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Abstract. The results of an airborne survey of plumes from the Norilsk Mining and 

Metallurgical Plant by an Optik-É AN-30 aircraft laboratory on November 10, 2002 are 

discussed. Most pollutants are blown out of the city in the gas phase in the form of acidic 

oxides (mainly sulfur). Mapping of the substances is performed along the main trajectory of air 

mass transport at a distance of 20-140 km from the city. Horizontal flights were performed at 

400, 600, 800, and 1200 m above sea level at equidistant traverses (from 3 to 6 at each height) 

normally to the main flow direction. Most pollution was concentrated above the 400-m level. 

An active gas-to-particle conversion was observed at a distance of 60-100 km from the 

emission source. In the plume areas distant from the source there was a sulfate anion increase 

from 4% to 51% in aerosol composition weight and a calcium decrease from 64% to 9%. 

Under the conditions of low humidity in the polar atmosphere in winter, SO2 is apparently 

removed from the air mainly due to dry heterogeneous condensation with calcium oxide as the 

main counteragent of industrial origin. The concentrations of these active pollutants in the 

plume are well approximated by a two-parameter transformation model. 

1.  Introduction 

A comprehensive airborne survey of the atmosphere over the Norilsk industrial region was performed 

by an aircraft laboratory called Optik-É AN-30 [1] in November 2002. The purpose of the complex 

experimental study was to evaluate the impact of the Norilsk Mining and Metallurgical Plant on air 

quality of the adjacent and remote areas of this region. 

The main source of air pollution is the emission of contaminants from nonferrous metallurgical 

enterprises. As a result of ore roasting, sulfide sulfur is oxidized to gaseous sulfur dioxide, which 

accounts for up to 96% of the total emission mass; dust, carbon monoxide, and nitrogen oxides only 

account for 1-1.5% [2]. Thus, most emissions are blown out of the city in the gas phase in the form of 
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acidic oxides (mainly sulfur). The chemical processes of sulfur transformation, according to the theory 

[3, 4], are its oxidation to higher valence, VI, and neutralization: H2S → SO2 → H2SO3 → H2SO4 → 

M(HSO4)m → M2(SO4)m, where M 
m+

 is any metal cation. In fact, the major part of the emissions is 

sulfur dioxide. In accordance with calculations of [4, 5], the maximum amount of sulfuric acid in the 

atmosphere during the transport is reached in about 20 hours, and the average life time of sulfur 

dioxide due to dry deposition and chemical transformations is about 40 hours. The rate of removal of 

sulfur dioxide abruptly increases by precipitation. In addition, our first experiments [6] showed that 

the aerosol fraction of the emissions should be sampled at a distance of more than 20 km from the 

source. 

2.  Experimental studies 

Based on the above information, the mapping of pollutants was performed along the main trajectory of 

air mass transport at distances of 20-140 km from the city. The flight was carried out on November 10, 

2002 in daytime according to the scheme shown in figure 1. 

 

 

Figure 1. Flight route. November 10, 2002 (1 – 400 m, 2 – 600 m, 3 – 800 m, 4 – 1200 m). 

 

Horizontal flights were performed at heights of 400, 600, 800, and 1200 m above sea level at 

equidistant traverses, from 3 to 6 at each height. The morning weather in the Norilsk area was 

determined by the central part of a filling cyclone with surface fronts, and then by a low-gradient field 

of low pressure. The air mass was of arctic origin. 

Maps of horizontal pollutant distributions were constructed with the measurement data at all height 

levels. Since the profiles of trace gas concentrations from 600 m to 1200 m showed a tendency to 

decrease with altitude down to the background values, we will focus our attention on the data of the 

400-m level (figure 2), where the most part of pollution was concentrated. 

The SO2 concentration in the air from the city reached 450 g/m
3
. The nearest edge of the square 

was at a distance of 58 km, and the far edge, at 100 km from the city. A significant difference was 

observed between the urban plume concentrations and the background conditions, where the sulfur 

dioxide concentration decreased to 50-60 g/m
3
. This confirms the theory of Israel and Ryaboshapko 

that SO2 may remain in a plume for tens of hours [4, 5]. 

Most of the other components of the plume (carbon monoxide, carbon dioxide, and fine aerosol 

particles) have similar distribution profiles. The data on ultrafine aerosols also confirm that there is an 

active process of aerosol formation via gas-phase chemical reactions in the plume and at its 

boundaries. 
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Figure 2. Comparative chemical composition of aerosols sampled at 400-m level at various distances 

from Norilsk (L; Sum - total concentration of all aerosol elements and ions). 

 

The validity of all these processes is confirmed by the evolution of the chemical composition of the 

aerosols. Figure 2 shows that in plume areas distant from the source there is a sulfate anion increase 

from 4% to 51% in aerosol composition weight and a calcium decrease from 64% to 9%. 

The source of calcium is, apparently, the lime added during roasting to enrich the copper-nickel ore 

(separation of iron-bearing pyrite) [7]. The calcium is emitted into the atmosphere during combustion 

as ultrafine and fine particles of 20-180 nm [8], and apparently reacts directly with sulfur dioxide in 

such reactions as CaO + SO2 {+ 2H2O} = CaSO3{*2H2O}, CaSO3*2H2O + 1/2O2 = CaSO4*2H2O [9]. 
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3.  Models to reconstruct the concentration fields in the plume 

Based on the characteristics of passive substance transport at large distances from a plane source, the 

following model of reconstruction was used to describe the concentration field along the direction of 

emission [10]: 

     22
,,   yxyxQ                                                   (1) 

 
S

ddmMuHM  ,,2 ,                                           (2) 

where  M  is the total mass of pollutants from the territory S. ),( m  is the emission of pollutants 

from a point ),(   belonging to S, and  u  and  H  are the average wind speed and height of the 

mixing layer, respectively. The point (x, y) is assumed to be at a distance of more than 7-10 km  from 

S. The function ),( m  is usually unknown. 

The following two-parameter relationship was used to estimate the concentration of active 

pollutants in the plume [5]: 

  )exp(, 21 rrС                     ,                                            (3) 

where r  is the distance from the source. 

The parameters  θ, θ1, θ2  in the relations (1) and (3) are estimated by a least squares method using 

the observational data. 

4.  Numerical analysis of the transport processes of passive and active pollutants 

The results of numerical reconstruction, using the relation (1), of the concentrations of lead and 

chlorides in the plume at a reference point located at a distance of 58 km from Norilsk are presented in 

figure 3. The distribution of the passive pollutants in the atmosphere is consistent with the physical 

theories.  

 

   

Figure 3. Measured and reconstructed concentrations of lead (a) and chlorides (b) in the plume. 

○, ●: Reference and control measurement points. 

 

The results of the estimation of calcium and sulfate concentrations performed with the relation (1) 

are presented in figures 4a and 4b. It is evident that the passive tracer propagation model is of little use 

in this case. The model (3) reproduces the transformation process quite adequately in the distance 

interval under analysis (figure 4c). 
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Figure 4. Concentrations of calcium (a) and sulfates (b) measured and reconstructed by model (1). 

Total concentration of calcium and sulfates in the emission plume (c) estimated by model (3). 

5.  Conclusions 

Talking into account the air transport velocity, an active gas-to-particle conversion was observed at a 

distance of 60-100 km from the emission source. It confirms the average estimates of the sulfur 

dioxide lifetime in real atmosphere [4, 5]. Under the conditions of low humidity in the polar 

atmosphere in winter, SO2 is apparently removed from the air mainly due to dry heterogeneous 

condensation, with calcium oxide as the main counteragent of industrial origin. The concentrations of 

these active pollutants in the plume are well approximated by a two-parameter model of 

transformation. 
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