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Abstract: Noise pollution must be considered to achieve sustainable cities because current levels of
exposure to environmental noise are a considerable risk to the health and quality of life of citizens.
Urban features and sound levels were registered in 150 streets in the Chilean cities of Talca and
Valdivia to analyze the relationship between both types of variables. Urban variables related to street
location, urban land use, street geometry, road traffic control, and public and private transportation
showed very significant correlations with the noise levels, and multiple regression models were
developed from these variables for each city. Models using only urban variables in Valdivia and Talca
explained 71% and 73%, respectively, of the variability of noise. The prediction error was similar in the
different types of urban roads and did not exhibit significant differences between models developed
in different cities. The urban models developed in one city could, therefore, be used in other similar
cities. Considering the usefulness of these variables in urban planning, these models can be a useful
tool for urban planners and decision-makers to implement action plans regarding noise pollution.

Keywords: urban noise; environmental noise; noise measurements; urban noise planning

1. Introduction

International organizations have proposed indicators, requirements, objectives, and targets for
sustainable development in communities [1-4]. The Reference Framework for Sustainable Cities (RFSC)
defines five dimensions for a European vision of tomorrow’s cities [1]. Noise pollution is considered in
the environmental, spatial, and social dimensions. The European Commission developed a common
set of indicators to measure their recorded progress towards sustainable local development [2].
Noise pollution was one of these indicators and was assessed through the segment of the population
exposed to harmful environmental noise. The United Nations (UN) has also established a set of
seventeen global goals for sustainable development by 2030 [3]. Objective 11 (sustainable cities and
communities) considers the environmental problem generated by road transport. Noise is, therefore,
an aspect to take into consideration for sustainable development.

Health and well-being are seen as a fundamental part of sustainable development and it is known
that noise has an adverse effect on health. The European Environment Agency (EEA) recently published
a report showing that environmental noise, and in particular road traffic noise, remains a major problem
affecting the health and well-being of millions of people in Europe [5]. Twenty percent of Europe’s
population, i.e., 113 million people, are exposed to noise levels that are harmful to their health. The U.S.
Environmental Protection Agency (EPA) also estimates that more than 100 million people in the United
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States are exposed annually to levels of traffic noise high enough to be harmful to health [6]. In Chile,
recent studies show that noise pollution is a major environmental problem [7] that decreases the years
of healthy life of its citizens [8]. Road traffic is the most impacting noise source affecting the human
modern life style [9] and is then responsible for most of the health effects related to noise exposure:
sleep disorders with awakenings [10,11], hypertension ischemic heart disease [12,13], mental health
effects [14,15], effects on hearing systems [16,17], pregnancy outcomes and cognitive impairment in
children [18,19], and especially annoyance [20,21]. Noise is the second largest environmental cause of
health problems according to the World Health Organization (WHO) [22].

Noise not only produces harmful effects on human health, it also impacts a wide range of terrestrial
and aquatic species that inhabit very different ecosystems [5]. Port activities generate high noise
levels [23] and ship noise has been shown to seriously affect killer whales, whales, and dolphins [24].
Shannon et al. [25] have summarized the effects of noise on wildlife. They reported that those effects
include changes in habitat use for migratory birds and estuary crabs, a decrease in the hummingbird’s
pollination area, alterations in predator—prey interactions on land, etc.

Environmental noise also has implications for other dimensions of society, for example for the
economy: health care costs [26], accidents at work [27], lower property prices [28], etc.

In summary, the previous discussion points out the effects of environmental noise on the three
dimensions of sustainable development: environmental, social, and economic. If the concept of
sustainability outlined above is taken seriously, it is clear that the current level of exposure to
environmental noise poses a considerable threat to the health and well-being of current and future
generations in cities [29]. It is therefore important to consider noise pollution to achieve sustainable cities.

The world is becoming increasingly urbanized and 60% of the world’s population is expected
to live in urban areas by 2030 [3]. Rapid urbanization has resulted in inadequate and overburdened
infrastructure and services, worsening noise pollution and unplanned urban sprawl. Better urban
and infrastructure planning could significantly reduce the number of people exposed to harmful
noise levels [5]. In addition, considering the known relationship between noise and air pollution [30],
these measures could also reduce the concentration of other air pollutants, while optimizing costs and
efforts. The involvement of urban planners and decision-makers in noise action plans will benefit
their implementation. Citizens can also be sources of geographical information on urban features
and noise levels through smartphone apps [31,32] and contribute to changing people’s behavior.
Cities are taking a variety of measures to address noise problems: promoting walking or cycling [33],
pedestrianization of streets [34,35], increasing green spaces [36,37], etc.

Information on the relationship between noise and urban variables is useful for urban planners
to assess noise and to implement action plans successfully [38]. Road traffic is the main source of
noise pollution in cities [5,39]. Vehicles circulate the city to travel to areas of interest: shopping centers,
workplaces, educational centers, etc. These routes are also influenced by the features of the road
infrastructure: number of lanes, traffic lights, etc. This set of urban characteristics can provide either
alternative or complementary information to that provided by road traffic variables (flow, type of
vehicle, etc.). Traffic counters are generally only available on the main roads of large cities [40] and noise
calculation models are implemented in expensive commercial software. However, urban variables are
available in open maps (OpenStreetMap, Google Maps, etc.) or from the administrations (cadastral maps,
land-use maps, etc.). Furthermore, urban features influence sound perception and therefore it is a
factor to be considered in the evaluation of the soundscape [41,42].
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The relationship between urban variables and noise levels has not gone unnoticed by the scientific
community. Barrigén et al. [43] found important relationships between the city area and its average
sound levels. If the functionality of the urban road was differentiated, the coefficient of determination
increased significantly. Ballesteros et al. [44] proposed a procedure to predict the noise level in a leisure
street knowing the number of leisure places. Currently, there is a trend in the design of the land-use
regression method for the estimation of noise levels. Most of these regression models include road
traffic variables, land-use, and urban road features [45,46]. Only road traffic variables (flow, type of
vehicle, etc.) explain a high variability in noise levels [47,48] and in this sense, current noise mapping
models can be used. However, few methods employ only urban and land-use variables to estimate
noise levels [49,50]. In addition, some of them do not explain the noise variability properly [50,51].

The main objective of this study is the development of models based on urban variables for
estimating noise. For these purpose, urban variables and noise levels were registered on different types
of urban roads and the relationship between the two variables was analyzed. These models could be
an important tool for urban planners and could also help to improve the noise predictions of current
noise maps. Although each city has its own features, many cities share similarities across a wide range
of population sizes. In this way, the estimates obtained by urban models in two different Chilean cities
were compared to analyze whether a model designed in one city can be applied to another city that
has certain urban similarities.

2. Methodology

2.1. Cities Studied

This study was conducted in the cities of Talca and Valdivia. Talca is located in central Chile
and has a population of about 220,000 inhabitants. Agriculture occupies a fundamental place in the
economy of Talca. It is an inland city with a Mediterranean climate (dry summers and wet winters);
therefore, it is hotter in summer and cooler in winter than coastal cities like Valdivia (Oceanic climate).
Valdivia is a city in the southern part of Chile and has a population of about 166,000 inhabitants.
Valdivia relies heavily on silviculture, the pulp and paper industry, and other forestry-related activities.
Regarding the urban structure, most of the buildings are one- or two-stories with green areas in both
cities. However, the center of Talca retains a gridded urban structure, unlike Valdivia. Road transport
is the main means of urban and interurban communication.

2.2. Sampling Method

The urban street was the sampling unit. Sound measurements and urban variables were recorded
in different types of streets. Urban streets were classified according to their functionality as a means
of communication between different parts of the city and between the city and other urban areas
(see Figure 1). The definitions proposed by the categorization method employed in previous works
were used for the road classification [43,52]. It has been shown that the categorization method presents a
better estimation and stratification of sound levels compared to other measurement procedures [52-54].

Because of the above, streets were not considered from an administrative point of view. Therefore,
a street may have sections with different functionalities. This happens when a street is crossed by
another street which supplies or subtracts a significant flow of road traffic. Consequently, these sections
of the road are considered different even though they have the same name from an administrative
point of view.
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Figure 1. Sampling point locations in different road types in cities of (a) Valdivia and (b) Talca.

2.3. Measurement Procedure

Stratified random sampling was carried out. Initially, the streets were classified into different
categories as shown in Figure 1. Then, a number of streets were randomly selected within each category.
More sampling points were selected in the larger categories. A total of 151 streets were sampled in the
city of Talca: 8 in category 1, 13 in category 2, 26 in category 3, 39 in category 4, and 65 in category 5.
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A similar number of streets were sampled in the city of Valdivia: 10 in category 1, 14 in category 2,
23 in category 3, 36 in category 4, and 67 in category 5 for a total of 150 streets.

ISO 1996-2 guidelines were followed to carry out the sound measurements at the sampling points
located in the urban streets [55]. The sound measurements were performed on different working
days with a duration of 15 min. At each sampling point, two or three measurements were taken
in the diurnal period. Type-I sound level meters were used with a tripod and windshield and they
were placed at a height of 1.5 m and away from any reflective surface. The sound level meters were
calibrated before and after each measurement period. The A-weighted equivalent sound pressure
level, L, (dBA), was used to analyze the results in the present study.

Road and urban features were registered simultaneously with the sound measurements on each
street. Free sources of geographic information were used and then verified in situ. Approximately,
70 urban variables were measured on each street (see Tables 1 and 2), which could be classified in the
following groups:

Location of the street: distance to the city center.

Urban land use: gyms, cinemas, pubs, restaurants, supermarkets, schools, etc.
Street geometry: street width, adjacent lanes, bikeway, lanes, parking, etc.
Road traffic control: traffic lights, crosswalks, speed bumps, etc.

G N

Public and private transport: bus and taxi stops, bus routes, bus stations, etc.

Table 1. Correlations between noise level and road and urban features in Valdivia.

r Pearson p-Value Road and Urban Features

Traffic lights (no.), crosswalks (no.), lanes (no.),

0.70-0.60 <0.001 street length (m).

Cafes and restaurants (no.), urban road width
(m), schools (no.), bus routes (no.), small shops
(no.), bus stops (no.), street width (m), shops (no.),
parking sections (no.).

0.60-0.50 <0.001

Adjacent lanes (no.), private clubs (no.), petrol
stations (no.), churches (no.), road signs
indicating places of interest (no.), floors in
buildings (no.), average height of buildings (m),
taxi stops (no.), law enforcement authorities (no.),
industries (no.), road signs indicating the way to
other cities (no.), road intersections with
preference (no.), fire departments (no.).

0.50-0.40 <0.001

Administrative offices (no.), police stations (no.),
supermarkets (no.), government officies (no.),
nursery schools (no.), academies (no.), health
centers (no.).

0.30-0.26 <0.001 Hotels (no.), universities (no.), hostels (no.).

0.40-0.30 <0.001

Bus stations (no.), oncoming lanes (no.), private
parking (no.), pubs (no.), distance to city center

0.26-0.20 <0.01 (m), medical clinics (no.), graveyards (no.),
service lanes (no.), road surface type (1-4),
libraries (no.).

Malls (no.), oblique parking (no.), traffic island
(m), public areas (m2), bikeway (no.), sport fields
(no.), museums (no.), parallel parking (no.),
gyms (no.), road surface condition (1-3).

0.20-0.16 <0.05

Secondary schools (no.), road intersections
without preference (no.), nursing homes (no.),
<0.16 >0.05 speed bumps (no.), hospitals (no.), stadiums (no.),
street profile, green areas (m2), road slope (0-3),
parking (no.), cinemas (no.), theatres (no.).
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Table 2. Correlations between noise level and road and urban features in Talca

r Pearson p-Value Road and Urban Features

0.70-0.60 <0.001 Street length (m), lines (no.), traffic lights (no.).

Crosswalks (no.), urban road width (m), small shops
0.60-0.50 <0.001 (no.), oncoming lanes (no.), street width (m),
bus stops (no.), floors in buildings (no.).

Bus routes (no.), schools (no.), adjacent lanes (no.),
road surface condition (1-3), cafes and restaurants
(no.), road intersections with preference (no.),
supermarkets (no.).

0.50-0.40 <0.001

Industries (no.), shops (no.), universities (no.),
petrol stations (no.), gardens (no.), road signs

0.40-0.30 <0.001 indicating the way to other cities (no.), road signs
indicating places of interest (no.), churches (no.),
medical clinics (no.).

Law enforcement authorities (no.), police stations
0.30-0.26 <0.001 (no.), private clubs (no.), administrative offices (no.),
malls (no.), secondary schools (no.), sport fields (no.).

Government administrations (no.), average height of
0.26-0.20 <0.01 buildings (m), pubs (no.), academies (no.),
speed bumps (no.), service lanes (no.), hostels (no.).

Gyms (no.), distance to the city center (m),
graveyards (no.), parkings (no.), private parkings

0-20-0.16 <0.05 (no.), parallel parking (no.), oblique parking (no.),
hospitals (no.).
Health centers (no.), fire departments (no.),
hotels (no.), stadiums (no.), theatres (no.), road slope
<016 ~0.05 (0-3), museums (no.), bus stations (no.),

libraries (no.), road intersections without preference
(no.), street profile (0-2), cinemas (no.), road surface
type (1-3), taxi stops (no.).

2.4. Statistical Analysis

Relationships among the urban variables and measured sound levels were analyzed.
Pearson’s correlation coefficient was used for this analysis. The correlation coefficient was also
used to analyze the collinearity between urban variables [56]. Urban variables with a significant
correlation with noise levels and without collinearity were selected for the multiple linear regression
model. Stepwise multiple linear regression analysis was conducted between the sound levels and
urban variables. Stepwise regression does multiple regressions several times, each time removing
the weakest correlated variable using the F-test. In the end, the model includes the variables that
better explain the distribution. Only urban variables with a p-value < 0.05 were kept in the model.
In addition, the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) were
considered to measure the quality of the model for a data set by balancing the model’s goodness-of-fit
and complexity.

Once the multiple linear regression models were obtained in each city, they were validated for
normality, homoscedasticity, and linearity according to the Shapiro-Wilk, Breusch-Pagan, and Ramsey
Regression Equation Specification Error (RESET) tests, respectively. In addition, the variance inflation
factor (VIF) was obtained to verify the absence of multicollinearity. Finally, the predictive ability of the
regression models was analyzed in both cities based on new sound measurements located in different
streets of the cities (a total of 40 new sampling points). For this purpose, the prediction errors of both
models were calculated and compared in each city.
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3. Results and Discussion

3.1. Relationships beetween Noise and Road and Urban Features

The sound levels recorded in the different types of road categories in both cities are shown
in Figure 2. These values range from approximately 42.5 dBA to 80.0 dBA. There is an increase
in the registered sound values from category five (residential roads) to category one (main roads).
Category four also includes residential streets, but these are only used as the main access to the
neighborhoods. This different functionality is reflected in the registered noise. Most of the sampling
points from category four showed sound levels above 65 dBA, which are known to have significant
negative effects on health and quality of life [57]. Considering the daytime limit of 55 dBA for outdoor
living areas by the WHO [58], 73.3% and 81.3% of the nearby-residents of the streets measured in
Talca and Valdivia, respectively, would be exposed to noise levels that generate serious annoyance.
Therefore, noise pollution is also present in these Chilean cities.

20
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Figure 2. Histogram of sound levels registered in (a) Valdivia and (b) Talca.

The average number of some urban land uses per category is shown in Figure 3. Categories one
and two have mainly the highest average number of establishments: health centers, education centers,
administrative offices, shopping centers, and food and drink establishments. Category one is the main
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type of road for communication with other cities, that is, the city exit and entry roads, and category
two is the main type of road within the city. The high flow of vehicles and speed in category one can
limit access to certain urban land uses and therefore this category may have fewer establishments than
category two. Thus, for example, establishments corresponding to health centers, educational institutions,
shopping centers, and restaurants or pubs are more numerous in category two in Talca (see Figure 3b).
Category threeisrelated to service roads, thatis, access roads to places of interest in the city. These roads can
have a similar number of establishments as the main roads for some urban land uses (e.g., shopping centers
in Valdivia and Talca).

m Category 5

Health centers m Category 4

m Category 3

Category 2

Educational institutions u Category |

Administrative offices

Shopping centers

Food and drink establishments

0 2 4 6 8 10 12 14

Facilities / No. streets

(a)
L m Category 5
Health centers m Category 4
| m Category 3
\ Category 2
Educational institutions = m Category 1
|

Administrative offices

sivspiizzess DR

Food and drink establishments L
|

<
b

4 6 8 10 12

Facilities / No. streets

(b)

Figure 3. Distribution of some urban land uses per number of streets sampled in each category in
(a) Valdivia and (b) Talca.

If Figures 2 and 3 are analyzed simultaneously, we notice that there is an increase in sound levels
and the average level of establishments corresponding to different urban land uses from category
five (the quietest) to category one (the noisiest). Sound levels also show an upward trend with the
width of the street (see Figure 4). Therefore, the results shown in the descriptive analysis carried out in
Figures 24, lead to the following hypothesis: there is a significant relationship between the sound level
and the road and urban features recorded in the streets of Talca and Valdivia. Pearson’s correlation
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coefficient (r) was obtained to test this hypothesis. Tables 1 and 2 show the results of this test. Most of
the urban variables analyzed have a significant correlation with the sound level (p-value < 0.05).

80 .
70 -Talca? . o
—_ * Valdivia o .
E 60 ;
= 50
= ™ °
.E 40 . . ¥
g 30 . R 3 . T
b e ® ¢ ‘e ® oo o ”‘: s [ 4
Pl s e
10 * o ":{.,'q eotn A % o~ ... o
0 T T T T T T T 1
40 45 50 55 60 65 70 75 80

LAeq (dBA)
Figure 4. Relationship between equivalent sound level and street width.

Variables related to the geometry of the street exhibit p-values < 0.001. The length or width of the
streets are variables usually considered in noise prediction models [44—47]. The main urban streets are
used to cross the city or to access areas of great interest that may be far from each other. Different types
of vehicles frequently travel on these roads and, which influences their width. Medina et al. [59]
have obtained correlation coefficients higher than 0.40 between the equivalent sound pressure level
and street width in Ibero—-American cities. Lu et al. [60] used the number of lanes as a predicting
variable instead of the street width and obtained a r = 0.49. Other variables such as road intersections,
road surface, and building height have also been analyzed in previous studies but the results show
correlation coefficients with less statistical significance [47,60,61].

Traffic lights and crosswalks are also urban road features included in sound prediction
models [61,62]; moreover, they have shown high correlation coefficients as in the present study [61].
Traffic lights are frequent on main roads to regulate road traffic, while traffic signs are used on minor
roads. Traffic lights and crosswalks are also associated with the main avenues. Pedestrian crossings
also appear with speed bumps at other times.

Regarding urban land uses, the relationship between sound levels and commercial areas leads to
the use of this urban variable in noise prediction models [47,51,61]. The presence of commercial areas
exhibited a very significant correlation with the sound levels registered in the Spanish cities of Céceres
and Granada [51,61]. Industrial, business, or educational areas also show a significant relationship
with noise levels, but these urban variables are less frequent than commercial areas [63].

Finally, the variables related to public and private transport should be highlighted because of
their significant correlation coefficient with noise levels. Public transport is frequently used in Talca
and Valdivia as well as in other cities around the world. Buses are heavy vehicles and are sometimes in
poor condition. Therefore, the number of bus lanes or stops is related to an increase in noise levels.
Similar results have also been shown in previous studies [62,64,65]. The presence of parking is another
urban variable to be considered. Montes Gonzalez et al. [66] have reported the effects of parking lots
on sound exposure levels.

Considering this large set of urban variables that present a significant correlation with noise,
urban noise prediction models could be created by using multivariate analysis. This hypothesis is
analyzed in the following section of this article.
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3.2. Urban Features Model
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Tables 3 and 4 show the selected urban variables (independent variables) in a multiple regression

analysis in Talca and Valdivia where L4.; (dBA) was the dependent variable.

Table 3. Regression model using road and urban features in Valdivia.

Variables Coefficient Std. Error t—Value p-Value
(Intercept) 43.32 2.04 21.22 <0.001
Traffic lights 1.28 0.39 3.24 <0.01
Crosswalks 0.83 0.27 3.08 <0.01
Road surface condition 2.51 0.77 3.28 <0.01
Lanes 1.60 0.52 3.05 <0.01
Law enforcement authorities -4.76 1.13 —4.23 <0.001
Bus routes 1.01 0.20 511 <0.001
Schools 2.69 1.01 2.68 <0.01
Floors in buildings 2.19 0.64 3.43 <0.001
Street length 0.006 0.001 4.57 <0.001
Bus stops —-0.64 0.19 -3.38 <0.001
Shops —-0.14 0.06 —-2.46 <0.05
Goodness-of-fit
F-statistic 31.22 <0.001
AIC 873.93
BIC 913.07
Multiple R? 0.71
Adjusted R? 0.70
Mean absolute error 3.20

Table 4. Regression model using road and urban features in Talca
Variables Coefficient Std. Error t—Value p—Value
(Intercept) 42.15 2.00 21.05 <0.001
Street length 0.007 0.001 6.08 <0.001
Road signs indicating places of interest ~ —3.30 0.66 -5.02 <0.001
Parallel parking 7.52 1.26 5.95 <0.001
Road surface condition 3.21 0.71 4.53 <0.001
Small shops 0.73 0.17 4.37 <0.001
Law enforcement authorities -7.98 1.50 -5.31 <0.001
Speed bumps 2.08 0.85 2.45 <0.05
Floors in buildings 2.74 0.98 2.79 <0.01
Street width 0.12 0.03 424 <0.001
Shops 0.17 0.04 3.96 <0.001
Goodness-of-fit
F-statistic 38.58 <0.001
AIC 909.47
BIC 945.67
Multiple R? 0.73
Adjusted R? 0.72
Mean absolute error 3.65

The trade-off between the model’s goodness-of-fit and its simplicity was the objective in the

selection of urban variables in the multivariate model. Because of this, a stepwise regression was used
(Tables 3 and 4). The following goodness-of-fit parameters would be obtained in models composed of
all urban variables registered in both cities (Tables 1 and 2):

- AIC:908.36 (Valdivia), 920.22 (Talca).

- BIC: 1116.10 (Valdivia), 1098.24 (Talca).

- Multiple R%: 0.83 (Valdivia), 0.85 (Talca).
- Adjusted R?: 0.69 (Valdivia), 0.73 (Talca).
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The multiple determination coefficients (multiple R?) obtained for the models composed of
approximately 70 urban variables are higher than those obtained in Tables 3 and 4. However, these models
would be very complex because they have too many variables. If the inclusion of non-significant
explicative variables is penalized (adjusted R?), the regression models show a determination coefficient
similar to that obtained for the total number of urban variables. In addition, these models present seven
times fewer independent variables, as shown in Tables 3 and 4.

The final regression models obtained in Valdivia and Talca (Tables 3 and 4) were validated for
normality, homoscedasticity, and linearity. In addition, road and urban features selected in the models
had a VIF value < 5 indicating non-multicollinearity between them [67].

Variables related to street geometry and urban land use were the most abundant in both models
(see Tables 3 and 4): road surface condition, lanes, street width, street length, floors in buildings,
law enforcement authorities, shops, and small shops. This typology of urban variables has also been
selected in previous studies as a predictor of sound levels in urban models [44,49,51]. In addition,
models that include urban variables, variables related to road traffic (flow, number of vehicles, etc.),
and variables related to the geometry of the street significantly increase the accuracy in the prediction
of sound levels [46,47]. Pavement ageing, texture and mixture influence the emission of sound levels.
New pavements and rubberized asphalts have been demonstrated to mitigate noise emissions [68-70].

Traffic lights and crosswalks have a highly significant influence on the sound values recorded
in Valdivia. Considering these types of variables, speed bumps and road signs indicating places of
interest were included as predicting variables in Talca’s model. Hourovi et al. [62] also included the
traffic light variable in their noise model for the city of Beer-Sheva (Israel).

Regarding urban land uses, schools, shops, and law enforcement authorities are variables within
the generated models. It is interesting to note that law enforcement authorities (firefighters, police,
etc.) are most often found on main roads, enabling them to rapidly reach different areas in the city.
Fire emergencies are common in Chilean cities in winter.

Public transport, mainly urban buses, is frequently used in Chilean cities as indicated above.
The regression model obtained in Valdivia includes the bus route and bus stop variables.

The variability explained by the regression models is 71% and 73% in Valdivia and Talca,
respectively. Sieber et al. [51] obtained an adjusted R’ = 0.13 in a model composed of only urban
variables in Cape Town, suggesting analysis of the influence of other urban variables. Using variables
related to the spatial concentration of the population and commercial activities, Yang et al. [50]
developed regression models exhibiting a determination coefficient of 0.44. The traffic noise model
obtained by Oiamo et al. [49] had an R? of 0.58 for the daytime period. This noise model, when corrected
for other noise sources, increased the percentage of variability explained to 64%. Therefore, the results
obtained in the present study show that registration of different types of road and urban features could
benefit an improvement of the precision of the noise models composed of only urban variables.

In addition, the estimation of urban noise by the models shown in Tables 3 and 4 is comparable to
those models that use road traffic variables (flow, type of vehicles, etc.). Aguilera et al. [46] obtained
determination coefficients of 0.70 and 0.73 in the cities of Basel (Switzerland) and Grenoble (France),
respectively. Hourovi et al. [62] also included traffic flow in the regression model developed in the
city of Beer-Sheva (Israel) and the R? was 0.52. Lu et al. [60] analyzed the influence of urban road
characteristics on traffic noise and the resulting model variance was between 54% and 56%. The model
performance (adjusted R?) developed by Ragettli et al. in Montreal (Canada) was 0.68 for Laeg4; [64].

Both models contain some similar urban features: shops, road surface condition, law enforcement
authorities, street length, and floors in buildings. Other features also have similar correlation coefficients
as shown in Tables 1 and 2. Therefore, the next hypothesis proposed was that both models could be
used to estimate noise in both cities. For this purpose, 40 new streets were sampled in each city and
the performance of both models was analyzed. The results are shown in the next section.
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3.3. Noise Estimation in Different Types of Road Categories

Figures 5 and 6 show the absolute prediction errors (|L4,; measured—Lg4,,; estimated|) of both
models in both cities. Therefore, each model was also analyzed in the city in which it was not developed.
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Figure 5. Box plots representing the absolute errors of the sound levels estimated by the regression
models in (a) the total of sampled points in Valdivia and (b) differentiating for each type of urban road.

A total of 40 streets were sampled for this analysis in each city as indicated above and these were
distributed in the different categories as follows: 5 in category 1, 5 in category 2, 10 in category 3, 10 in
category 4, and 10 in category 5.

The absolute error of the model developed in that city is lower than the error of the model
developed in the other city. A priori, this result was expected. However, these median values are not
significantly low, as shown in Table 5. Consequently, models created in one city could be applied in
other similar cities.

The median of the absolute prediction errors is close to 3 dB and most of the errors are lower
than 5 dBA. The Good Practice Guide for Strategic Noise Mapping recommends that the noise model
uncertainties should not exceed 5 dB [71]. Both regression models only exceeded the 5 dB error at one
sampling point in Talca (see Figure 6). A similar result was obtained in Valdivia except for Talca’s
regression model where five sampling points obtained an error close to 5 dBA (see Figure 5). Even an
error limit of 4 dB is allowed, high percentages are below this value: 85% for the regression models
developed in that city and about 70% for the regression models developed in the other city.
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Figure 6. Box plots representing the absolute errors of the sound levels estimated by the regression

models in (a) the total of sampled points in Talca and (b) differentiating for each type of urban road.

Table 5. p—Values obtained by comparing the absolute errors of both regression models in each city

using the Mann-Whitney U test.

Total points
Category 1
Category 2
Category 3
Category 4
Category 5

Valdivia Talca
0.21 0.20
0.42 0.42
0.60 0.69
0.80 0.68
0.39 0.31
0.84 0.16

The absolute errors are similar between the different road categories in both cities. Models developed
in the city itself tend to exhibit a higher error on residential roads while models developed in another city
show a higher error on main roads (see Figures 5 and 6). However, there are no significant differences
between the median values of the different categories (p-value > 0.05 using the Mann-Whitney U test).
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It is interesting to obtain a model whose precision is similar in the different typologies of urban roads.
Noise estimates are generally more uncertain in residential roads [39,43,72]. This greater uncertainty is
also associated with less knowledge of the urban variables and features of these roads [40]. The highest
percentage of citizens live on residential roads and, therefore, an accurate prediction of sound levels on
these streets is also important.

The average relative error of the estimates of both models in both cities is close to zero. In Talca,
the average value of the relative error of the model developed in this city is 0.28 and 1.09 for the model
developed in Valdivia. In Valdivia, the average value of the relative error of the model developed in
this city is 0.24, and it is 0.51 for the model developed in Talca. Thus, the distribution of prediction
errors is unbiased.

Considering the results obtained for the developed models, they can be an alternative or a
complement to the current methods of urban noise prediction. Urban variables are characteristics to
be considered in urban planning and, therefore, these models can provide important information for
future action plans regarding noise pollution.

4. Conclusions

A study of urban and noise variables was carried out in the cities of Valdivia and Talca (Chile)
to analyze the relationships between these variables and to be able to develop urban models for the
prediction of noise levels. The main conclusions drawn from the results are the following;:

e A total of 73.3% and 81.3% of the streets measured in Talca and Valdivia, respectively, exceed the
daytime sound level of 55 dB, generating a serious potential annoyance for the citizens. Therefore,
noise pollution is also present in the cities of Chile and should be considered in actions aimed
at sustainability.

e  Urban variables related to street location, urban land use, street geometry, road traffic control and
public and private transport were shown to be highly correlated with noise levels. Considering the
usefulness of these variables in urban planning, they could be used in noise prediction models.

e  Multiple regression models were developed in Valdivia and Talca using only urban variables for noise
prediction. The models developed in Valdivia (Lae,; = 43.32 + 1.28 traffic lights + 0.83 crosswalks
+ 2.51 road surface condition + 1.60 lanes—4.76 law enforcement authorities + 1.01 bus routes
+ 2.69 schools + 2.19 floors in buildings + 0.006 street length—0.64 bus stops—0.14 shops) and Talca
(Laeq =42.15 +0.007 street length—3.30 road signs indicating places of interest + 7.52 parallel parking
+ 3.21 road surface condition + 0.73 small shops—7.98 law enforcement authorities + 2.08 speed
bumps + 2.74 floors in buildings + 0.12 street width + 0.17 shops) were able to explain the urban
noise variability by 71% and 73%, respectively. These models can be a useful tool for urban planners
to implement action plans regarding noise pollution.

e  The median of the absolute errors in the noise estimation using the models developed in both
Chilean cities was approximately 3 dBA. Urban models did not present significant differences in
their uncertainties despite being in a different city from that in which the model was developed.
Therefore, urban models created in one city could be applied in other similar cities.

e  Comparable errors were obtained in the different types of urban roads. In addition, the errors were
not biased. Thus, these models can be either an alternative or a complement for noise prediction,
especially in streets where there is no precise register of the sound sources.
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