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ABSTRACT

Dust distribution of the industrial town of Zestafoni located in the complex territory of Georgia in
case of basic meteorological situations and stationary pollution sources is studied with the use of
regional model of atmospheric process development in the Caucasus and non-stationary three-
dimensional equation of transfer-diffusion of passive admixtures. Distribution patterns of dust
dissipated in the atmosphere are obtained at different levels from the surface. It is shown that dust
dissipated from cities in the atmosphere is basically concentrated in the boundary layer. Maximum
values of dust concentration are obtained in the lower 100 m of surface air layer. Spatial dust
distribution region increases and concentration decreases along with height increase. An influence of
local orography on the pollution cloud is investigated. During a background western light air Likhi
and Racha ridges impede dust transfer to the east and cause dust cloud deformation. Dust spreads
along the valleys of Kvirila and Chkherimela rivers located between the ridges. In the case of gentle
and fresh breezes the impact of local orography on the dust dispersion process is insignificant. Dust is
basically transferred in the direction of background flows. The zone of influence of industrial town
dust on the environmental pollution is determined. A width of this area varies from 5 to 20 km in
dependence of the background wind velocity. Kinematics of dust propagation is studied. It is
determined that in 2-100 m layer of atmosphere the process of turbulent diffusion takes precedence in
the process of dust spreading. From 100 m to 1 km the processes of diffusive and advective transfers
are identical, while above 1 km the preference is given to advective transfer.
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1 INTRODUCTION
Reduction of atmospheric dust pollution in big cities and industrial centres is a global
problem of human health and environment protection [1]. Lots of practical measures and
scientific researches need to be conducted for accomplishment of this goal [2]-[4].
Numerical 3D models are elaborated, which are widely used for the modeling of regional,
mesoscale local dust transfer-diffusion and study of dust pollution problems of separate
industrial centers [S]-[19].

The problem of atmospheric air pollution is vital for industrial areas of Georgia.
Zestafoni city draws attention in this context, where the object of ferrous metallurgy —
Georgian Manganese LLC and other smaller enterprises of this profile are situated.
Thousands of big and small vehicles move back and forth everyday on Transcaucasus
highway, which is component part of the Silk Road. As a result, large quantities of dust,
manganese and other solid and gaseous aerosols are emitted in the atmosphere. Therefore,
as the observations show, dust concentration in the air of stationary observation points
located in relatively clean dwelling zones of the city is equal or exceeds the value of one-
off maximum allowable concentration (MAC = 0.5 mg/m?) (Fig. 1) [20]. High dust content
in city atmosphere may have negative impact on general ecological state of the adjacent

WIT Transactions on Ecology and the Environment, Vol 230, © 2018 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/A1R180111



120 Air Pollution XX VI

Zestafoni city
0,9
0,8
0,/
0,6
0,5
0.4
0,3
0,2
0,1
]
Mov Dec lan Feh Mar  Apr  May lun lul Aug Sep Oct Now

I Dust

MPC

Figure I:  Monthly average dust concentrations (mg/m?) from November 2016 to
December 2017.

territory. The adjacent territory of Zestafoni is of great cultural-recreational and touristic
importance. Zestafoni is known for high-quality grapes for production of champagne and
dry wines.

There are located Tskhaltubo and Sairme — resorts of international importance, as well
as tourist attractions — Borjomi-Kharagauli and Ajameti national parks, Sataplia and
Prometheus cave within a distance of 50 km from the city. That is why the knowledge of
dispersion and spatial distribution of polluting agents is of great practical importance in
order to carry out environmental protection measures. Respectively, application of
numerical modeling methods for dispersion of polluting agents in the atmosphere is very
effective for solution of the mentioned problem.

2 GOAL SETTING
Zestafoni region is distinguished with complex terrain. Lowland territory, mesoscale ridge
oriented along the meridians and parallels and valleys located between ridges alter each
other there. Terrain height within 50 km radius varies from 50 m to 2.5 km.
Terrain-tracing coordinate system [21] and the following equation system are used in
order to take into account the impact of complex terrain:
(a) for the troposphere
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(b) for active soil layer
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where: t is time; X, y and z are the axes of the Cartesian coordinate directed to the east,

£ =(z-5)/h

north and vertically upwards, respectively; is the dimensionless vertical

coordinate;S(X’ y) is the height of the relief; H(t, X’Y)is the height of the tropopause;

h=H-8, VW and W are the wind velocity components along the axes x, y, z and Q,

respectively; §=(T'+T)/ T, and(P:(PlJrP)/ P are the analogues of temperature and

pressure, respectively; T =300K : T"and P’ are the deviations of temperature and pressure
from the standard vertical distributions P (t:%.¥:2)=P(t.x,y,2)_P(2)-P(t.x.y, 7).
T' =Tt x,y,2) - T+yz-T(L,x, Y>2T and P are the temperature and pressure of the
atmosphere, respectively: T-yz and P(@ are the standard vertical distributions of the
temperature and pressure, respectively; Vs the standard vertical temperature gradient;?
and P are the background deviations of the temperature and pressure from standard
vertical distributions; T is the soil temperature; C is the volume content of soil water;

p(2) is the standard vertical distributions of the densities of dry air; g is the gravitational

acceleration; R is the universal gas constant for dry air; o is the specific heat capacity of
dry air at constant pressure; S is the thermal stability parameter; L is the latent heat of

condensation; Peon is the condensation rate; D is the diffusion coefficient of water in soil;

E is the filtration coefficient of water in a soil; s is the total solar radiation flux in sea

water; K is the thermal diffusivity coefficients of soil; M and V are the horizontal and
vertical turbulent diffusion coefficients.
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For the meteorological fields in the surface layer of atmosphere with thickness of 100m
there is used a parameterization method [22]:
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where “U — is the roughness; ~®-—parameter, which depends on properties of underlying
surface and is a known function; zsr and zp — known constants; u*fdynamic velocity;

A and X - buoyancy parameter and Karman constant; 0. (S) ,Po © , £,(6.c0) and £3(6-G0) are
the universal functions of similarity theory.

In the free atmosphere and surface layer of atmosphere for diffusion of contaminant the
following equation is used:

aCon aCon aCon aCon a aCon
+U +V + (W seu') pACon+—v

at aX ay aG a2¢G (4)

where Con s the dust concentration; Wea is an aerosol deposition velocity.

Eqns (1)-(4) systems are solved by numerical way using initial and boundary
conditions. Conditions are selected according to the specific task.

Numerical integration of eqn (1) is made using scheme [23], eqn (2) — with the use of
Crank-Nicolson scheme, eqn (3) is solved according to method given in [19], eqn (4) — with
the use of Crank-Nicolson scheme and splitting method. Rectangular finite difference grid
118x90%31, with 0.8 km horizontal step and 1/31 vertical step is used. The surface layer
height is 100 m from soil level. Number of vertical levels in the surface layer is equal to 17,
and vertical grid step varies in interval 2—15 m. The time step is 5 sec.

3 RESULTS OF MODELING
The distributions of the anthropogenic dust emitted in the atmosphere from Zestafoni city
in cases of background western light air, gentle and fresh breezes are numerically modeled.
The data of National Environment Agency [20] Con = 0.8 mg/m?3are taken as the initial and
boundary values at the 2 m height in atmosphere at the territory of Zestafoni. The initial
concentration of dust at the points of the network that do not belong to cities is considered
equal to zero. The diameter of dust particle is assumed to be equal to 10 pm.

Spatial distribution of dust concentrations in June during background western light air
(Upackg® 1 m/s on z =10 m and growths to Upacke ~ 20 m/s on z=9 km), when t = 24 hours and
z=2,100, 600 and 1000 m height from earth surface obtained by calculations, is shown on
Fig. 2. Concentration values are calculated in units of maximum allowable concentration
(MAC = 0.5 mg/m?) of dust.

As is seen from the Fig. 2, dust concentrations at 2 and 100 m height are maximal at the
territory of city and in their direct vicinity (Fig. 2(a) and (b)). In surface layer of the
atmosphere dust cloud has the form of vertical cylinder deformed in northern and southern
directions. Maximum concentration is obtained directly in vicinity of city at 2 m height,
approximately in 12 km? area. This zone is gradually decreases with height increase and at
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Figure 2:  Distribution of wind velocity and dust concentration C at z = 2, 100, 600 and
1000 m height from earth surface in case of background western light air, when
t = 24h. (Numbers on the axes are the steps.)

100 m height maximum concentration is obtained approximately in 3 km? area. Dust is
distributed both in windward direction and in the direction opposite to wind. Dust dispersal
area in opposite direction is negligibly small that is caused by reciprocal action of
horizontal turbulent and advective dispersion. To the contrary, in windward direction
processes of advective and turbulent transfer have one and the same direction. The shape of
dust cloud obtained by calculations shows that in the process of dust dispersal in surface
layer of the atmosphere the share of turbulent diffusion and horizontal advection is roughly
the same according to its value. As a result dust cloud becomes significantly deformed and
takes oblong form, especially in the zones of local wind velocity increase — along the
valleys of Kvirila and Chkherimela rivers (Fig. 2(a) and (b)).

In the boundary atmospheric layer (when z > 100 m) the area of dust distribution
enlarges. Dust advection exceeds turbulent diffusion (Fig. 2(c) and (d)).

Mentioned effects are obviously seen in the Fig. 3, where the distribution of zonal
component of wind velocity and concentration of dust are shown in XOZ plane in
atmosphere boundary layer. It is seen from Fig. 3 that dust is dispersed in 2-2.5 km surface
layer of the atmosphere. 0.1-1 MAC concentration values are obtained in approximately 12
km long and 0.8 km thick layers of atmospheric air, 0.01-0.1 MAC values in 21 km long
and 1.5 km thick layer and 0.01-0.001 MAC — in 35 km long and 2 km thick layer. In the
windward side the dust is dispersed approximately at 8 km distance, while in the leeward
side — at 27 km distance. Dust concentration distribution in the cloud is not uniform.
Concentration is maximum in the central part of cloud and gradually decreases towards the

periphery.
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Figure 3:  Distribution of wind velocity and dust concentration C in 3 km layer of
atmosphere in XOZ plane passing accros Zestafoni city in case of background
western light air. (Numbers on the axes are the steps.)

In case of the background gentle breeze during 24 hours the dust disperses at
significantly large territories than in case of background light air (Fig. 4). The dust is
transferred both in background wind direction and transversely to it. Dynamical action of
the Likhi Ridge is the reason of such expansion of pollution. A part of the dust stream
under action of Likhi Ridge changes direction of movement and distributed along the
Kvirila and Chkherimela rivers gorges.

Turbulent transfer of the dust in atmospheric boundary layer is relatively weak
compared with advective transfer, and as a result in the vicinity of Zestafoni dust virtually
is not propagated at windward side of the city.
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Figure 4.  Distribution of wind velocity and dust concentration C at z = 2, 100, 600 and
1000 m height from earth surface in case of background western gentle breeze,
when t = 24 h. (Numbers on the axes are the steps.)
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In the Fig. 5 distribution of wind velocity and dust concentration C in atmospheric

boundary layer (Z <3 km) in XOZ plane in case of background western gentle breeze are
shown. Dust concentration is maximum in the central part of dust cloud and is getting
smaller towards its upper and lower boundaries. Vertical movements originated by the
terrain cause dust cloud deformation and division of maximum concentration zones into
separate parts.

Qualitatively similar dust distribution is obtained in case of background western fresh

breeze (Ubackg 10 m/s ). The difference is only of quantitative nature — during fresh
breeze dust is propagated at larger area and its displacement occurs faster. It is determined
according to calculations that dust transfer velocity in case of light air and fresh breeze
equals to approximately 0.6 and 0.8 parts of background velocity.

In the Fig. 6 graphics of concentration C(x) in XOZ plane when z = 2, 100 and 600 m
lines 1, 2 and 3, respectively; j = 31 and t = 24 h in case of background western gentle
breeze are shown. From this figure we can see that at 5 km distance from pollution source
vertical change of dust concentration takes place in 600 m atmospheric layer above ground.
At greater distances the concentration at these levels is one and the same and gradually
reduces with distance from the point of pollution.
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Figure 5:  Distribution of wind velocity and dust concentration C in 3 km layer of
atmosphere in XOZ plane passing accros Zestafoni city in case of background
western gentle breeze. (Numbers on the axes are the steps.)
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Figure 6:  Graphics of concentration C(x) in XOZ plane. (Numbers on the horizontal axis
is the steps.)
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Figure 7:  Surface density of the dust deposited on the soil (mg/m?). (Numbers on the
axes are the steps.)

In the Fig. 7 the surface density of the dust deposited on the ground during 24 hours in
cases of background western light air (a); gentle breeze (b); and fresh breeze (c) is shown. It
is seen that in cases of background light air and gentle breeze the dust is deposited both on
the circle and ellipse-like territory with the approximately 200 km? area. In case of
background fresh breeze wind the area of dust deposition is significantly bigger. It looks
like a strip directed from the west to the east, length of which exceeds 50 km, while the
width is approximately 28 km. In all considered cases the quantity of dust deposited in
Zestafoni on 1 m? during 24 hours is almost the same and equals to 400 mg.

4 CONCLUSION

Thus, the carried out numerical modeling has manifested some meteorological peculiarities,
which are characteristic for dust dispersal process under urban conditions in Zestafoni
region. In case of western light air dust concentration in 100 m surface layer of the
atmosphere above Zestafoni is roughly the same. Above the surface atmospheric layer this
concentration rapidly decreases and at 3 km height becomes equal to zero. In vertical
profile dust concentration is bigger in the centre of cloud and is getting smaller towards the
periphery.

Orography causes deformation of pollution cloud. On the windward side of Likhi ridge,
due to orography influence dust dispersal eastward is inhibited and starts to shift
predominantly in north-east and south-east directions along the valleys of Kvirila and
Chkherimela rivers. At that, on the windward side of the ridge upward movement caused by
orography decreases dust sedimentation process. As a result the density of deposited dust at
large distances from dust pollution sources is negligible.

As a result of the resistant action of mountain ridgeoriented in meridian direction, the
velocity of advective diffusion of the urban dust is less than the velocity of the background
wind and varies in interval of 0.6—0.8 parts of the background wind velocity for the light air
and fresh breeze, respectively.

Comparison of results obtained by calculations with actual results is very important.
Natural observations at the territory adjacent to Zestafoni are scheduled for this end.
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