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The results of numerical simulation of pollutant transport over a surface with large-scale 
roughness are presented. The problem was solved with the use of the Reynolds-averaged Navier–
Stokes equations with the Boussinesq closure. Turbulent parameters were determined on the basis of 
the modified k–ε-model of turbulence and the Launder–Spalding’s method of wall functions. The 
problem is solved numerically by the finite-volume method. The influence of urban vegetation on air 
pollution and the effect of traffic-induced turbulence on the pathways of air pollutants in a street 
canyon were investigated. 

 
 

Introduction 
 
Traffic is now one of the main sources of air 

pollution in cities.1 Many components of vehicle 

emissions, for example, benzopyrene, are very harmful 
for the human health. Therefore, the determination of 
harmful substance concentrations  in a city, study of 
causes, and prevention of conditions for the increased 
level of pollution of the surface air are urgent 

problems. 
One of the methods of investigation of pollutant 

transport in the urban environment is the mathematical 
simulation based on the use of equations of fluid 
dynamics and turbulent diffusion. Thus, in Ref. 2, to 
determine the structure of a turbulent flow in an 
extended street canyon, the Reynolds equation and 
the k–ε-model of turbulence in the two-dimensional 
formulation were applied. It has been found 

numerically that the vortex motion is formed inside 
the street canyon, and the center of this motion shifts 
towards its windward side depending on the wind 
strength and canyon configuration. The results of 
experimental and theoretical investigation of the 

pollutant concentration distribution in the street 

canyon as a function of the wind direction were 
presented in Ref. 3. The analysis has revealed that the 

pollutant concentration on the leeward side of the 

street canyon is much higher than on the windward side. 
A team of European scientists, working within 

the TRAPOS Projects, has now developed a series of 
models, such as CHENSI-1, CHENSI-2, MIMO, 
MISKAM, and TASCflow for calculation of spreading 
harmful pollutants emitted by traffic.4 The basic 
equations for these models are the nonstationary 
Reynolds equations for representation of the averaged 
turbulent motion. For closure of these equations, the 
k–ε or k–ω model of turbulence or some of its versions 
are used. The convection–diffusion equation serves a 
transport equation for description of pollutant 

dispersion. All the models (except for TASCflow) are 

realized numerically on a staggered grid. In the 
CHENSI-1 model, differential equations are solved 
by the finite-difference method, while the method of 
finite volume is employed for this purpose in 
CHENSI-2, MIMO, and MISKAM. In the TASCflow 
model, the equations are solved by the method of 
finite elements. These models can be used to study 
the spread of pollutants both in an individual street 
canyon, and in blocks. 

The aim of this work is to construct a 
mathematical model of the air turbulent motion and 
pollutant transport in an extended street canyon, as 
well as to study the influence of the configuration of 
urban elements and limited areas of vegetation on 
aerodynamics of the pollutant flow and the level of 
pollution in atmospheric air. 

 

Formulation of the problem 
 
A two-dimensional turbulent isothermal motion 

of air over some surface with elements of large-scale 
roughness is considered. 

The roughness elements are rectangular obstacles, 
whose size is comparable with the size of the region 
under study. Two types of obstacles are considered: 
buildings impenetrable for airflows, and penetrable 
vegetation areas or individual trees. The motion has a 
stationary character. 

The mathematical formulation of the problem 

includes the Reynolds-averaged Navier–Stokes 

equations, written with the use of the Boussinesq 
closure relations5
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Here U, V are wind velocity projections  on the axes 
Ox and Oy; ν is the kinematic viscosity of air; νt is 
the turbulent viscosity; = + ρ2/3 ,P P k  where P is 
pressure; k is the kinetic energy of turbulence; ρ is 
density; Fx, Fy are projections of resistance to the 
airflow in a vegetation area. The equations for Fx, Fy 
have the form  

 = η +2 2 ,x fF C aU U V  = η +2 2 ,y fF C aV U V  

where η is the fraction of the surface covered by 
trees; Ñf is the coefficient of resistance; à is the 
density of trees in a forested areas (for example, for 
pine trees η = 1, Ñf = 0.2, à = 0.3125 m2/m3 (Ref. 6)). 

The boundary conditions for the system of 
equations (1)–(3) are chosen as follows (Fig. 1): 
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Fig. 1. Geometry of the region under study. 

The concentration field of some gaseous inert 
pollutant is determined from solution of the transport 
equation, which has the form  
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where Ñ is the pollutant concentration; Sc is the 
Schmidt number; Sct is the turbulent Schmidt 
number; I is the source term, determining the 
intensity of pollutant inflow. In this work, the 
deposition of a gaseous pollutant emitted by traffic 
(for example, carbon monoxide) on streamline and 
penetrable obstacles is neglected, because the 
intensity of absorption of a gaseous pollutant in the 
street canyon with sparse plants is much lower than 
the rate of its emission by vehicles.1 The differential 
equation (4) was integrated with the zero boundary 
condition for the pollutant concentration at the left 
boundary and simple gradient relations at other 
boundaries. 

To determine the flow turbulent parameters, the 
k–ε model of turbulence7 was used: 
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and the constants are: c1 = 1.44, c2 = 1.92, σk = 1.0, 
σε = 1.3. In Eqs. (5) and (6), Fk, Fε are additional 
source terms, modeling the influence of plants on 
turbulence, which have the form: 
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only sources of pollutant emissions into the 
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atmosphere, but also generators of the so-called 
mechanical turbulence, caused by the air disturbance 
as a result of motion of a finite-length objects having 
a significant resistance. In this work, this factor is 
taken into account (as in Ref. 8) by adding the 
corresponding terms into the k–ε model of turbulence. 
The results of calculations have shown that the 

addition of the mechanical turbulence to the model 
leads to increase of the role of the turbulent diffusion 
in the pollutant spreading under urban conditions 
due to the increased level of turbulence. To take into 
account the generation of the kinetic energy of 
turbulence due to the traffic, the right-hand side of 
Eq. (5) is complemented with the term  

while Eq. (6) is complemented with the term 

responsible for the dissipation of the mechanical energy 

of turbulence, which has the form  

where Ñ

2
car car car,C V Q

2
car car car ( / ),C V Q kε

car = 0.0015 is the empirical coefficient; Vcar 
is the vehicle speed; Qcar is the number of vehicles 
per second [Ref. 8]. 

To define the values of the turbulent parameters 
near surfaces of urban elements, the Launder–
Spalding’s method of wall functions7

 is used. 
According to this method, the velocity component 
tangent to the surface near the surface can be 
represented as  

 τ μ
μ

τ ⎡ ⎤= ν⎣ ⎦ρ κ
1/4 1/2

1/4 1/2
ln / ,wU Ec k

c k
n  

where κ = 0.42; Å = 9.0; τw is the surface friction; n 
is the distance from the streamline surface. The kinetic 
energy of turbulence k near the surface (in a wall cell 
of the difference grid) is determined from Eq. (5) 
with the use of the following equations for the 
generation and dissipation of the turbulence energy: 
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In this paper, we consider two versions of the 
closure relation (7). In the first case, the coefficient 
ñμ is equal to 0.09, as in the original k–ε model.7 In 
the second case, the influence of the curvature of 
flow lines on the turbulent stress tangents and on the 
degree of anisotropy of normal stresses is taken into 
account9: 

Solution of the problem  
and calculated results 
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The problem is solved numerically on a uniform 
grid. The differential equations are discretized by the 
finite-volume method,10 and the convective terms of 
the transport equations are approximated with the 
use of the MLU scheme.11 To calculate the integrals, 
piecewise-linear profiles, describing the function 
variation between nodes, are used.12 This discretization 
yields the grid equations, which can be solved by the 
Buleev method of incomplete factorization.13 To match 
the pressure field to the velocity field, the Patankar–
Spalding SIMPLE algorithm10 is used. To check the 
adequacy of the model and the method of solution, 
we have carried out a series of test calculations. 
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In this case,  
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Test 1. Turbulent motion behind a ledge [Ref. 14] 
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The ledge height is h = 0.076 m, and the fluid 

velocity in the entrance cross section is 10 m/s. The 
flow pattern corresponds to the Reynolds number of 
50 000. The calculations were carried out in a region 
with the dimensions of 2 m along the axis Îõ and 

0.4 m along the axis Îó on a 150×80 grid at ñμ = 0.09 
and with allowance for influence of the flow line 
curvature on the turbulent structure of the flow [ñμ is 
calculated by Eq. (8)]. Figures 2 and 3 show the 
vector field of the turbulent motion behind the ledge, 
the plot of variation of the pressure coefficient, the 
dimensionless velocity, and the kinetic energy of the 
turbulence downstream. 
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The boundary conditions for Eqs. (5)–(7) have 
the form: 

– at the left boundary at x = 0: 
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 Calculations show that when using the standard 
k–ε model, the recirculating flow zone is smaller than 

it actually is. The modification of the turbulence 
model in order to take into account the influence of 
the flow line curvature on the turbulent structure 
allows more accurate calculation of the recirculating 
zone. 
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Fig. 2. Vector field of velocity in the case of flowing along a plate with a ledge (a); Re = 50000, h = 0.076 m (ñμ by Eq. (8)); 
distribution of the pressure coefficient behind a reward-facing ledge: experiment from Ref. 14 (ο) (b). 
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Fig. 3. Profiles of velocity and the kinetic energy of turbulence behind a ledge: ñμ = 0.09 (- - -), ñμ is calculated by Eq. (8) (- ⋅⋅ -); 
experiment from Ref. 14 (ο). 
 

Test 2. Pollutant transport  
in a street canyon 

 
The dimensionless concentration of a pollutant 

in the street canyon was calculated as a function of 
the wind direction, and the results obtained were 
compared with other similar model results and with 
experimental data from Ref. 4. The dimensionless 
concentration was determined as ñ* = CUHrefH/I, 
where Cleft is the concentration at the left wall of the 
canyon; UHref is the velocity at the height Href (for 
example, 100 m); H is the characteristic height (for 
example, mean height of buildings, equal to about 
16 m), and I is the intensity of the source of pollution. 
The results were compared with those obtained by  
the following models: MISKAM 1.1 (two-dimensional 
Microscale Flow and Dispersion Model), MISKAM 3.51, 

MISKAM 3.6 (three-dimensional Microscale Flow  
and Dispersion Models),15 and OSPM (Danish two-
dimensional Operational Street Pollution Model).16 
Figure 4 shows the results obtained for the canyon of 
an ideal shape with the width and height of 16 m and 
the length of 90 m. By the symmetry reasons, the 
results are shown only for directions from 90 to 270°; 
the direction of 180° corresponds to the flow parallel 
to the street. 

The best agreement with the results in a wind 
tunnel4 was obtained for the MISKAM 1.1 model. 
The latest versions of this model predict both the 
overestimated concentrations in the windward side 
(90°, MISKAM. 3.51) and underestimated ones (in 
comparison with the experiment) on the leeward side 

(270°, MISKAM. 3.6). OSPM gives larger values, 
except for the direction of 270°, where the clearly 
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Fig. 4. Dimensionless concentration in a street canyon as a function of the wind direction: calculations by the Eqs. (1)–(8) (a); 
MISKAM, OSPM, and experiments in a wind tunnel16 (b). 
 

pronounced maximum is not achieved. Analogous 
calculations by Eqs. (1)–(8) (the result is shown in 
Fig. 4a) clearly demonstrate that the concentration 
level is low on the windward side. It should be noted 
that, in general, the agreement with the experimental 
data from Ref. 4 is good. 
 

Test 3. Air mass motion behind some isolated tree  
of height Í 

 
The region under study is shown in Fig. 5. 
Figure 6 shows vertical profiles of the axial 

velocity and the kinetic energy of turbulence at 
different distances from some tree. The calculations 
show the processes of viscous dissipation to be 

prevailing in the vegetation area, therefore, the kinetic  
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Fig. 6. Comparison of vertical profiles of velocity and kinetic energy behind a tree: experiment from Ref. 6 (•); ñμ = 0.09 (⎯), 
ñμ calculated by Eq. (8) (ο); UH is the velocity at y = Í. 
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energy of turbulence is minimal behind the tree. At 

the same time, because of significant velocity gradients 

in the upper part of the tree crown and above the tree, 
the turbulent transport intensity increases at this height. 
On the one hand, the resistance of the penetrable 
obstacle to the incoming flow leads to decrease of the 
velocity axial component behind the tree (Fig. 6). On 

the other hand, because the vegetation density is lower 
near the ground, the axial velocity here is higher 

(Fig. 6). In general, a good agreement with the 
measurements from Ref. 6 and with the physical 
pattern of the process described in Ref. 1 is observed. 
It should be also noted that, taking into account of 
the influence of the flow line curvature on the 
turbulent characteristics and the degree of anisotropy 
of normal stresses [Eq. (8)], it is possible to predict 
the kinetic energy distribution, which corresponds to 
the actual turbulent structure of the flow to the  
 

higher extent than that obtained with the use of the 

standard k–ε model of turbulence.7

The proposed mathematical model was applied to 
the study of flow aerodynamics and the transport of a 
traffic pollutant in urban building elements. The 
calculations were carried out on a 161 121 grid. The 
pollution sources of constant intensity were located 
near the surface (ó = 0) at a distance of 5 m from 
buildings (see Fig. 1). The velocity of the incoming 
flow was U

×

300 = 1 m/s. In the calculations, we took 
the traffic speed Ucar = 10 m/s, and the traffic 
intensity Ccar = 0.5 s–1. 

Figure 7 shows the flow lines (a, c) and isolines 
of the pollutant concentration (b, d) in a street 
canyon with the following geometric characteristics: 
Ló1 = Ló2 = 30 m; Lõ2 – Lõ1 = 30 m (see Fig. 1). 

The results calculated indicate that the circulating 
motion of air is formed in the canyon; and the motion 
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Fig. 7. Flow lines and distribution of the pollutant concentration in the street canyon; Ly1 = Ly2 = 30 m; Lx2 – Lx1 = 30 m; the 
sources of pollutant emission are located at the points (õ = 35, y = 0); (õ = 55, y = 0); the vegetation area is shown by a rectangle. 

 



R.B. Nuterman and A.V. Starchenko Vol. 18,  No. 8 /August  2005/ Atmos. Oceanic Opt.  587 
 

direction and intensity are determined by the main 
flow velocity. The pollutant, emitted by sources 

located at the canyon bottom and entrained by the 
circulating motion of air, is transported to the leeward 
side, and then it is partly carried into the main flow 

and partly returned into the region bounded by the 
vertical walls of neighboring buildings. The  

recirculating flow speed in the canyon is much lower 
that the air speed above buildings, which favors the 
formation of the increased level of the pollutant 
concentration all over the canyon volume and, 
especially, near the emission sources and near the 
leeward side of the canyon. It should be noted that 
the change in the street canyon volume influences the  
level of air pollution in it,17 but local maximal values 
of pollutant concentrations are always observed near 
the leeward side of the canyon. 

A small vegetation area (few pine trees) at the center 
of the street canyon (Figs. 7c and d; 42.5 ≤ õ ≤ 47.5 m;  
 

1 ≤ ó ≤ 15 m), all other parameters of calculation being 
the same, significantly decreases the speed of the 

circulating motion due to the increased resistance to 

the flow. In addition, the appearance of a penetrable 
obstacle in the street canyon leads to deformation of 
flow lines in the vegetation zone and behind it due to 
lifting motion of air having passed near the obstacle 
bottom. The intensity of the street canyon ventilation 
decreases, leading to increase in the level of the 

pollutant concentration all over the canyon volume and, 
especially, near the leeward side. The intensification  
of the turbulent transport caused by a change in the 
character of the recirculating motion, which shows 

itself as a lifting turbulized polluted flow behind a 

penetrable obstacle, favors the additional dispersion of 
the pollutant. 

Figure 8 depicts the flow lines and isolines of 
the pollutant concentration in a flow around some 
extended building. 
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Fig. 8. Flow lines and concentration distribution for a building located on the windward side. Ly1 = 0 m, Ly2 = 30 m; 
Lx1 = 0 m, Lx2 = 50 m. The source of pollution is located at the point (õ = 45, y = 0); the square shows the vegetation area.
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The source of pollution is located 5 m far from the 
obstacle. The calculated results have shown that two 
vast recirculating zones are formed in the flow: at the 
bottom near the windward side of the building and 
downstream above the building (Fig. 8a). The highest 
concentrations of the gaseous pollutant are observed 
in the case, when the roadway is located near the 
windward side of the building. This can be explained 
by the fact that, in the region of the recirculating 
flow, the speed of the air mass motion and the 

turbulent diffusion are much lower than in the 

incoming flow and by the presence of the vortex 
motion, due to which the pollutant continuously 
circulates in this region and is removed only partly. 
If the pollution source is located upstream (õ ≤ 20 m), 
then the pollutant dispersion over the recirculating 
zone is more intensive due to high turbulent diffusion 
at this part of the flow. 

The presence of a limited vegetation zone (Fig. 8b; 
25 ≤ õ ≤ 40 m; 1 ≤ ó ≤ 15 m; pine trees) in front of 
the building changes the aerodynamic pattern of the 
flow. A penetrable obstacle stabilizes the incoming 
flow, thus preventing the conditions for formation 
here of the recirculating flow zone. As a result, the 
pollutant is mostly transported by the vertical flow 
and  the  area of its dispersion becomes much smaller. 

Therefore, the level of air pollution near the 
source under these conditions is higher as compared 
to the situation shown in Fig. 8a. 

 
Conclusions 

 
We presented a mathematical model and technique 

of calculation for investigation of aerodynamics in 
urban building elements. The model was tested and 
its good agreement with the experimental data has 
been demonstrated. The distribution of the concentration 

of a gaseous pollutant emitted by continuous sources, 
such as traffic, has been calculated in the street 
canyon and near some isolated building. The influence 
of a vegetation area located near the urban roadway 
on the aerodynamic pattern of the flow and the 
pollutant dispersion has been investigated. Unfavorable  
 

factors, leading to accumulation of harmful pollutants 
in the surface air and in urban building elements 
have been revealed. 
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