hedge density resulted in a concentration decrease near the building walls. However, as a LAD increase also leads to a wind velocity decrease [START_REF] Ghasemian | The influence of roadside solid and vegetation barriers on near-road air quality[END_REF], the ventilation rate of the street canyon could decrease.

Therefore, further investigations are needed to find out how hedge LAD affects the flow and concentration fields in a street canyon.

Among the methods of studying the effect of hedge and solid barriers in street canyons, on-site monitoring (field measurement), wind tunnel experiment (reduced scale experiment) and numerical modeling (analytical model and computational fluid dynamics) are frequently adopted.

On-site monitoring can provide knowledge of the barrier effect in real-world situations [START_REF] Brantley | Field assessment of the effects of roadside vegetation on near-road black carbon and particulate matter[END_REF][START_REF] Abhijith | Field investigations for evaluating green infrastructure effects on air quality in open-road conditions[END_REF][START_REF] Ottosen | The influence of the vegetation cycle on the mitigation of air pollution by a deciduous roadside hedge[END_REF][START_REF] Kumar | Understanding the effects of roadside hedges on the horizontal and vertical distributions of air pollutants in street canyons[END_REF].

Wind tunnel experiments use real fluids to accurately reproduce flows and allow systematic investigations [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF]. However, these methods are high-cost and can only provide limited information on complicated flow and concentration fields. With the development of numerical simulations, computational fluid dynamics (CFD) simulation has been widely used to simulate dispersion in street canyons. A commonly adopted method involves conducting CFD simulations after validating an experimental value. In the CFD technique, Reynolds-averaged Navier-Stokes (RANS) models [START_REF] Issakhov | Numerical study of air pollution exposure in idealized urban street canyons: Porous and solid barriers[END_REF] and large-eddy simulation (LES) [START_REF] Gallagher | Passive methods for improving air quality in the built environment: A review of porous and solid barriers[END_REF][START_REF] Mcnabola | A numerical investigation of the impact of low boundary walls on pedestrian exposure to air pollutants in urban street canyons[END_REF][START_REF] Gallagher | Numerical modelling of the passive control of air pollution in asymmetrical urban street canyons using refined mesh discretization schemes[END_REF] are frequently used to represent for barrier effects. In urban environments with complicated flow fields, LES has shown more accurate prediction accuracy on airflow and pollutant dispersion than the RANS model [START_REF] Tominaga | CFD modeling of pollution dispersion in a street canyon: Comparison between LES and RANS[END_REF][START_REF] Lin | CFD simulations on high-buoyancy gas dispersion in the wake of an isolated cubic building using steady RANS model and LES[END_REF].

However, few studies have been reported to perform CFD simulations using LES on hedge and solid barriers effects in a street canyon and validate the accuracy using experimental values.

In this study, we conducted LES to estimate the pollutant reduction effect of hedge and solid barriers in a street canyon. The accuracy of LES on the concentration field was validated by wind tunnel experiments [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF][START_REF] Gromke | Pollutant Concentrations in Street Canyons of Different Aspect Ratio with Avenues of Trees for Various Wind Directions[END_REF]. Moreover, we investigated the influences of LAD and barrier width.

The above studies were based on a wind direction which was perpendicular (90 degrees) to the street. Additionally, the barrier effects were evaluated under an oblique wind direction which was 45 degrees to the street. The remainder of this paper is organized as follows. In Section 2, the simulation settings are described, including street configuration, numerical methods of flow and dispersion modeling, and modeling of hedge barrier and analysis cases. In Section 3, the simulation results are validated against a wind tunnel database. The flow and concentration fields of the barrier-free, hedge barrier and solid barrier cases are presented to investigate the effect of the presence of barriers. The influence of LAD, barrier widths, and wind directions are then analyzed. Finally, conclusions and perspectives are presented in Section 4.

2 CFD simulation settings 2.1 Street canyon configuration, computational domain and grids Fig. 1. Schematic of the wind tunnel geometry [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF].

The simulated results were validated against the wind tunnel dataset [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF][START_REF] Gromke | Pollutant Concentrations in Street Canyons of Different Aspect Ratio with Avenues of Trees for Various Wind Directions[END_REF], where the detailed description of the wind tunnel experiment can be found. [START_REF] Gromke | Pollutant Concentrations in Street Canyons of Different Aspect Ratio with Avenues of Trees for Various Wind Directions[END_REF] [START_REF] Gromke | Pollutant Concentrations in Street Canyons of Different Aspect Ratio with Avenues of Trees for Various Wind Directions[END_REF] provided concentration distributions of the barrier-free case near the leeward and windward walls of the street canyon. In addition, [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF] [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF] provided concentration measurement data of street canyons with hedge and solid barriers. The street canyon configuration (Fig. 1) was set according to the full-scale model represented by the wind tunnel model. The length scale between the wind tunnel and the full-scale models was 1:150. The building height H of the isolated street canyon was 18 m. The width and length of the street canyon were 2H and 10H, respectively. The aspect ratio of the street canyon was 0.5. The barrier models and line sources were placed along the street. The line sources exceeded the street canyon by about 1H on each side to represent the traffic emission in the intersections. The barriers were located at the center of the canyon, and the height and width of the barriers were considered as 0.08H (1.5 m) based on the wind tunnel experiment [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF]. Fig. 2 shows the simulation domain. x, y and z represent the streamwise, spanwise and vertical directions, respectively. The height of the domain was set to 8H. The distances from the buildings to the boundaries were based on the Architectural Institute of Japan (AIJ) guidelines [START_REF] Tominaga | AIJ guidelines for practical applications of CFD to pedestrian wind environment around buildings[END_REF]. The distance between the outlet boundary and the downwind building was 15H. For perpendicular wind cases, the distance between the inlet boundary and the front face of upwind building was 8H, and between the lateral boundaries and the buildings were 9H. For oblique wind cases, a larger simulation domain was set. The distance between the inlet boundary and the front face of upwind building was 15H, and between the lateral boundaries and the buildings were 15H. As shown in Fig. 3, the simulation domain was discretized into hexahedral cells. Based on the preliminary grid sensitivity check outlined in Appendix A, the total grid number was set to approximately 1.5 million. The smallest and largest grid sizes in the street canyon were 0.014H and 0.056H, respectively. Fig. 3. Grid resolutions in the street canyon.

Numerical methods and boundary conditions

The transport equations for momentum and concentration for LES can be referred in previous studies [START_REF] Salim | Numerical simulation of atmospheric pollutant dispersion in an urban street canyon: Comparison between RANS and LES[END_REF][START_REF] Li | LES simulation of flow field and pollutant dispersion in a street canyon under time-varying inflows with TimeVarying-SIMPLE approach[END_REF]. The open-source CFD software OpenFOAM v2012 [START_REF]OpenFOAM user guide[END_REF] was used. For the turbulence model, the wall-adapting local eddy-viscosity (WALE) model [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF] was chosen because it can correctly reproduce the turbulence scaling near the wall without using a damping function.

The WALE model was used successfully in the flow and concentration fields in complex urban geometries [START_REF] Liu | LES for pedestrian level wind around an idealized building array-Assessment of sensitivity to influencing parameters[END_REF][START_REF] Burman | On possibilities to estimate local concentration variations with CFD-LES in real urban environments[END_REF]. The momentum and concentration equations were discretized using the total variation diminishing (TVD) scheme [START_REF] Harten | On a Class of High Resolution Total-Variation-Stable Finite-Difference Schemes[END_REF][START_REF] Yee | Construction of explicit and implicit symmetric TVD schemes and their applications[END_REF], which combines the first-order upwind difference scheme and the second-order central difference scheme. The PIMPLE algorithm, a merged PISO (Pressure Implicit with Splitting of Operator)-SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm in the OpenFOAM toolkit, was used for pressure-velocity coupling.

The sub-grid scale Schmidt number was set to 0.5 [START_REF] Antonopoulos-Domis | Large-eddy simulation of a passive scalar in isotropic turbulence[END_REF]. The inlet boundary conditions (Fig. 4) were set according to the wind tunnel experiments to reproduce the atmospheric boundary layer. The turbulent intensity 𝐼 𝑈 at building height 𝐻 was 𝐼 𝑈,𝐻 = 0.19. The vertical profiles of 𝑈 and 𝐼 𝑈 can be described by power law formulations as follows:

𝑈(𝑧) = 𝑈 𝐻 (𝑧/𝐻) 𝛼 𝑈 (1) 𝐼 𝑈 (𝑧) = 𝐼 𝑈,𝐻 (𝑧/𝐻) 𝛼 𝐼 (2) 
where power law exponents for 𝑈 and 𝐼 𝑈 were 𝛼 𝑈 = 0.3 and 𝛼 𝐼 = 0.36, respectively. In LES, the digital-filter method [START_REF] Klein | A digital filter based generation of inflow data for spatially developing direct numerical or large eddy simulations[END_REF] was used to generate synthetic turbulence at the inlet boundary. The Reynolds stresses and turbulent length scale were approximated from the experiment [START_REF] Kit | CODASC data base[END_REF]. For the outlet boundary conditions, the pressure and the gradients of all other variables were set to zero. Slip boundary conditions were used for the top boundary. No-slip boundary conditions based on Spalding's law [START_REF] Spalding | A Single Formula for the "Law of the Wall[END_REF] were prescribed at ground and building surfaces. The lateral boundaries (front and back) were considered as symmetric in the perpendicular wind cases, and as inlet and outlet in the oblique wind cases. The pollutant was emitted using source term in the concentration transport equation with a source intensity of one. The concentration at the inlet was set to 0. The concentration results were presented in nondimensionalized values. The nondimensionalized instantaneous concentration c was calculated from 𝑐 = 𝑐 𝑟𝑎𝑤 /𝑐 𝑟𝑒𝑓 , where 𝑐 𝑟𝑎𝑤 was the computed concentration and 𝑐 𝑟𝑒𝑓 = (𝑄/𝐿)/(𝑈 𝐻 𝐻) was the reference concentration. 𝑄/𝐿 was the emission rate per unit length of the source. The nondimensionalized time-averaged concentration and nondimensionalized concentration fluctuation were indicated as 𝐶 and 𝑐 ′ .

Modelling of hedge barrier

To reproduce the aerodynamic effect of the hedge barrier, a source term was assigned to the momentum transport equation [START_REF] Mcmullan | The effect of tree planting on traffic pollutant dispersion in an urban street canyon using large eddy simulation with a recycling and rescaling inflow generation method[END_REF]. Assuming the form drag was much larger than the viscous drag, the momentum source term of tree canopy was modelled as follows:

𝑆 𝑢 𝑖 = -𝐶 𝐷 LAD𝑢 𝑚𝑎𝑔 𝑢 𝑖 (3) 
where 𝑢 𝑚𝑎𝑔 was the velocity magnitude, 𝑢 𝑖 was the velocity component in the i-th direction, and 𝐶 𝐷 was the dimensionless drag coefficient. In the wind tunnel experiment [START_REF] Gromke | Influence of roadside hedgerows on air quality in urban street canyons[END_REF], the hedge barrier was modelled by using porous media with different porosities. The porosity was described by pressure loss coefficient 𝜆, given by

𝜆 = 2𝐶 𝐷 LAD (4) 
and 𝜆 was measured by

𝜆 = ∆𝑝 𝑠𝑡 0.5𝜌𝑢 2 𝑑 (5)
where ∆𝑝 𝑠𝑡 was the difference in static pressure between the windward and leeward of the porous media, 0.5𝜌𝑢 2 𝑑 was the dynamic pressure, 𝑑 was the porous foam sample thickness in the streamwise direction. Measurements of 𝜆 resulted in 250 m -1 for the wind tunnel scale, representing 𝜆 = 1.67 m -1 in the full scale. By considering 𝐶 𝐷 = 0.2 [START_REF] Buccolieri | Reprint of: Review on urban tree modelling in CFD simulations: Aerodynamic, deposition and thermal effects, Urban For[END_REF], LAD = 4.2 m 2 /m 3 can be interpreted from 𝜆 . Although the hedge influence on the flow turbulence was not considered in the previous LES studies on the pollutant dispersion in street canyons, the LES showed accurate accuracy with wind tunnel experiments [START_REF] Mcmullan | The effect of tree planting on traffic pollutant dispersion in an urban street canyon using large eddy simulation with a recycling and rescaling inflow generation method[END_REF][START_REF] Zhu | The influence of roadside green belts and street canyon aspect ratios on air pollution dispersion and personal exposure[END_REF]. The reason could be that most of turbulent kinetic energy was solved at the resolved scale. In this study, over 95% of turbulent kinetic energy was solved at the resolved scale as shown in Fig. A4 in Appendix A. Therefore, neglecting the sink or source terms for turbulence was considered acceptable in this study. In accordance with the experiment, the deposition effect of the hedge barrier was not considered.

Meanwhile, it should be noted that the deposition velocity is largely different depending on the pollutant species, especially for the particles [START_REF] Zhang | A size-segregated particle dry deposition scheme for an atmospheric aerosol module[END_REF]. Therefore, this study targeted on the gaseous species with small deposition velocities such as carbon monoxide and nitrogen oxides [START_REF] Zhang | A revised parameterization for gaseous dry deposition in air-quality models[END_REF].

Analysis cases

Table 1 shows the description of barrier configurations for all analysis cases. Cases were formulated by considering the influence of LAD, barrier width and wind direction. For the basic cases which corresponded to the experiment configurations, the simulated time-averaged concentration was validated using experimental data in Section 3.1 and the pollutant reduction effect from hedge and solid barriers were investigated in Section 3.2. Next, the influence of hedge porosity was analysed by considering successively the LAD as 1 and 2 m 2 /m 3 [START_REF] Buccolieri | Review on urban tree modelling in CFD simulations: Aerodynamic, deposition and thermal effects, Urban For[END_REF] in Section 3.3.

Then, hedge and solid barriers with smaller width (1 m and 0.5 m) were considered in Section 3.4. Subsequently, wind direction was considered as 45° in Section 3.5. Other configurations were the same as in the basic cases. In the Sections 3.1 to 3.4, the studies were based on a wind direction which was perpendicular (90 degrees) to the street. Fig. 5 shows the distributions of the time-averaged concentration C near the leeward wall (x/H=0.06) and the windward wall (x/H=1.94) in the basic cases (barrier-free, hedge barrier with LAD=4.2 m 2 /m 3 and solid barrier). The vertical planes were selected with the same location in the wind tunnel experiment [START_REF] Gromke | Pollutant Concentrations in Street Canyons of Different Aspect Ratio with Avenues of Trees for Various Wind Directions[END_REF]. As the simulation configurations were symmetric in the spanwise direction, the simulation results were averaged at mirror-symmetric locations. The simulation results were confirmed to be symmetrical in the spanwise direction in Appendix B. All subsequent results were presented using the same methods. The barrier-free case 2009) [START_REF] Mcnabola | A numerical investigation of the impact of low boundary walls on pedestrian exposure to air pollutants in urban street canyons[END_REF]. The new vortices were referred as leeward vortices hereafter, to be distinct from the original vortices which were referred to as windward vortices. In both hedge and solid barrier cases, the leeward vortices were in counter rotation direction with the windward vortices. In addition, the windward vortices were larger than the leeward vortices. At the same time, the hedge barrier case showed a stronger windward vortex compared to the solid barrier case. This can be attributed to the fact that the recirculated air flow was able to pass through the permeable hedge barrier but was forced over the solid barrier. Consequently, a stronger leeward vortex was formed in the solid barrier case than in the hedge barrier case. In addition, although the hedge barrier case generally showed larger W/UH than the solid barrier case in the street canyon, the solid barrier case showed larger W/UH than the hedge barrier case close to the solid barrier. The effect of the porosity or LAD of hedge barriers on the flow fields is further discussed in Section 3.3. in the street canyon (Table 2). Meanwhile, the two counter-direction vortices in the hedge and solid barrier cases transported the pollutant toward the center of the canyon (x/H=1), increasing the vertical pollutant removal at the top of the street canyon. Despite this decrease of the average concentration, large C can be found along the barriers. Hence, in view of urban design issues, pollutant absorption methods [START_REF] Brattich | The effect of photocatalytic coatings on NOx concentrations in real-world street canyons[END_REF] are expected to be combined with the barriers to achieve a better pollutant reduction effect. In addition, the solid barrier case generally showed larger values of C than the hedge barrier case. The reason could be that the windward vortex, which was stronger in the hedge barrier case than that in the solid barrier case, dominated the pollutant removal.

Table 2 summarizes the spatially-averaged concentration in the barrier-free case and the x/H y/H concentration ratio between the analysis cases and the barrier-free case near the leeward wall (x/H=0.06, -5≤y/H≤5, 0≤z/H≤1), windward wall (x/H=1.94, -5≤y/H≤5, 0≤z/H≤1) and the whole street canyon (0≤x/H≤2, -5≤y/H≤5, 0≤z/H≤1). The spatially-averaged concentration is the areaweighted average concentration on the planes. In the barrier-free case, the spatially-averaged concentration near the leeward wall was about 2.7 times the value near the windward wall and 1.5 times the canyon-averaged concentration. The hedge barrier reduced the spatially-averaged concentration by about 59% near the leeward wall, 64% near the windward wall and 45% for the whole street canyon compared to the barrier-free case. Although the pollutant reduction effect of the solid barrier was less than that of the hedge barrier, the solid barrier reduced spatially-averaged concentration by about 45% near the leeward wall, 20% near the windward wall and 17% for the whole street canyon. For the barrier free case, 𝑊𝐶 and 𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ at the top plane primarily determined the removal process compared to 𝑉𝐶 and 𝑣 ′ 𝑐 ′ ̅̅̅̅̅ at the side planes because the surface area of the top plane was larger than the side planes (Table 3). In addition, 𝑊𝐶 dominated the removal process at the top plane compared to 𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ as shown in Fig. 10 (a,d). Large positive 𝑊𝐶 occurred near the leeward wall and small negative 𝑊𝐶 occurred near the windward wall. These results were in line with the findings in two-dimensional street canyons in the previous wind tunnel experiment [START_REF] Marucci | Effect of local and upwind stratification on flow and dispersion inside and above a bi-dimensional street canyon[END_REF] and LES studies [START_REF] Cintolesi | Large-Eddy Simulations of Pollutant Removal Enhancement from Urban Canyons[END_REF]. For the side planes, although positive 𝑉𝐶 occurred near the leeward wall, the surfacesum 𝑉𝐶 was negative because the separate flow near the building edges (Fig. 8 (a)) leaded to large pollutant inflow to the street canyon. At the same time, 𝑣 ′ 𝑐 ′ ̅̅̅̅̅ was generally positive at the side planes, especially large positive 𝑣 ′ 𝑐 ′ ̅̅̅̅̅ occurred near the ground. Previous LES studies found that the rooftop obstacles [START_REF] Cintolesi | Large-Eddy Simulations of Pollutant Removal Enhancement from Urban Canyons[END_REF] and building façade geometrical details [START_REF] Zheng | Impact of building façade geometrical details on pollutant dispersion in street canyons[END_REF] increased 𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ at the top plane and enhanced the pollutant removal in the street canyon.

Similarly, the hedge and solid barriers decreased surface-sum 𝑊𝐶 and increased surface-sum 𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ at the top plane from the barrier free case as shown in Table 3. In addition, the hedge barrier case showed larger surface-sum 𝑊𝐶 decrease and larger surface-sum 𝑊𝐶 increase from the barrier free case than the solid barrier case. Due to the reshaped vertical vortices ( Fig. 7 (a-c)), the hedge and solid barrier cases showed smaller 𝑊𝐶 near the leeward wall but larger 𝑊𝐶 above the barriers compared to the barrier free case (Fig. 10). For the side planes, the hedge and solid barriers increased both inflow 𝑉𝐶 and outflow 𝑣 ′ 𝑐 ′ ̅̅̅̅̅ from the barrier free case, especially near the barriers (Fig. 11). 12 (a-c). At the same time, a decrease of LAD also increased W/UH near the ground near the leeward side of the barrier (Fig. 12 (d)). These can be attributed to that small LAD resulted in less momentum reduction when recirculation flow passed through the hedge barriers, therefore resulted in large windward vortices and small leeward vortices as shown in Fig. 7. In addition, the U/UH differences between LAD=4.2 m 2 /m 3 and LAD=2 m 2 /m 3 were smaller than the differences between LAD=2 m 2 /m 3 and LAD=1 m 2 /m 3 .
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For the time-averaged concentration C, decreasing the LAD led to lower values at the center of the street due to increased U/UH (Fig. 12 (h)). Meanwhile, the stronger negative U/UH transported more pollutant toward the leeward walls and therefore increased C (Fig. 12 (g)). Regarding the spatially-averaged concentration (Table 2), the hedge barrier with LAD=1 m 2 /m 3 showed slightly higher C near the leeward wall and windward wall but smaller C for the whole street canyon compared to the hedge barrier with LAD=4.2 m 2 /m 3 . Meanwhile, the hedge barrier with LAD=2 m 2 /m 3 showed comparable C to the hedge barrier with LAD=4.2 m 2 /m 3 . As the pollutant was emitted at the ground which was lower than the barrier height in the current study, the small wind velocity change near the hedge barriers due to the LAD change led to small effect on concentration. 

Influence of barrier width
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Regarding the influence of hedge and solid barrier width, Fig. 13 shows vertical profiles of timeaveraged streamwise velocity U/UH, vertical velocity W/UH and concentration C in the vertical plane (y/H=0) with different barrier widths (0.5, 1.0 and 1.5 m). For hedge barriers, decreasing barrier width resulted in similar influences on the flow and concentration fields as decreasing LAD. Specifically, the negative U/UH near the ground was enhanced and W/UH near the leeward side of the barrier was increased. In addition, decreasing hedge barrier width increased the spatially-averaged concentration near the leeward and windward walls but decreased the spatially-averaged concentration in the street canyon as shown in Table 2.

However, decreasing solid barrier width generally weakened both U/UH and W/UH in the street, indicating that a thinner solid barrier led to a smaller change of the near-ground wind direction from horizontal to slanting upwards. As a result, decreasing solid barrier width hindered the pollutant removal at the top of the canyon and therefore increased the spatially averaged concentration (Table 2) in the street canyon.

In general, increasing hedge and solid barrier width did not show significant effects on the flow and concentration fields in the street canyon, indicating that the presence of a line obstacle on the street ground was the dominant reason for reducing the pollutant concentration by breaking the large recirculation flow ( Fig. 7). To discuss the influence of wind direction, simulations of the basic cases (barrier-free, hedge barrier with LAD=4.2 m 2 /m 3 and solid barrier) were conducted under the oblique wind direction, which was 45 degrees to the street. Fig. 14 shows the distributions of the time-averaged streamlines, streamwise velocity U/UH and time-averaged concentration C in the horizontal plane (z/H=0.08). In the barrier-free case, the oblique wind direction resulted in a large region with negative U/UH in the street canyon (Fig. 14 (a)), therefore the pollutant was concentrated near the leeward wall (Fig. 14 (d)). In addition, the air exchange in the canyon increased in the street canyon in the oblique wind direction compared to the perpendicular wind direction. Therefore, the spatially-averaged concentration near the leeward wall, the windward wall and in the whole street canyon reduced to 18%, 6%, and 14% of values in the barrier-free case in the perpendicular wind direction, respectively (Table 2).

Influence of oblique wind direction

In the hedge and solid barrier cases, positive U/UH regions were observed between the leeward walls and the barriers (Fig. 14 (b,c)), indicating that the barriers broke the recirculation flows into the leeward and windward vortices, similarly to the perpendicular wind directions (Fig. 8).

Therefore, the leeward and windward vortices carried the pollutant along the leeward sides of the hedge and solid barriers (Fig. 14 (e,f)). Meanwhile, the permeability of the barriers resulted in x/H y/H

x/H different streamlines near y/H=2 and therefore leaded to different locations of the highconcentration area in the hedge and solid barrier cases. The hedge barrier led to higher C than the solid barrier at the corner of the canyon and on the leeward side of the barrier. Regarding the spatially-averaged concentration, compared to the barrier-free case (Table 2), the hedge barrier reduced it by about 30% at both the leeward and windward walls, but increased it by 30% in average over the whole street canyon due to the high concentration areas along the barrier.

However, the solid barrier reduced it by about 60% at both leeward and windward walls compared to the barrier-free case, and by 4% in average over the whole street canyon. Therefore, both hedge and solid barriers were effective in reducing pollutant concentrations near the building walls in an oblique wind direction, and the solid barrier showed better effects than the hedge barrier.

Conclusions

Summary

Road barriers have been considered as effective methods to mitigate traffic pollution in urban environments. Meanwhile, the effect of road barriers on the flow and concentration fields in streets has not been sufficiently studied. To address this knowledge gap, this study conducted large-eddy simulations on pollutant reduction effect of hedge and solid barriers in an idealized street canyon. The aspect ratio of the street canyon was 0.5 and the building height was 18 m. The 1.5 m high barriers were placed in the middle of the street. The pollutant was emitted from the line sources at ground level. After validating the LES results with wind tunnel experiments, the influences of LAD and barrier width were investigated. Furthermore, the barrier effects were also studied in an oblique wind direction. The major findings are summarized below:

(1) LES accurately reproduced the concentration distributions for both the leeward and windward sides in the barrier-free case. In addition, LES well reproduced the barrier-induced pollutant reduction. Therefore, LES was considered to be an effective method for analyzing the barrier effect.

(2) For the flow fields in the street canyon, a large recirculation vortex was observed in the barrier-free case. However, the road center barriers modified the recirculated air flow with additional vortices between the leeward walls and the barriers. In addition, the hedge barrier case showed a stronger windward vortex compared to the solid barrier case because the recirculated airflow could pass through the permeable hedge barrier but was forced over the solid barrier. At the same time, a stronger leeward vortex was formed in the solid barrier case than in the hedge barrier case.

(3) For the concentration field in the barrier-free case, the pollutant was transported toward the leeward wall by the vertical recirculation flow and toward the inner part of the street by the spanwise flow, hence large concentration regions were found near the leeward wall. However, the two counter-direction vortices in the hedge and solid barrier cases transported the pollutant toward the center of the canyon and enhanced the vertical pollutant removal at the top of the street canyon. The hedge barrier reduced the spatially-averaged concentration by about 59% near the leeward wall, 64% near the windward wall and 45% over the whole street canyon.

The solid barrier was less effective: it reduced the spatially-averaged concentration by about 45% near the leeward wall, 20% near the windward wall, and 17% over the whole street canyon.

(4) Decreasing the hedge LAD resulted in less momentum reduction when recirculation flow passed through the hedge barriers, therefore intensified the streamwise and vertical velocity in the street. The increased streamwise wind transported more efficiently the pollutant toward the leeward walls and therefore increased concentration near the leeward wall. Meanwhile, the increased vertical wind enhanced pollutant removal at the top of the canyon and therefore decreased canyon-averaged concentration. In addition, the differences between LAD=4.2 m 2 /m 3 and LAD=2 m 2 /m 3 were smaller than the differences between LAD=2 m 2 /m 3 and LAD=1 m 2 /m 3 . One of the reasons was considered to be that the wind velocity near the barriers was small, and therefore further increasing the LAD led to little effect on velocity reduction.

(5) Decreasing hedge barrier width resulted in similar effects on the flow and concentration fields as decreasing LAD. However, decreasing the solid barrier width generally weakened the wind velocity in the street. This is because thinner solid barriers led to smaller influences to change the near-ground wind direction from horizontal to slanting upwards. As a result, decreasing solid barrier width hindered the pollutant removal at the top of the canyon and therefore increased the spatially-averaged concentration in the street canyon. In general, varying barrier width from 0.5 m to 1.5 m did not show significant effects on the flow and concentration fields in the street canyon because the presence of a line obstacle on the street ground was the dominant reason for reducing the pollutant concentration by breaking the large recirculation flow.

(6) In an oblique wind direction of 45 degrees to the street, the pollutant was concentrated on the leeward side in the street canyon in the barrier-free case. In the hedge and solid barrier cases, the barriers broke the recirculation flows into the leeward and windward vortices , similarly to the perpendicular wind directions. The hedge and solid barriers reduced the spatiallyaveraged concentration near the building walls by almost 30% and 60% compared to the barrier-free case, respectively. Meanwhile, due to the high concentration regions along the barrier, the hedge barrier increased by 30% the spatially-averaged concentration in the street canyon and the solid barrier reduced it by about 4% compared to the barrier-free case.

In conclusion, the pollutant reduction effects of hedge and solid barriers were confirmed in both perpendicular and oblique wind directions. Although the effects of the variation in the hedge LAD and barrier width were not significant on the flow and concentration fields in the street canyon, increasing the hedge LAD and barrier width is recommended to reduce more efficiently pollutant concentrations near building walls. In addition, the hedge barrier is recommended in a perpendicular wind direction to the street, and the solid barrier is recommended in an oblique wind direction. The conclusions obtained in this study may help urban planners to design the location and material of barriers.

Limitations of the study

Although this study highlighted several key aspects, some limitations should be addressed in future work.

(1) Concerning the street configuration, barrier dimension and meteorological conditions, the isolated street canyon employed in the current study was a generic idealized urban geometry.

Further studies are needed to evaluate the barrier effect in the real-world flow environment.

For instance, traffic-induced turbulence could significantly change the impact of the barrier.

In addition, although this study found that the barriers with a height of 1.5 and a width from 0.5 m to 1.5 m showed small differences in pollutant reduction effect, further studies are needed to confirm the pollutant reduction effect from larger barriers. Moreover, the isothermal boundary layer was considered, whereas solar radiation can lead to large temperature differences in the street and result in buoyant flows. Therefore, the barrier effects should be evaluated under different thermal conditions [START_REF] Zhao | Isothermal and non-isothermal flow in street canyons: A review from theoretical, experimental and numerical perspectives[END_REF].

(2) Except of the hedge and solid barriers investigated in this study, other geometrical details in the street canyon such as wind catchers [START_REF] Zhang | Integrated impacts of turbulent mixing and NOX-O3 photochemistry on reactive pollutant dispersion and intake fraction in shallow and deep street canyons[END_REF], car parking systems [START_REF] Gallagher | How parked cars affect pollutant dispersion at street level in an urban street canyon? A CFD modelling exercise assessing geometrical detailing and pollutant decay rates[END_REF] and elevated walkways [START_REF] Chen | Large eddy simulation study on pedestrian-level wind environments around elevated walkways and influential factors in ideal urban street canyons[END_REF] can also influence the flow fields in the street and insert similar pollutant reduction mechanisms to the barriers. Their urban area applicability, efficacy and limitations were discussed in the literature review [START_REF] Li | Review on pollutant dispersion in urban areas-part B: Local mitigation strategies, optimization framework, and evaluation theory[END_REF][START_REF] Buccolieri | Obstacles influence on existing urban canyon ventilation and air pollutant concentration: A review of potential measures[END_REF]. Therefore, it is of great importance to compare the effects of these geometric details in order to provide urban planners with appropriate recommendations for reducing pollutant concentrations. However, these geometrical details have been evaluated in different street configurations and meteorological conditions such as wind direction, which makes the comprehensive comparisons difficult. Therefore, further studies are needed to set the same situations under the representative urban environments to evaluate these geometrical details.

(3) Regarding the hedge modeling, the dry deposition effect was not considered in the current study in accordance with the experiment. However, the deposition effect is dependent on the pollutant species [START_REF] Zhang | A revised parameterization for gaseous dry deposition in air-quality models[END_REF], particle size and density [START_REF] Zhang | A size-segregated particle dry deposition scheme for an atmospheric aerosol module[END_REF] and LAD [START_REF] Xue | The impact of roadside trees on traffic released PM10 in urban street canyon: Aerodynamic and deposition effects[END_REF] and may provide a more comprehensive assessment of the hedge barrier volume and LAD.

(4) Chemical reactions and aerosol dynamics were not considered during the pollutant dispersion in the current study, whereas they have been found to significantly influence the distribution of traffic pollutants in the street canyon [START_REF] Lin | Modeling of street-scale pollutant dispersion by coupled simulation of chemical reaction, aerosol dynamics, and CFD[END_REF][START_REF] Wang | Impact of trees on gas concentrations and condensables in a 2-D street canyon using CFD coupled to chemistry modeling[END_REF] and they should be considered to simulate the air quality more accurately.
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 2 Fig. 2. Simulation domain. The values in parentheses denote domain size in the oblique wind direction cases.

  The time step was set to ∆𝑡 = 0.1 s (0.026𝐻/𝑈 𝐻 ). The computation was performed for 3600 s before being time-averaged for 3600 s (930𝐻/𝑈 𝐻 ). The time-averaged streamwise velocity 𝑈 at building height 𝐻 was 𝑈 𝐻 = 4.65 𝑚/𝑠 . The sampling time was considered sufficient to obtain the time-averaged and fluctuation values.

Fig. 4 .

 4 Fig. 4. Time-averaged streamwise velocity 𝑈 and turbulence intensity 𝐼 𝑈 in streamwise direction of inflow. 𝑈 𝐻 and 𝐼 𝑈,𝐻 were the time-averaged streamwise velocity 𝑈 and turbulent intensity 𝐼 𝑈 at building height 𝐻.

( a )

 a Grid for barrier free and hedge barrier cases (b) Grid for solid barrier cases
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 5 Fig. 5. Distributions of the time-averaged concentration C near the leeward wall (x/H=0.06) and the windward wall (x/H=1.94) in the basic cases. The experiment data is from Gromke and Ruck (2012) [27].

Fig. 6 .

 6 Fig. 6. Vertical profiles of the time-averaged concentration near the leeward wall (x/H=0.06) and the windward wall (x/H=1.94) in the basic cases. EXP-Free1 indicates the experimental data from Gromke and Ruck (2012) [27]. Other experimental data are taken from Gromke et al. (2016) [14].
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 2 Fig. 7. Distributions of the time-averaged streamlines, streamwise velocity U/UH and vertical velocity W/UH in the vertical plane (y/H=0).

UFig. 8 .

 8 Fig. 8. Distributions of the time-averaged streamlines, streamwise velocity U/UH and spanwise velocity V/UH in the horizontal plane (z/H=0.08).

Fig. 8

 8 Fig. 8 shows the distributions of the time-averaged streamlines, streamwise velocity U/UH and spanwise velocity V/UH in the horizontal plane (z/H=0.08), which correspond to both the barrier height and the pedestrian height. For U/UH, negative values were simulated in the barrier-free case because of the large recirculation flow shown in Fig. 7(a). In addition, a local recirculation zone was simulated near the intersection (x/H=0, y/H=5), which brought fresh air from the side of the canyon. Meanwhile, U/UH in hedge and solid barrier cases were generally in positive values between the leeward walls and the barriers, corresponding to the anticlockwise leeward vortices in Fig. 7(b) and (c). Further, the barriers weakened the recirculation zone near the intersection, especially in the solid barrier case. For V/UH, hedge and solid barriers intensified the spanwise flow near the windward walls but weakened the spanwise flow near the leeward walls.

Fig. 9 .

 9 Fig. 9. Distributions of the time-averaged concentration C in the (a-c) vertical plane (y/H=0) and (d-f) the horizontal plane (z/H=0.08).

3

 3 Concentration flux of basic cases Convective concentration flux and turbulent concentration flux are crucial for understanding the pollutant transport in urban environments [48-50]. To clarify the effect of the hedge and solid barriers on pollutant removal in the street canyon, we investigated the surface-sum concentration flux, as shown in Table 3. 𝑢 ′ , 𝑣 ′ , 𝑤 ′ are the fluctuation velocities in the streamwise, spanwise and vertical directions, respectively. The pollutants were transported out of the street canyon from the vertical convective concentration flux 𝑊𝐶 and vertical turbulent concentration flux 𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ at the top plane (0≤x/H≤2, -5≤y/H≤5, z/H=1), and also from the spanwise convective concentration flux 𝑉𝐶 and spanwise turbulent concentration flux 𝑣 ′ 𝑐 ′ ̅̅̅̅̅ at the side planes (0≤x/H≤2, y/H=-5 and y/H=5, 0≤z/H≤1). The positive and negative values indicate the outflow and inflow concentration flux, respectively. The percentage value (ratio of each surface-sum concentration flux to the net concentration flux) was used to represent the contribution of each concentration flux. In addition, the difference of the net concentration flux between the barrier free, hedge barrier and solid barrier cases were confirmed smaller than 0.5 percent.

Fig. 10 .

 10 Fig. 10. Distributions of the vertical convective concentration flux 𝑊𝐶/𝑈 𝐻 and vertical turbulent concentration flux 𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ /𝑈 𝐻 in the top plane (0≤x/H≤2, -5≤y/H≤5, z/H=1) of the street canyon.

Fig. 11 .

 11 Fig. 11. Distributions of the spanwise convective concentration flux 𝑉𝐶/𝑈 𝐻 and spanwise turbulent concentration flux 𝑣 ′ 𝑐 ′ ̅̅̅̅̅ /𝑈 𝐻 in the side plane (0≤x/H≤2, y/H=5, 0≤z/H≤1) of the street canyon.
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 12 Fig. 12. Vertical profiles of the time-averaged streamwise velocity U/UH, vertical velocity W/UH, concentration C in the vertical plane (y/H=0) with different LAD.

Fig. 13 .

 13 Fig. 13. Vertical profiles of the time-averaged streamwise velocity U/UH, vertical velocity W/UH, concentration C in the vertical plane (y/H=0) with different barrier widths.

  (g) x/H =0.1, C (h) x/H =1.1, C (i) x/H =1.9, C (d) x/H =0.9, W/U H (e) x/H =1.0, W/U H (f) x/H =1.1, W/U H (a) x/H=0.9, U/U H (b) x/H =1.0, U/U H
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 14 Fig. 14. Distributions of the time-averaged streamlines, streamwise streamlines, velocity U/UH and time-averaged concentration C in the horizontal plane (z/H=0.08) under the oblique wind direction.

Fig. A2 .

 A2 Fig. A2. Vertical profiles of the time-averaged concentration C near the leeward wall (x/H=0.06) with different grid resolutions. The wind direction was perpendicular to the street.

Fig

  Fig. A2 compares the vertical profiles of the time-averaged concentration C near the leeward wall (x/H=0.06) with different grid resolutions for the barrier-free, hedge barrier and solid barrier cases.No significant discrepancy was observed between the results based on the basic and fine grids.However, the predicted mean concentration based on the coarse grid showed larger values compared to the other grid resolutions.

Fig. A3 .

 A3 Fig. A3. Distributions of the time-averaged streamlines and concentration C in the vertical plane (y/H=0) with different grid resolutions. The wind direction was perpendicular to the street.

Fig. A4 .

 A4 Fig. A4. Distributions of the ratio of the time-averaged turbulent kinetic energy at the subgrid scale ksgs and the time-averaged turbulent kinetic energy k at the resolved scale and the in the horizontal plane (z/H=0.5) based on the basic grid. The wind direction was perpendicular (90 degrees) to the street.

  Fig. B1. Distributions of the time-averaged streamlines, streamwise velocity U/UH and concentration C in the horizontal plane (z/H=0.08). The wind direction was perpendicular (90 degrees) to the street.

Fig

  Fig.B1shows the time-averaged streamlines, streamwise velocity and concentration in the whole horizontal plane (z/H=0.08) in the street canyon. The wind direction was perpendicular (90 degrees) to the street. As the sampling time was sufficient, the distributions were almost symmetric in the y-direction. For simplicity, the simulation results under perpendicular wind direction in Section 3 were averaged at mirror-symmetric locations and only half-side results were presented.

Table 1 .

 1 Description of barrier configurations for all analysis cases.

	Barrier	LAD (m 2 /m 3 ) Width (m) Wind direction (°)	Note
	Basic cases a				
	Free	N/A	N/A		Section 3.1
	Hedge b	4.2	1.5	90	Section 3.2
	Solid	N/A	1.5		Section 3.3
	Discussion on LAD				
	Hedge	1.0, 2.0, 4.2	1.5	90	Section 3.4
	Discussion on barrier width				

Table 2 .

 2 Spatially-averaged concentration ratio between the analysis and the barrier-free cases.

	Barrier type	Leeward Windward Canyon
	Perpendicular wind direction			
	Free	100.0 (13.8) 100.0 (5.0) 100.0 (9.0)
	Hedge (LAD=4.2 m 2 /m 3 , Width=1.5 m)	41.1	36.4	54.5
	Hedge (LAD=2.0 m 2 /m 3 , Width=1.5 m)	41.0	36.1	54.1
	Hedge (LAD=1.0 m 2 /m 3 , Width=1.5 m)	43.1	36.6	53.2
	Hedge (LAD=4.2 m 2 /m 3 , Width=1.0 m)	41.4	34.2	53.2
	Hedge (LAD=4.2 m 2 /m 3 , Width=0.5 m)	41.8	35.0	51.8
	Solid (Width=1.5 m)	55.2	80.7	83.3
	Solid (Width=1.0 m)	57.2	80.0	86.8
	Solid (Width=0.5 m)	59.8	83.1	87.2
	Oblique wind direction			

The values are based on the leeward wall (x/H=0.06, -5≤y/H≤5, 0≤z/H≤1), windward wall (x/H=1.94, -5≤y/H≤5, 0≤z/H≤1) and street canyon (0≤x/H≤2, -5≤y/H≤5, 0≤z/H≤1). The values in parenthesis indicate the spatially-averaged concentration in the barrier-free case.

Table 3

 3 

	Surface-sum concentration flux at the top plane (0≤x/H≤2, -5≤y/H≤5, z/H=1) and the side
	planes (0≤x/H≤2, y/H=-5 and y/H=5, 0≤z/H≤1). The positive and negative values indicate the
	outflow and inflow concentration flux, respectively. All values are represented by percentages
	(ratio of each surface-sum concentration flux to net concentration flux). The values in parentheses
	are the nondimensionalized net concentration-flux.	
	Concentration flux	Free	Hedge (LAD=4.2 m 2 /m 3 , Width=1.5 m)	Solid (Width=1.5 m)
	𝑊𝐶 at the top plane	81%	65%	75%
	𝑤 ′ 𝑐 ′ ̅̅̅̅̅̅ at the top plane	25%	41%	32%
	𝑉𝐶 at the side planes	-16%	-17%	-23%
	𝑣 ′ 𝑐 ′ ̅̅̅̅̅ at the side planes	10%	11%	16%
	Net concentration flux 100% (1791)	100% (1783)	100% (1797)
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