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Summary 
Dusts pose serious danger to the human health and environment. A significant part of dust emissions3 

comes from motor traffic. In consideration of the very harmful impact of dusts, increasingly restrictive 
limitations are imposed by law on the dust immissions4 in atmospheric air. Originally, the immission 
of particulate matter fraction PM10 (with characteristic particle dimension below 10 μm) was limited 
by law. Since 2010, the immission limitations have been extended to the particulate matter fraction 
PM2.5 (with characteristic particle dimension below 2.5 μm). The environmental risks posed by dusts 
are assessed on the grounds of measurements, modelling of pollutant emissions from natural sources 
and from sources connected with civilization, and modelling of dissemination of such pollutants. This 
paper presents models of the immission of specific size fractions of the particulate matter coming 
from automotive sources, based on functional similarity (behaviouristic models). In the PM10 immission 
models, a relationship is postulated according to which the PM10 particulate matter immission rises with 
increasing nitrogen oxides and carbon monoxide immissions. In the PM2.5 particulate matter immission 
models, an increasing dependence of the PM2.5 immission on the PM10 immission is postulated. 
Similarly, the PM1 immission is postulated to increase with rising PM2.5 and PM10 particulate matter 
immissions. The paper shows results of identification of the PM10 and PM2.5 immission models for 
two air quality monitoring stations. The model coefficients were found to be very susceptible to the 
conditions of pollutant emission (especially to the types of pollutant emission sources) and to the 
pollutant dissemination conditions.
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1. Introduction

Dust is one of the pollutants that are most harmful to the environment. This was pointed out 
as long ago as in 1524 by Georgius Agricola, who wrote about the harmful impact of dust 
on the human health in his work “De re metalica” [1]. Especially in urban agglomerations, 
particulate matter fractions PM10 and PM2.5 are counted among the pollutants the 
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immissions of which most often exceed the permissible limits [2, 4, 8–11, 14, 15, 17, 25]. 
Dusts are composed of particles having different dimensions. The term “dust” is defined 
as the dispersed phase of a two-phase system consisting of solid body, i.e. small solid 
particles, suspended in gaseous dispersion medium, i.e. air [21, 32]. In general, the shape 
of the solid particles (or grains) that constitute dust is not spherical. Therefore, the idea 
of equivalent particle sizes has been adopted for evaluating the characteristic particle 
dimensions. There are many methods of defining the equivalent particle sizes. Such 
methods chiefly depend on the measurement techniques used, which are specified in the 
relevant regulations [3, 16, 29–31]. Usually, dust particles are considered in relation to the 
comparable spherical grains. For this reason, the term “equivalent diameter” or “equivalent 
size” will be used throughout this paper.

Depending on the conventional dust particle size, the following dust categories are defined 
[3, 16, 18, 29–31]:
– TSP (total suspended particles), with equivalent particle size below 300 μm;
–  Fine-grained dust, consisting of particles of equivalent size below 75 μm, which settle 

out under their own weight but may remain suspended for some time;
– Fine dust PM10, with equivalent particle size below 10 μm;
– Fine dust PM2.5, with equivalent particle size below 2.5 μm;
– Dust PM1, with equivalent particle size below 1 μm;
–  Nanoparticles5, with equivalent particle size below 100 nm [24, 28] (dust invisible to the 

naked eye).

The particulate matter fractions PM10 and PM2.5 are defined in the standards where the 
method of measuring particle dimensions is specified. The particulate matter PM10 is the 
dust that can go through a size-selective inlet as defined in the reference method for the 
sampling and measurement of PM10 (see EN 12341) with a 50% efficiency cut-off at an 
aerodynamic diameter (AED) of the particle of up to 10 μm [16, 30, 31]. The particulate matter 
PM2.5 is the dust that can go through a size-selective inlet as defined in the reference 
method for the sampling and measurement of PM2.5 (see EN 14907) with a 50% efficiency 
cut-off at an aerodynamic diameter (AED) of the particle of up to 2.5 μm [16, 30, 31]. Similar 
definitions are applicable to other particle size fractions, e.g. PM1.

Apart from the above, a term “respirable dust” can also be met; moreover, dust particles 
are sometimes classified depending on the depth of their penetration into the human 
respiratory tract [16, 18, 30, 31].

The respirable dust is a set of the particles that can pass through a preliminary particle 
selector with size-permeability (based on equivalent particle sizes) described by a log-
normal probability function with an average AED value of 3.5±0.3 μm and a standard 
deviation of 1.5±0.1 μm.

According to standard EN 481 [16], two dust fractions are defined:
– Inhalable fraction (that can be breathed into the nose or mouth);
– Thoracic fraction (that can penetrate to the bronchioles).

5  There are some differences in defining the term “nanoparticles”. This is, to a significant extent, because of the spontaneous 
introduction of this idea both in the field of sciences and in non-scientific activities and due to a tendency observed for the 
recent years that commercial expressions are readily adopted by scientific circles to function as scientific terms. So, the values 
of 50 nm or even 1 μm can be met as the upper limit defining the equivalent size of nanoparticles [24, 28].
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The dust penetration into the respiratory tract depends on dust particle dimensions [18, 
22, 25, 30, 32]. The inhalable fraction consists of particles with equivalent sizes smaller 
than 100 μm. Particles with dimensions bigger than 30 μm are arrested in the upper part 
of the respiratory tract (nose, mouth, throat, larynx) and then excreted with mucus. The 
middle parts of the respiratory tract (trachea, bronchi, bronchioles) are reached by the 
thoracic fraction, the particle size of which does not exceed 20 μm. These particles may 
accumulate in the upper and middle parts of the respiratory tract. The gas-exchange 
regions (alveoli) are reached by the particles whose dimensions are smaller than 7 μm. 
Such particles are the basic component of the respirable dust, which remains there for 
a quite long time causing pathological changes. The particles with dimensions smaller 
than 2.5 μm penetrate to, and accumulate in, the deepest lung regions. The dust particles 
soluble in body fluids penetrate directly into the blood.

The harmful impact of dust on the human and animal health depends on the size, chemical 
and mineralogical composition, and physical structure of dust particles [18, 22, 25, 30, 32]. 
In general, an opinion is formulated that the most harmful impact on the human health is 
exerted by the fine and very fine dust particles, which deeply penetrate into the respiratory 
tract. The particulate matter fractions PM10 and PM2.5 cause various respiratory diseases 
such as asthma or chronic bronchitis; they are also a factor aggravating the symptoms 
of chronic obstructive pulmonary disease (COPD) [22]. Particularly harmful to the human 
health are the dusts that contain particles with heavy metal compounds (especially 
arsenic, lead, cadmium, nickel, and mercury) and the particles containing heavy cyclic 
hydrocarbons, as many of the components of such dusts have mutagenic or carcinogenic 
properties.

Dust exerts harmful impact not only on human and animal health but also on plants, 
soil, and water. Together with sulphur dioxide, carbon monoxide, and other chemical 
compounds, dust contributes to the generation of the London smog [9]. Noteworthy is 
also the fact that dust reduces the visibility, which may be considered a factor that impairs 
the road safety [9].

Particulate matter emissions result from both natural (non-anthropogenic) and civilization 
(anthropogenic) processes [32]. The basic natural sources of dust emissions are volcano 
eruptions, forest fires, wind (eolian) erosion, as well as marine, vegetable and animal 
aerosols. The anthropogenic causes for the dust emission actually include all the civilization 
activities, related both to production processes and to the satisfying of people’s living 
needs, especially to the use of the domestic fires where solid fuels are burnt. Among the 
production processes, chiefly those related to the activities of power industry, cement 
production industry, building industry, and transport should be mentioned here.

Motor transport is a serious source of dust emissions [2, 4–11, 14, 15, 17, 24, 28, 33]. This is 
the more so dangerous that the dust emissions related to the use of motor vehicles are 
particularly high in the central parts of urban agglomerations, where many people, both 
permanent inhabitants and temporary visitors, are exposed to the air pollution.

The internal combustion (IC) engines, especially those of compression-ignition (CI) 
type, emit fine particulate matter consisting of carbon base (soot) and organic and 
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inorganic fractions, which include substances particularly harmful to human health, e.g. 
heavy organic compounds (such as benzo[a]pyrene, benz[a]anthracene, or benzo[b]
fluoranthene) and heavy metals [2, 15, 24, 28, 33]. The particulate matter contained in the 
IC engine exhaust gases are counted among fine particles, in a significant part having 
equivalent sizes smaller than 10 μm [24, 28]. The exhaust gases of spark-ignition (SI) 
engines, especially of those with direct fuel injection, contain very fine particles (referred 
to as “nanoparticles” [24]); admittedly, the concentration of such particles is rather small, 
but they are extremely dangerous to human health. For this reason, not only the mass but 
also the number of such particles is taken into account in the criterion-based methods of 
testing their emissions.

Other automotive sources of particulate matter emissions include the material stirred up 
by moving road vehicles from the road surface and the tribological pairs in the vehicle-
road system. An important part of these emissions comes from friction pairs in brake 
mechanisms. Up to 0.5 kg of dust may be annually emitted from the braking system of  
a passenger car, according to estimates [7]. In addition to this, the solid particles emitted 
from braking mechanisms are counted among very fine dusts, whose equivalent sizes 
are of the order of several micrometers or even below 1 μm [19, 20, 26]. The dust emitted 
from braking mechanisms predominantly consists of iron and iron compounds, chiefly 
oxides. Other metals, such as barium, magnesium, aluminium, zinc, calcium, copper, silver, 
molybdenum, antimony, and chromium, are also found to be present in the dust grains  
[19, 20, 26].

Apart from the emissions of nitrogen oxides, the particulate matter emissions are 
considered one of the most severe environmental problems caused by the motorization. 
Therefore, various legal, organizational, and technical measures are taken to reduce the 
emissions of solid particles. As regards the particulate matter emitted from IC engines, 
the emission of this pollutant could be radically reduced thanks to new type-approval 
regulations. For other automotive dust emission sources, no equally effective actions have 
been recorded so far. In this connection, work to reduce the particulate matter emission 
from brake mechanisms was undertaken at PIMOT (Automotive Industry Institute). The 
systems intended for this purpose and preliminarily designed for laboratory tests proved 
to be very effective, according to rig test results: the coefficient of effectiveness of the 
reduction of brake dust emission was found to reach a value of up to 0.8 [5–7]. At present,  
a research and development project No. 10-0050-10/2010 entitled “Development of 
systems to reduce dust emission from disc brake and drum brake mechanisms of motor 
vehicles” funded by the National Research and Development Centre is being carried out  
at PIMOT.

This paper deals with the risks posed by the emissions of solid particles to the environment 
in large urban agglomerations. This is a difficult problem because continuous monitoring 
of the immission of specific size fractions of particulate matter is only possible in rather 
few measuring points, usually at air quality monitoring stations. In the other areas, the 
environmental risks posed by dusts can only be assessed with employing indirect 
methods, i.e. with modelling the emission of particulate matter from automotive sources 
and the dissemination of such pollutants or with modelling the immission of solid particles.
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2. Legal situation in the field of environmental protection 
against the risks posed by particulate matter

In Poland, the common laws being currently effective derive from the following sources: 
Constitution of the Republic of Poland, Acts of Parliament, ratified international agreements, 
regulations, and local legal acts.

Originally, the EU legal regulations concerning the protection of people and their environment 
from dust covered the problem of measuring the immission of total suspended particles; 
afterwards, this coverage was extended to particulate matter P10. When research results 
indicated fine particles to be most dangerous for the human health and environment, the 
introduction of an obligation to measure the PM2.5 dust immissions was begun. In the 
future, obligatory measurements of the PM1 dust immissions will most likely be introduced; 
such immissions are already now monitored at some measuring stations. Until 2008, 
there were four Directives and one Decision that pertained to air quality. Finally, they were 
combined into one document, i.e. Directive 2008/50/EC of the European Parliament and of 
the Council of 21 May 2008 on ambient air quality and cleaner air for Europe, sometimes 
referred to as the CAFE (Clean Air for Europe) Directive.

In this Directive, new obligations of the Member States as regards the monitoring and 
assessment of the immission of respirable dust PM2.5 have been laid down. The Directive 
formulates six main objectives. The first one is to define and specify the actions concerning 
ambient air quality and aimed at preventing or reducing the harmful impact of air pollutants 
on the human health and environment. The second one is to develop common methods 
and criteria of air quality assessment in all the Member States. The third one is to introduce 
mutual exchange of information on ambient air quality and to provide mutual help in 
reducing the emission of pollutants to the atmosphere, with mutual monitoring of long-
term trends and improvement in air quality in consequence of that. The fourth objective 
is to inform the public about the current state of ambient air quality. The fifth one is to 
maintain the air quality where it is good and to seek for improvements where the pollutant 
immission limits are exceeded. The sixth objective formulated in the Directive is to promote 
cooperation between the Member States in the field of reducing the gaseous and dust 
pollutant emissions to the atmospheric air.

The ambient air quality must be assessed in every zone and agglomeration within the 
territory of a Member State. If the upper assessment threshold for a pollutant immission 
is exceeded, fixed measurements should be mandatory. However, the information 
obtained from fixed measurements may be supplemented by modelling techniques. If the 
pollutant immission is below the upper assessment threshold then a combination of fixed 
measurements and modelling techniques and/or measurements referred to as “indicative” 
may be used. In the case that the pollutant immission is below the lower assessment 
threshold then modelling or methods referred to as “objective-estimation techniques” 
alone may be considered sufficient to assess the ambient air quality. For the PM10 dust, the 
upper and lower pollutant immission assessment thresholds are 28 μg/m3 and 20 μg/m3,  
respectively. For particulate matter PM2.5, lower values, i.e. 17 μg/m3 and 12 μg/m3, have 
been adopted for the upper and lower assessment thresholds, respectively.
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The EU Member States are obliged to take all the possible measures in order to reduce the 
risks posed by particulate matter. In particular, the EU Member States shall reduce the 
PM2.5 dust immission to a level below a limit of 20 μg/m3 by 2015.

Annex V to the Directive provides information concerning the criteria for determining the 
minimum numbers of sampling points for fixed measurements of the immission of gaseous 
and dust pollutants in the ambient air. The number of the sampling points depends on the 
population of a specific zone or agglomeration and on the pollutant immissions, i.e. on the 
question whether the upper assessment threshold is exceeded or not.

The most important Polish document concerning the environmental protection is 
the “Environmental Protection Law” Act of 27 April 2001. This Act is supplemented with 
implementing regulations, especially the Regulations of the Minister of the Environment to 
the Acts of Parliament, e.g. Regulation of 24 August 2012 on the levels of concentration of 
some substances in the ambient air (Dz. U. of 2012, item 1031).

3. Modelling of the immission of specific particulate matter 
size fractions

The state of risk posed by specific particulate matter size fractions to the ambient air 
quality is assessed on the grounds of direct measurements or, where such measurements 
are not carried out, on the grounds of modelling techniques.

For the environmental risks posed by dusts to be assessed, the immissions of individual 
particulate matter fractions in the monitored areas must be known. Usually, the immission 
values are averaged for specific time intervals as required by the applicable legal 
regulations. Since it is impracticable to measure dust immissions in all the monitored 
areas, considerable importance is attached to the modelling of particulate matter 
emissions and dissemination in the environment. The modelling of pollutant emissions 
makes it possible to assess the state of environmental risk based on analysing the results 
of measurements of the quantities that are easier to be determined e.g. from inventories of 
the pollutant emissions from stationary sources and from motor transport sources based 
on an analysis of traffic intensity and vehicle structure evaluated in terms of the intended 
use, conventional sizes, and ecological characteristics of the vehicles [4, 10].

The modelling of pollutant dissemination pertains to the relationship between the pollutant 
immission and the processes that determine the immission, first of all the pollutant 
emission intensity (rate), which is a derivative of the pollutant emission with respect to 
time [4, 10]. The relationship between the pollutant immission and the pollutant emission 
rate in the time domain is of the operational type [4], but the relationship between the 
average values of the rates of pollutant emission and immission may be treated as  
a functional depe

An analysis of the dependence of the average pollutant immission on the average 
pollutant emission rate has shown that the modelling of pollutant emissions may be 
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used for the purposes of assessment of environmental risk [4, 10]. For this reason, even 
actual modelling of a pollutant immission may be classified in the category of modelling of 
pollutant emissions, because in all the other cases, the modelling of pollutant emissions is 
indispensable for the assessment of a pollutant immission.

The models of immission of specific size fractions of the particulate matter coming from 
automotive sources are built with an assumption of functional similarity (“behaviouristic 
models”) [4, 9–14].

For the particulate matter PM10, the relationship between the immission of particulate 
matter PM10 and the immissions of nitrogen oxides NO

x
 (i.e. nitrogen oxide NO and nitrogen 

dioxide NO
2
 calculated in terms of nitrogen dioxide equivalent) and carbon monoxide CO 

is used [4, 10–14]. Such an assumption arises from the postulates that the particulate 
matter emission related to motor traffic increases with the emissions of nitrogen oxides 
and carbon monoxide and that the average pollutant immission is an increasing function 
of the average pollutant emission rate. Actually, a factor conducive to higher particulate 
matter emission related to motor traffic is the high vehicle speed and, in consequence, 
high loads of IC engines, which result in high emissions of nitrogen oxides and carbon 
monoxide [4]. Thus, such a postulate is physically justified. It is known from the modelling 
of pollutant dissemination, in turn, that an increase in the average pollutant emission rate 
results in a growth in the average immission of the pollutant involved [4].

In general, the model of immission of the particulate matter PM10 coming from road 
transport has been assumed to have the form of a function [4, 10, 11, 13, 14]:

where:
I
PM10

 – immission of particulate matter PM10;
I
NOx

 – immission of nitrogen oxides;
I
CO

 – immission of carbon monoxide.

This function meets conditions (2) within the range of the immission values that are 
consistent with the values obtained from the empirical survey and used for model 
identification purposes [4, 11, 13, 14].

The particulate matter immission models, built in accordance with the criterion of functional 
similarity, are predominantly presented in the literature in the linear form. Consistently, the 
immission of particulate matter PM10 is modelled as a linear function of the immission  
of nitrogen oxides in the form as follows [4, 10, 11, 13, 14]:

A linear dependence of the immission of particulate matter PM10 on the immission  
of nitrogen dioxide is postulated as well [4, 10, 11, 13, 14].
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Again, the immission of particulate matter PM10 is modelled in the following form as a linear 
function of the immission of carbon monoxide [4, 10, 11, 13, 14]:

Among many possible forms of the functions that meet conditions (2), the structure of 
the function FPM10−NOx−CO may also be assumed as a polynomial where the immission 
of nitrogen oxides and the immission of carbon monoxide would be the arguments [4, 10, 
11, 13, 14].

– Polynomial of the first degree:

– Polynomial of the second degree:

The behaviouristic models of the immission of particulate matter PM10, having been 
directly derived from empirical data, are very effective and offer very good conformity with 
the phenomena modelled, but only in the conditions of identification of such models [4, 
10, 11, 13, 14]. However, a serious shortcoming of such models is the fact that they are not 
universal in the situations where the structure and intensity of vehicle traffic, pollutant 
dissipation conditions and background of the pollutants coming from non-automotive 
sources are defined. This means that the coefficients of these models may be different in 
the case of e.g. different routes, road junctions, and modelling periods.

In spite of these difficulties, it seems reasonable to adopt a statistical approach to the 
issue of identification of behaviouristic models and, in consequence, to develop a standard 
for sets of behaviouristic models of the immission of specific size fractions of particulate 
matter for representative conditions of pollutant emission and dissemination.

For the identification of coefficients of the particulate matter PM10 immission models that 
are to be used for inventorying pollutant emissions, results of empirical surveys covering 
a period of at least one year should preferably be taken into account [4, 10, 11, 13, 14]. The 
adoption of a one-year period makes the model independent of the weather conditions 
that are assumed to change in annual cycles. The model coefficients that have been 
identified in result of surveys carried out for at least one year will thus be averaged in 
relation to varying weather conditions.

A different situation takes place if the location of the areas of modelling is the matter of 
concern. In such a case, the situations that can occur must be reasonably categorized 
according to the criteria that describe e.g. the structure and intensity of vehicle traffic, 
pollutant dissipation conditions, and background of the pollutants coming from sources 
other than motor transport.

The environmental risks posed by particulate matter PM2.5 and PM1 are also investigated 
with employing models built in accordance with the functional similarity criterion [4, 9, 12, 
14]. Definitions of particulate matter PM10, PM2.5, and PM1 are used for this purpose.
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According to the definition of particulate matter fractions, the set of particulate matter 
PM2.5 is a subset of particulate matter PM10. Based on results of empirical surveys on the 
immission of particulate matter PM2.5 and PM10, a linear dependence of the immission of 
particulate matter PM2.5 on the immission of particulate matter PM10 may be postulated 
[4, 9, 12, 14]:

where:
 – coefficient of the particulate matter PM2.5 immission model; .

Like in the case of modelling the particulate matter PM2.5 immission, particulate matter 
PM1 may be treated as a subset of particulate matter PM10 and of particulate matter 
PM2.5. Consistently, the immission of particulate matter PM1 may be modelled as linearly 
dependent on the immission of particulate matter PM10 [4, 12, 14]:

where:
 – coefficient of the particulate matter PM1 immission model; ,

and as linearly dependent on the immission of particulate matter PM2.5 [4, 12, 14]:

where:
 – coefficient of the particulate matter PM1 immission model; .

The identification of the particulate matter PM2.5 and PM1 immission models consists in 
determining the coefficients  and  based on results of empirical 
surveys of the immissions of particulate matter fractions PM10, PM2.5, and PM1. In general, 
the identification results depend on the pollutant emission and dissipation conditions and 
on the period during which the measurements were carried out.

The particulate matter is emitted from many different sources. Therefore, the coefficients 
of the particulate matter PM2.5 and PM1 immission models may be expected to depend 
on the quantities that characterize the pollutant emission sources and dissemination 
conditions. In particular, significant differences may be expected to occur between the 
values of these coefficients for areas with different land relief and development and for 
areas with diversified intensity of industrial activities and motor transport. Therefore,  
a statistical approach to the identification of the particulate matter PM2.5 and PM1 
immission models is advisable.

The particulate matter PM10 and PM2.5 immission models were identified as an example. 
So far, the immission of particulate matter PM1 has not been regularly surveyed within 
the activities of the State Environmental Monitoring. Results of surveys carried out at 
two measuring stations of the air quality monitoring network in the Małopolska Region 
in 2012 were used for the model identification purposes [33]. One of them, situated in 
Aleja Krasińskiego in Cracow, is an on-road monitoring station installed in a street canyon. 
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Fig. 1. Immissions of particulate matter PM10 and nitrogen oxides at the air quality monitoring station 
 in Al. Krasińskiego (Cracow)

Fig. 2. Immissions of particulate matter PM10 and nitrogen oxides at the air quality monitoring station  
in Nowa Huta

The other one is placed in ulica Bulwarowa in Nowa Huta, close to a housing estate; this 
location was chosen to investigate the impact of industrial facilities on ambient air quality.

Single measurement results were missing in the set of data available; therefore, the 
missing data points were estimated by interpolation. Moreover, the pollutant immission 
vs. time curves were smoothed, i.e. high-frequency noise was removed, with the use of  
a second-order non-recursive filter.

Figs. 1–4 show time histories of the immissions of particulate matter PM10, nitrogen oxides, 
and carbon monoxide as recorded at individual air quality monitoring stations on specific 
days [d].
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Fig. 3. Immissions of particulate matter PM10 and carbon monoxide at the air quality monitoring station  
in Al. Krasińskiego (Cracow)

Fig. 4. Immissions of particulate matter PM10 and carbon monoxide at the air quality monitoring station  
in Nowa Huta

Correlation dependences of the particulate matter immissions on the immissions of 
nitrogen oxides and carbon monoxide have been presented in Figs. 5–8. The linear 
functions approximating the dependences of the PM10 particulate matter immission on 
the immissions of nitrogen oxides and carbon monoxide have also been visualized on the 
graphs.
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Fig. 5. Correlation dependence of the immission of particulate matter PM10 on the immission of nitrogen 
oxides at the air quality monitoring station in Al. Krasińskiego (Cracow)

Fig. 6. Correlation dependence of the immission of particulate matter PM10 on the immission of nitrogen 
oxides at the air quality monitoring station in Nowa Huta
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Fig. 7. Correlation dependence of the immission of particulate matter PM10 on the immission of carbon 
monoxide at the air quality monitoring station in Al. Krasińskiego (Cracow)

Fig. 8. Correlation dependence of the immission of particulate matter PM10 on the immission of carbon 
monoxide at the air quality monitoring station in Nowa Huta
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The hypothesis on a correlation between the data sets under investigation was verified 
with the use of a statistical test based on a theory developed by Pearson [27]. The 
Pearson’s coefficient of linear correlation between the data sets under investigation has 
been presented in Fig. 9.

Fig. 9. Pearson’s coefficient of linear correlation between the sets of immissions of particulate matter PM10, 
nitrogen oxides, and carbon monoxide

Evaluation of the Pearson’s coefficient of linear correlation did not give unequivocal 
grounds for postulating any differences in the quality of the correlation between the 
data sets under investigation. In spite of significant differences in values of the linear 
correlation coefficient, the probability that the hypothesis on absence of a correlation will 
not be rejected was found to be below 0.01 for all the tested combinations of the data sets.

The values of the coefficients of models (3) and (4) were determined with the use of the 
least squares method [23]. The values of the coefficients of models (3) and (4) have been 
given in the Table 1 below.

Table 1. Coefficients of models (3) and (4), determined for the air quality monitoring stations  
in Al. Krasińskiego (Cracow) and in Nowa Huta

Coefficient
Al. Krasińskiego (Cracow) Nowa Huta

Model (3) Model (4) Model (3) Model (4)

a
11
, a

12
        0.998        6.46    0.535        7.95

a
21

, a
32

165.0 596.0 31.32 170.4

The differences in in the model coefficient values determined for the two air quality 
monitoring stations under consideration confirm high susceptibility of these coefficients 
to the conditions of pollutant emission from motor transport and the other sources and  
to the conditions of dissemination of these pollutants.
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Time histories of the immissions of particulate matter PM10 and PM2.5 at the air quality 
monitoring stations have been shown in Figs. 10 and 11.

Fig. 10. Immissions of particulate matter PM2.5 and PM10 at the air quality monitoring station in Al. 
Krasińskiego (Cracow)

Fig. 11. Immissions of particulate matter PM2.5 and PM10 at the air quality monitoring station in Nowa Huta

Correlation relationships between the immissions of particulate matter PM10 and PM2.5 
at the air quality monitoring stations under consideration, with graphs representing the 
linear functions approximating these relationships, have been presented in Figs. 12 and 13.
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Fig. 12. Correlation relationship between the immissions of particulate matter PM2.5 and PM10 at the air 
quality monitoring station in Al. Krasińskiego (Cracow)

Fig. 13. Correlation relationship between the immissions of particulate matter PM2.5 and PM10 at the air 
quality monitoring station in Nowa Huta

The coefficient of correlation between the analysed sets of particulate matter PM10 and 
PM2.5 immission data has been presented in Fig. 14.
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Fig. 14. Pearson’s coefficient of linear correlation between the sets of immissions of particulate matter PM10 
and PM2.5

Fig. 15. Time history and annual average value of the coefficient of the particulate matter PM2.5 immission 
model for the air quality monitoring station in Al. Krasińskiego (Cracow)

For both the air quality monitoring stations, the values of the Pearson’s coefficient of linear 
correlation between the sets of immissions of particulate matter PM10 and PM2.5 are close 
to 1. The probability that the hypothesis on absence of a correlation will not be rejected 
was found in both cases to be below 0.01. The correlation test results provide grounds for 
postulating strong linear dependence of the immission of particulate matter PM2.5 on the 
immission of particulate matter PM10.

Time histories of the coefficient of the particulate matter PM2.5 immission model, 
determined for the two air quality monitoring stations, with the annual average values  
of this coefficient have been shown in Figs. 15 and 16.
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Fig. 16. Time history and annual average value of the coefficient of the particulate matter PM2.5 immission 
model for the air quality monitoring station in Nowa Huta

For both the air quality monitoring stations, the values of the coefficient of the particulate 
matter PM2.5 immission model are close to each other and they exceed 0.6. In the summer 
months, these values are lower than those recorded in the winter season. This probably 
can be explained by the fact that an important reason for the emission of very fine particles 
in winter is the combustion of solid fuels for heating purposes.

4. Recapitulation

Dusts pose serious danger to the human health and environment. This is confirmed by 
numerous research works carried out by independent institutions all over the world. It 
has been unequivocally ascertained that particularly harmful health impact is exerted 
by respirable dusts, which deeply penetrate into the respiratory system. In connection 
with the risks of this kind, increasingly stringent regulations are introduced to protect the 
human health and environment from dusts. Originally, the regulations were only applicable 
to particulate matter fraction PM10; at present, they also cover the PM2.5 fraction. The 
exceedances of the immissions of specific particulate matter size fractions are the most 
frequent situations of risk to the ambient air quality, especially in the central parts of large 
urban agglomerations. Therefore, a necessity exists to monitor the ambient air quality  
in terms of immissions of specific particulate matter size fractions.

Empirical measurements are only possible within a limited scope, usually on the premises 
of air quality monitoring stations. In other areas, the environmental risks caused by dusts 
may only be assessed by modelling pollutant emissions and dissemination. Pollutant 
emissions may be modelled for both natural and civilization processes. The emission of 
pollutants from stationary sources usually can be identified. The modelling of pollutant 
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emissions from mobile sources, especially from motor vehicles, is a much more difficult 
task while this emission is a basic component of the total pollutant emission in the central 
parts of large urban agglomerations, i.e. in the areas of particularly high risk to large 
numbers of people. The emission of pollutants from motor vehicles is modelled with the 
use of modelling the motor vehicle traffic conditions and the characteristics of pollutant 
emissions from motor vehicles. The assessment of ambient air quality is based on pollutant 
immission values. The pollutant immissions are determined from the rates (intensity)  
of emission of individual pollutants, with the use of pollutant dissemination models [4].

From the point of view of the risks posed by dusts, two methods are used to model the 
emissions and immissions of specific size fractions of the particulate matter coming from 
motor vehicle traffic. For the PM10 particulate matter fraction, emission models based 
on structural (morphological) similarity are applied [4, 10, 33]. To model the immission 
of particulate matter PM10, models built in accordance with the functional similarity 
(behaviouristic models) are employed as well [4, 8, 10–14]. The functional similarity is also 
taken into account to model the immissions of particulate matter PM2.5 and PM1 [9, 12,  
14, 33].

The modelling of the immission of particulate matter PM10 is based on the postulated 
dependence of the emission of particulate matter from motor transport sources on the 
emissions of nitrogen oxides and carbon monoxide [4, 8, 10–14]. Consistently with taking 
into account the increasing dependence of the average pollutant immission on the average 
pollutant emission rate, an assumption is made that the immission of particulate matter 
PM10 depends on the immissions of nitrogen oxides and carbon monoxide. The results 
of empirical surveys of the immissions of particulate matter PM10, nitrogen oxides, and 
carbon monoxides confirm that a considerable correlation exists between the analysed 
sets of data on the immission of these pollutants. In the literature, linear models of the 
immission of particulate matter PM10 vs. the immissions of nitrogen oxides and carbon 
monoxide can be most frequently met. These models may also be generalized to the form 
of two-parameter non-linear models. The research to date has not revealed a significant 
difference in effectiveness between one-parameter linear models and non-linear models, 
whether of the one-parameter or two-parameter type [4, 10, 13].

The effectiveness of models of the immission of particulate matter PM10 is chiefly limited 
by difficulties in the identification of such models, as the model coefficient values that can 
be met in the literature range within very wide limits and are very difficult to be associated 
with physical interpretation of motor traffic [4, 10].

The modelling of the immission of particulate matter PM2.5 is based on the postulated 
linear dependence of the immission of particulate matter PM2.5 on the immission of 
particulate matter PM10; similarly, the modelling of the immission of particulate matter PM1 
is based on the postulated linear dependence of the immission of particulate matter PM1 
on the immission of particulate matter PM2.5 and on the immission of particulate matter 
PM10 [9, 12, 14, 33]. The results of empirical surveys confirm that a considerable correlation 
exists between the immissions of these pollutants. These surveys also unequivocally 
indicate that the predominating source of the very fine dusts, i.e. particulate matter PM2.5 
and PM1, is not the motor transport but the power industry, ranging from large heat and 
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power plants to dispersed municipal and household sources, which is related, above all, to 
the use of solid fuels for heating purposes [4, 12, 14].

The effectiveness of the pollutant immission models directly based on results of empirical 
surveys carried out in the areas of motor traffic is very good, but only in the conditions of 
measurements of pollutant immissions. This means that the coefficients of such models 
are susceptible both to the pollutant emission conditions, which depend on the motor 
traffic, and to the pollutant dissemination conditions. This finding has been confirmed 
by the investigation results presented herein and by many other results published in 
the literature quoted [4, 8–14, 33]. In spite of such a limitation, it seems reasonable to 
believe that the modelling of the immission of specific particulate matter size fractions 
may be considered an effective method to be employed when investigating the risk posed  
by dusts to the human health and environment.
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