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ASSESSMENT OF THE ACOUSTIC CLIMATE ON THE EXAMPLE OF
THE ROAD IN MICHALOWICE (POLAND)

Summary. The aim of the research was to assess the acoustic climate along the
DK7 national road in Michatowice (Krakow district, Poland). The climate
assessment was carried out during the period from September to May at two
measurement sites located at a distance of 11.5 and 27.0 m from the road. The scope
of the study included measuring the intensity of noise, recording the number of light
and heavy vehicles, measuring the temperature of as well as air and the type of
precipitation. The results of noise intensity measurements showed numerous cases
of exceeding the permissible equivalent noise level for single-family housing areas.
The machine learning methods used showed that the noise level was influenced by
air temperature, snowfall, and plant vegetation. Significantly lower values of the
equivalent noise level were obtained on weekends, indicating that commercial road
traffic prevailed in the analyzed road section.
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1. INTRODUCTION

Noise and its level have become one of the factors that increasingly characterize the areas
where people live, work, or relax. Noise is the biggest problem for city dwellers, but it is also
recorded in rural areas, as well as in city parks and even in national parks and reserves. Long-
term exposure to unwanted sounds results in hearing damage and deterioration of mental health
and general health.

Noise is defined as unpleasant and undesirable sounds with frequencies from 16 Hz to 16
kHz and with an intensity that causes nuisance to the surroundings [13]. Noise is estimated to
be the world's biggest problem after air pollution. This pollution comes from the places where
people live and work. The sources of noise are mainly industrial and service activities, as well
as transport. Sound, in physical terms, is the mechanical deformation of an elastic medium (such
as a gas or liquid) moving in the form of a wave. Sound can be described as the propagation of
small pressure disturbances and density fluctuations in such a medium. The basic quantity that
describes sound is its frequency and the amplitude of the sound pressure.

The definition of noise contained in the Environmental Protection Law [13] does not include
the important psychophysiological aspect due to which the specific concept of "sound" is
transformed into the concept of "noise". Directive 2002/49/EC [12] treats the concept of noise
more broadly, stating that "environmental noise" means unwanted or harmful sounds caused by
human activities. Depending on the source of origin, a distinction is made between traffic noise
(road or street noise, aircraft, railway, and tram noise), industrial noise (metal and wood
processing, construction, ventilation, and air conditioning installations), and municipal noise
(catering establishments, concerts, sports competitions).

Road noise is estimated to be the most common type of noise. According to the Strategic
Noise Mapping database, one in five people in Europe are exposed to chronic noise levels that
can cause adverse health effects. Around 95 million people in the European Union are estimated
to be exposed to harmful levels of road noise, and at least 20% of the urban population is
exposed to noise levels considered harmful to health. At least 18 million people are very
irritated and 5 million have severe sleep disturbances due to long-term exposure to transport
noise. Furthermore, it is estimated that long-term exposure to transport noise causes
approximately 11000 premature deaths and, 40000 new cases of coronary heart disease [53]. In
Iceland, Norway, Switzerland, and Turkey, one in four households reports being bothered by
the noise of neighbors or from the street, with the proportion of the population complaining
about noise ranging from 12% (in Hungary, Iceland, Ireland, and Norway) to 31% (in Cyprus
and Romania). The World Health Organization (WHO) estimates that approximately 40% of
the population is exposed to road noise exceeding 55 dB, 20% are exposed to noise exceeding
65 dB during the day, and more than 30% are exposed to noise exceeding 55 dB at night [56].
Road noise is also closely related to air pollution and its impact on human health [3, 17, 42], as
well as to animals living on land and in water [44, 26]. Long-term exposure to noise is harmful
to physical and mental health. Excessive noise levels cause sleep disorders, which in turn leads
to cardiovascular diseases, as well as irritation, learning difficulties, hearing impairment and
tinnitus, chronic fatigue, irritability, stress, loss of concentration and other diseases [2, 20, 52].

Road noise is one of the main factors that degrade the environment, and its impact is
increasing due to the construction of new roads and communication routes. Therefore, the
effects of its impact are felt by an increasing number of residents. The level of road noise is
influenced by the density of roads and streets in urban areas, and outside cities, highways and
expressways, as well as national and some provincial roads. The condition of the road surface
and the means of transport on the roads are also important. The noise caused by the engine, the
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rolling noise (contact of the tire with the ground), and the aerodynamic noise (turbulent air flow
around the body of the car) are important factors influencing the noise level. In the case of
heavy vehicles, there are also vibrations of some elements (e.g., vibrations of semitrailers or
containers) when driving on uneven surfaces.

The type of noise source will determine the acoustic climate of a given place, which is most
often characterized by the sound level occurring in a given area. Acoustic climate is a set of
acoustic phenomena that occur in the environment and are caused by noise coming from sources
located in this environment. Acoustic climate is assessed using the sound level of all sources
that cause it in a given environment. The harmfulness of noise depends on the level of sound
pressure and the duration of exposure, that is, the so-called noise dose [7]. Acoustical climate,
especially under local conditions, is characterized by strong changes in time and space. It
depends mainly on the degree of saturation of a given environment with devices and vehicles,
as well as the urban layout characterizing the local environment and the layout of housing
estates with green areas, communication system, commercial and service facilities and
production plants. Therefore, environmental noise is attracting more and more attention and is
regulated by an increasingly demanding legal framework because its effects on the population
are worrying [25, 40].

In Poland, road noise measurements are performed as part of environmental monitoring or
control and by road management institutions. Based on the results of noise level measurements,
acoustic condition assessments are carried out. Long-term trends in environmental noise in
Poland indicate an increase in traffic noise, especially road and aircraft noise. The increase in
the risk of road noise in recent years is mainly related to the construction of new roads and
elements of the road infrastructure and the rapid increase in the number of vehicles [19].

The monitoring of noise level showed that in 2020, road noise in Poland was a threat
primarily in urbanized areas and was felt by an increasing number of residents [20]. Of almost
200 km of roads, only 4% of roads had road noise emissions in the range of up to 60 dB, that
1s, emissions that did not exceed allowed sound levels during the day in residential areas
adjacent to the roads. The highest percentage of streets with exceeded noise emissions was
found in the cities of the Lower Silesian, Lubuskie, Lesser Poland and Podlaskie voivodeships
(100% each) and the West Pomeranian voivodeship (99%). The lowest percentage was in the
cities of the Lublin Voivodeship (69%) and the Warmian-Masurian Voivodeship (71%) [20].
The research results have shown that the greatest impact of traffic noise on the acoustic climate
occurs 200-300 m from the road, and the nuisance of traffic noise reaches a distance of
approximately 500 m from the road [5]. The level of traffic noise, both in cities and on
communication routes in non-urban areas, is determined by many factors, including vehicle
traffic intensity, the percentage share of trucks in the traffic flow, the speed of vehicles, the
location of the road and the type of surface, the condition of the road, the topography and types
of buildings, the driving style of drivers.

The aim of the study was to evaluate the acoustic climate on Krakowska Street in
Michatowice (Krakow district, Poland) along the DK7 national road. The evaluation was based
on the calculated equivalent noise level calculated for the time of day.

2. CHARACTERISTICS OF THE RESEARCH SITE

The research was carried out in the Michatowice in the Lesser Poland Voivodeship, Krakéw
District (Fig. 1). The measuring points were located on Krakowska Street, which is part of
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National Road DK7. The permissible speed of vehicles on the analyzed road section is
50 km-h!.
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Fig. 1. Location of Michatowice and the route of the DK7 road (own study after [54])

In the research section, the DK7 road has one lane in each direction (Fig. 2). The
measurement sites were located on the western side of the road. On the eastern side of the road,
there 1s a gravel bicycle path, which is separated from the road by a 0.5 m wide shoulder. On
the opposite side of the measurement site, there is a steep exit from Spokojna Street. This may
generate increased noise levels as many drivers have difficulty exiting this street. A
characteristic element of the road in the research section was a speed camera. Despite the correct
marking of the speed camera (vertical road sign D-51), its frequent activation indicates that the
speed limit has been exceeded. You can also notice that drivers slow down and then accelerate
in front of a speed camera, which also affects the noise level. A certain limitation to this
behavior of drivers is the pedestrian crossing located 50 m behind the speed camera towards
Warsaw.

National Road DK7 in the section where the research section is located is straight and flat,
and its condition can be assessed as very good. The asphalt was replaced in 2017, so there were
no defects that would generate additional noise. Approximately 250 m south of the research
section, there is a traffic light that causes traffic jams during heavy traffic. Such situations are
mainly observed in the morning and during heavy tourist traffic. On the western side of the
road, there is a drainage ditch approximately 1 m deep. The ditch is regularly mowed and is
kept in good condition. Next, there is a 2.0 m wide pedestrian sidewalk. The traffic on the road
is small and did not affect the measurement results.

3. METHODOLOGY

The noise intensity was measured using a Voltcraft SL-451 decibel meter, which met the
requirements of class 2 [38]. The measurement accuracy was 1.4 dB and the supported
frequency range was 31.5 to 8000 Hz. The sonometer's microphone was protected by a sponge
so that the wind did not cause any disturbances in the measurement.
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Fig. 2. Road infrastructure in the research section (photo by D. Wywiat)

The measurement sites were located on a private plot, located directly next to the DK7 road
(Fig. 3). The measurement sites were located at two different distances from the road axis. The
site No. 1 (Fig. 4a) was located 11.5 m from the road axis, directly behind the metal mesh fence.
The sonometer was installed at a height of approximately 0.5 m above the ground surface.
Measurement site No. 2 (Fig. 4b) was located at a distance of 27.0 m from the road axis at a
height of 1.5 m on the wall of a single-family building. In this case, there was loose vegetation
between the DK7 road and the sonometer. Near the fence there were thujas up to 0.5 m high,
then tall pines without branches up to 2.0 m high, and then vegetation up to 3.0 m high.

Noise intensity measurements were carried out in six 5-day measurement cycles in
September, October, and November and in January, April, and May. At site 1, measurements
were performed on Mondays, Thursdays, and Saturdays, and at site 2 on Tuesdays and Fridays.
The tests started at 7:00, 12:00 and 17:00 and lasted 60 minutes with the sound level recorded
every 1 second. Additionally, the number of passing cars, divided into light and heavy, as well
as the temperature of the air and the type of precipitation, were recorded. The research was
carried out regardless of weather conditions.

The data collection period was limited to the time of day (6:00-22:00) because it was
expected that peak hours of morning, afternoon, and evening traffic would fall during this
period. The study assumed that noise levels during the day were more critical than noise levels
at night.

The currently applicable legal acts regulating the permissible levels of noise in the
environment are the regulation of the Minister of the Environment of October 8, 2012,
amending the regulation on permissible noise levels in the environment [14] and the
announcement of the Minister of the Environment of October 15, 2013 with respect to the
announcement of the uniform text of the Minister of the Environment on permissible noise
levels in the environment [15]. According to this legal act, the permissible levels of
environmental noise caused by roads or railway lines, expressed in equivalent sound levels,
range from 50 to 68 dB during the day (16 hours of reference time) and from 45 to 60 dB at
night (8 hours). Table 1 presents the permissible levels of environmental noise caused by
individual groups of noise sources, excluding noise caused by aircraft take-offs, landings, and
flights, as well as power lines, expressed in the LAeqD and LAeqN indicators [14]. These
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indicators apply to the establishment and control of conditions of use of the environment in
relation to one day.

Fig. 3. Location of measurement sites in relation to the DK7 road (own study after 54])

a) measurement site No. 1  b) measurement site No. 2
, v St e ‘
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Fig. 4. View from the measurement sites onto the DK7 road (photo by D. Wywiat)

The acoustic climate is determined using acoustic indicators of long-term external noise and
short-term acoustic indicators, corresponding to an equivalent noise level, and associated with
general discomfort and disturbances of sleep. The equivalent noise level is given in decibels
and is the value of the sound pressure level of a continuous steady sound, corrected according
to the frequency characteristic A, which in a specific reference time interval is equal to the mean
square of the sound pressure of the analyzed sound with a level varying in time [13]. Most
often, the equivalent sound level is given for the time of day (reference time interval of 16 hours
- from 6:00 to 22:00) and night (reference time interval of 8 hours — from 22:00 to 6:00). The
equivalent noise level is expressed by the formula according to [39]:

1 La:
Lgeqp = 10-log ;Z’;l 10%Lai [dB] (1)

where n — number of measurements, LA - the average sound level A that occurs during
measurement.
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Tab. 1
Permissible levels of environmental noise caused along roads and railway lines
(own study after [15])

Permissible noise level in
[dB] for roads or railway
lines

reference time interval
time of day night time
LAeq D LAeq N

50 45

No | Type of terrain

a) Protection zone "A" of the health resort

b) Hospital areas outside the city

a) Areas of single-family housing development

b) Development areas related to permanent or

2 temporary stay for children and young people 61 56

c) Areas of social welfare homes

d) Hospital areas in cities

a) Areas of multifamily housing development and
collective housing

3 b) Farm development areas 65 56

c) Recreational and relaxation areas

d) Residential and service areas

Areas in the inner-city zone of cities with more than

100,000 inhabitants. inhabitants

68 60

For the tests carried out, the equivalent noise level was determined for the time of day
separately for each of the three measurement hours and then as a total value for the three
measurement hours. For the research area in question, according to [15], the acceptable noise
level in the environment for the day is 61 dB and for the night it is 56 dB.

Measurement results were subjected to statistical analysis. The influence of the factors
analyzed (day and measurement time, temperature, traffic intensity of light and heavy vehicles)
on the recorded values of the equivalent noise level was determined. To verify the normality of
the distribution, the data were independently subjected to the Shapiro-Wilk test and then the U-
Mann-Whitney and Kruskal-Wallis tests were used. Later in the analysis, machine learning
methods were used to determine the importance of each of the measured (or recorded) factors.
The Ridge Regression with cross validation (with 12 regularization), support vector machine,
multilayer perceptron, k-nearest neighbor and ensemble method, bagging regressor with the
Decision Tree Regressor as the base estimator were used. To reduce the over- or under-fitting
of the models, the data were split into train and test sets with proportions of 75% and 25%.
Qualitative factors (hour of measurement, weather type) were transformed using a one-zero
numeric array. Instead of the number of months, the cyclical features were created using the
cosine function, and the months were classified as vegetative or nonvegetative. The days were
transformed into weekday or weekend days. The additional factor used in the analysis was the
total number of vehicles, in which each lorry was equivalent to 2.5 passenger cars. The use of
machine learning models allowed us to explain the role of the set of independent factors in the
dependent factor (equivalent to the continuous sound level). To assess the importance of each
factor, Shapley values were used. The coding of data was used in Python using pandas [34],
numpy [22] libraries. Data transformation was performed using the sklearn library [37] and
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the feature engine [18] libraries, while models were implemented with the use of the sklearn
library. The Shapley values were determined using the SHAP library [29, 30]. Other statistical
tests were used using the SciPy library [49], and results visualizations were prepared using
matplotlib [24] and seaborn libraries [50].

4. RESEARCH RESULTS AND THEIR ANALYSIS

For the six measurement cycles carried out, the noise level directly from the sonometer
measurements ranged from 41 dB to 111 dB, and its highest values were recorded in January
(Fig. 5). The recorded sound intensity range ranged from the sound level of a conversation to
that of a crowded street. Due to the requirements established by the regulatory regulations, a
further analysis of the results obtained was carried out for the value of the equivalent noise level
calculated according to (1) for each hour of a given measurement cycle. Table 2 shows the
results of the calculation of the equivalent noise level calculated for the measurement hours and
the total noise level calculated for the three measurement hours. The table shows the results of
calculations and carried out at measurement site No. 2 in italics, and the minimum and
maximum values of the equivalent noise level for individual measurement hours are marked in
colors.

During the study period, 884 to 1508 light vehicles and 14 to 170 heavy vehicles were
registered during one hour of measurement. There was a clear downward trend in the number
of heavy vehicles during nonwork days (weekends, holidays), which was the result of
applicable road traffic regulations.

Tab. 2
Summary of calculations of the equivalent noise level, number of vehicles,
temperature, and type of precipitation for each measurement cycle
Date of the Equivalent noise level [dB] for: Number of
measurement vehicles [pcs] Tempera- Typg Qf
cycle hours ture [°] precipit
7:00- | 12:00- | 17:00- | day | light | heavy re ation

date | Day 8:00 | 13:00 | 18:00

Mo 64.8 65.4 67.5 | 659 | 3575 407 17-19 lack
Tu 66.7 | 68.7 | 64.9 | 66.8 | 3227 357 15-17 rain

_315//(())% We 66.7 64.7 66.1 | 65.8 | 3720 418 16 lack
Fr 65.3 64.2 63.0 | 64.2 | 3782 382 16-23 lack
Sa 63.9 61.9 61.8 | 62.5 | 3592 52 17-24 lack
Mo 69.8 67.7 66.5 | 68.0 | 3362 440 5-13 lack

Tu 65.9 | 65.0 655 | 65.5 | 3374 439 12-16 lack
28/09 | We 67.5 72.1 774 | 723 | 3462 383 11-13 rain

0 o | sus | 654 | 650 | 651 | 3827 | 385 11-18 rn ";Ze
Sa | 654 | 647 | 65.0 | 650 | 3690 66 12-24 lack
Mo | 686 | 705 | 685 | 69.2 | 2821 | 376 5-12 fog -
2/11 — rain

7/11 Tu 65.8 | 65.0 65.1 | 65.3 | 3212 422 11-15 lack
We 69.5 67.7 74.7 |1 70.7 | 3101 449 4-8 lack
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Fr | 66.7 | 665 | 665 | 66.6 | 3752 | 390 511 lack
Sa | 672 | 672 | 673 | 672 | 3131 128 812 fog -
none

Mo 70.2 69.2 69.7 | 69.7 | 2840 527 (-3)2 lack
11/01 Tu 68.9 | 67.9 66.4 | 67.7 | 3270 478 (-3)—4 SHOW
- We 68.5 69.9 66.4 | 683 | 2880 517 0-1 snow
16/01 Fr 69.7 | 67.7 | 65.8 | 67.7 | 3299 448 (-3)-0 SHOW
Sa 66.0 67.1 64.1 | 65.7 | 2791 165 (-5)--2) snow
Mo 67.2 65.4 64.8 | 65.8 | 2723 1141 11-18 lack

1204 | Tu | 684 | 686 | 71.1 | 693 | 2394 | 680 4-10 lack
— We | 704 | 668 | 708 | 693 | 2571 | 644 2-49 lack
1704 | Fr | 705 | 700 | 694 | 700 | 2658 | 670 34 lack
Sa | 675 | 68.0 | 66.1 | 672 | 2277 | 235 4-6 rain
Mo | 679 | 665 | 660 | 66.8 | 2975 | 704 511 lack
Tu | 674 | 641 | 669 | 66.1 | 2895 | 706 6-12 lack
none -
ssion | We | 680 | 656 | 646 | 66.1 | 2898 | 643 13-21 o
“VOST o | 653 | 652 | 632 | 646 | 3283 | 588 15-20 raw -
none
Sa | 658 | 642 | 628 | 642 | 2502 | 123 11-16 rai -
none

Colors: — minimum values; — maximum values;

In italics, marked results of measurements carried out at measurement site No. 2

The results obtained from the calculations of the equivalent noise level indicate slight
differences between its values for the adopted measurement hours. It was also not found that
any of the measurement hours was dominant in the conducted research (Fig. 6a). The minimum
values of the equivalent noise level on measurement days ranged from approximately 62 to 65
dB and occurred most often at 5 p.m. on Friday or Saturday. However, the maximum values
ranged from 68 to more than 77 dB. Values above 75 dB can be considered incidental, resulting
from the passage of emergency vehicles with the sound signal.

However, the total values of the equivalent noise level calculated from three measurement
hours ranged from nearly 63 to more than 77 dB (Fig. 6b). These values differ slightly from the
values obtained for individual measurement hours and are therefore considered reliable in
further analysis. The values obtained indicate that for each of the 30 measurement days, the
equivalent noise level for the time of day was exceeded according to [17].

In assessing the state of the acoustic climate, in terms of road noise, a traffic noise hazard
scale, which is auxiliary to the legal criteria, 1s often used, using subjective assessments. The
Polish National Institute of Hygiene (PZH) developed, based on survey research, a subjective
external scale for the time of day of traffic noise annoyance [27]. On this basis, it can be
concluded that in the studied area, 28 out of 30 measurement days were days with high noise
nuisance. On the remaining two days, very high noise was observed (Table 3). A similar finding
was found for acoustic comfort. According to the scale presented in Table 3, there are mainly
conditions corresponding to average noise hazard and high noise hazard [45].
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Fig. 5. Point cloud for the third measurement cycle at site 1 (a, c, e) and site 2 (b, d)
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a) hourly values

80

Equivalent noise level [dB]

b) total values
80

Equivalent noise level [dB]
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—11.01-16.01—12.04-17.04 — 26.04-1.05

Fig. 6. Changes in the equivalent noise level for the time of day during measurement cycles
(the red line marks the permissible value [15])

Tab. 3

Summary of the number of days with a specific degree of noise nuisance and comfort

Parameter

Number of days
g

>
2 = % 5
el 3 = i 2
= 4 o) < =
c | 2| 2| E| &
P B~ 3 S 175}

Noise nuisance for the noise level according to the Polish National Ins

titute of Hygiene [27]

Little Lyeq=< 52 dB
Mean 52dB < Lpeq< 62 dB
Big 62 dB < Lyeq<70dB 6 6 4 6 6
Very big Lyeqg > 70dB 2
Acoustic comfort for the time of day [45]
Full acoustic comfort Ljeqn=< 50dB
Average acoustic conditions l:e(qSD() - 60) dB
. LAe D

A h a 4

verage noise hazard = (60 = 70)dB 6 6 6 6
High noise hazard Lgeqp > 70dB 2
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4.1. The Influence of distance from the road

The distance of both measurement sites from DK7 had little impact on the total values of the
equivalent noise level (Fig. 6b). For individual measurement cycles, it was found that for most
of the tests carried out, the maximum and minimum values of the equivalent noise level were
obtained at measurement site No. 1, i.e. directly at DK7. It should be clearly indicated that in
the case of the measurement cycle carried out in September and April, the maximum values of
the equivalent noise level were obtained at measurement site No. 2 - 66.8 dB and 70.0 dB,
respectively. Despite the nearly 16-meter difference in the distance between the measurement
sites and the existing vegetation, the minimum values of the equivalent noise level at
measurement site No. 2 were obtained only for the measurement cycle conducted in November.
This value was slightly over 65 dB. It should be clearly indicated that the coniferous vegetation
between the measurement sites did not limit the spread of noise from the DK7 road. Based on
the results of the measurements obtained, it would be worth considering changing the
development of this area by planting deciduous plants, which would reduce the nuisance
associated with exceeding the noise level at least during the growing season [31, 32].

The comparison of the equivalent noise level recorded at both measurement sites could have
been subject to an error resulting from the change of the measurements at these sites by at least
24 hours. However, the number of cars, which is the main factor causing noise, allows such
comparisons to be made. When comparing the values of the equivalent noise level obtained at
measurement site No. 2 on Tuesdays and Fridays with the results from measurement site No. 1
on Monday and Thursday, respectively, minor discrepancies were found. The differences
between Tuesday and Monday ranged from -4.0 to 3.6 dB (-6 to 5%), and between Friday and
Thursday from -12.3 to 0.3 dB (-16 to 0.1%).

4.2. The Influence of the number of vehicles

The impact of vehicle traffic and its relationship with road geometry and traffic organization
on the noise level in its surroundings is the subject of many studies conducted around the world
[1, 47]. These studies often involve the development of new or improved models and methods
for forecasting noise in the vicinity of roads, which are necessary to control the acoustic climate
and prevent the impact of excessive noise levels. The basic traffic parameters that influence
road noise are: traffic intensity, vehicle speed, and share of heavy goods vehicles. The type of
surface on which vehicles drive and the geometry of the road, mainly its longitudinal
inclination, also have a significant impact on noise emission [6].

The analysis of the impact of the number of passing vehicles on the noise level was carried
out with a distinction between light and heavy vehicles (Table 2, Fig. 7). Light vehicles were
assumed to include passenger cars and delivery vans that do not exceed 3.5 tons of total weight,
as well as motorcycles and mopeds. The number of light vehicles registered in each
measurement hour ranged from 471 to 1,508 units, with an average of 970 units and a standard
deviation of 198 units. The lowest values were recorded from 7:00 to 8:00 on Saturdays and the
highest from Monday to Friday, from 17:00 to 18:00. However, the number of heavy vehicles
ranged from 98 to 572 units with an average of 175 units and a standard deviation of 67 units
from Monday to Friday. On Saturdays, due to applicable road traffic regulations, the number
of heavy vehicles decreased significantly and ranged from 14 to 93 vehicles, with an average
of 43 vehicles and a deviation of 22 vehicles. The number of registered vehicles resulted in
equivalent noise levels ranging from 65 to 75 dB in November and from 62 to 69 dB in
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September. Thus, when the number of vehicles was reduced, the noise level remained above
the allowed values.

The total number of vehicles during the three measurement hours ranged from 2,512 units
(Saturday, April) to 4,212 units (Friday, October), with an average number of 3,575 vehicles
(standard deviation 416). The number of heavy vehicles ranged from 52 to 1,141 units during
the measurement day, which represented just over 1% (Saturday, September) to nearly 30%
(Monday, April) of all vehicles (Table 1). The smallest number of heavy vehicles, 52 to 235
vehicles, was recorded on Saturday and from Monday to Friday it was from 123 to 1,141
vehicles.

However, despite significant fluctuations in the number of vehicles, there was no significant
reduction in the value of the equivalent noise level with a reduction in their number. The average
value of the equivalent noise level from Monday to Friday for six measurement cycles was
close to 68 dB. However, on Saturday, where the smallest number of vehicles, mainly heavy
vehicles, was found, the average equivalent noise level was just over 65 dB. On the other hand,
the highest number of heavy vehicles was recorded mainly on Thursdays, and therefore it was
the day with the highest equivalent noise level, exceeding 70 dB. Therefore, it can be concluded
that an increase in the number of heavy vehicles increases the equivalent noise level.

4.3. The influence of atmospheric factors

Air temperature has a significant impact on the acoustic properties of the atmosphere. An
increase in temperature usually results in an increase in the speed of sound in air, which can
have consequences on the noise level in a given location. The increase in temperature also
affects sound dissipation processes. In warmer air, there may be differences in air density and
speed at different altitudes, which can lead to more complicated sound propagation trajectories.

The amplitude of temperature fluctuations for 5-day cycles of noise intensity measurements
performed from late summer to spring was 29°C. The air temperature during this time decreased
from 24°C in September 2020 to -5.0°C in January and increased to 21°C at the end of April.
The average equivalent noise level for the entire measurement cycle ranged from 65 dB in
September through 67 dB in October to 68 dB in November, January, and the first half of April
and to 66 dB at the end of April.

In September, the air temperature ranged from 15°C to 24°C with changes in the equivalent
noise level for individual measurement hours from 61.8 to 68.7 dB, in October the temperature
ranged from 5°C to 24°C with changes in the equivalent noise level from 64.7 to 77.4 dB
(Table 1, Fig. 8). A similar range of equivalent noise level was found in November (from 65.0
to 74.7 dB) at an air temperature of 4°C to 15°C. It can therefore be concluded that at a similar
or lower air temperature compared to September, an increase in the recorded noise level was
recorded from 3 dB to 9 dB. In January, negative air temperatures were recorded (from -5.0°C
to 4.0°C) with a lower noise level of 1 dB to 4 dB (range was from 64.1 dB to 70.2 dB) were
recorded compared to November. However, already at the beginning and end of April, when
the temperature ranged from 2°C to 18°C and from 6°C to 21°C, the equivalent noise level
compared to January was at a similar level (from 62.8 dB to 68.0 dB) or decreased and ranged
from 62.8 dB to 68.0 dB. The analysis shows that temperature fluctuations did not cause
significant changes in the equivalent noise level.
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The analysis of the relationships obtained between air temperature and the equivalent noise
level did not show a significant relationship between air temperature and noise level (Fig. 8).
Air temperature changes resulting from the time of day (morning, noon, afternoon) during
measurement cycles do not significantly affect the equivalent noise level. However, it should
be clearly noted that the equivalent noise level increased from Monday to Thursday and then
decreased from Friday to Saturday). However, this was more due to the number of vehicles than
to weather conditions, especially the temperature.

As noted above, long-term exposure to noise can have a negative impact on people's mental
and physical health. Therefore, understanding the effect of temperature on equivalent noise
levels is important for developing effective noise management strategies and improving the
quality of life of residents. Therefore, it should be noted that when recording the noise intensity,
in addition to the air temperature, the air humidity level should also be recorded. It can be
assumed that air humidity in connection with air temperature would indicate to a greater extent
the dependence of noise on the atmospheric conditions prevailing around the measurement site.

During 30 days of observations, there were 22 days in which no rain was observed or rainfall
was temporary. The number of days with rainfall was 8, snow — 4, and fog — 2 (Table 1, Fig.
8). The analysis carried out does not allow for a clear statement of the influence of rain, snow,
or fog on the equivalent noise level. Days with and without precipitation occurring next to each
other do not show that the precipitation resulted in a reduction or increase in the equivalent
noise level. For example, in January, snowfall was recorded from Tuesday to Saturday
(Fig. 8d), which did not significantly reduce the spread of noise. Although in this case, there is
a slight tendency to reduce the noise level. However, the reduction in the number of vehicles at
the end of the week in this measurement cycle will be of greater importance here. Similarly, it
can be seen at the end of April, where there was rain from Thursday to Saturday (Fig. 8f). In
this case, the noise level decreased, but the reduction in the number of vehicles had a greater
impact than the rainfall.

4.4. Numerical analysis

The results of the statistical analysis indicate that Pearson’s correlation coefficients between
the equivalent noise level and the number of passenger vehicles and trucks, day of the week,
were low or small (Fig. 9). Only in the case of air temperature was it found to be averagely
correlated with the equivalent noise level.

A comparative analysis between the results of calculations of the equivalent noise level from
individual measurement sites and measurement days showed that the data were only partially
normally distributed, and therefore the nonparametric Mann-Whitney and Kruskal- Wallis tests
were used. The tests showed that the equivalent noise level for Monday to Friday depended on
the measurement site (p = 0.006), with higher values found at the measurement site No. 1, i.e.,
located closer to the noise source, that is, the DK7 road. The influence of the time of day, i.e.
the time of measurement, on noise values was ambiguous. According to the Kruskal-Wallis test
which evaluates the median value, the effect of time of day was negligible (p = 0.34). A similar
result was obtained using the medium test (p = 0.223). However, according to the Fiedman test
which is intended for repeated samples and evaluates the distribution of data from comparable
groups, this effect was already noticeable (p = 0.021).

The calculations showed that there was a clear influence of the day of the week on the value
of the equivalent noise level. Significantly lower noise values were obtained during
measurements on Saturday, and it was also shown that the noise level recorded on Thursday
was higher than on other days except Monday. It can also be indicated that the equivalent noise
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level on Friday was not significantly higher than on Saturday (p = 0.0163). The month in which
the measurements were performed also turned out to be significant (p = 0.000). Significantly
lower values of the equivalent noise level were obtained in the first (September 2020) and last
series of measurements (April). However, there was no influence of atmospheric factors on the

equivalent noise level (p = 0.538).
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Fig. 9. Correlation matrix of the equivalent noise level and day of the week and the measured
parameters related to the number of vehicles and weather conditions

In the next part of the analysis, machine learning methods were used to determine the impact
of selected factors on the equivalent noise level. The highest values of the determination
coefficient were obtained using the support vector method (Fig. 10), for which a satisfactory fit
of the forecast data to the observational data was obtained. The values of the Shapley index
showed that air temperature had the greatest impact on the fit of the forecast data. The values
of this indicator were also influenced by the day of the week, working or not working, and from
which measuring site the noise intensity data came from.

In the case of the neural network, the main factors that influenced the results of the noise
intensity measurements were temperature, snowfall, and season. According to the ridge
regression method, the most important factors that influenced the noise level were temperature,
day of the week (working or not), and information about snowfall. In turn, in the nearest-
neighbor method, the most valuable information for forecasts was information about the
vegetation period, the location of the measurement site, and information about the type of
measurement day, working or non-working.

4.5. Discussion of research results

Research carried out showed that in Michatowice, on the DK7 road, the equivalent noise
level exceeded the permitted value on weekdays and Saturdays, which was 61 dB for the time
of day. Higher values of the equivalent noise level on weekdays, exceeding the permissible
values and thus higher than the recorded level on Saturdays, may indicate that the cause is
usually higher traffic intensity, which is confirmed, among others, by the studies of Hegewald
[23] and Abdur-Rouf and Shaaban [1].
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Fig. 10. Comparison of prediction results for
the test and training set using the support vector method

In countries of the European Union, the so-called "noise policy" resulting from Directive
2002/49/EC of the European Parliament and of the Council [12] on the assessment and
management of environmental noise. The directive defines objectives and tasks to reduce the
harmful impact of excessive noise on the environment. The need to prepare acoustic maps,
create "noise combat" programs, and provide residents with access to noise information was
highlighted [19]. Acoustic maps are intended to be used for a general diagnosis of noise from
various sources in a given area and to forecast changes in the acoustic climate. Acoustic maps
are the basis for the preparation of an environmental protection program against noise. The
program defines the basic directions and scope of activities necessary to restore acceptable
noise levels in the environment.

An acoustic map was prepared for the research site in question, which shows the acoustic
climate. An acoustic map allows you to indicate areas and the number of people or residential
premises exposed to a specific noise level. The map is developed based on traffic noise
measurements and is also the result of modelling acoustic parameters. The research area in
question is located in the noise zone allowed for 68 dB, and the average daily traffic intensity
for Michatowice ranges from 15 to 29.9 thousand vehicles (Fig. 11). According to the acoustic
map, the area directly adjacent to DK7 is in the noise emission range of 70 to 74.9 dB, and the
test site itself is in the range of 65 to 69.9 dB. Behind the building line, the emission level is the
lowest and is below 59.9 dB. The acoustic map does not indicate any exceedance of the
permissible noise level along the analyzed research area.

As part of the RID [43] project implemented in 2016-2018, noise intensity measurements
and traffic intensity were carried out, among others, along the national road at the administrative
border of the Michalowice and Wilczkowice communes at a distance of approximately 3.0 km
from the research (Fig. 12). During the research period, the section of the DK7 road in question
had a single-lane 2+1 cross-section (with a slow traffic lane), a 1.0 m wide hard shoulder, and
ditches on both sides. The width of individual lanes is approximately 3.5 m, while the width of
the entire road is 11 m. The road had a good bituminous surface with numerous patches and
local mesh cracks. The transverse unevenness of the road was not maintained throughout the
examined section and the roadsides were poorly maintained. There is a vertical concave arch
near the buildings.
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The development area included 6 residential buildings located in the Dtubnianski Landscape
Park with a cantilevered development system (perpendicular to the access road). In terms of
height, the buildings are located approximately 2.0 m below the DK7 road and are separated
from it by an earth embankment planted with high and low greenery (trees and bushes). To the
north of the buildings there are densely planted tall deciduous trees, and in the southern part
there are arable fields. The tests were carried out on Friday at 7 sites, the locations of which are
shown in Figure 12, in three measurement cycles lasting 15 minutes each and in two repetitions.
The results of these tests are presented in Table 2. The measurements were made on Friday in
August 2016 during the day in sunny cloudless weather and an average temperature of 25°C.

arama Wilczkowice L W'Q\'
RID researc

Michatowice

Krakow (]

Fig. 12. Location of the measurement sites in RID research (own study after [43, 54])
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Comparing the noise level results obtained for the period 2020-2021 with the research
conducted as part of the RID project [43] in 2017, it can be concluded that the noise level values
were similar (Table 4). Slight differences may result from different locations of measurement
sites, time of day, and measurement duration. It can be noted that in the case of research carried
out by the National Centre for Research and Development, the distances to the noise source and
vehicle speeds were greater and the traffic intensity was lower.

In the case of the RID study [43], the equivalent noise level near DK7 (Fig. 12 — site 1) was
the highest, and as they moved away from the road in the development area, they decreased
(Fig. 12 — sites 2 to 7). The authors stated that the acoustic climate on the roadside will be
unsatisfactory at the beginning of the development system and will improve as we move away
from it. The research clearly shows that the existing earth embankment and greenery on the
roadside contributed significantly to noise suppression. Measurements of noise spread in the
structure of buildings in the area in question showed a reduction in the number of buildings
exposed to excessive noise as they moved away from the road.

Tab. 4
Comparison of noise intensity test results (own study after [43])
RID research [2018]
. . : . Own research
- (Michatowice - Wilczkowice . :
= (Michatowice)
p . g border)
arameter 5} Cycle 1 ‘ Cycle 2 ‘ Cycle 3 o

5 : - Measuring site

2 Measuring point

§ 1,2,3 1,4,5 1,6,7 1 2
DIStance[rflr]om DK7 25 75 125 115 27

1 744 888 936 1000-

-191) )
[Lv.h7] 2 760 888 868 884-1402 1508
Traffic 1 64 76 88
h 12 - -
[h.v.-h™'] 5 2 103 96 14-162 98-170
. . 1 | 60.9-71.5 | 50.4-71.6 | 50.7-72.8
Noise intensity [dB] 2 1614720 | 544726 | 46.5-71.9 61.8-71.4 | 63.0-69.7
D1.v. - light vehicles, ¥ 1.v. — heavy vehicles

Analyzing the results of research conducted in countries of the European Union, it should be
clearly stated that approximately 40% of its inhabitants are exposed to road noise at a level
greater than 55 dB [51]. Noise levels in EU countries do not differ from those recorded in other
countries. For example, Abdur-Rouf and Shaaban [1] conducted research on road noise levels
in the morning, afternoon, and evening hours on weekdays and weekends in Doha, Qatar, and
compared them with local limits and the World Health Organization (WHO). As part of the
investigation, in addition to measuring sound pressure, they also measured air temperature,
humidity, and wind speed. The results obtained showed that, regardless of the day, the average
16-hour noise levels in the selected locations exceeded the allowed values. On weekdays, they
ranged from 67.6 dB to 77.5 dB and on weekends from 68.8 dB to 76.9 dB.

Similarly, in other countries, many urban areas are exposed to road noise that exceeds the
limit values set by the relevant government authorities of these countries, such as the United
States [28, 33], Canada [4, 10], Brazil [9], India [48], Pakistan [35], United Arab Emirates [16,
21]. Most of the time, high noise levels are observed on roads located at major urban
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intersections, especially in urban areas of developing countries. According to WHO, noise
pollution caused by traffic on densely congested roads can be as high as 75-80 dB [51].
However, such noise levels are noticeably higher than the allowed noise thresholds and must
be taken into account by governments, urban planners, and policymakers alike.

For many years, countries such as the United Kingdom, the United States, and Australia have
recognized road noise as a public health and welfare issue. Therefore, several actions have been
taken to reduce road noise levels at the source level by controlling and limiting vehicle use,
promoting environmental awareness, introducing sustainable public transport or encouraging
cycling. It is also important that these countries have defined guidelines for road design in noise-
sensitive areas [8].

Strategies to reduce noise levels by introducing noise-limiting vegetation zones in the city
and installing adapted acoustic screens adapted to development where necessary [11, 36, 41,
47]. However, such activities must be related to proper urban planning and land development.
This can only be achieved in combination with the implementation of advanced traffic
management systems, such as redirecting traffic from highly congested to less congested road
networks.

4. CONCLUSION

Based on the analysis of the noise level measurement results, it was found that its equivalent
level in individual measurement cycles carried out on the DK7 road in Michatowice from
September to May was at a similar level. The location of the research sites and therefore the
distance from the DK7 road as a noise source did not show a significant impact on the equivalent
noise level. No significant dependencies were found that could significantly influence the
research results. Therefore, it can be concluded that loose plantings of coniferous trees and
small shrubs do not muffle the noise.

The permissible value of the equivalent noise level for the time of day was found to be
exceeded, both for single-family development areas and for service development areas covered
by the local development plan at the measurement site. The calculation results indicate that this
exceedance occurred for each measurement hour in all measurement cycles at both sites. The
measured values of traffic noise were at a high level in relation to the assessment of the
subjective feeling of noise annoyance, at the same time, it was an average noise threat.

The distribution of vehicles and the number of passing over time did not change
significantly. The exception was on Saturdays when traffic intensity was reduced. Variations
in the number of vehicles do not result in a significant reduction in the equivalent noise level.
It can be concluded that the influence of the number of cars on the noise level may be distorted
by the presence of a speed camera a short distance from the test section. The introduction of a
speed camera along the DK7 road in Michatowice and the D-51 road signs informing about its
presence resulted in a "calming" of road traffic and adaptation to the permissible speed. The
restrictive speed limit of 50 km-h™! resulted in the noise level remaining at a similar level during
the measurement cycles.

The use of machine learning methods showed that important indirect factors that influence
the level of noise generated include air temperature, snowfall, and plant vegetation. Under
Polish conditions, where the variability of atmospheric conditions is significant, a more detailed
understanding of how these changes affect the equivalent noise level is needed. Research on
this phenomenon can contribute to the development of more effective noise management
strategies, especially in urban areas where noise is a social and health problem. Implementing
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countermeasures can contribute to improving the quality of life of residents and creating a more
friendly acoustic environment. Significantly lower noise values were obtained during the
measurements carried out on the weekend, which shows that the economic nature of traffic
dominates in the analyzed road section.

The research shows that with such a significant limitation of car speeds, the permissible
value of the equivalent noise level is exceeded. This may result in the need to use noise-
absorbing screens. It is proposed to reduce the level of noise by increasing the planting of tree
and shrub species native to our climate zone, which will limit the range of noise impact. The
use of rigid screens would be more effective, but requires significant financial outlays, which
would also reduce the attractiveness of the plots. The construction of the S7 Expressway, whose
route is located a considerable distance from Michatowice, is also in favor of limiting the use
of rigid screens, which can result in a reduction in vehicle traffic on the analyzed section of the
road in the future. Any measures related to the construction of an anti-noise barrier should be
preceded by a survey among the residents of Michatowice, as well as the creation of a program
co-financing possible additional plantings of trees and shrubs.

It should be noted that during the analysis period, Poland was in the midst of a Covid-19
epidemic, which resulted in the introduction of restrictions that, among other things,
recommended limiting movement. The result of these activities was reduced road traffic and,
therefore, lower road noise levels.
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