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Abstract: The objective of this study was to determine the influence of vehicular traffic on the
environmental noise levels of the Santa Marta City tourist route on the Colombian coast. An analysis
of vehicle types and frequencies at various times of the day over nearly a year helped to track the
main sources of environmental noise pollution. Five sampling points were selected, which were
distributed over 12 km, with three classified as peripheral urban and two as suburban. The average
traffic flow was 966 vehicles/h and was mainly composed of automobiles, with higher values in
the peripheral urban area. The noise level was 103.3 dBA, with background and peak levels of 87.2
and 107.3 dBA, respectively. The noise level was higher during the day; however, there were no
differences between weekdays and weekends. The results from the analysis of variance showed that
the number of vehicles and the noise levels varied greatly according to the time of day and sampling
point location. The peak and mean noise levels were correlated with the number of automobiles,
buses and heavy vehicles. The mean noise levels were similar at all sample points despite the traffic
flow varying, and the background noise was only correlated for automobiles (which varied much
more than the heavy vehicles between day and night).

Keywords: freeway; field measurements; acoustic pollution; traffic flow dynamics; analysis of variance

1. Introduction

Among the different anthropogenic activities associated with noise sources, emissions
from vehicular traffic greatly exceed the background noise levels of cities. Therefore,
traffic is the main source of acoustic pollution, contributing to approximately 80% of total
environmental noise [1,2]. In recent years, noise pollution associated with road traffic
has become one of the main environmental problems in urban spaces. Studies conducted
in the US, Europe, China, and Latin America observed high levels of noise, with values
ranging between 50 and 88 dBA [3–8]. These levels have been increasing due to the growth
of personal vehicles as a consequence of urban expansion and issues related to public
transportation [9–11]. The current situation is worsening due to inappropriate driver
behavior, such as the overuse of horns or powerful sound equipment [12,13].

It is estimated that, globally, around 60 million people are exposed to high levels of
noise [14], which has led to great concern as noise is a stressor with repercussions to physi-
ological and psychological health. Physiological effects include respiratory alterations [15],
digestive disorders [16,17], and cardiovascular disorders [15,18,19], while psychological
effects include fatigue, irritability, anxiety, lack of confidence, and burnout syndrome [20],
which increase the likelihood of committing mistakes and exposing workers to the risk
of accidents, reducing their productivity and increasing the economic costs invested in
medical services and treatment [21,22].
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Recent studies on the harmful effect of noise on health observed the impact on sleep
quality. The immediate effects on sleep stages such as waking and wakefulness resulted in
drowsiness, impaired cognitive function, low daytime performance, and long-term, chronic
sleep disorders [20]. Children and elderly adults are the most vulnerable to this [23–26].
In general, we can establish the effects of noise on sleep from 30 dBA, interference of
oral communication from 35 dBA, cardiovascular effects between 65 and 70 dBA, and the
gradual loss of hearing with continuous exposure to noise levels over 85 dBA [27], and a
brief exposure to sound levels exceeding 120 dBA without hearing protection may even
cause physical pain [28].

Aside from the impact on public health, noise also results in negative economic
impacts, where properties exposed to high noise levels lose an equivalent of between 0.23%
and 1.6% of their price with every increase of 1 dBA of noise over 55 dBA [29,30]. In
addition, a direct relationship between devaluation and increasing road traffic has been
demonstrated [31]. Noise has also affected the hotel industry, as people prefer to stay in
hotels with low exposure to noise, even if staying in such hotels is more expensive [21].

The high levels of noise (above 75 dBA) reported in Colombian cities (Bogotá, Medellín,
Cali, Bucaramanga, and San Juan de Pasto) were attributed to road traffic [32], specifically
from taxis, cars, and buses. The noise levels also exceed the national Colombian limit (for
more detail about the Colombian noise limit, see Table S1 in Supplementary Materials) [33–36].

Each road vehicle generates a particular amount of noise, which can be grouped into
two generic types: (1) noise caused by mechanics, called engine noise, whis is associated
with the movement of pistons, combustion processes, the cooling system, valves, gearbox
transmissions, the exhaust pipe, and vibrations of the bodywork [37], and (2) noise gen-
erated by displacement, which can be divided into rolling noise, which is the product of
friction between the tires and the pavement, and aerodynamic noise, which results from
interactions between the bodywork and the air [38]. Therefore, road traffic noise depends
on the volume and composition of traffic flow, as well as vehicle velocities and the type of
road surface, among other factors [39].

Santa Marta is a coastal city in the Colombian Caribbean whose main activity is
tourism, as indicated by the extensive development of the hotel sector close to the “Ruta
del Sol” tourist route, which received 517,917 people in 2012 [40]. The “Ruta del Sol” is an
important highway, enabling fluid transport of supplies for Santa Marta. For that reason, in
2010, the road upgraded its infrastructure to become a highway that could deal with high
traffic flow, but unfortunately, this subsequently led to an increase in environmental noise.
Hence, this study seeks to determine the levels of environmental noise and its relationship
with vehicular flow as a source of noise, in addition to establishing whether the noise
caused by traffic depends on the number of vehicles or rather on the composition of the
vehicular flow.

Five sampling points were selected, distributed over 12 km: three classified as pe-
ripheral urban and two as suburban. The number and type of vehicles were recorded in
addition to measuring the average, minimum, maximum, background, and peak noise
twice daily (day and night) during the week and on weekends. The results were ana-
lyzed using analysis of variance (ANOVA), and the influence of road traffic and noise
was performed using Pearson’s correlation. The acoustic sampling was carried out at a
height of 4 m, thus integrating the propagation of the noise in the field (with five different
orientations of the microphone).

2. Materials and Methods
2.1. Study Area

The study area was located in one of the most important hotel sectors of the city of
Santa Marta, which is located to the south of the city and contains an important section
of the Ruta del Sol (Transversal del Caribe) or Route 90 of the national road network. A
12-km section of the highway from just after the “Ye de Gaira” heavy traffic diversion road
until the border of the urban area of the city was chosen as the study area. The highway
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has two lanes in each direction separated by a median strip (Figure 1) allowing a vehicle
running speed between 80 and 100 km/h [41].
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Figure 1. General global position of the study area (a), zoomed-in image of the study area (b), map of the main road studied
and major junctions (c), map of the road and surrounding land use (d), photograph of the monitoring campaign at point 5
(e), and diagram of a transverse section at a sampling point (f).

A total of 5 sampling points were distributed equidistantly approximately every 2 km
(Figure 1). The first 3 sampling points were in the peri-urban area (1–3), with a medium
population density and a high number of hotels. The last two in the suburban area (4 and 5)
had low population densities and fewer hotels, but the hotels were of a higher category
(offering better comfort and services). It is important to mention that in this section of the
road, there are fewer heavy vehicles; however, sampling point 5 was close to the junction
with the alternative heavy goods route.
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2.2. Traffic Flow Characterization

The vehicle flow count was performed manually for a period of 70 min, starting 5 min
before the 1-h noise sampling period and ending 5 min after it (Figure 2). The vehicles were
classified into 4 categories: automobiles, buses, trucks, and motorcycles. Vehicle counts
were carried out during two periods of the day, daytime (from 7:01 a.m. to 9:00 p.m.) and
night-time (from 9:01 p.m. to 7:00+1 a.m.), classified according to two different types of days
of the week; weekdays (Monday–Friday) and weekends (Saturday, Sunday and holidays).
In total, six samples were taken during the day and two at night during each day of the
sampling period. The monitoring was carried out between 17 July 2014 and 27 March 2015
according to the availability of staff and equipment.
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Figure 2. Time scale of noise and traffic flow measurement along with the orientation and state of the microphones.

2.3. Environmental Noise Measurement

The noise measurement was carried out in accordance with the Colombian standard
(Annex 3 Chapter II, resolution 627/2006) that is consistent with ISO 1996 [42]. A 7-min
sample was taken in each of the directions of the microphone (north (N), south (S), east €,
west (W), and vertical (V)). Each position was sampled for 7 min in such a way that the
5 samples were uniformly distributed during 1 h of sampling (Figure 2). The hourly value
was calculated using Equation (1), where i is the acoustic parameter and N, S, W, E, and V
are for each of the five microphone positions during the 1 h of sampling:

LAi =
10
5

log10

(
10LiN /10 + 10LiS/10 + 10LiW /10 + 10LiE/10 + 10LiV /10

)
(1)

The sampling was carried out in the median strip central vial separator at a height of
4 m using a type 1 sonometer (Casella model CEL-633-C1K1). The equipment configuration
was run in fast mode (sampling data every 100 ms) with an A weighting filter. The selected
acoustic parameters were as follows: equivalent continuous level (LAeq, to establish the
noise level), maximum (LAmax) and minimum (LAmin), the percentiles as indicators of the
peak noise level (LA5 and LA10) of the road traffic, the mean value (LA50) to contrast with
LAeq, and the background noise level (LA90 and LA95). The hourly value per parameter
was calculated using Equation (1).

2.4. Data Analysis and Statistical Processing

Analysis of variance (ANOVA) with a significance level of 95% (a = 0.05) was carried
out to determine the influence of the experimental parameters (time of day and day of the
week) on the variation of traffic flow and noise levels at the sampling points [43]. Likewise,
hierarchical ANOVA was performed (a = 0.05) in order to determine which experimental
factors (position, time of day, and day of the week) better explained the possible variation
of the noise results [44–46]. Finally, a Pearson test was developed to determine the possible
correlation between the vehicle types and acoustic parameters.

3. Results
3.1. Traffic Flow Characterization

The results showed an abundance of automobiles (57%), followed by motorcycles
(24%), buses (14%), and trucks (5%), with cars and motorcycles showing a considerable
variation across the sampling points. The largest numbers of vehicles were observed at
sampling point 2, but also at sampling point 5 during the night on weekends (Figure 3). In
general, there was more traffic in the daytime than at night, but at night, greater variation
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was observed between the sampling points. There were more cars during the day (66%)
compared with at night, as was also noted for the other types of vehicles, but with less
variation between day and night (Figure 3). Furthermore, a higher number of trucks and
fewer buses were observed on weekdays. In general, weekday traffic exceeded that of
weekends by 50%, except for buses.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 14 
 

variation across the sampling points. The largest numbers of vehicles were observed at 
sampling point 2, but also at sampling point 5 during the night on weekends (Figure 3). 
In general, there was more traffic in the daytime than at night, but at night, greater varia-
tion was observed between the sampling points. There were more cars during the day 
(66%) compared with at night, as was also noted for the other types of vehicles, but with 
less variation between day and night (Figure 3). Furthermore, a higher number of trucks 
and fewer buses were observed on weekdays. In general, weekday traffic exceeded that 
of weekends by 50%, except for buses. 

 
Figure 3. Quantity of vehicle types recorded per day of the week, time of day, and sampling point (P: point). (a) Weekday, 
daytime. (b) Weekend, daytime. (c) Weekday, night-time. (d) Weekend, night-time. 

3.2. Environmental Noise 
Figure 4 shows the results of the equivalent, maximum, and minimum noise levels. 

The equivalent noise (LAeq) values were similar at all sampling points; during the day-
time, the difference between the points was around 2 dBA on both weekdays and week-
ends, while night-time showed a greater variation of 7 dBA on weekdays and 5 dBA on 
weekends. The sampling locations were similar throughout the week, except for point 1 
in the daytime and point 5 at night (see Supplementary Materials). In addition, the noise 
levels were higher during the day than at night, especially at sampling points 1, 2, and 3, 
while less variation was observed at sampling points 4 and 5 (Table S2, Supplementary 
Materials). 

Figure 3. Quantity of vehicle types recorded per day of the week, time of day, and sampling point (P: point). (a) Weekday,
daytime. (b) Weekend, daytime. (c) Weekday, night-time. (d) Weekend, night-time.

3.2. Environmental Noise

Figure 4 shows the results of the equivalent, maximum, and minimum noise levels.
The equivalent noise (LAeq) values were similar at all sampling points; during the daytime,
the difference between the points was around 2 dBA on both weekdays and weekends,
while night-time showed a greater variation of 7 dBA on weekdays and 5 dBA on weekends.
The sampling locations were similar throughout the week, except for point 1 in the daytime
and point 5 at night (see Supplementary Materials). In addition, the noise levels were
higher during the day than at night, especially at sampling points 1, 2, and 3, while less
variation was observed at sampling points 4 and 5 (Table S2, Supplementary Materials).

The LAmax values exhibited similar behavior to those of LAeq, but with a slightly
greater amplitude between the maximum and minimum values (Figure 4), where the
daytime values reached 3.6 dBA on both weekdays and weekends, and the night-time
values reached 3.8 dBA on weekdays and 6.0 dBA at weekends (Table S2, Supplementary
Materials). Similarly, slightly higher values with greater variability were reported during
the day than at night, with very little difference to be noted between day and night. Hence,
the behavior of LAmax was more similar to that of LAeq, despite its increased variability
(Figure 4). The LAmin values exhibited greater variability. Therefore, there was a greater
difference in the values measured at the different sampling points of up to 7 dBA between
the maximum and minimum (Table S2, Supplementary Materials). Hence, the behavior of
the time of day and day of the week was opposite to that seen for the previous parameters,
showing high values at night (sampling points 2, 3, and 4) and on weekends (sampling
points 3, 4, and 5).
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LA50 exhibited similar results to those of LAeq but with a slight increase (Figure 5). The
same behavior was exhibited for the time of day and day of the week but with even greater
variation. The background noise exhibited substantial variation between the different
times of the day, with higher values recorded during the day than at night, especially at
sampling points 1 and 2. This was similar to the day of the week variable, with higher
values recorded on weekdays than on weekends and sampling points 1 and 5 exhibiting a
greater difference (Figure 5). Finally, the peak values exhibited the least variation between
the experimental design variables (time of the day and day of the week). However, the
behavior was similar to that of LAeq or LA50, excluding the records taken at sampling point
5 during the night and sampling points 2 and 4 on weekends (Figure 5). More detail about
the data is available in Table S3 in Supplementary Materials.
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3.3. Statistical Analysis
3.3.1. Analysis of Variance

The variation in the number of vehicles was influenced by the time of day (ANOVA
p-value 0.000) and the sampling points (p-value 0.003). Additionally, when discriminating
by vehicle type, the day of the week also influenced the variation of the quantity of vehicles
(p-value 0.000 in all types). If the results were tested by the sampling points, a significant
influence was observed for automobiles (p-value 0.000) and motorcycles (p-value 0.000).
In addition, the test considering the day of the week produced significant results for
trucks (p-value 0.000) and automobiles (p-value 0.042). More details are in Supplementary
Materials Table S4.

The environmental noise ANOVA test showed that there was no significant difference
between noise levels (Figure 6), presenting one homogeneous group (p-value 0.410), with
sampling point 1 exhibiting the greatest variation in noise values and sampling points 4
and 5 exhibiting the lowest.
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level values. The hourly mean of LAeq is represented by �, N represents the mean of LAeq per time of the day, • represents
the mean of LAeq per sampling point, and
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represents the mean of LAeq per type of day of the week. The green line is
the mean of LAeq. The orange line is the mean of five sampling points for day or night. The blue line is the mean of five
sampling points for each type of day.

The time of day showed a statistically significant influence on the noise values reported
at the sampling points (Figure 6). The average level was greater during the day, except
at sampling point 5, but there was higher variability above the average level at night.
Consequently, Figure 6c shows that during the day, the noise level showed a less significant
difference between the sampling points, while the night-time measurements showed a
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more significant difference, corroborating that there was high variability in the nocturnal
data. Finally, there was also no significant difference in the noise levels between the
sampling points, depending on the day of the week; however, they were slightly higher
on weekdays in some cases (Figure 6). The nested ANOVA shows that the days of the
week had no influence on the variability of the noise levels; however, at sampling point 2
on weekdays and sampling points 1 and 4 on weekends, a non-significant difference was
observed (Figure 6).

3.3.2. Pearson Correlation Test

According to the ANOVA results, there was a correlation between the hours of the day
(which impacted the noise level) and the type of vehicle. The selected acoustic parameters
were the mean, maximum, minimum, peak, and background values. In the daytime hours,
there was a relationship between the peak, LAmax, and equivalent noise levels for trucks
and between the peak, LAeq, and background values for automobiles. In the night-time,
buses influenced the peak, maximum, and LAeq noise levels, while automobiles and trucks
only influenced the peak and LAeq (Figure 7). In all cases, the correlation was positive,
showing the direct correlation between the number of vehicles and increasing environ-
mental noise levels. In general, automobiles and trucks showed the greater number of
correlations with the acoustic parameters during the daytime, while buses showed greater
correlation at night, followed by automobiles and trucks. Finally, the peak, maximum,
and continuous equivalent noise were the parameters most influenced by the quantity of
vehicles, while the minimum and background levels were not influenced, except in one case
where automobiles and LA90 appeared to be linked. More details are in Supplementary
Materials Table S5.
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4. Discussion

The results show that the peri-urban area (sampling points 1, 2, and 3) had different
behavior from the suburban sampling points (sampling points 4 and 5). This may be
because there were more commercial and tourist activities in the peri-urban area. This
is consistent with a study of high traffic in the urban area of Motilla de Palancar (Spain),
which decreased with the distance from the urban limit [47]. Likewise, the vehicular
flow was similar to other studies with road infrastructures similar to that of this study,
reporting international scale flows between 700 and 1145 vehicles/h [48] and a range of
725–973 vehicles/h on a national scale [49]. The latter is very similar to this study, with a
predominance of cars (70%), followed by buses (16%), motorcycles (13%), and trucks (1%).
The results show a similarity in the predominant type of vehicle that is consistent with
both international studies [48] as well as national studies [34]. The latter reference is very
similar to this work, where there was a predominance of cars (70%), followed by buses
(16%), motorcycles (13%), and trucks (1%).

The results also show that the traffic flow increased from the night to the day (61.9%).
Automobiles constituted the largest proportion of traffic (65.9%), followed by trucks (62.3%).
These values were greater than those observed in Belgrade (Serbia), with general values of
52.3%, 58.3% for automobiles, and 51.9% for trucks [50]. The differences in traffic flow at
different times of the day may be due to the working period of the day (mainly daytime),
increasing the numbers of automobiles and buses due to their high demand. The variation
between weekdays and weekends exhibited a decrease in all categories on weekends,
except at sampling point 5 for trucks. This result is in accordance with a study in New York
(US), where the number of trucks significantly decreased on weekends while the number
of automobiles and buses increased [3].

The reported noise levels were 10 and 20 dBA greater than those observed in previous
studies [3,51–54]. Here, LAmin reached the average LAeq of previous studies [33,55–59].
Therefore, the results show that the environmental noise level was very high in the sam-
pling area. The other studies were conducted in urban areas with different flow patterns
and mainly considered speed circulation, observing low truck flow and driving rhythms
affected by traffic signaling. These flow pattern properties did not occur along the Ruta del
Sol route, which exhibited continuous flow (without congestion) and a higher speed limit
(80–100 km/h). The results for Mexico confirmed the results of this analysis, which exhib-
ited a high noise level in the suburban area of a city, where the speed limit is greater [60].
Similarly, a study on noise level and speed circulation observed an exponential relationship
between these two factors, where an increase in speed resulted in a higher increase in the
noise level [61,62].

However, the noise values can also be influenced by the monitoring protocol. The
first difference is the location of the sound level meter in relation to the road (central road
separator). Normally, there is a meter located on one side of the road. The second is the
height of the microphone from the ground, which is usually 1.5 m, but Colombian law
requires a height of 4 m, which affects the acoustic properties [63]. Finally, Harris [64]
stated that the continuous noise equivalent (LAeq) is an adequate indicator of road traffic
noise. It is also sensitive to isolated events with high noise levels, such as low traffic flow
with high speed, which could have caused the increment in the noise levels observed in
the present results.

Although the results of studies in Ireland [65] and Medellín [57] disagree with the
present results, their noise levels and vehicle flows exhibited a decreasing trend from
the day to the night, as observed here. The ANOVA test showed similar results, with a
significant difference between the median noise level and vehicle flows during the day
and night. The day/night ratio of 2.6 dBA obtained here is similar to the results observed
in New York and Nagpur (India), with day/night ratios of 2.4 and 1.9 dBA, respectively.
These studies also observed a decrease in vehicle flows from the day to the night [3,13].
Therefore, it can be inferred that vehicle flow is the main source of environmental noise,
because an increase in the number of vehicles also increased the noise level.
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The great difference between the day and night noise levels at the first three sampling
points (close to the urban area) can be explained by much less public and personal transport
from the surrounding areas at night, while the minor differences observed at sampling
points 4 and 5 could be due to the continuous flow, especially of trucks, throughout the
day and night.

The total traffic flow, number of motorcycles and buses, and the equivalent noise level
did not differ between weekdays and weekends. This is similar to the results observed in
New York [3], where the reported noise levels did not vary between the days of the week.

The ANOVA test confirmed that the mean noise level was similar at all sample points;
however, the traffic flow was not. Therefore, the sampling points and reported noise levels
did not show a relationship with the traffic flow. However, the ANOVA test exhibited
homogeneity between buses and trucks, thereby confirming a relationship between these
vehicle categories and the equivalent continuous noise. This was confirmed by the Pearson
test, with a direct relationship between LAeq and the buses or trucks. The present results are
similar to those of other national studies in Bogota and Tunja, Colombia, which observed
a correlation between LAeq and automobiles, buses, and trucks [34,52], and international
studies conducted in Belgium, which observed a relationship between trucks and the noise
level [58].

The results of the Pearson test also show that LA10 was correlated with the trucks,
buses, and automobiles, which may be because trucks release six times the amount of
sound energy produced by automobiles [66]. Therefore, trucks tend to exhibit a greater
influence on the maximum recorded levels. This can also be observed for buses but not
for automobiles. However, a high quantity of vehicles can produce a comparable amount
of noise to one truck, as the ratios of noise produced by vehicles are 10 automobiles per
1 truck and 4 automobiles per 1 bus [67]. These ratios were established according to the
noise emission levels of each type of vehicle measured in Santiago de Chile, with trucks
producing mean noise emissions of 101.4 dBA under 30 km/h, which could increase to
106.5 dBA at speeds above 60 km/h [68].

Finally, the correlation test showed that the background noise was only correlated for
automobiles, which can be explained by the high variability in traffic flow along with the
cessation of urban and suburban activities at night. This again indicates that the flow of
vehicles in the study area significantly influenced the environmental noise levels observed
in this study, which decreased during the night when there was a low flow of vehicles.
Another reason for the lack of correlation of vehicles with LAmin and LA90 could be due to
the kind of noise created at high speeds, where aerodynamic noise is prevalent. This type
the noise is associated with high frequencies [69], so their air field propagation capacity is
low and can be influenced more by the Doppler effect. Hence, establishing a speed limit
could be a solution. However, studies have shown that the impact of speed on reducing
environmental noise is not significant [70,71].

The high flow of automobiles (the most common type) observed with fewer buses
and trucks influenced the environmental noise in the study area, leading to high values
despite the deviation of heavy traffic from this route. However, it is necessary to carry out
complementary noise measurements in areas close to the hotels to confirm that the level of
noise emission from the road is impacting the buildings before proposing physical noise
mitigation measures such as acoustic barriers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11167196/s1, Table S1: Maximum permissible standards of environmental noise levels,
expressed in decibels dBA, Table S2: Mean of Equivalent continuous noise level (LAeq), maximum
(LAmax) and minimum LAmin) on each time of day, day of the week and sampling point in the Santa
Marta tourist route, Table S3: Mean of noise level percentiles for each time of day, day of the week and
sampling point in the Santa Marta tourist route, Table S4: P-values of ANOVA test of the traffic flow
characterisation, Table S4. Coefficient of correlation between type of vehicle and acoustic parameter,
Table S5: Coefficient of correlation between type of vehicle and acoustic parameter

https://www.mdpi.com/article/10.3390/app11167196/s1
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