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ABSTRACT

Models for estimating the regional transport of active and passive impurities based on the data of route observations in
the vicinity of point and area sources are proposed. Approbation of models on the data of airborne probing of
atmospheric pollution in the Norilsk industrial region was carried out. In the range of distances of 60-100 km from the
source of emissions, the active gas-to-particle conversion was analyzed on the basis of the observed data.

Keywords: atmosphere, sulfur dioxide, impurity transformation, model, parameter, estimation.

1. INTRODUCTION

The description of the processes of impurity transfer in the boundary layer of the atmosphere at large distances from
emission sources allows the construction of effective asymptotic approximations.! Under these conditions, the
dependence of the impurity concentration on the distance is determined by a relatively small complex of parameters.
These include the amount of impurity release, the height of the mixing layer, the average wind speed, the transverse
dispersion, the transformation coefficients, etc. Their evaluation is carried out in aggregate form on the basis of model
descriptions and observational data.

In November 2002 in the Norilsk industrial area, the complex sounding of the atmosphere was carried out using the AN-
30 airplane-laboratory "Optik-E" in order to determine the degree and nature of the impact of the Norilsk Mining and
Metallurgical Combine on the state of the air basin of the adjacent and remote territories of the region. The main source
of air pollution in the district is emissions from mining and processing of non-ferrous sulphide ores. As a result of
mechanical treatment of ores, dust aerosols of different dispersity are formed, containing huge amounts of toxic
elements, which, as shown by the studies **, mostly fall on the underlying surface of the production area. However, as a
result of calcining the ore, sulfide sulfur is oxidized to gaseous sulfur dioxide, which accounts for up to 96% of the total
mass balance of emissions. Thus, most of the emissions in the form of acid oxides, mainly sulfur, are taken out of the
city in the gas phase. The chemical processes of sulfur transformation, according to theoretical concepts *7, go along the
way of its oxidation to the highest valence of VI and neutralization H,S — SO, — H,SO; — H,SO, — M(HSO,),, —
M,(SO,),,, where M™ " is the cation of any metal.
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2. MODELS OF ESTIMATION OF CONCENTRATION FIELDS IN THE EMISSION PLUME

The balance of the mass of passive and chemically active admixtures arriving from stationary point and area sources to
the boundary layer of the atmosphere is based on the data of observations *°
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Where x, y are the horizontal coordinates, the x axis is oriented in the direction of the horizontal component of the wind
speed, kx, ky, kz are the turbulent exchange coefficients along the directions, a is the chemical transformation coefficient
of the impurity, H is the height of the mixing layer, f (t, X, y, z), g (X, y, z) are functions describing the positions and
powers of the sources of the impurity.

For homogeneous conditions in the stationary case, the impurity transport model (1) - (3) can be substantially simplified
and its solution for a point source is presented in the following form *
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Where U(.X) is the dispersion of the impurity in the direction transverse to the wind, the function S (x, z) is a solution
of equation.
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Integrating equation (5) with respect to z from 0 to H, taking into account the boundary conditions (2), we obtain
H
d j u(z)S(x,z)dz .
0 . —ajS(x,z)dz
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At large distances from the source, the function S weakly depends on z. Then, using the generalized integral theorem on
the mean value of the function, relation (6) can be represented in the form "
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Where § is the average value of the function S (x, z) in the interval (0, H),
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The general solution of equation (7) has the form
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where 01 is the integration constant.

Relations (4) and (9) allow one to estimate the concentration fields from the measurement data at a considerable distance
from the impurity source. They can be further modified depending on the spatial arrangement of the observation scheme.
For example, in the case of conducting route measurements of the concentration in the transverse to the flare of the
impurity from (4), (9) follows

0
I\ — _ -0, x
P(x,0)= jq(x,y,z) Lzh dy=0 e
e (10)
The unknown parameters HI ’92 in the dependence (10) are estimated from the measurements of the integral
concentrations at a certain height h in the mixing layer."'

Taking into account that at large distances from the source s (x) = x,” in order to estimate the axial concentration fields of
the passive admixture along the flare axis, relations (4), (9) imply

a(x0)=2

X . (11)

Comment. The asymptotic behavior of the impurity concentration from an area source can be described by the relation’,
similar to (11). In this case

O=M2mH , M= j j m(&,n)dédn
§ , (12)

Where M is the total admixture flow from the territory of S, m(é:’ n ) is the impurity emission from the point
(g’ n ) belonging to S, u and H are the average wind speed and the height of the mixing layer.
The model (12) describes the asymptotic behavior of the impurity concentration, starting from certain distances from the

surface source. In the source and for close distances it is not suitable. The estimation of the parameters 0 in the
dependences (11), (12) is carried out from the least-squares observations."'
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3. EXPERIMENTAL RESEARCH

Route sampling of gas and aerosol admixtures was carried out in the main direction of demolition of the air mass at a
distance from 20 to 140 km from Norilsk. The flight took place on November 10, 2002 at daylight hours. Horizontal
flights were carried out at altitudes of 400, 600, 800, 1200 m above sea level with equidistance lines - from 3 to 6 at each
altitude level. In the morning the weather in the Norilsk area was determined by the central part of the filling up cyclone
with surface fronts, and then a low gradient field of low pressure was observed. The arctic air mass was observed.
Measurements were carried out at all sites. The most interesting for the analysis is the 400 m site, where the main part of
the plume was concentrated, since the analysis of 600-1200 m profiles showed the approach of gas concentrations to the
background as the altitude increased.

The results of some measurements are presented in the Table 1.

Table 1. Relative chemical composition (%) and total aerosol concentration (ug/m”) at a different distance from Norilsk.

Distance from Norilsk,

Chemical km 58 65 73 82 92
impurity, %

Lead 2 3 - 4 6
Chlorides 3 8 8 9 14
Calcium 64 62 50 29 9
Sulfates 4 15 27 43 51

Concentration of all determined

chemical impurities (pg/m’) 71,2 > 249 208 1.4

In the air coming from the city, the SO, concentration reached 450 pg/m®. The nearest border of the site was at a distance
of 58 km from the city, a distant one about 100 km. At the same time, the transition from the urban loop to the
background conditions is sufficiently contrasted. The source of calcium initially, apparently, is lime, added during
roasting to enrich copper-nickel ore. Calcium, which enters the atmosphere during combustion, is contained in the
microdispersive fraction, in the range of particle sizes 20-180 nm, and probably directly reacts with sulfur oxide
according to the reactions of the type: CaO + SO, {+ 2H,0} = CaSO;{-2H,0}, CaS0;*2H,0 + 1/20, = CaSO,*2H,0.*

4. NUMERICAL ANALYSIS OF PASSIVE AND ACTIVE IMPURITIES TRANSPORT
PROCESSES

The obtained relations (10), (11) for the estimation of concentration fields are based on the equation of mass balance of
passive and active impurities in the boundary layer of the atmosphere at considerable distances from emission sources.
An important feature of them is the possibility of conducting an effective control over the change in concentrations with
distance over a small number of reference observation points.

4.1 Relatively passive impurities

One of the stages of numerical investigation consists in verifying the fulfillment of the conditions for the stationarity of
atmospheric processes in the time intervals under consideration. Their indirect confirmation can be the corresponding
concentration distributions with the distance of chemically inactive impurities. Figure 1 shows the results of
measurements of total concentrations of bromides and chlorides in directions transverse to the flare at an altitude of 400
m.
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Figure 1. Concentrations of bromides and chlorides measured in transverse directions in the emission plume.

The analysis of figure 1 allows us to make a conclusion about the relatively weak variability of these emission
components with distance.

4.2 Chemical transformation

Figures 2a and 2b show the results of measurements of calcium and sulfates at the same height. It is obvious that the
propagation model of a passive admixture in this case is of little use for estimating concentration fields.
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Figure 2. Calculated in the transverse direction of the concentration of calcium (a), sulfates (b) at an altitude of 400 m.

Figure 3 shows the reduction in the model (10) of the total concentration of calcium and sulfates. From the analysis of
figure 3 it follows that in the considered range of distances the model (10) quite adequately describes the process of
transformation.
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Figure 3. Estimate by model (10) of the total concentration of calcium and sulfates in the emission plume. o, ® - the
reference measurement and control points.

It should be noted that the estimation of the 92 =0.058 transformation parameter turned out to be very close to the
data contained in the literary sources. According to Ryaboshapko®, the transformation coefficient for the removal of SO,
from the atmosphere as a whole is 0.052.

In Fig. 4 shows the results of the recovery according to model (11) of the axial concentration of SO, at various reference

points.
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Figure 4. Axial concentrations of SO2 measured numerically in accordance with the model (11) at a distance of 58 km (a)
and at a distance of 73 km (b)

The analysis of figure 4a shows that, starting from a distance of 58 km, the SO, transformation process occurred most
intensively. As the distance increases, it decreases and, according to figure 4b for distances greater than 70 km, the
decrease in the concentration of SO, in the axial direction practically does not differ from that of the passive substance.

5. CONCLUSION

On the basis of models for estimating the fields of regional distribution of pollutants, a numerical analysis of airborne
sounding data of the winter atmosphere of the Norilsk industrial region was carried out. Within the framework of the
two-parameter transformation model, the possibility of a completely adequate description of the changes with the
distance of the concentration fields in the contaminant plume is shown. Taking into account the speed of air transport,
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the active gas-to-particle conversion, observed at a distance of 60-100 km from the source of emissions, confirms the
average estimates of the life time of sulfur dioxide in the real atmosphere. Under conditions of a polar atmosphere with
low humidity in winter, the main way of removing SO, from it is apparently dry heterogeneous condensation, the main
counterparty in which is calcium oxide, also of industrial origin.
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