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Abstract. Mathematical distribution has been modelled on the basis of physical model of motor cars exhaust fine 
particles spread on high ways. Its relative range of probability density fits well the experiment data for carbon oxide, 
black carbon (soot), particles number concentration and mass concentration (R2=0.98; 0.99; 0.96 and 0.995 respectively). 
The relative precipitate amount has been found receding from the road. The latter proves the feasibility of the application 
of physical model. Moreover, it reveals opportunities for limitation of exhaust particles in the high way areas. Model’s 
physical precondition about dust cloud spreading shows that the same means of protection against pollutants can be used 
as for roadsides as for populated localities i.e. windproof trees or bush lines whose height should be maintained 
depending upon the distance from the road. 
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1. Introduction 
 

Motor vehicle exhaust comprises significant portion 
(about 440 000 tons per year) of pollutants in Lithuania. 
There are mostly carbon monoxide (70 %) volatile 
organic substances (16 %), nitrogen oxides (10 %) and 
solid particles (mostly those of heavy metals) (0.5 %) [1]. 
And only 1 – 8 % of the mass of particulate matter 
constitute ultrafine particles (diameter <0.1 µm), but they 
have been suggested as a possible causative agent for 
increases in mortality and morbidity associated with 
increases their part in solid particles concentration. The 
main heavy metals sources are: fuel: anti-detonator and 
catalyst elements – Pb, Cr, Pd, Pt; lubricants additives – 
Mo, Zn, Cd, Ba, Co; ruber stabilisers – Cd, Zn and brakes 
materials – Zn, Cd, Cu, Cr, Mn. The cadmium (Cd) is 
very active poison, lead (Pb) is toxic for humans, zinc 
(Zn) is toxic at high doses. The derivatives toxicity 
platinum, vanadium, chrome, nickel and cobalt need 
validate due their recent introduction into the roadway 
environment [2]. In open areas they contaminate 40 –
 60 m wide roadside zones most heavily, while the overall 
polluted area spreads to approx. 300 m to roadsides [2, 3]. 
Our research investigates distribution in wide roadside 
line – area of particles whose diameter is less than 
220 nm. 

The major stimulus to investigate traffic exhaust 
spreading is its negative impact on biological 
environment and human health. The particularity of such 
research is determined by the following factors: traffic 
intensity, specific conditions of certain areas, atmosphere 
characteristics and wind directions. The most usual fuel 

used by motor cars is petrol and diesel. Basic chemical 
elements and their compounds in motor car exhaust gases 
– depending on which fuel is used by motor car - are 
presented in Table 1 [4]. Little research is done on local 
spread of exhaust in open high way areas. Mostly the 
research is confined within the measurement of exhaust 
level and its content in certain locations. 

 
Table 1. Basic chemical elements and their compounds in motor 

car exhaust gases 
The highest concentrations 

 Petrol Diesel 
NON-TOXIC SUBSTANCES 

Nitrogen, vol % 74-77 76-78 
Oxygen, vol % 0.2-0.8 0.4-18.0 
Water vapour, vol % 3.0-13.5 0.5-10.0 
Carbon Dioxide, vol % 5.0-12.0 1.0-12.0 

TOXIC SUBSTANCES 
Hydrocarbons, vol % 0.2-3.0 0.01-0.50 
Nitric oxides, vol % 0.1-10.0 0.01-0.30 
Aldehydes, vol % 0.0-0.2 0.00-0.05 
Sulphur oxides, vol % 0.000-0.003 0.000-0.015 

CANCEROGENIC SUBSTANCES 
Soot, µg/m3 0-100 0-2000 
Benz(a)pyrene, µg/m3 0-25 0-10 
Lead compounds, µg/m3 0-60 - 

 
2. Problem formulation 

 
Major attention in the research literature is dedicated  

to the distribution of the particulates into the roadside at 
the distance 50-60 m on both sides, where the main part 
of the particulates is deposited [1, 2]. 
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The quantitative measurements of pollutant emitted 
from the vehicle engines shows that the major 
concentration of aerosols is 1 m away from the driving 
part and in the distance of 2 m decreases by 25 % due to 
the larger than 0.4 to 10.0 µm diameter particles [3, 4]. 

The major part of fine and ultrafine particles is 
deposited also in the zone mentioned above, but relatively 
large part of them is spread far away into the environment 
at the distance of 300 m [3]. The problems arise from the 
measurements of the particulate matter are related to the 
precision of the low mass measurements, including relief 
peculiarities and weather conditions. The results and 
methodology of fine particles similar measurements 
performed in France are described in [2]. In both studies 
the quantity of pollutant was measured in the air.  

In work [2] the dispersion of transition-metals into 
the roadside was measured as particles of diameter more 
than 100 µm and associated with aerosols of diameter less 
than 100 µm are dispersed. These “dusts” produced by 
vehicles are dispersed into the atmosphere and (90 %) 
being spread by airborne dispersal and the rest (10 %) 
remains on pavement. Graphical charts of lead flux and 
zinc flux evolution deposits with respect to the distance 
from the roadway are similar to the results presented in 
[3] by the character and the proportions of the pollutants 
in the points dependent on the distance to the roadway. 
For the ground of analysis data of the work [3] was 
chosen, for the reason that the several measurements were 
performed in the same point. Therefore the errors of the 
measurements are statistical (not instrumental). The errors 
are large, but they show the conditions of the 
measurements. 

Particles less than 0.1 µm of diameter, were 
measured in this work and the main attention was paid to 
the quality of measurements. Using even several parallel 
measuring methods, after summarising measurement 
results, concentrations of ultra fine particles were defined 

– carbon monoxide (CO), black carbon (BC) and all 
emitted particles mass concentration (MC) in selected 
points at the distance from the road centre 30 (15 m from 
the roadside), 60, 90, 150 and 300 m downwind, when the 
average wind velocity is 1 and 2.5 m/s.  

Including plenty of measurements in selected points 
and reliability of data, the processes determining the 
dispersion of particles defined by measurements are tried 
to explain in this work. This problem is solved by the 
application of physical model for particles dispersion in 
the freeway environment, and on the basis of it is 
composed the descriptive distribution of particles 
dispersion. 

The purpose of this work is to study the peculiarities 
of fine particles dispersion over the roadside by a 
mathematical statistical model and to make practical 
conclusions. 

 
3. Solution of the problem 
 

As it was mentioned above, the statistical model was 
created on the basis of data [3]. Such simplified statistical 
model is required because the modelling of the 
mathematical expression on the ground of the differential 
equations, assuming that gas is ideal and particles are 
spherical, does not give positive results, though the 
results obtained this way are usually published. For 
example in this way established data of particle 
deposition rate sometimes differ in several deep from data 
which was obtained by the direct measurements in USA 
and Sweden [5]. It happens because of the complicated 
connection of the processes occurring in the nature and it 
indicates the sensitive interdependence of differential 
equations parameters. It is particularly well-defined for 
the particles of low density material, when the alteration 
of even insignificant equation parameter changes the 
result in series and modelling becomes impossible. 

Fig 1. Cylindrical shape whirl of dust with cut-off model 

xmax 

ymax=2r-h0 
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Whereas the ground of this work is a probability model 
[6], we will present it and shortly explain it once more 
(again). The model is shown in Fig 1. 

Model of fine particles dispersal when a crosswind was 
blowing was created by immediate observation of a dust 
whirl formed behind the driven car. 

When the wind is absent, the cylindrical whirl of dust 
immediately changes into a cylindrical shape with cut-off by 
the ground dust cloud. When the small wind is blowing 
perpendicularly to the freeway, the cloud moves downwind 
and dust settles on the ground surface. Let’s say that fine 
particles in the cloud formed on the road are spread 
constantly (ρ=N/V0=const) and the wind blows 
perpendicularly to the freeway at velocity vx. 

The centre of the cylinder clouds O moves at the 
velocity v parallel to the movement direction of the point a 
equally falling at the velocity vy. The height of the cut-off 
rises while the cloud is spreading and the point a, which 
describes the height of the primary cut-off, moves by the 
dotted line b parallel to the cloud centre point O. Its shift 
downward 
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Taking along the road the unit length of the dust cloud, 

the number of the settled particles is a value equal to the 
number particle in cut-off alteration in volume limited by the 
height h∆ . 

The probability density function receive according to 
definition 
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The volume V0 of this part of the cloud is digitally 

equal to the area S0 with cut-off of the circle (further we 
will use this consideration), i.e.  
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The alteration volume of this dust cloud define from 

circle segment area formula 
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This equation shows the probability distribution 

function is 
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where S(α) – area of the cut-off, which corresponds to the 
central angle ( )radα . From (2) or (5) we find the 
probability density function: 
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In these expressions παα 20 ≤≤ . From the figure 

we find out that 
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From these equations follows the relation between 

angle α  and axis x vice versa: 
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Including the result (1), 
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In ground of this model a good congruence of 

regression equation and experimental data in the distances of 
more than 90 m from the road, when rad80.40 =α  shows 
that, when the wind speed is low, the particles distribution 
scheme described in the model fits very well [6]. However, 
the data found in the high way vicinity does not manifest 
good matching results. 

The model was defined more precisely in the 
performed research by integrating multiplier that expresses 
probability density distribution in cylindrical shape with cut-
off by the ground dust cloud: 
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and a- selected parameter. 

This has led to the function of probability density 
defining exhaust particle distribution more realistically: 
 

( ) ( ) ( )ααγ fhg ∆= .  (14) 
 



 1157

Table 2. Measured average concentrations at increasing distances from the freeway when average wind speed is 1 m/s [3] 
 

Downwind distance (m) 
Measurement: 30 60 90 150 300 

Carbon monoxide (CO) (ppm) 2.0 (1.7-2.2) 0.9 (0.7-1.0) 0.6 (0.5-0.7) 0.4 (0.3-0.5) 0.2 (0.1-0.3) 
Black carbon (BC) (µg/m3) 5.4 (3.4-10.0) 3.2 (3.0-3.5) 2.5 (2.4-2.6) 1.6 (1.1-2.0) 1.3 (1.1-1.5) 
Number concentration (NC) 

(x10-5/cm3) 
1.5 (1.3-1.7) 0.88 (0.77-0.96) 0.7 (0.61-0.85) 0.5 (0.42-0.58) 0.37 (0.30-0.39)

Mass concentration (MC) 
(µg/m3) 49.0 (30.2-64.6) 48.0 (37.1-55.0) 47.5 (29.5-63.4) 46.9 (30.1-65.5) 46.5 (30.0-58.9)

 
Table 3. Probability density function ( )αγ (14) 
 

x(m) 0 10 20 30 60 90 150 
α  (rad) 4.80 4.83 4.85 4.88 4.96 5.05 5.29 
γ (CO) 3.02 2.37 1.86 1.46 0.70 0.33 0.07 
γ ( (BC) 2.36 1.94 1.71 1.31 0.72 0.40 0.11 
γ ( (MC) 

and 
γ ( (NC) 

1.63 1.41 1.22 1.06 0.68 0.43 0.16 

 
The probability distribution function: 
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α

α
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0
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4. Evaluation of the model 
 

The propriety of distribution of particles 
concentrations   model   was   studied   on   the   basis of 
regression equation of probability density function (14). 
By variation of parameter it was tried to find the best 
congruence of normalized probability and experimental 
data. The point of reference was taken the distance larger 
than 30 m from the freeway (as it is done in [3]), because 
of the exceptionally big dispersion of measurement data 
at the distance of 30 m (Table 2). We count that the 
reason of big dispersion of data is not only the wind, but 
also transport, especially the heavy one, causes airflows. 

The dispersion of a pollutant depends on the climate 

conditions: temperature, air moisture, precipitation ect. 
Because the data of works [2] and [3] correlate, we 
measured heavy metal concentrations in soil samples for 
the purpose of modelling, which were collected along the 
motorway Vilnius-Panevėžys (in Lithuania) and the 
profile contained 17 samples [6]. 

The  soil  sample  analysis  model  was   performed  
following  the  standard  procedure  for  AAS 

method ISO 11047: 1998.  For the  evaluation of 
propriety the total  contamination index  Zs  which reflects  
the  risk of the soil  contamination was used.  The results 
showed good  correlation of  relative pollution  with 
experiment data [3]. 

It can be seen in Table 2, that all measured 
concentrations decreased noticeably when moving away 
from the traffic, except from the mass concentration 
measured by Data Ram. The small change in particulate 
mater mass concentration indicates   than, although source 
of nearby ambient particles diameter less 0.1 µm it 

Fig 2. Pollutants dependency on the normalised concentration of the distance from the road, according to [3] and ( )αγ  

((E)-experimental results and (T) - theoretical results) 
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vehicular exhaust on one major freeway is the primary 
contributes relatively little in forms of direct emissions to 
all mass concentrations near freeways. Thus, regulation of 
vehicular emissions in terms of particulate mater mass 
concentration may have little effect on ambient particulate 
number concentrations. 

In order to compare experimental data (Table 2) to 
theoretical one (Table 3) depicts ( )αγ  values of 
probability density function when 

m15rad,80.40 == rα and coefficients ( ) 61.1=COa , 

( ) ( ) 26.1== NCBC aa , ( ) 87.0=MCa . 
It goes without saying that the particles of pollution 

which theoretically are settled down on the asphalt are 
dispersed by wind on the wayside. 

In order to compare experimental data to theoretical 
one the experimental values were deducted when x=300 m 
(background). The data presented in Table 2 and Table 3 is 
normalized in the point of x=90 m from the road. The 
derived values are depicted in Fig 2. Mathematical 
distribution has been modelled on the basis of physical 
model of motor cars exhaust fine particles spread on high 
ways. Its relative range of probability density fits well the 
experiment data for carbon oxide, black carbon, particles 
number concentration and mass concentration (square 
value R2=0.98; 0.99; 0.96 and 0.995 respectively). 

The good results were obtained in all points where 
measurements were taken. But a indeterminacy  of mass  
concentration study remains, because of a large distribution 
of the measurements data in all points. 

The measurements data [3] presented for the 
comparison, when the wind speed is 1 m/s and 2.5 m/s 
shows that the distribution of the particles concentrations  

varies slightly and there is no change of concentration in 
the distance of 300 m and this fact used in the model. 

It means that the wind speed in our model changes by 
just 0α  value. 

Let us assume that mass concentration and probability 
density function, which was normalised in the point of 
90 m, correlates in the margins of the errors in the distance 
of 30 to 300 m from the road. The conclusion of the 
efficient dispersal of particles into the roadside follows. 

At the wind speed m/s2=xv  cloud of particles 
during the time s150=t  reach the margin of 

m300max =x . Assuming that the cloud of a cylindrical 
shape with cut-off formed on the road reaches the margins 
of the road m15=r  [3], and the height (according to the 
various studies in the freeways) is less than 6 m, at the 
particles deposition rate of cm/s6.2=yv , we get 

m9.301 =h  and it coincides with rad80.401 =α . We will 
get the same results, when the wind speed m/s0.1=xv  
and m/s3.1=yv , m9.302 =h and rad80.402 =α . In both 
cases the particle deposition rate coincides with the average 
pollutant particle size deposition rate [5]. 

The graphic view of the alteration of the height of 
pollutant cloud above the ground surface receding from the 
freeway is shown in Fig 3. 

According to the equation (15), probability 
distribution function – defining relative precipitate amount 
dependency upon distance from road - has been evaluated 
(Table 4). α  values are  chosen  from  Table 3. 

 
 

 
 

x(m) 0 10 20 30 60 90 150 300 
α  (rad) 4.80 4.83 4.85 4.88 4.96 5.05 5.29 6.28 
ΓCO(x) 0 0.01 0.03 0.07 0.20 0.35 0.67 1 

ΓBC(x) and ΓNC(x) 0 0.01 0.03 0.06 0.18 0.32 0.64 1 
ΓMC(x)  0 0.004 0.015 0.033 0.120 0.236 0.520 1 

 

Fig 3. The graphical view of the alteration of the height of pollutant cloud (H(x)=2R-h) receading from the freeway above 
the ground surface 
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5. Conclusions 
 
1. Statistical model based on the model of physical 

particles distribution manifests matching to the 
experiment results and that proves physical preconditions 
of the model. 

2. Probability distribution ( )xΓ  show that CO, BC 

and particle number concentration decrease ~60 % in the 
first 100 m. line and their decrease tendencies are similar. 
This provides the possibility to apply it while measuring 
pollutants relative precipitate amount distribution. 

3. Model’s physical precondition about dust cloud 
spreading shows that the same means of protection 
against pollutants can be used as for roadsides as for 
populated localities e. g. wind proof trees or bush lines. 
The trees height can decrease receding from the road 
according to H(x) law. 
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