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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 a [119] based
on the Monin-Obuchov similarity theory [21-22] and k- e 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 atask has been obtained with a prescribed value of emission in akind 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 y =u*. Using the new variable v=1 Arsh(z/I ) the equation system

(2.10) can be transformed as follows:

Ty wo oy ¥
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(5.1)
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To close the system (5.1) we can use the equation (2.13) written in the inner
layer variables, thus

AN+ NV 2 ng+
T[ W +W+ﬂ V\i _ 1+l(1+x2)ﬂ V\i =
vt ix | * qx ix (5 2)
_ X TW' bx(F/r,- ) '
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where W* =W/u,,b, =1 g/u?.

In case of a neutral stratification for z>>1 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:

Ty 1
ﬂ—yt =n ﬂé’z (5.3)
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In the boundary layer the general solution of the equation system (5.3) can
be expressed as alinear function of the variable v,

y =a+hbV, T=a+bV, f =a,+hV, va@ In@2z/1),

where the parameters a b, 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., g’ =LUO%.
X

ku?

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
thereis lim,,j (x) =j ,(B), wherej ,(B) isafunction of the stability parameter.
Practical we have j (x) »j ,(B) for x3 x,, where x ,@10°. Therefore for x >>x ,:
W =W, -] (X~ %), W =W"(x,), hence the first equation (5.1) can be rewrit-
ten as

Ty I
T TVARTVE

(5.4)

where DW =-u,j ,(B).
In the steady-state turbulent flow, when y »u*, the first integral of the
equation (5.4) is given by

P, =kl "DWu- Kzﬂ—“ (5.5)
M1z

Here P, =u? isthe momentum turbulent flux in the surface layer, K, =ku.z

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

Conseguently the turbulent heat flux can be written as follows

Pr_ i TDWT* - K, L (5.6)
rc,T. 1z
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where P, =rc,uT. is the turbulent heat flux in the surface layer,
|3 =1 ;(1+0.217InPr)/ Pr. Note, that for the atmospheric flows the Prandtl num-
ber isabout Pr»0.7.

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)

P, /f. =kl 'DW - Kzﬂ; (5.7)
Z

where P, =u.f. isthe turbulent impurity concentration flux, f. isthe impur-
ity concentration turbulent scale, | /=1 ;(1+0217In(X)) / <. Integrated the equa-

tion (5.7) we have the impurity concentration profile in the stratified turbulent
flow asfollows

+g&f - Tex T
Kkl "DW gg kl "DWg P u. Z, 5

P, 2 P, O FR:D\NI 210
n—+

where f  =f(z,)isthe impurity concentration for z= z,.
The important parameter, widely used in the environmental problems, is the
deposition velocity which can be defined as u, =P, /f ; . Practically to estimate

the deposition velocity we can use the impurity concentration profilefor z =H,
then we have

_ & /DW HO
5 fo- expé In—=
U* -
u, =— =kl ;DW - il (5.8)
fq & 'DW HO
1- exp In—=
u Z, 5

where f,=f(H)/f,, H isthe boundary layer height.

In the case of the neutral and slow stable stratification when Dw ® 0 we
have from (5.8) u, =ku.(f,- )/In(H/z,), thus the deposition velocity depends

mainly on the turbulent velocity scale wu. .

In the case of the unstable stratification the deposition velocity mainly de-
pends on the vertical velocity bw which increases when the parameter
B =n/(uk L) decreases. The deposition velocity equation (5.8) isin agood
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 Sc=0.8
(ozone) and for Sc=2.15 (sulphur aerosol) and for the typical range of the turbu-
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lent velocity scale aswell asfor u. =0.36nvs and for the typical range of the
aerosols Schmidt numbers.
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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

E+UXE+U E+k|;DWE:1K LS (5.9

fit > 7y 1z Tz “fz

where C(t,x y,z)=(f) is the mean impurity concentration, U,,U are the

wind velocity component profiles, DW is the mean velocity of the vertical trans-
port produced by the buoyancy forces in the stratified flow, K, =ku.z is the
standard turbulent transport parameter, k =041 is the Karman constant, u. isthe
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turbulent velocity scale (the friction velocity),
| *=871(1+0217In(X)) / Sc,Sc=n/ D 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

N 1

I =
2
DW* :% 2.85( 1B) , L<O

f1993B2, L>0

(5.10)

DW" =DW/u., B=n/(uk L), L=-u’r c,T,/(k gqy,) isthe 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:

dc .
o (5.11)

2:

d dj
‘2+(|gc +2x)diX:-

x| T
1+Xx 3)—— 0
( )dx

01+X2

du* e

dz* 1+ (z" /1 D?'
dT*  Prexp[- Prl j1,- Prl (1- 1)1,]
dz* J1+ (27 115)?

| 3=1 ;(1+0217InPr)/Pr is the turbulent length scale of the thermal layer,

I =17/1;, x=2"11},x =2"/1}; Pristhe Prandtl number; | ; =871 isthe main
turbulent length scale,

o lgedx o Mle(x)dx _Xii (I x)xdx
'=Q 1+x 2 ’Il_oo 1+x 2 ’IZ_O 1+x2

The buoyant force parameter depends on the type of stratification and stabil-
ity parameter as follows

1 B, L<0
B =1 11858, L>0

Note that the stable and unstable stratified flows are realized at the positive
and negative values of the stability parameter B =n/(uk L) accordingly.
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The boundary conditions on the effective smooth surface can be written as
follows

x=0 c(0)=T(0)=u"(0)=0, j(0)=w, (5.11,a)

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

lim._, u"(zZ)=u(B) ,lim. T (z)=T,(B) (511,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 "=T7"(L) (5.11,0

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’r ¢ T,/(k gq,), 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]):

K" =(990cosQ- 30)(1- 0.75N,**)(1- R))
gy =0.4(K" - 91+60N,)
Here Q is the angle of incidence of the solar radiation on the horizontal
surface, N, isthe cloud coverage factor (in the numerical model this factor

has been estimated as N, =03), R, =02 is the ground surface albedo para-
meter, g, [W/m?].

The angle of incidence is computed on the standard formula given by Pal-
tridge & Platt [130]:
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cosQ =sind sinj  +cosd cosj , cosf

d =0.006918- 0.399912cosJ +0.070257sinJ -
- 0.006758co0s2] +0.000907sin2) -

- 0.002697 cos3) +0.001480sin 3J

J =2pt, /Dt f =2pt/Dt,

where j , is the latitude, t,,Dt, are time in days and the astronomical year

period, t, is the astronomical day period. Note that the daily time is counted
from the astronomical noon.

5.2.2. Turbulent transport over theregion 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) U, =U,sing, ,

where U, is the wind speed profile, g, 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, C =C(x,z), and consequently the turbulent transport

eguation (5.9) can be rewritten in the form
U rowlIe Ty T (5.12)
x 1z 1z 9z

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 x>0 in (5.12), then the boundary conditions for the equation (5.12) can
be set as follows:

x=0C(2)=0; x>0lim,, C(2)=0 (5.12)
x>0z=z: J=J, for x <x£x +I;
J =kl *DWC(z,) for x +I. £x<x,, ,

Here x <x£x +I is the region of the road with a number i;
x +1. £x<x,, ISthe region between two roads; | 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: X =x/1,,z =In(z/ z,) , where 1, =1.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‘ze' 1C 137 . @
=0, J" =kl '"DW'C-k 5.13
I 11>~<+ \Y, v (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,V.,=V,+h,, where h,,h, are the steps of the grid. Conse-

guently the grid functions depend on the discrete variables as
C(Xk ) I =J" (Xk ) ur::qu(\/n)'

Therefore the discrete model of the equation system (5.13) can be written in
the form

ur:rzoev'1 Ck+1,n - Ck,n + J+k,n+1' J+k,n
e h, h,

Ck,n - Ck,n- 1

h,

The explicit numerical solution of the equation system (5.14) is computed
step by step in the mesh points X ., =X +h, as

=0, (5.14)

I =kl *DW*C, , - k

C -C EEU,:ZOeV" 1¢-1(J+k,n+1' J+k,n)
k+in — “~k,n g IR hxﬂ h\/

(5.15)

The stability condition of the explicit numerical algorithm (5.15) depends on
the grid steps as follows

h,

<e
Num 2| _hV

Here e,,,
been estimated in the numerical experiments as e

£1 isthe numerical algorithm stability parameter. This parameter has
=0.8.

Num

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, 1, =1, =10m. 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 J, =J,. 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..
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0100 200 300 400 mm

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

51 L=284.1m o[ L=61.2m
[ u=0.6m/s | u*=0.3fm/s
| =l.m L r=1.m

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 r » 1m. 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 u, =0.6 m/s down to
u. =0.3 m/s. As it has been established by Jenkins et a [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..

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 aso 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 Sealevel 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
guality modelling.

RORCRTHY &

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 NO, 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/lkm.

Put g, isthe CO emission rate for one car, N/ 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., = g, N! /1, .

Thus in the considered case the CO total emission rate is about
0 =8* 10*gs*m? . 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 C,,.. =5

mg/m°.

0 20 40 60 30 100 120 g m 0 20 40 60 80 100 120 g m

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 r »1m. 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 NO, 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 ¢, =8.4* 10°gs'm?

The maximum permissible concentrations for the nitrogen oxides is
much less then for the carbon monoxide, it's only C,,.. = 0.04 mg/m® for NO, ,

and C,,.. = 0.06 mg/m for NO.
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§_ L=557m /0.3

Figure 5.8: The isolines of NO, 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 NOy
concentration over MPC are darkened. In the black zones the NO, concen-
tration in two times higher then MPC

The turbulent transport data of NO, 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 NO, 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 aerosolsin 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 g, =15, 33mg/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 g, = (0.5, 15)mgs ‘m™,

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/m®, 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

+ \/ +
uz.e ‘|]C+‘|IJ _

= 0, 5.16
T AEY (5.16)
3 =(gt, lu +kl DW)C- k1=
_(-g p U, ) - T[V
2
Here tp:rr—beE is the gravitational sedimentation time scale,
0

r », =11373kg/m® 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])

_n _3prn’d
=D, K

p

where k =1.38x0 ?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=0C(2)=0; x>Clim,, C(2)=0 (5.17)
x>0z=z: J=J for x <x£x +I;
J=(-gt,/u +kl "DW)C(z)for x +I, £ x<x,, .

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 C" =(q, /u.)F,(d)Dd, where F_(d)is the

statistical weight of the particles with diametersinthe range d,d + Dd .
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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, C* =(qy, /u.)F,(d)Dd

As it has been established in the numerical experiments the turbulent diffu-
sion parameters of the particles with diameter less then micron, d £1n, practi-
cally independent on their diameter. The differences in the turbulent diffusion
parameters are essential for the lead aerosol particles with diameter d 3 10nr.

The heavy particles which have the diameter in the range d 2 30n 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 NO, level
for adults has been reported by Watson et a [134]. Evidently that the people
health depends on the air pollutants emission, which in turn is proportional to
the number of vehicles.

18 +

16 | y = 0,0004x - 6,9894
1l R? = 0,869 ¢

12 +

N
<
10 + L 2

o N A O ©
| | | |
T T T T

0 10000 20000 30000 40000 50000 60000 70000

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 aerosolsturbulent 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- e 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:

%+N.(npup): D,N?n, (5.18)
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fu . u-u
tp+(up.N)up:g+ : .
p

Here n, is the particles numerical density, u
vector, D, isthe particle diffusion coefficient.

. Is the particles flow velocity

The diffusion coefficient of the small particles is given by the Einstein's
formula: D, =kTt,/m, k, where k =1.38x10*JK is the Boltzmann constant, m,

is the particle mass, t, is the time relaxation parameter which for the spherical
particles in the Stokes' regime is given by t  =d?r /18m, d_ isthe particle aero-
dynamic diameter, r _ isthe 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
T W,
Th Th
10, Wu, N ﬂ_ﬁzil( 2 )‘ﬂu nn’h 10, nN W,

=0 (5.19)

Mt hd r,hih h*>h h*> 1h h2 Th
&+%&+E&: +G_ GP
ft hth hh €,
E+%ﬂ_ﬁp+iﬂwp ﬂv%p = n _(1+n2hZ)ﬂﬁp_ nn?h ﬂﬁp
ft h fh hgﬂh fh 5 So,he fh h Sch’ th

where @, are the random function of the particles flow velocity and nu-
merical density, accordingly; W, =W, - hW,, is the vertical turbulent transport
rate of aerosol, W,, =h +hu, +h, vV , 3, /2is the particles turbulent kinetic
energy in the small volume dv,, Sc, =n /D, isthe 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

W ™MW _, (5.20)

T, W Nﬂ_ls_ii( Zh)‘ﬂu nn’h u LNTW, g

g (F' ro)

i hh rh‘ﬂh h? gh hzﬁ h? th
ﬁ V_Vﬁ_Ll(l.Fnzhz)ﬁ_nnzhﬁ.FL J
t ht Prh?h th Prh*qh "
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- - - o
£+W£:Li(1+nzh2)£_ @l J,
ft h fh Sch?® fh fh  Sch® Th
&+%&+E&:g+a- Gp
t hth hh t,

&+%ﬂ_ﬁp+i%_ h_ﬂWOp 9:
ft h fh hgvh Th 5
_.n TN, nn*h ‘ﬂﬁp+r0JH
Sc,h? Th  Sc,h* th - m,
Here r . L, isthelatent heat, r J,, isthe rate of the phase transition which

depends on the air temperature and vapor pressureas J, =J,(T,p,), p,=rf RT,
here R, isthe gas constant of the vapor phase.

ﬂih(“ n’h?)

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) = qO + ql COSN(t - tm) ’

where q,, are the emission parameters, t, is the time of the maximal emis-

sion, w=2p/t,, t, t, 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

fin, _ T'n,
Mt =Dy qVv2

(5.21)

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

n,
Mz

zZ=r - wyn - D @+r?/1?) =q(t);

(5.22)

where w, is the deposition velocity, N, 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])

(qo'WDNo)

n =N, - (V-v)+
SR S T DT
a, Sc, cosd (t,V)
JW, Sc,+kn,)? +kin?

(5.23)

+ o KOV-Vo)

3=V (t-t)- k(V- V)- actan— e
kn, - w, Sc,

where k= wSc,/n , n.=ny1+r?/1 2,V =1 Arsh(r /1 ).

The aerosol numerical concentration profiles computed on the equation
(5.23) for t, =36,9,...,24h and for d, =2.5m u. =0.1m/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(v-V,)»1, it gives z »| sh[1/K +Arsh(r/1)]. Thus, the aerosol numerical
density profiles dependent on the main turbulent scale, | ,» 87in/u., have the
maximal damping height.

Using the asymptotic formula k(v- V) » Kl In(z/r), for z3 d >>1 , the con-
centration profile (5.23) can be simplified asfollows

%j .4

n, =N, - o *WoNo | élni+ ng—'g cosJ (5.24)
Dpd, dr eZg
z kd. D
where J =v (t-t_)-aln—- arctg d ,a=k
d, kd,D, - Wpl

N, = q,l O/J(WDI o- kd,D,)? +(kd,D,)?, d, isthe roughness length.

Neglected by the third term in the right part of the first equation (5.24) one
can estimated the deposition velocity as

W, =D,d, /1 2In(H . /d,)- do/ Ny, (5.25)

where H,, is the aerosol penetration maximal height. In the case of zero

emission at the normal atmospheric conditions, for the spherical particles and for
H,.. /d »2x0° the equation (5.25) leads to

w, » 0.05u’d, /d, (5.26)

Here w,,u. [m/s], d, [m], d [n]. This formulais 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
t =36,9,..,24h

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

gl o gl NS
N, = S(e/e,,b) » — X — 5.27
° kd, D, (e/,b)> u.d, . jwD ( )

p
S= (/6% -1
b+/b%+|(e,/e)?- 11+b?)

Where e=N,/N,, e,=q,/q,, b =1- (K ) *In"*(H . /d,).

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,
e=(N,, - N..)/(N,_. +N_). Thusasit 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, (marked line)

and the normalized aerosol numerical density (solid line) over the ground sur-
face computed on the equation (5.24) for e,=0.8,e=0.6; b =0.95 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
kd, D,

kd, D, - wp!

Dt =wtarctg (5.28)
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The minimum of the time shift is for zero deposition velocity w, =0, and in
this case Dt, =w'p/4=t,/8, hence the maximum of the aerosol concentration
isinto 3 h after the maximal emission time.

Finally note, that as the Schmidt number for the atmospheric aerosols is a
very large, Sc, >>1, 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

z, »d, exp(cu* /\/E), (5.29)
Here d [n],u.[cm/s], ¢ » 0.6.

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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