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ASSESSMENT AND OPTIMIZATION
OF NOISE TOTAL EMISSIONS IN BELGRADE, SERBIA

Road traffic, aircraft, waste trucks, construction equipment, and industrial facilities are just a few
important noise sources that pollute the environment and affect human health. Considering that noise
pollution is increasing due to continuous urbanization and increased road traffic, solving this problem
is necessary. Optimization of total noise emissions in Belgrade, Serbia was done since noise has always
been a source of pollution. This paper presents the use of GIS to establish a multi-factor assessment
model to divide infected grids and select control sites, along with the TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) method, IDW (Inverse Distance Weighting) interpolation
technique, zonal GIS (Geographic Information System) statistics, and noise optimization in the inves-
tigated area. The analysis was based on noise data recorded (Lden — the average noise level over a 24-
-hour period) values in spring and autumn measuring cycles at 34 measuring points in 11 Belgrade
municipalities in 2023. The results showed that noise emission in some control sites requires more than
a 25% reduction. The improvement of the environment is required to control the background of noise
pollution in Belgrade.
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1. INTRODUCTION

Noise is polluting the environment, and it is harmful to human health. The level of
environmental noise today is higher than ever before, and it will continue to increase
due to population growth, as well as due to urbanization and the increase of mobile
sources of noise [1, 2]. An increase in noise levels is also affected by the construction
of main roads, the expansion of the air transport network, and the railways, which are
still the largest sources of noise [3]. Noise produces direct and negative effects that ac-
cumulate after a certain period and endanger human health [4]. In addition, noise affects
housing, social, and work environments, causing economic and non-material losses.
Noise impedes sleep, concentration, communication, and recreational activities of peo-
ple [4]. The objective of the competent ministries should be to protect citizens from the
harmful effects caused by noise pollution. People have the right to choose the nature of
their acoustic environment, and this should not be imposed by others [4, 5].

The existence of noise pollution problems has not yet been fully acknowledged,
even though this problem is continuously growing in developing countries. In the paper
of Davis and Masten [6], there are three reasons why the problem of environmental
pollution caused by noise is not treated as a problem of air and water pollution. These
reasons stemmed from the definition and perception of noise as a subjective experience
and the difficulty in linking the cause with effects when it comes to health problems
caused by noise pollution. The noise level in the city can be examined in three different
ways such as noise levels caused by traffic and transport, industrial activities, sports
activities, commercials, and entertainment establishments [7]. In comparison with other
pollutants, noise control in the environment is hampered by insufficient knowledge of
its impact on humans and the deficiencies of the defined criteria. Therefore, noise is
a significant environmental problem in many urbanized zones [8].

In Serbia, the problem of noise pollution is widespread. The conducted measure-
ments of noise levels in larger cities confirm that the noise level exceeds the limited
values. Noise pollution in Belgrade is similar to that in many urban areas. Belgrade, the
capital of Serbia, records an increase in the rate of population growth. The number of
inhabitants in the region of Belgrade increased from 1.66 million in 2011 to 1.68 million
in 2022 [9]. In recent years, changes have been made in terms of urbanization, industri-
alization, and the expansion of road networks and infrastructure. During the measure-
ment of noise levels in Belgrade in 2023, the Belgrade City Public Health Institute [10]
concluded that the dominant source of noise pollution in Belgrade is road traffic, ac-
cording to the results of most measuring spots. However, their report [10] pointed out
that other sources also have a certain influence on noise pollution, and for this reason,
it is necessary during the construction works and reconstructions to perform physical
fencing of the noise sources, whereby the fences must meet certain acoustic standards,
primarily in terms of noise absorption. In the case of noise originating from catering
restaurants, performances, concerts, etc., it is necessary to carry out additional noise
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level measurements in certain seasonal periods or weekends, in cooperation with the
competent inspection if there are complaints. Belgrade City Public Health Institute [10]
has concluded that besides the urgent application of control measures for reducing noise
pollution caused by road traffic, adequate sound protection of buildings is of primary
importance for protecting people’s health from the harmful effects of noise and their
undisturbed life and work.

This paper aims to (1) compare the measured results with the limited values, (2) show
the noise influence on certain municipalities of the city using the IDW (Inverse Distance
Weighting) interpolation technique in GIS, (3) rank the municipalities from those with
the highest to those with the smallest noise pollution level using TOPSIS (Technique
for Order Preference by Similarity to Ideal Solution) method and GIS (Geographic In-
formation System) and (4) establish the cut scheme of noise emission using GIS tools.

2. MATERIALS AND METHODS

The monitoring system in Belgrade. Belgrade is the capital of Serbia, consisting of
17 municipalities. According to the Annual report on the implementation of the envi-
ronmental noise level measurement program in the territory of Belgrade in 2023, pub-
lished by the Belgrade City Public Health Institute, Center for Hygiene and Human
Ecology [10], control of noise emissions was done at 34 measuring spots. Those meas-
uring spots were located in 11 municipalities of Belgrade and their choice depended on
the density of the population, the proximity of major roads, important institutions, layout
of industrial facilities, the location of noise sensitive areas such as schools, hospitals
and recreation areas, and the size and purpose of the covered area. Based on average
daily, evening, and night values of measured noise pollution for the year 2023, the av-
erage noise level over 24 hours (Lg.n) was calculated by the Belgrade City Public Health
Institute [10] for every measuring cycle (spring and autumn), every measuring spot and
presented in the above-mentioned annual report. In further analysis, data of Leen values
for both measuring cycles were used to analyze the noise influence in Belgrade. How-
ever, it should be emphasized that future measurements should be conducted over the
entire year (covering all four seasons) to provide a more realistic picture and better un-
derstanding of noise pollution assessment.

Methods. The purpose of this work is to quantitatively divide the investigated area
(into grids) of Belgrade to improve the precision of dividing the area and obtain the
optimal noise emission amounts of every municipality of Belgrade under the control
scenario. Noise emission control is a spatial optimization decision problem that is com-
bined with zonal statistics, that was used to compute the optimization scheme for the
noise emission distribution.
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Figure 1 shows the hierarchical model of optimization of the total noise emission based
on GIS. Combining noise emission data from documented reports with the Google Satellite
View map of Belgrade as the base layer and vector data that was manually created on the
base map to present measuring spots (by points), municipalities of Belgrade (by polygons)
and grids of the investigated area (by polygons) the multifactor evaluation model was estab-
lished.

Google Satelite View map of
the city of Belgrade

Establishment of multifactor

Noise emission data from evaluation method based on Ty Te——
documented reports b=
GIS spots, Municipalities of the

- city of Belgrade and grids of
the investigated area)

4 Y

Results of investigated zone
dividing based on GIS

7 ]

Noise distribution » Zonal statisti Noise limitation standards

Measuring spots data from

documented reports - IDW interpolation method

Y

Total noise emission cut scheme

Fig. 1. Hierarchical model of optimization of total noise emission based on GIS

The maximum allowed values of noise indicators in the open space according to acous-
tic zones defined by the regulation on noise indicators, limit values, methods for as-
sessing noise indicators, disturbance, and harmful effects of noise in the environment
were published by the Official Gazette of the Republic of Serbia, No. 75/2010 [11]. This
regulation has defined only the maximum allowed values of noise indicators Lday, Levening,
and Lnigne (Table 1). Considering that the research presented in the paper used calculated
Lygen values, the maximum allowable noise emission amounts according to adjusted na-
tional standards with Directive 2002/49/EC [12] (Table 1) were used to optimize noise
total emission. There is no national standard for the limit value of Lgen, SO the value of
55 dB was used in the research. Since traffic noise has the biggest influence on the
population in all 11 municipalities, the threshold value for Lgen for road traffic was con-
sidered. Although WHO [13] recommended reducing exposure to road traffic noise be-
low 53 dB, in the research, the limit value of 55 dB was used for all zones (Table 1) to
conduct a harmonized analysis for all grids. However, it should be noted that the Re-
public of Serbia is in the process of joining the European Union and that national regu-
lations are still being harmonized with EU directives regarding the permitted level of
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environmental noise, as well as Belgrade’s noise management policies are being har-
monized with the best European practices.
Table 1

Maximum allowed values of noise indicators in the open space according to acoustic zones;
adjusted national standards with Directive 2002/49/EC [12] [dB]

Level of noise

Zone Space purpose Lday and Levening Lnight Lden

areas for rest and creation, hospital zones

1 |and rehabilitation centers, 50 40 55
cultural and historical sites, great parks

2 |tourist areas, camps, and school zones 50 45 55

3 |strictly residential areas 55 45 55
business and residential areas,

4 | commercial and residential areas, 60 50 55
and children’s playgrounds
city center, craft, trade,

5 | administrative zone with apartments, 65 55 55
zones along highways, main, and city roads

industrial, warehouse, and service areas
6 | and transport terminals
without residential buildings

at the border of this zone, noise must not exceed;
the limit value in the neighboring zone

Integrated evaluation. 24-hour noise emissions (Lgen) for both measuring cycles
(spring and autumn) were calculated by the Belgrade City Public Health Institute [10]
for all 34 measuring spots, using the following formula:

L, = 101g2—14(12 w1010 4 451 0PSO g1 P 1010 ) (1)

where: Lday, Levening, Lnight are the A-weighted long-term average sound levels determined
over all day, evening, and night periods of the year, respectively, dB [14].

Regulations of the Republic of Serbia in terms of closer definition and use of estab-
lished indicators of noise in the environment predict that the period of 24 hours is di-
vided into three referent time intervals:

1) day, lasting 12 hours (from 6 a.m. to 6 p.m.),

2) evening, lasting 4 hours (from 6 p.m. to 10 p.m.),

3) night, lasting 8 hours (from 10 p.m. to 6 a.m.).

Ranking the most affected municipalities of Belgrade by the noise emission was
done with the TOPSIS method, one of the methods of MCDM (multi-criteria decision-
-making).

The TOPSIS method selects alternatives that are closest to the ideal solution and at
the same time furthest from the worst alternative. The classical TOPSIS method is based
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on information about attributes defined by the decision-maker, expressed in numerical
data, while the only subjective inputs are weighting factors. The procedure of the clas-
sical TOPSIS method is explained through several steps [15, 16]:

Step 1. Construct a decision matrix and determine weighting factors for the criteria.
Let X' = (x;) be the decision matrix, and W = [w1, ws, ..., wy] the weight vector, where x;
belongs to the set R, w; belongs to the set R and wi + w» + ... + w, = 1. The criterion
function can be maximum or minimum.

Step 2. Calculate the normalized decision matrix. Value normalization can be per-
formed using one of several standardized formulas. The most used method is to calcu-
late normalized values as follows:

X
ny=—" )

ij m 1/2
2
(Z Yij j
i=1

Step 3. Calculate the weight-normalized decision matrix. The weight-normalized
values of vj; are calculated as follows:

v, =wn, fori=1, ..m;j=1,..,n 3)

ij°

where w; is the weight of the jth criterion, » w, =1.
=

Step 4. Determining the ideal positive and negative solutions. The positive ideal
solution A™ has the following form:

A=, vy e v;)z((m_axvij|j el), (mjnvij|j eJ)) 4)
The negative ideal solution A~ has the following form:
A =(v1’, Vs e v;) =((m_invij|j e[), (maxvi,. |j eJ)) ®))

where [ is related to the max function and J to the min function of the criterion.

Step 5. Calculate the separation measures from the positive and negative ideal so-
lutions. The separation of each alternative from the ideal positive solution is calculated
by the following equation:

n 1/p
d = [Z(Vﬁ —v; )pj , i=1L2,...m p=>1 (6)
J
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The separation of each alternative from the negative ideal solution is calculated by
the following formula:

3

1/p
d,-{ (Vu—Vj)p] , i=12,.,m p=1 (7
J=1

In the study, computing the Euclidean distance from each alternative to positive and
negative ideal solutions was done using a traditional #-dimensional Euclidean metric,
ie.,p=2.

Step 6. Calculate values relatively close to the positive ideal solution. The relative
closeness of the ith alternative 4,to A" is calculated as follows:
d;

R=—" 8
"od+d] N

where 0<R;<1,i=1,2,...,m; d; is the separation of each alternative from the negative
ideal solution; &, is the separation of each alternative from the positive ideal solution.

Step 7. Ranking preferences or selecting alternatives closest to 1. The set of alter-
natives is ranked in descending order according to the values of R;.

GIS is a computer-based information system that can be used to analyze spatially
referenced data. GIS uses display tools and enables the creation of a decision support
system that can be used in the decision-making process. GIS is commonly used in plan-
ning, managing, and making decisions in the field of engineering and environmental
protection. In recent years, the rapid development of GIS and software tools has ex-
panded its application in many other areas of research [16, 17].

Spatial and spatial-temporal distributions of physical and socio-economic phenom-
ena can be predicted by functions depending on the location in the multidimensional
space, as a multivariate scalar or vector. Typical examples are elevations (altitudes),
climatic phenomena, population density, etc. Many methods of interpolation and ap-
proximation have been developed to predict the values of spatial events in unforeseen
locations. In GIS applications, these methods are designed to support transformations
between different discrete and continuous representations of spatial and spatial-tem-
poral fields. The point selection method used to calculate the interpolation function var-
ies depending on the method used and its specific implementation.

IDW interpolation was used in this study to show the distribution of noise emission.
This is one of the simplest methods based on the assumption that the value at an uncom-
pressed point can be approximated as a weighted average of values within points within
certain distances or from a given number of the nearest points (usually 10 to 30) [18, 19].
The weights are usually inversely proportional to the distance [20, 21], which leads to
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estimation in an unspecified location. Therefore, the interpolation is calculated as fol-
lows:

m
z(r)|r=n

F() =2 mz(r) = ©)

i
J=1 Jj

P

where m represents the number of the nearest points, » location, and p represents the
parameter.

Grid analysis in GIS. The spatial analysis technique was used to divide the investigated
area into grids. Based on the raster and vector layers and attribute database in GIS, each grid
was treated as an evaluation unit. The QGIS package (version 2.18.15) was used to create
a layer containing all of the embedded operational information for topological grids seg-
mented based on the boundaries of the study area. In the attribute table of this layer, each
grid is a basic data set, and the weighting factor is stored in the data set field [17]. The area
of investigation consisted of 13x8 grids, covering the total area of research of 805.48 km?.
To generate grid emission data, average values of 24-hour noise emission (Lgen) measured
at each 34 measuring spots were used in zonal statistics of GIS. The distribution of noise
emission during the spring and autumn measuring cycles was calculated using the interpo-
lation technique IDW and previously entered L. values for all measuring spots.

Selecting control sites by GIS. Spatial optimization in GIS enabled the selection of
control sites using the following steps:

1. The algorithm for creating a vector grid in QGIS was used to mark the area of
investigation, consisting of 13x8 grids.

2. Zonal statistics of QGIS enabled calculating average, minimum, and maximum
values of noise pollution for every grid.

3. The deviation of the average noise emissions in each grid was calculated con-
cerning the maximum permitted noise level (55 dB), and the noise emission cut ratio
scheme was created.

4. Finally, the grids were ranked by the previously calculated total cut ratio.

3. RESULTS AND DISCUSSION
3.1. RANKING MUNICIPALITIES BY TOPSIS METHOD
The TOPSIS method was used, bearing in mind that the research aims to reach the

results of the ranking of the municipalities with the highest noise influence, with the
overall analysis based on the results of noise level measurements at 34 measuring spots
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in Belgrade. Table 1 shows limited values of noise indicators, according to acoustic
zones. These data are important for comparing them with measured results.

The entire process of this analysis consisted of three levels: (1) the collection of
information and the compilation of spatial data in GIS, (2) the ranking of the munici-
palities using the TOPSIS method, and (3) mapping the municipalities on the thematic
map, based on the ranking results of the applied TOPSIS methodology.

Considering that the TOPSIS method was used for ranking municipalities of Bel-
grade with the highest noise emission, 11 alternatives, i.e., municipalities (A — Stari
Grad, A; — Savski venac, Az — Vradar, A4 — Zvezdara, As — Vozdovac, As — New Bel-
grade, A7 — Zemun, Ag — Palilula, Ay — Surc¢in, Ao — Cukarica, and A — Rakovica)
were selected for ranking. The alternatives are ranked according to three criteria:
C; — maximum 24-hour noise emissions in the spring period (Lden_spring), C2 — maximum
24-hour noise emissions in the autumn period (Lden auumn), and Cs — population density.
The first two criteria were assumed to be equal, i.e., 0.35 (35%), and the third criterion
was assumed to be 0.30 (30%). The sum of all weights was equal to 1.0 (100%, Table 2).
Subsequently, the other steps of the TOPSIS method were carried out.

Table 2
Defined model used in the TOPSIS method

Alternative| C1 | C2 C3z | Alternative| C1 | C2 | C3
Al 72.6(72.7| 8996 A7 68.5(71.6[1184
Az 70.670.9| 2635 Asg 78.6|76.2| 406
Az 72.1[70.9|18 492 Ao 69.0[68.1| 158
Ag 61.7]160.3| 5572 Ao 61.4|68.1[1124
As 66.6|68.4| 1183 Al 67.266.4 3495
Ae 72.667.4| 5127 Weight |0.35]0.35] 0.30

Based on Eq. (2), the normalized decision matrix was calculated, which is shown in
Table 3. The max function of the criteria was used in the analysis, i.e., all alternatives
(municipalities) were ranked by the highest noise emission during both measuring cy-
cles (spring and autumn), as well as by the highest population density.

Table 3

Normalized decision matrix

Alternative Ci Ca C3 | Alternative Ci C> Cs
Aj 0.31570]0.31635|0.40086 A7 0.2978710.31156 | 0.05276
Az 0.30700]0.30851|0.11742 Asg 0.3417910.33158 [ 0.01809
Az 0.31353]0.30851 | 0.82400 Ao 0.30005]0.29633 | 0.00704
As 0.26830]0.26239 | 0.24829 Ao 0.26700(0.29633 | 0.05009
As 0.28961]0.29763]0.05271 Al 0.2922210.28893|0.15574
As 0.31570]0.29328]0.22846
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Based on Eq. (3), the weight matrix of the criteria was calculated, and the results
are shown in Table 4.

Table 4

Weighting decision matrix

Alternative Ci Ca C3 | Alternative Ci C> Cs
Ay 0.11050]0.11072]0.12026 A7 0.10426]0.10905]0.01583
A2 0.10745]0.10798 1 0.03522 Asg 0.11963]0.11605|0.00543
A3 0.1097310.10798 1 0.24720 Ao 0.10502]0.10372]0.00211
Ag 0.09391]0.0918410.07449 Ao 0.0934510.10372]0.01503
As 0.10136]0.10417]0.01581 Al 0.10228]0.10113]0.04672
Asg 0.11050]0.10265]0.06854

Using formulas (4)8), the final results of the ranking of alternatives were obtained,
which are shown in Table 5. As seen in the last column, the most critical municipalities of
Belgrade are: A; — Vracar, A — Stari Grad, A4 — Zvezdara, As— New Belgrade, and A; —Ra-
kovica, and the least critical are: A9 — Suréin, Ao — Cukarica, and As — Vozdovac.

Table 5
Ranking alternatives
Results
Alternative | d; d; Ri | of the TOPSIS | Rank
analysis [%]

Al 0.12738]0.12085 | 0.48685 17.46 2
Az 0.2124810.03941 | 0.15646 5.61 6
Az 0.01277]0.24616 [ 0.95069 34.09 1
Aq 0.17629]0.072380.29106 10.44 3
As 0.23241]0.02006 | 0.07947 2.85 9
As 0.17940]0.06943 [ 0.27901 10.01 4
A7 0.23199]0.0245210.09558 343 8
As 0.24177]0.03581(0.12902 4.63 7
Ao 0.2458310.0165810.06318 2.27 11
Ao 0.23397]0.01755]0.06976 2.50 10
An 0.20178]0.04641|0.18700 6.71 5

A weighted sensitivity analysis was applied to determine the optimal influence of
each criterion. First of all, it has to be emphasized that the change in the weight of one
criterion affected the weight of other criteria because the total of all weights must be
equal to 1. Second, the final score of almost all alternatives has changed after the change
of weights. The change in the final score of alternatives was calculated by Egs. (4)—(8),
and the ranking results are presented in Table 6. The ranks of alternatives A3 — Vracar
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and A; — Stari Grad are constant, but the ranking of other alternatives has changed due
to changes in weights.

Table 6
Ranking alternatives as the result of a sensitive analysis
Al . Wi, w2, W3
temative I s 045, 0.10] 0.4, 04,02 0.35.0.35.0.30]0.30, 0.30, 0.40] 0.25. 0.25, 0.50,
Al 2 2 2 2 2
A 5 7 6 6 6
As 1 1 1 1 1
As 7 4 3 3 3
As 10 9 9 9 8
As 4 3 4 4 4
A7 6 8 8 8 7
As 3 5 7 7 9
Ay 9 10 11 11 11
Ao 11 11 10 10 10
A1l 8 6 5 5 5

3.2. DATA COLLECTION AND PREPARATION OF SPATIAL DATA
IN THE GEOGRAPHIC INFORMATION SYSTEM (GIS)

The collection of information and the preparation of spatial data has been done
through several phases. First, the measuring points were located using the Google Earth
software tool and then downloaded, converted from .kml to .shp files, and thus digitized
and georeferenced as points using the QGIS software tool. The Google Satellite View
map was used as the base layer. The measuring spots are shown in Fig. 2. The measuring
spots are presented in five different colours, considering the defined zones of noise pol-
lution (Table 1). The fact is that measuring spots: M1, M4, M5, M17, M18, M23, M26,
M27, and M30 are located in the residential zone (where the levels during day and even-
ing should not exceed 55 dB, and 45 dB during the night). Measuring spots: M6, M9,
MI11, M12, M13, M14, M15, M19, M20, M21, M22, M31, M32, M33, and M34 are next
to very busy roads (where the levels during day and evening should not exceed 65 dB
and 55 dB during the night). Measuring spots: M2, M3, M8, M10, and M16 are in the
urban zone of the city center (where the limited values for day and evening are 65 dB
and 55 dB during the night). Measuring spots M7 and M29 are in the industrial zone,
and measuring spot M24 is in the school zone (where the limited values for day and
evening are 50 dB and 45 dB during the night). Measuring spot M25 is in the hospital
area (where limited levels for day and evening are 50 dB and 40 dB during the night),
and measuring spot M28 is in the recreation zone (where the limited levels for day and
evening are 50 dB and 40 dB during the night period). Although it is possible to compare
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the obtained relevant levels with the limited values of noise indicators, it must be em-
phasized that no measuring spot belongs to the fourth zone (business and residential
areas, commercial and residential areas, and children’s playgrounds), as can also be seen
in Fig. 2.
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Fig. 2. Map of Belgrade with measuring spots
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GIS was used for the preparation of spatial data and the determination of the area
with the highest noise pollution in Belgrade on the thematic map. The ranking of mu-
nicipalities was based on the results of the ranking obtained using the TOPSIS method.
Figure 3 shows the ranking of municipalities from those with the highest noise pollution
level to those with the lowest. The municipalities with the highest noise pollution level
were A — Vracar, A; — Stari Grad, A4 — Zvezdara, A — New Belgrade, and A;; — Ra-
kovica, whilst the municipalities with the lowest noise pollution level were Ag — Suréin,
Ao — Cukarica, and As — Vozdovac. The municipality Suréin was ranked as the least
noise-polluted, although the airport Nikola Tesla is located in that municipality. How-
ever, the noise was measured at only one measuring spot, and the population density
was the lowest in that municipality. Introducing more measuring spots in the munici-
pality of Sur¢in would probably change the ranking results. In any case, a larger number
of measuring spots may improve the accuracy of the results, enabling one to capture the
full complexity of noise pollution in a densely populated urban environment. Thus, fu-
ture research and analyses should include additional measuring spots to provide a more
balanced data set.

3.3. APPLICATION OF THE INTERPOLATION METHOD (IDW)
TO SHOW THE SPATIAL NOISE INFLUENCE

Data for 24-hour noise emissions (L4en) were calculated by the Belgrade City Public
Health Institute [10] using Eq. (1) and published in their annual report.

19°54' 20°0" 20°6" 20°12" 20°18" 20°24° 20°30° 20°36" 20°42"

‘| Legend

M_spot
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4736 | <5475
54.75-59.50
59.50-64.25
64.25-69.00

I >69.00

44°42"

44°300

19°54 20°0" 20°6' 2012 20°18" 20°24" 20°30° 20°36" 20042 20°48"

Fig. 4. Noise distribution map according to Lden values recorded in the spring period
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The L4en data were entered into a spatial database in GIS separately for the spring
and autumn periods, and Eq. (9) was used for calculating interpolation so the spatial
influence of 24-hour noise emissions for both periods could be defined (Figs. 4, 5). As
can be seen in Fig. 4, the average noise level during 24-hour periods in spring cycle
ranged from 50.0 to 75.6 dB, with the highest level at the measuring spots: M4 (75.6 dB),
My (74.8 dB), Mo (72.6 dB), My (72.6 dB), M, (72.1 dB), M6 (70.6 dB), and M3,
(69.00 dB), and this is the area marked with red colour. The lowest noise level was at
the measuring spots: Mas (50.0 dB), Ma4 (52.0 dB), M3 (55.0 dB), M7 (55.3 dB), M3,
(58.00 dB), M»s (59.10 dB), Ms (59.10 dB), and M3 (59.20 dB) and this is the area
marked with blue and light green colour. As can be seen in Fig. 5, the average noise
level during 24-hour periods in the autumn cycle ranged from 47.9 to 76.2 dB. The
highest noise level (the area marked with red colour) was at the following measuring
SpOtSZ M14 (76.2 dB), M19 (72.7 dB), M29 (72.4 dB), M15 (71.6 dB), Mz (70.9 dB), M16
(70.9 dB), M1 (70.8 dB), M3 (68.5 dB), Ms (68.4 dB), M3 (68.4 dB), Ma; (68.1 dB),
M3, (68.1 dB), and M3 (68.0 dB) while the lowest noise level (the area marked with blue
and light green colour) was at the measuring spots: Mg (47.9 dB), M3, (53.2 dB), My
(56.7 dB), and M3 (57.2 dB).
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Fig. 5. Noise distribution map according to Lden values recorded in the autumn period

3.4. DETERMINING NOISE-POLLUTED GRIDS
AND ESTABLISHING A NOISE EMISSION CUT RATIO SCHEME

Zonal statistics in GIS enabled the calculation of the cut scheme of noise-polluted
grids. From the results presented in Table 7, it can be seen that the noise emission in
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most grids needs to be cut from 15% to 20%. Also, some grids have even higher levels

of noise emission, which is mainly caused by the busy road traffic in Belgrade.

Table 7
Total noise control cut scheme
. .| Average . . | Average . Average
Grid Laen Total cut | Grid Lien Total cut | Grid Lden' Total cut
No by grid [%] No. by grid [%] No. | by grid [%]
101 | 65.21 | —18.55 | 310 | 64.23 | —-16.78 | 606 | 64.93 | —18.05
102 | 65.00 | —18.18 | 311 | 6533 | —18.77 | 607 | 6445 | -17.17
103 | 64.58 | —17.41 | 312 | 63.25 | —15.00 | 608 | 64.05 | —16.45
104 | 6398 | —16.32 | 313 | 60.74 | —10.43 | 609 | 64.70 | —17.63
105 | 62.86 | —14.29 | 401 | 67.23 | —22.23 | 610 | 65.79 | —19.62
106 | 6245 | —13.54 | 402 | 67.68 | —23.05 | 611 | 66.53 | —20.96
107 | 59.14 -7.53 403 | 65.63 | —-19.33 | 612 | 66.06 | —20.11
108 | 65.04 | —18.25 [ 404 | 6432 | —16.95 | 613 | 6529 | —18.71
109 | 6526 | —18.65 | 405 | 63.44 | —1534 | 701 | 65.53 | —19.15
110 | 64.86 | —17.92 | 406 | 62.25 | —13.18 | 702 | 65.55 | -19.17
111 | 64.72 | —17.67 | 407 | 64.84 | —17.89 | 703 | 65.16 | —18.46
112 | 64.55 | —-17.36 | 408 | 66.10 | —20.18 | 704 | 64.77 | -17.76
113 | 6441 | —17.11 | 409 | 62.54 | —13.71 | 705 | 64.62 | —17.49
201 | 6583 | —19.69 | 410 | 65.02 | —1822 | 706 | 64.62 | —17.48
202 | 65.67 | —19.39 | 411 | 64.63 | —17.50 | 707 | 64.35 | —17.00
203 | 64.93 | —18.05 | 412 | 64.05 | —16.45 | 708 | 63.51 | —15.46
204 | 6422 | -16.75 | 413 | 6130 | —11.45 | 709 | 61.32 | —11.49
205 | 63.69 | —15.79 | 501 | 66.09 | —20.15 | 710 | 62.80 | —14.18
206 | 63.72 | —15.85 | 502 | 6598 | —19.96 | 711 | 64.85 | —17.90
207 | 64.33 | -16.96 | 503 | 65.16 | —1846 | 712 | 6525 | —-18.64
208 | 65.13 | —18.42 [ 504 | 6445 | —17.18 | 713 | 65.14 | —-18.44
209 | 65.51 | —19.10 [ 505 | 64.05 | —-16.45 | 801 | 65.82 | —19.66
210 | 64.74 | -17.71 [ 506 | 6429 | —16.88 | 802 | 66.17 | —-20.30
211 | 64.73 | -17.68 | 507 | 65.33 | —18.77 | 803 | 65.51 | —19.10
212 | 6431 | —-16.93 | 508 | 64.68 | —17.59 | 804 | 64.88 | —17.96
213 | 64.10 | -16.54 | 509 | 66.15 | —20.27 | 805 | 64.62 | —17.49
301 | 67.00 | —21.81 | 510 | 68.76 | —25.02 | 806 | 6444 | —17.15
302 | 67.29 | —22.34 | 511 | 69.97 | —27.21 [ 807 | 64.09 | —-16.53
303 | 65.53 | —-19.14 | 512 | 66.74 | —21.35 | 808 | 63.14 | —-14.79
304 | 6434 | -16.97 | 513 | 64.74 | —17.71 | 809 | 60.47 -9.95
305 | 63.65 | —-15.73 [ 601 | 65.52 | —19.12 | 810 | 61.82 | —12.39
306 | 63.40 | —15.27 [ 602 | 6537 | —18.85 | 811 | 64.04 | —-16.43
307 | 6429 | —16.88 | 603 | 6499 | —18.16 | 812 | 64.72 | —17.67
308 | 64.39 | —-17.06 | 604 | 64.63 | —17.51 | 813 | 64.89 | —17.98
309 | 63.81 | —-16.01 | 605 | 64.53 | —17.32
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These are the major target areas to cut noise emissions. Noise pollution grid num-
bers 301, 302, 401, 402, 408, 501, 509, 510, 511, 512, 611, 612, and 802 are the most
polluted, and the noise emission in those grids needs to be cut for about 21.81, 22.34,
22.23, 23.05, 20.18, 20.15, 20.27, 25.02, 27.21, 21.35, 20.96, 20.11, and 20.30%, re-
spectively.
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Fig. 6. Total noise control cut scheme

Figure 6 shows the total noise control cut scheme. The most polluted grids 510 and
511, where noise emissions should be cut by 25.02% and 27.21% are in the area of Stari
Grad and Palilula. Stari Grad is the second municipality, and Palilula is the seventh-
-ranked using the TOPSIS method. Therefore, it is evident that the results of the total
noise control cut scheme do not match the results of the TOPSIS method. The total noise
control cut scheme was calculated based on zonal statistics that enabled calculating av-
erage Lqen noise emissions by grids, and those values were compared to the limited value
of 55 dB to calculate the cut ratio for every grid. On the other hand, the TOPSIS method
was done based on three criteria: maximum Lge, noise emissions measured in spring,
maximum Lgen Noise emissions measured in autumn, and population density in every
municipality. If the TOPSIS method was based only on Lgen noise emissions in spring
and autumn measuring cycles, the results of ranking would match the total noise control
cut scheme presented in Fig. 6. Introduction of the third criterion (population density)
in the TOPSIS method has changed the ranking of municipalities. However, the third
criterion needed to be introduced because noise has a great effect on human health, so
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population density is an important criterion for decision-making. This fact confirms the
correctness of the multifactor decision-making method used in the research.

Optimization of total noise emission means that according to obtained results, the
main pollutant source, in this case, road traffic, must be managed to accomplish better
life quality for the people living in Belgrade and maintain noise emissions within the
national and EU limitations according to Directive 2002/49/EC [12]. One of the ways
to reduce noise caused by road traffic is to plant trees alongside roads (cf. [ 22]).

4. CONCLUSIONS

Noise pollution in Belgrade is mainly driven by traffic, while industry, small busi-
nesses, construction, and other activities have minor importance. Municipal noise levels
recorded during 2023 are still high at most of the measuring spots, and the highest over-
runs of allowed levels are recorded in residential zones (zone 3) and zones along traffic
roads (zone 5).

Noise emissions in the autumn measuring cycle were slightly higher compared to noise
emissions in spring. The choice of the measuring cycle (spring or autumn) has a minor effect
on noise pollution in Belgrade.

The results of an analysis by the TOPSIS method have shown that in Belgrade, a major
city in Serbia, noise pollution, mostly caused by traffic, is above the limited values pre-
scribed by Directive 2002/49/EC, which seriously endangers human health. The highest
noise pollution level during 2023 was in Vracar, Stari Grad, Zvezdara, New Belgrade, and
Rakovica, while the lowest noise pollution level was at Sur€in, Cukarica, and Vozdovac.
Considering that GIS is a powerful tool for the visual presentation of data, the ranking
results obtained from the application of the TOPSIS method were entered into the spatial
database, and the thematic map in GIS was created.

The main advantages of the suggested model of noise pollution control are the usage
of the spatial analysis of GIS for control grids selection, calculating the noise emission
distribution by integrating GIS with zonal statistics, and calculating the emission distri-
bution optimization scheme by using control grids also created in GIS.

The noise pollution control of Belgrade is a comprehensive project. To radically
solve this problem, adequate measures must be taken into consideration, and they con-
sist of the following activities:

e Control of the noise sources. In the case of road traffic and traffic in general as
the dominant source of noise at most measuring spots, control can be performed by
improving traffic management, primarily by automatic traffic regulation and synchro-
nization of traffic lights, replacement of standard roundabouts, construction of road by-
passes, relocation of initial and final stops of public transport, by increasing the number
of zones with traffic restrictions, road maintenance, etc.
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¢ Development of projects for residential, residential-business, investment, and in-
dustrial facilities, small businesses, and urban infrastructure with adequate noise pro-
tection and control of their condition during technical acceptance.

o Planning and installation of sound barriers.

o Acoustic zoning of the city territory. This activity is still in progress for Belgrade,
and acoustic zoning of the city is of great importance in terms of adequate protection of
people and noise environments, because it allows the selection of permits to perform
certain activities in some areas of the city.

The results obtained by this analysis may not be the same by introducing an addi-
tional number of measuring points, as well as additional criteria according to which the
ranking of municipalities would be performed. Certainly, the insufficient number of
measuring spots, lack of statistical validation, and limited temporal scope reduce the
effectiveness of the paper, and those issues will be addressed in future research to en-
hance the study's impact. In any case, this paper aimed to show that by combining these
methods and techniques, data on noise emission reduction can be obtained.
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