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5.  Turbulent transport in the atmospheric surface layer 
5.1. Model of turbulent transport in the stratified surface layer  
The mathematical models of the turbulent transport in the atmospheric 

surface layer are widely used in meteorology and for the urban air quality 
forecast [2-32, 37-38, 44-48]. The finite element modelling of plume dispersion 
in the stratified surface layer has been developed by Pugliese et al [119] based 
on the Monin-Obuchov similarity theory [21-22] and  k − ε  model which has 
been modified for geophysical applications by Rodi [126-127]. The turbulent 
flow in the street canyon has been considered by Hassan & Crowther [128] and 
other. The turbulent flow and the air pollutants dispersion in the Central London 
has been estimated by Ni Riain et al [12].  

Numerical solutions of equations system of turbulent transport of admix-
tures in a surface layer of the atmosphere for a large scale have been studied in 
this paper. An equation of the model of turbulent diffusion in a stratified bound-
ary layer has been deduced. An expression of deposition velocity of gas admix-
tures and aerosols in the stratified flows has been obtained. It has been shown 
that in a case of stable or neutral stratification the deposition velocity depends 
mainly on dynamic velocity. In the case of unstable stratification the deposition 
velocity depends on a parameter of stability that is well conform to data of natu-
ral experiments. On the base of developed models, numerical research of admix-
tures transport into the areas, possessing several highways has been performed. 
Application of the results obtained to the air pollution modelling in Sochi (Rus-
sia) has been considered [2, 13-14]. Equations of dusty turbulent boundary layer 
have been deduced. In the dynamic equations of dusty gas, a diffusion of parti-
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cles has been taken into consideration owing to their Brownian motion as well 
as a velocity of particles generation, in a type of aerosols, during a process of a 
vapour phase condensation. The problem of particles’ diffusion over industrial 
area with a prescribed value of emission has been considered. An exact solution 
of a task has been obtained with a prescribed value of emission in a kind of peri-
odic function by which a daily rhythm of waste produced by traffic and enter-
prises is being modelled. Qualitative conformation of the solutions obtained to 
the data of experiments is emphasized. 

 The turbulence theory developed in the previously sections can be used to 
estimate the turbulent transport in the atmospheric surface layer. Let us consider 
the solutions of the equation system (2.10) at the large distance from the wall. In 
this case the main parameter characterized the turbulent flow is the streamwise 
velocity  ψ = +u . Using the new variable ς λ λ= Arsh( / )z  the equation system 
(2.10) can be transformed as follows:  

∂ ψ
∂ ς λ

∂ ψ
∂ ς

ν
∂ ψ
∂ ςt

W
+ =

ch( / )

2

2                                   (5.1) 

∂
∂ ς λ

∂
∂ ς

ν ∂
∂ ς

~

ch( / )

~

Pr

~T
t

W T T
+ =

2

2  

∂ φ
∂ ς λ

∂ φ
∂ ς

∂ φ
∂ ς

~

ch( / )

~ ~

t
W

D+ =
2

2  

To close the system (5.1) we can use the equation (2.13) written in the inner 
layer variables, thus 
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where  W W u b g u+ = =~ / , / .* *0

2λ  

In case of a neutral stratification for z >> λ  the contribution of the vertical 
velocity in the turbulent transport is so small value that can be neglected. There-
fore the equation system (5.1) can be simplified and rewritten in the classical 
diffusion equation form: 
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In the boundary layer the general solution of the equation system (5.3) can 
be expressed as  a linear function of the variable ς ,  

ψ ς ς φ ς ς λ λ= + = + = + ≅a b T a b a b z1 1 2 2 3 3 2, ~ , ~ , ln( / ) ,            

where the parameters a bi i, , can be estimated from the solution of the inner 
layer problem or from the experimental data.  

As it follows from the equation system (5.3) and from the boundary layer 
solutions, the molecular transport parameters (for example, the kinematic vis-
cosity) have a sense only in the non-stationary turbulent flow, and in the steady-
state flow the molecular transport parameters fall out from the problem. It 
should be noted, that the main experimental data has been obtained for the 
steady-state turbulent flows, in which the universal logarithmic profile of the 
mean velocity and temperature has been established. According to the equations 
(5.2) the molecular transport parameter effect can be found in the turbulent flow, 
the mean velocity of which vary in time or in space rather quickly. For instance, 
in the turbulent flow in pressure gradient, as it was established in the previous 
chapter, the dimensionless acceleration parameter is direct proportional to the 

molecular viscosity, i.e., 
x

UU
u

g
∂

∂
=+ 0

03
*

* κ
ν .  

The model of turbulent transport in the stratified surface layer can be de-
rived from the equation system (5.1). As it has been shown in the  section 4.2 
there is lim ( ) ( )ξ ϕ ξ ϕ→∞ = 0 B , where ϕ 0( )B  is a function of the stability parameter. 
Practical we have ϕ ξ ϕ( ) ( )≈ 0 B  for ξ ξ≥ 0 , where ξ 0

210≅ . Therefore for ξ ξ>> 0 : 
W W+ += − −0 0 0ϕ ξ ξ( ) ,  W W0 0

+ += ( )ξ , hence the first equation (5.1) can be rewrit-
ten as  
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2                                          (5.4) 

where ∆W u B= − * ( )ϕ 0 .  

In the steady-state turbulent flow, when  ψ ≈ +u , the first integral of the 
equation (5.4) is given by  

z
uKWu z ∂

∂
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1                                   (5.5) 

Here  2
*1 u=Π  is the momentum turbulent flux in the surface layer, K u zz = κ *  

is the standard vertical diffusion coefficient in the neutral stratified turbulent 
flow.  

Consequently the turbulent heat flux can be written as follows  
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where **Tuc pT ρ=Π  is the turbulent heat flux in the surface layer, 
Pr/Pr)ln217.01(0 += ++ λλT . Note, that for the atmospheric flows the Prandtl num-

ber is about  7.0Pr ≈ . 
In the case of the impurity turbulent transport we can suppose that the im-

purity concentration turbulent flux has a constant value in the surface layer (the 
Monin-Obuchov similarity theory)  

z
KW z ∂

∂
−∆=Π

+
++ φ

φκλφ φφ */                             (5.7) 

 
where **φφ u=Π  is the turbulent impurity concentration flux, *φ  is the impur-

ity concentration turbulent scale, λ λφ
+ += +0 1 0 217( . ln( )) /Sc Sc . Integrated the equa-

tion (5.7) we have the impurity concentration profile in the stratified turbulent 
flow as follows  
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where  φ φg z= ( )0 is the impurity concentration for 0zz = .  

The important parameter, widely used in the environmental problems, is the 
deposition velocity which can be defined as gdu φφ /Π=  . Practically to estimate 
the deposition velocity we can use the impurity concentration profile for  Hz =1 , 
then we have    
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where  φ φ φ0 = ( ) / ,H Hg  is the boundary layer height.  

In the case of the neutral and slow stable stratification when 0→∆W  we 
have from (5.8) )/ln(/)1( 00* zHuud −= φκ , thus the deposition velocity depends 
mainly on the turbulent velocity scale *u . 

In the case of the unstable stratification the deposition velocity mainly de-
pends on the vertical velocity W∆  which increases  when the parameter 
B u L= ν κ/ ( )* decreases. The deposition velocity equation (5.8) is in a good 
agreement with the experimental data by Labatut et al [129] - see Figure 5.1. 
The solid lines shown in Figure 5.1  have been computed on (5.8)  for 8.0Sc =  
(ozone) and for 15.2Sc =  (sulphur aerosol) and for the typical range of the turbu-
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lent velocity scale as well as for m/s36.0* =u  and for the typical range of the 
aerosols Schmidt numbers. 

 
Figure 5.1: The deposition velocity versus the stability parameter for the 

unstable stratified flows. The solid lines are computed on  (5.8). The expe-
rimental data for the sulfur aerosols by Labatut et al [129] are shown by the 
square symbols. The ozone deposition data [129] are shown in the right bot-
tom part   
 
  
5.2. Numerical modelling of air pollutants turbulent transport in region 

with several roads 
5.2.1. Turbulent transport model description 
The model of the turbulent transport in the atmospheric surface layer over 

the region with several roads can be derived from the third equation (5.1) as fol-
lows 
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where φ=),,,( zyxtC  is the mean impurity concentration, yx UU , are the 
wind velocity component profiles, ∆W  is the mean velocity of the vertical trans-
port produced by the buoyancy forces in the stratified flow, K u zz = κ *  is the 
standard turbulent transport parameter, κ = 0 41.  is the Karman constant, u*  is the 
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turbulent velocity scale (the friction velocity), 
λ + = +8 71 1 0 217. ( . ln( )) /Sc Sc , Sc D= ν /  is the Schmidt number calculated on the 
molecular diffusion parameter and the air kinematic viscosity.  

The mean vertical transport dimensionless parameter depends on the stabil-
ity parameter as   

∆W B L
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∆ ∆W W u+ = / * , B u L= ν κ/ ( )* , L u c T g qp H= − * / ( )3
0ρ κ   is the Monin-Obuchov sta-

bility parameter.  
In case of the spatial homogenous, stable-state turbulent flow the wind ve-

locity profile can be estimated from the equations system (4.11) rewritten for 
this case as follows: 
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λ λT
+ += +0 1 0 217( . ln Pr) / Pr  is the turbulent length scale of the thermal layer, 

λ λ λ= + +
T / 0 ,  ξ λ ξ λ= =+ + + +z z T/ , /0 1 ; Pr is the Prandtl number; λ0 8 71+ = .  is the main 
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The buoyant force parameter depends on the type of stratification and stabil-
ity parameter as follows  
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Note that the stable and unstable stratified flows are realized at the positive 
and negative values of the stability parameter B u L= ν κ/ ( )* accordingly. 
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The boundary conditions on the effective smooth surface can be written as 
follows 

 ξ = 0: χ ϕ( ) ( ) ( ) , ( )0 0 0 0 0 0= = = =+ + +T u w               (5.11,a) 

 
In the outer region of the turbulent boundary layer in a case of the unstable 

stratification we have  
 

 lim ( ) ( )z u z u B+ →∞
+ +

∞
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+ +
∞
+=      (5.11,b) 

 
where u B∞

+ ( ) , T B∞
+ ( )  are functions of the stability parameter. 

In a case of unstable stratification the boundary conditions are set as follows  
z L= : u u L+ += ( )  ,  T T L+ += ( )                       (5.11,c) 

 
Here functions  u L+ ( ) , T L+ ( )  can be defined, for instance, from   experi-

mental data. 
The wind velocity profile and the vertical turbulent transport rate are de-

pendent on the stability parameter in the stratified flows. The Monin-Obuchov 
stability parameter depends on the heat flux as L u c T g qp H= − * / ( )3

0ρ κ , and 
consequently the heat flux must be determined as an input parameter. In the 
daytime it can be considered as some function of the solar radiation flux. Thus 
the heat flux on the ground surface in a daytime is modeled as a function of 
the angle of incidence and the clouds coverage as follows (see [27,130]):       

)6091(4.0

)1)(75.01)(30cos990(
*

4.3*

clH

acl

NKq
RNK

+−=

−−−Θ=  

Here Θ  is the angle of incidence of the solar radiation on the horizontal 
surface, N cl   is the cloud coverage factor (in the numerical model this factor 
has been estimated as N cl = 0 3. ), Ra = 0 2.  is the ground surface albedo para-
meter, ]/[ 2mWqH .  

The angle of incidence is computed on the standard formula given by Pal-
tridge & Platt  [130]:  
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where ϕe  is the latitude, yy tt ∆,  are time in days and the astronomical year 
period, td  is the astronomical day period. Note that the daily time is counted 
from the astronomical noon. 

 
5.2.2. Turbulent transport over the region with several parallel roads 
  

As applied result the problem of impurity diffusion over the region with 
several parallel roads has been numerically solved. It was suggested that the 
roads are separated by the buildings and that the wind direction is perpendicular 
to the roads lines. Note that in the case when the wind  velocity  vector  has  a 
component along the roads, then one can put in the equation (5.9) 00 sin γUU x = , 
where U 0  is the wind speed profile, γ 0  is the angle between the wind velocity 
vector and the road line.  

The co-ordinates system chosen for the turbulent transport modelling is 
shown in Figure 5.2. The vertical axis OZ is directed opposite to the gravity 
acceleration vector, and the horizontal axis OX is parallel to the wind velocity 
vector. 

 
 

Figure 5.2: The coordinate system chosen for the turbulent flow description  
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 Usually the mean motor transport emission rate depends on the traffic rate, 
which slowly varies with time, as, for instance, the hourly averaged temporal 
variations of traffic flow rate (vehicles per hour) on the Kurortny Avenue of the 
Central Sochi (Russia) in the daytime (August, 1998) which is shown in Figure 
5.3. Therefore in this problem the impurity concentration can be considered as a 
function of two variables, ),( zxCC = , and consequently the turbulent transport 
equation (5.9) can be rewritten in the form  

. 
z
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zz
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x
CU zx ∂

∂
∂
∂

=
∂
∂

∆+
∂
∂ +

φκλ                         (5.12) 

Using the general theory of the parabolic equations we can consider only 
the region of a solution of equation (5.12) in which Ux > 0 . Hence, put U > 0  
for 0>x in (5.12), then the boundary conditions for the equation (5.12) can 
be set as follows:  

x C z= =0 0: ( ) ;    x C zz> =→∞0 0: lim ( )                              (5.12') 

x z z> =0 0; : J J i=   for x x x li i i< ≤ + ; 

J WC z= +κλ ∆ ( )0  for x l x xi i i+ ≤ < +1 , 

Here x x x li i i< ≤ +  is the region of the road with a number i; 
x l x xi i i+ ≤ < +1  is the region between two roads; li  is the width of the road 
with a number i. 
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Figure 5.3: Hourly averaged temporal variations of traffic flow rate 

(vehicles per hour) on the Kurortny Avenue of the Central Sochi in the 
daytime (August, 1998)   
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Put the new variables: ~ / , ln( / )x x l z z= =1 0ζ , where l lR1 = is the width of the 
first road. Multiplying both parts of the equation (5.12) on z and making the 
elementary transformations we have  

      u z e
l
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R

+ +

+ =0 0
ς ∂

∂
∂
∂ς~  ,   J W C

C+ + += −κλ κ
∂
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∆                  (5.13) 

Let us consider the numerical method for the problem (5.12')-(5.13) solu-
tion. The discrete variables can be defined from the recurrent formulas as fol-
lows: ~ ~ ,x x h hk k x n n+ += + = +1 1ς ς ς , where h hx , ς are the steps of the grid. Conse-
quently the grid functions depend on the discrete variables as  
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Therefore the discrete model of the equation system (5.13) can be written in 
the form  
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The explicit numerical solution of the equation system (5.14) is computed 
step by step in the mesh points ~ ~x x hk k x+ = +1  as 
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The stability condition of the explicit numerical algorithm (5.15) depends on 

the grid steps as follows  

201

2 ςκ
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R
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Here  1≤Numε  is the numerical algorithm stability parameter. This parameter has 
been estimated in the numerical experiments as 8.0=Numε . 

The numerical data for the carbon monoxide turbulent transport in the re-
gion with two parallel roads is shown in Figure 5.4. The road widths equals to 
ten meters, 1021 == ll m. The distance between the roads is about 100 meters. 
The traffic flow rates for both roads are put the uniform value, therefore the 
emission rate 21 JJ = . The mean concentration of CO has been normalized on 
the turbulent scale of concentration used the emission rate of the first road, 
C J u*

*/= 1 .  
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Figure 5.4: The normalized carbon monoxide concentration isolines 

in the turbulent unstable stratified flow over the region with two parallel 
roads located as it shown by the black pointers 
 

 
 

Figure 5.5: The normalized carbon monoxide concentration isolines in 
the turbulent stable stratified flow over the region with two parallel roads lo-
cated as shown by the black pointers 
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The lines of equal concentration are given in Figure 5.4 in the unit of the 
turbulent scale *C . The roughness length scale for the urban complex terrain is 
estimated as  1≈r m. The heat flux has been calculated as for the summer cloud-
less day, one hour before noon. Consequently the meteorological parameters are 
set as for the unstable stratification.  

Figure 5.4 shows that the carbon monoxide cloud becomes more concen-
trated when the turbulent velocity scale decreases from smu /6.0* =  down to 

smu /3.0* = . As it has been established by Jenkins et al [131] the roadside air 
pollutants concentration is proportional to the traffic volume or emission rate 
and inversely proportional to the wind speed. This experimental result can be 
explained by the fact that the turbulent transport model (5.9) is a linear equation 
and therefore the turbulent scale of the impurity concentration can be estimated 
as  C J u*

*/= 1 . 

In case of the stable stratification the vertical air pollutants turbulent trans-
port rate is more intensive in comparison with the unstable stratified flow and 
directed up. Thus the cloud of carbon oxide impurity spreads up at the large dis-
tance from the roads - see Figure 5.5. Note that in this case also the impurity 
concentration increases when the turbulent velocity scale decreases.   

 
5.2.3. Air pollutants turbulent transport in Central Sochi  

The Central Sochi part shown in Figure 5.6 has been considered as applied 
example for the model (5.12)-(5.12') to estimate the air quality near the main 
streets.  The computational square domain in the plane XZ  intersects the main 
streets Kurortny Avenue and Ordgonikidze Street  which are situated parallel to 
the Black Sea shoreline - see Figure 5.6. The predominate  atmospheric  boun-
dary  layer flow in the summer daytime is the breeze circulation. So, the wind 
direction is primary from the sea to the mountains, perpendicular to the street 
lines. 

The data base of the meteorological parameters in the Sochi region, consid-
ered by Amirchanov et al [2], consists of the data set series for more then 100 
years of the routine daily observations. The topography of the Sochi region in-
cludes the erosive relief and the rivers grid, the forest coverage, and the large 
difference of altitudes from the Black Sea level up to greatest altitude of 3256 m 
in the Caucasus Mountains. In the urban domain there are numerous buildings 
that also it is necessary to take into consideration in the model of the air pollu-
tion transport in the lower part of atmosphere. The air pollutants emission data 
base for the Sochi region has been discussed in [2,13-14,132]. As it has been es-
tablished the main air pollution problem in this region is connected with the mo-
tor transport emission [14]. Therefore the process of turbulent diffusion of traffic 
wastes is localised in the surface layer of atmosphere and greatly depends on pa-
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rameters of turbulence as well as on the condition of stratification. Also the 
roughness of ground surface, including the artificial roughness in a form of 
buildings, trees, etc [16] is a very important factor in this problem.The traffic 
flow and emission rate has been estimated for two main streets: Kurortny Ave-
nue and Ordgonikidze Street. In summer daytime the traffic flow rate is about 
1500 vehicles per hour for each of them in  the cross  section chosen  for  the air 
quality  modelling.  

 

 
 

Figure 5.6: Central Sochi part geometry. The computational domain 
chosen for an estimation of the air pollutants turbulent transport is parallel to 
XZ  plain, and intersects the main streets in the wind direction  

 
It's known the carbon oxide and NOx the main air pollutants which are dan-

gerous for human. In the Central Sochi region the major souses of emission of 
CO and NOx are the gasoline passenger cars (>95%) [13]. The normal emission 
of CO is about 16 g/km in the urban region and about 30.4 g/km for the cold 
start. Hence the mean value of CO emission rate has been estimated as 19 g/km.  

Put ~qCO  is the CO emission rate for one car, &N t
i  is the traffic flow rate (=the 

number of cars going on the road cross section in the unit of time). Then the to-
tal emission rate can be estimated as q q N lCO

i
CO t

i
i= ~ & / .  

Thus in the considered case the CO total emission rate is about    
214108 −−−∗= mgsq i

CO . This value has been used to compute the local zone in 
which the CO concentration is higher then the maximum permissible concentra-
tion.  
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The state sanitary standard adopted in Russia is the maximum permissible 
concentration (MPC) which in the case of CO emission is defined as =MPCC 5 
mg/m3.    

 

 
 

Figure 5.7: The isolines of CO concentration normalized on MPC in the 
turbulent stable (right) and unstable (left) stratified flow over the region with 
two parallel roads. Zones of the CO concentration over MPC are darkened  
 
The isolines of CO concentration normalized on MPC are shown in Figure 

5.7 for the stable (right) and unstable (left) stratification. The heat flux is com-
puted for the cloudless sunset time. The roughness length is estimated for the 
urban landscape as 1≈r m. Figure 5.7 shows that the dangerous zones of CO 
concentration can be near the roads (about 20 m from the roadside) du to the 
small value of the turbulent intensity in the evening time.  

The turbulent transport of NO and NO2  has been calculated for the daytime 
and evening time - see Figure 5.8. In this case the normal gasoline car emission 
rate is about 2 g/km, and for the passenger diesel it can be up to 12 g/km. Using 
the gasoline car emission rate the total emission rate of nitrogen oxides for the 
Kurortny Avenue can be estimated as 215104.8 −−−∗= mgsq i

NOx
.  

The maximum permissible concentrations  for  the  nitrogen  oxides  is  
much less then for the carbon monoxide, it's only =MPCC  0.04 mg/m3  for NO2 , 
and =MPCC  0.06 mg/m3 for NO.  
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Figure 5.8: The isolines of NOx concentration normalized on MPC in the 
turbulent unstable (right) and stable (left) stratified flow over the region with 
two parallel roads located as shown by the black pointers. Zones of NOx 
concentration over MPC are darkened. In the black zones the NOx concen-
tration in two times higher then MPC     
 
The turbulent transport data of NOx concentration normalized on MPC com-

puted for the day time (left) and evening time (right) are shown in Figure 5.8. 
This data shows that the dangerous zones in the evening time occupy the region 
which has the width about 300 m, and the height up to 6 m. Therefore the dan-
gerous zones of  NOx concentration can occupy the habitable buildings as well 
as the kindergarten and musical school built near the considered roads cross sec-
tion. Thus the nitrogen oxides can be one of the human health damaging factors 
in Sochi.  

5.2.4. Turbulent transport of lead aerosols in Central Sochi  
The lead aerosol is the most important damaging factor of the human health. 

The leaded gasoline has been widely used in the Sochi region. The lead concen-
tration in the fuel dependent on the gasoline type varies from 170 up to 370 
mg/l. The mean lead emission is estimated as 3315~ ÷=Pbq mg/km. For the mean 
vehicle way per year about    30000 km it gives approximately 1 kg of the lead 
aerosol emitted by one normal passenger car. This value often has been used for 
the estimation of the lead aerosol effect on the biosphere [133].  

The number of vehicles in the Sochi region has extremely grown in the last 
decade: from about 20000 in 1990 up to 100000 in 1999. The lead aerosol emis-
sion averaged on 10 years interval is 60 ton/ year. The total emission rate of lead 
aerosols for the Kurortny Avenue and Ordgonikidze Street in the modeled cross 
section is estimated as   )155.0( ÷=i

Pbq mgs-1m-2. 

The main difference between the gaseous pollutants and lead aerosols is that 
the lead can be accumulated by the top layer of soil. The maximum permissible 
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concentration of the lead in the air is not more then 0.0003 mg/m3, and on the 
ground - 250 mg/kg.  

The turbulent transport of the lead aerosol in the region with parallel roads 
can be considered on the base of the model (5.13). The vertical turbulent trans-
port rate in a case of the heavy particles can be estimated as for the gaseous pol-
lutant transport but with the factor of the gravitational sedimentation. Thus the 
proposed model can be written as follows  

 
u z e

l
C
x

J

R

+ +

+ =0 0
ς ∂

∂
∂
∂ς~  ,                                  (5.16) 
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18
 is the gravitational sedimentation time scale, 

3/11373 mkgPb =ρ  is the lead density in the solid condition, d  is the particle di-
ameter dependent on the condensation and crystallization rates.  

The aerosol Schmidt number is estimated on the Brownian diffusion para-
meter as (see [48])   

Sc
D

d
kTp

= =
ν πρν3 2

 

 
where 231038.1 −⋅=k joule/K is the Boltzmann constant.  
The boundary conditions can be written in the form (5.12') but with addi-

tional term counted the gravitational sedimentation, thus   
  x C z= =0 0: ( ) ;    x C zz> =→∞0 0: lim ( )                           (5.17) 

x z z> =0 0; : J J i=  for x x x li i i< ≤ + ; 

J g u W C zp= − + +( / ) ( )*τ κλ ∆ 0 for x l x xi i i+ ≤ < +1 . 

To estimate the aerosol particles dispersion by the turbulent flow the prob-
lem (5.16)-(5.17) has been numerically solved for the lead particles of various 
diameters. The numerical data for the turbulent lead aerosols transport in the 
Central Sochi is shown in Figure 5.9. The lead aerosol concentration has been 
normalized on the turbulent concentration scale computed for the aerosol par-
ticles fraction with the given diameter  ddFuqC a

i
Pb ∆= )()/( *

* , where )(dFa is the 
statistical weight of the particles with diameters in the range d d d, + ∆ .  
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Figure 5.9: Turbulent transport of the lead aerosols of various particles 
diameter for the fixed meteorological condition. Aerosol concentration is 
normalized on the turbulent concentration scale computed for the fraction of 
aerosol particles, ddFuqC a

i
Pb ∆= )()/( *

*  

 
As it has been established in the numerical experiments the turbulent diffu-

sion parameters of the particles with diameter less then micron,  d ≤ 1µ ,  practi-
cally independent  on  their  diameter. The differences in the turbulent diffusion 
parameters are essential for the lead aerosol particles with diameter d ≥ 10µ .  

The heavy particles which have the diameter in the range d ≥ 30µ  are depo-
sited inside of the 200 m zone. It is well known that the actively polluted space 
for motorways is about 200 m wide with its main axis coinciding with the mo-
torway main axis [14]. Note, that the air pollutants turbulent transport data 
shown in Figures 5.7-5.9 agrees with this experimental result.  

In the Sochi region in the end of 80's the concentration of lead was higher 
then the MPC of lead  in the air and in soil near the main motorways [2, 13]. In 
the middle of 90's the environmental situation even more deteriorated in connec-
tion with significant increasing of the air pollutants emission. It has been estab-
lished [13] that the rise of air pollutants emission leads simultaneously to in-
crease the sickness rate of respiratory diseases  - see Figure 5.10. Therefore the 
local administration has forbidden to use the leaded fuel in the Sochi region in 
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1996. In practice, however, the administrative measures on limitation of the air 
pollutants emission are not extremely effective, because the total control of ex-
haust gases is practically impossible to use.  

5.2.5. Air pollution impact on human health in the Sochi region  
Sochi stretches for 146 km along the Black See coast. Only its narrow sea-

side strip of land, pressed by the main Caucasian mountain range against the 
Black Sea, is within the city boundaries. The wind rose, the breeze circulation, 
and the landscape make the air pollutants accumulate and precipitate locally in 
the Sochi region [14].     

Sochi is a seaside climatic Russian resort, thus the air pollution can cause 
not only the extreme environmental situation in the city, but also the economical 
crises, because the residential districts as well as the resort institutions are lo-
cated in the actively polluted zones, rather close to the motorway [2, 13-14]. 
This obviously affects the state of health of the Sochi residents. 

The link between the air pollution and human health in the Sochi area has 
been established for several diseases as some form of cancer, and asthma [13]. 
The significant correlation of 0.869 was found between the asthma sickness rate 
of children (asthma sick per thousand people in year) and the number of vehicles 
in the Sochi region - see Figures 5.10.  The correlation of 0.8158 was found be-
tween the Sochi region residents and the number of vehicles - see Figure 5.11.  

Note that the correlation of 0.882 between asthma admission and NO2 level 
for adults has been reported by Watson et al [134]. Evidently that the people 
health depends on the air pollutants emission, which in turn is proportional to 
the number of vehicles.   
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Figure 5.10: Link between the asthma sickness rate of children (asth-

ma sick per thousand in year) and the number of vehicles in the Sochi re-
gion [13] 
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Figure 5.11: Link between the asthma sickness rate of residents 
(asthma sick per thousand in year) and the number of vehicles in the Sochi 
region [13] 

 
5.3. Model of aerosols turbulent transport  
The mathematical models of the turbulent transport of aerosols in the at-

mosphere are based mainly on the hypothesis that the eddy diffusivity for the 
small-sized particles is proportional to the eddy diffusivity of a heat and the lat-
ter value is assumed proportional to the eddy viscosity (see Russell et al [135],  
Meixner et al [136],  and other). In turn the turbulent eddy viscosity in the strati-
fied flows is determined from the empirical formulas [23, 24, 26, 27] or from the 
k − ε  model [29], or from the turbulent kinetic energy model.  

Turbulent boundary layer model considered in the second chapter also can 
be developed for the case of the atmospheric aerosols transport. This model 
based on the viscous heat-conducting gas transport equation (2.4) and on the dy-
namical model of the dust cloud [137]. The aerosol is considered as sets of iden-
tical, small-sized particles, which move chaotically under influence of thermal 
fluctuations and are involved in macroscopic movement together with the air 
flow. The mass concentration of aerosol particles is considered so small, that the 
influence of particles to gas dynamic can be neglected. The dynamic parameters 
of the aerosol particles can be averaged to exclude of the chaotic thermal mo-
tion, then its can be described by the continuous functions: the numerical con-
centration and the aerosol particles flow velocity. Thus at the description of 
aerosol dynamics we shall take into account the Brownian diffusion, weight and 
inertia of particles. The motion of mono-disperse small particles in a dust cloud 
are governed by the transport and momentum equations:  

pppp
p nDn

t
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∂
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Here np  is the particles numerical density, u p  is the particles flow velocity 
vector, Dp  is the particle diffusion coefficient.  

The diffusion coefficient of the small particles is given by the Einstein's 
formula: D kT m kp p p= ~ / ,τ , where 231038.1 −⋅=k J/K is the Boltzmann constant, pm  
is the particle mass, τp  is the time relaxation parameter which for the spherical 
particles in the Stokes' regime is given by τ ρ µp p sd= 2 18/ , d p  is the particle aero-
dynamic diameter, ρ s  is the particle material density. 

Using the transformation method explained in the second chapter, one can 
derive the equation system for the aerosol turbulent transport as follows  
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where ~ , ~up np  are the random function of the particles flow velocity and nu-

merical density, accordingly; W w Wp p p= −~ η 0  is the vertical turbulent transport 
rate of aerosol, pypxtp huhhW v~~

0 ++= , 2/3 pθ is the particles turbulent kinetic 
energy in the small volume dVs , pD/Scp ν= is the Schmidt number of aerosol. 

 In case when the aerosol particles are formed due to the condensation from 
the vapor phase this model can be rewritten as follows     
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Here Hp Lc0ρ  is the latent heat, HJ0ρ  is the rate of the phase transition which 
depends on the air temperature and vapor pressure as  J J T p p R TH H v v v= =( ~, ), ~ ~ρφ , 
here Rv  is the gas constant of the vapor phase.  

To estimate the Brownian diffusion effect on the aerosol concentration pro-
file in the turbulent boundary the problem about the aerosol turbulent transport 
over the industrial region has been solved [48]. As well known the emission for 
a large industrial region is a periodical function dependent on a daily, weekly 
and yearly human activity. For simplification let us conjecture that the emission 
has one maximum during day and one minimum during night, thus 

q t q q t tm( ) cos ( )= + −0 1 ω , 

where q0 1,  are the emission parameters, tm  is the time of the maximal emis-
sion, ω π= 2 / ,t td d  td  is the astronomical day period. Note that the periodical 
emission function can be found for any large urban area. The main aerosol tur-
bulent transport model in the neutral stratified flow can be derived from the last 
equation (5.19) used the method explained in section 5.1, hence  
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Taken into consideration the particles deposition on the ground rough sur-
face the boundary conditions for the diffusion equation (5.21) can be written as 
follows   
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where Dw  is the deposition velocity, 0N  is the daily averaged particles nu-

merical density.  
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The explicit solution of the problem (5.21-5.22) can be written in the form 
(see [48]) 
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where νω 2/Scp=k , ν ν λr r= +1 2 2/ , ς λ λr r= Arsh( / ) .  

The aerosol numerical concentration profiles computed on the equation 
(5.23) for ti = 3 6 9 24, , ,..., h and for  1.0,5.2 * == ud p µ m/s are shown in Figure 5.12 
(right). The aerosol concentration varies periodically and decreases with height 
increasing.  The characteristic damping length can be estimated from condition  
k r( )ς ς− ≈ 1, it gives  z k rd ≈ +λ λ λsh[ / Arsh( / )]1 . Thus, the aerosol numerical 
density profiles dependent on the main turbulent scale, λ ν0 8 71≈ . / *u , have the 
maximal damping height.  

Using the asymptotic formula k k z rr( ) ln( / )ς ς λ− ≈ , for z dr≥ >> λ 0 , the con-
centration profile (5.23) can be simplified  as follows 
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Neglected by the third term in the right part of the first equation (5.24) one 
can estimated the deposition velocity as  

00max
2
0 /)/ln(/ NqdHdDw rrpD −= λ ,                                  (5.25) 

where maxH is the aerosol penetration maximal height. In the case of zero 
emission at the normal atmospheric conditions, for the spherical particles and for  
H drmax / ≈ ⋅2 105  the equation (5.25) leads to 

prD dduw /05.0 2
*≈                                                (5.26) 

Here *,uwD [m/s], dr  [m], d p[ ]µ . This formula is in a good agreement with 
the experimental data of Garland [138], and Sehemel [139].  
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Figure 5.12: On the left side the temporal evaluation of the normalized 

emission (symbolized line), and aerosol numerical density (solid line); on the 
right - the normalized aerosol numerical concentration profiles calculated for 
ti = 3 6 9 24, , ,..., h  

 
The aerosol numerical concentration scale in the surface layer can be esti-

mated as   

prpr Ddu
Sq

beeS
Dkd

q
N

ω

νλλ

*

00
0

00
0 ),/( ≈=                           (5.27) 

[ ] )1(1)/(

1)/(
22

0
2

2
0

βββ +−++

−
=

ee

ee
S  

Where 01001 /,/ qqeNNe == , )/(ln)(1 max
11

0 rdHk −−−= λβ .  

Note that the form parameter e in the second equation (5.27) depends on the 
maximal and minimal aerosol numerical concentration over the ground surface, 

)/()( minmaxminmax NNNNe +−= . Thus as it follows from the first equation (5.27) the 
concentration turbulent scale is proportional to the emission and inversely pro-
portional to the turbulent velocity scale.  

The temporal evaluation of the normalized emission q t q( ) / 0  (marked line) 
and the normalized aerosol numerical density (solid line) over the ground sur-
face computed on the equation (5.24) for 95.0;6.0;8.00 === βee  are shown in 
Figure 5.12 (left). As it can be noted, the maximal aerosol numerical density 
time has a shift from the maximal emission time. This delay depends on the 
Brownian diffusion parameter and deposition velocity as 
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The minimum of the time shift is for zero deposition velocity 0=Dw , and in 
this case  8/4/1

dm tt ==∆ − πω , hence the maximum of the aerosol concentration 
is into 3 h after the maximal emission time.  

Finally note, that as the Schmidt number for the atmospheric aerosols is a 
very large, 1Sc p >> , thus the characteristic damping scale is a very sensitive to 
the turbulent velocity scale and the aerosol particles size variations. The approx-
imated formula for the damping length can be written as  

 ( )prd dсudz /exp *≈ ,                                       (5.29) 

Here d up[ ], *µ [cm/s], 6.0≈c .  

Therefore in the turbulent atmospheric flow there is a separation of the aero-
sol particles with height: the small particles penetrate in the high atmospheric 
layer and the heavy particles move in the bottom layer. But this separation not 
depends on the gravity acceleration and only on the Brownian diffusion parame-
ter which is inverse proportional to the aerosol particles diameter.  

Thus, there are several possibilities to find the Brownian diffusion effect on 
the aerosol numerical concentration profile (5.23): the maximum concentration 
time, the aerosol deposition velocity, the particles maximal penetration height 
and the numerical density scale are dependent on the particles diameter due to 
the Brownian diffusion.      

 
 

 (To be continued) 
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