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Highlights

HIGHLIGHTS

A nominal range of £1.0 dB was found for 95% of the chosen hours at 54 gauge
stations

A method was found to study the link of urban road traffic noise with temperature
The relationships were highly significant in the 21 noise monitoring stations used
An average coefficient of -0.09 £+ 0.01 dB/°C was obtained in the city of Madrid
Advances were made in understanding the population's exposure to road traffic
noise
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12 ABSTRACT

13 The effect of road traffic noise in urban environments is an issue of social and
14  scientific interest, due to its public health and economic impacts. Scientific literature
15 showed a decrease in the level of tyre/road noise generated as temperature increases, but
16 usually under standardised traffic conditions in non-urban environments. Based on a wide
17 network for the hourly monitoring of road traffic flow, air temperature and noise levels
18 across the city of Madrid (Spain), this work proposes and applies a new experimental
19 methodology for studying the dependence of urban road traffic noise on temperature. This
20 study was conducted under real-world traffic conditions involving a wide variability in
21 urban configurations and in the type and state of preservation of vehicles, tires and
22 pavements. From the analysis of data for a whole year, a time interval was identified
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(from Tuesday to Thursday and between 8 a.m. and 8 p.m.) in which the variability in
road traffic flow for the whole city of Madrid was stable enough to allow for a linear
regression study between temperature and noise levels from urban road traffic. The
relationships found were highly significant (p < 0.001) for data from all the noise
monitoring stations, with values of higher than 20% and up to 42% for the explanation of
the variability in the measured noise levels by temperature at most of the measurement
points. The values of the slope coefficients at the noise monitoring stations ranged from
—0.036 to —0.125 dB/°C, with an average value of —0.090 + 0.011 dB/°C. These results
are within the range of values reported in the scientific literature for experimental tests

conducted under conditions of controlled or free-flowing traffic.

Keywords: road traffic noise; temperature correction; urban environments, long-

term measurements; noise mapping.

1. INTRODUCTION

Most of the world's population is nowadays concentrated in urban areas, so studies
have therefore been carried out to analyse the dependence of urban noise on the size of
these cities and their transport infrastructures (Zhao et al., 2022) (Barrigdn Morillas et al.,
2021a). Relationships between different types of human health disorders or diseases and
noise pollution have been reported in the scientific literature (Andersson et al., 2020)
(Cantuaria et al., 2018) (Blume et al., 2022) (Hao et al., 2021). There are also associated
economic impacts of environmental noise in cities due to an increase in demand for health
care (Diaz et al., 2020) (Carmona et al., 2017) and the devaluation of housing located in
affected areas (Beimer and Maennig, 2017) (Szczepanska et al., 2015).

In general terms, the predominant source of environmental noise in urban contexts

is road traffic (EEA, 2020). Studies addressing the impacts of urban road traffic noise and
2
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other associated problems are frequent in the scientific literature (Khan et al., 2020)
(Barrigon Morillas et al., 2021b) (Roswall et al., 2017) (Montes-Gonzalez et al., 2019).
The contributions of tyre/road, engine and aerodynamic noise to the overall level of road
traffic noise can vary depending on several factors, such as the speed and type of the
vehicles, the characteristics of the tyres and road surfaces, and other conditions (IVT,
2005) (Véazquez et al., 2018) (Sandberg, U, 2003). And since temperature variations may
induce some changes in tyre stiffness and road surface porosity (Ling et al., 2021)
(Heutschi et al., 2016), the mechanisms of rolling noise generation can be influenced by
this variable. According to the Nord2000 method, rolling noise is predominant for light
and heavy vehicles driving at speeds above 40 km/h and 70 km/h, respectively (Kragh,
J., 2011). While the Swiss sonROAD18 model suggests an increased relevance of rolling
noise already from 30 km/h for passenger cars (Heutschi et al., 2018).

The influence of temperature on the generation of tyre/road noise has been
investigated in the scientific literature, mainly following the procedures established in
standards such as 1ISO 11819-1, 1ISO 11819-2 and 1SO 11819-4 (1SO 11819-1, 1997) (1SO
11819-2, 2017) (ISO/PAS 11819-4, 2013), under controlled traffic conditions on roads
far from urban environments or in areas designated for this specific type of research.
These studies have shown a decrease in noise level as the environmental temperature
increases, with coefficients ranging between —0.03 and —0.11 dBA/°C (Yuan et al., 2019)
(Kneib et al., 2016) (Bueno et al., 2011) (Blihlmann et al., 2015) (Sandberg, U., 2015)
(Buhlmann and Ziegler, 2011) (Anfosso-LédéE and Pichaud, 2007). A correction for
temperature when testing with the CPX method (ISO 11819-2, 2017) is proposed in the
ISO/TS 13471-1:2017 standard (ISO/TS 13471-1, 2017) that varies between —0.04 and
—0.11 dBA/°C, but this is only valid for two specific types of tyre, and is not applicable

to a general circulation fleet. A recent study based on the CPX method proposed to
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combine the variables of air and road temperature in the correction approaches for
temperature to ensure that important influences on tyre/road noise such as solar radiation
and ambient air are taken into account (Buhlmann et al., 2021). There has also been
research on the relationship between road traffic noise level and temperature under
conditions of uncontrolled traffic flow (the type of vehicles and tyres used in the
measurements is not decided, as neither is controlled their state of preservation). Jabben
(Jabben, J., 2013) conducted a study under free-flowing traffic conditions in which the
maximum sound pressure level (Lamax) Of each individual vehicle was recorded, as
indicated in the ISO 11819-1 standard (1SO 11819-1, 1997). A negative increase in the
coefficient of between —0.03 and —0.12 dBA/°C was obtained for passenger vehicles and
speeds of between 50 and 140 km/h, while a value of —0.04 dB/°C was found for
middleweight trucks in the range 70-100 km/h. Another study conducted under free
flowing road traffic conditions was recently published by Sanchez-Fernandez et al.
(Sanchez-Fernandez et al., 2021). Broadband results showed a variation in the road traffic
noise level with a coefficient of —0.161 £ 0.020 dBA/-C for air temperature and —0.058
+ 0.007 dBA/°C for pavement temperature, considering the equivalent sound level (Laeq)
obtained from measurements with a minimum of 100 vehicles passing. In connection with
this issue, the European Directive 996/2015 (COM, 2015) introduced the Common Noise
Assessment Methods in Europe (CNOSSOS-EU) for the standardisation of strategic noise
mapping calculations in European countries. The CNOSSOS-EU method makes a
correction to the sound power emitted by road traffic to take into account the reduction
in noise as air temperature rises, with coefficients of —0.08 dB/°C for light vehicles
(category 1) and —0.04 dB/°C for heavy vehicles (categories 2 and 3). Kragh et al. (Kragh,
J. et al., 2006) have also proposed a correction to the predicted noise level as a function

of air temperature for the Nord2000 method (Nord2000, 2006), with a negative slope
4
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varying according to the type of road surface (dense asphalt concrete or stone mastic
asphalt).

Studies of road traffic noise in urban environments have focused on methodological
aspects such as spatial sampling (Quintero et al., 2021) (Barrigon Morillas et al., 2011)
(Romeu et al., 2011), temporal sampling (Huang et al., 2021) (Montes Gonzélez et al.,
2020a) (Prieto Gajardo et al., 2016), the urban and architectural characteristics of the
streets (Forssén et al., 2022) (Montes Gonzélez et al., 2020b), the positions of the
microphones (Zagubien and Wolniewicz, 2021) (Montes Gonzélez et al., 2020c) (Mateus
et al., 2015) and noise modelling (Aumond et al., 2021) (Rey Gozalo et al., 2019)
(Nascimento et al., 2021). Also, the study of traffic noise can be improved with more
details about traffic flow detection (Fredianelli et al., 2022). However, studies analysing
the relationship between noise level from road traffic and air temperature under real traffic
conditions in urban environments are rare. Only a previous study, estimating long-term
noise level by short-term measurements, has found that average annual temperature was
significantly related with road traffic noise at 31.5 Hz and 63 Hz, but not with Laeg,24n
(Wang et al., 2016). Conducting this type of research in real traffic conditions and in
different urban scenarios would greatly expand the framework of study of this
dependency. In contrast to previous research, situations with a wide variability in the
range of aspects such as the vehicle brands and models and their state of maintenance, the
tire types and their state of conservation, the urban settings and the types and age of road
surfaces are considered simultaneously for the first time. Some urban traffic conditions
may differ from those of non-urban transport infrastructures, as well as the speed range
or the percentage of heavy vehicles, which are generally lower in cities. This work
proposes and applies a methodology for studying the dependence of the noise level

generated by urban road traffic on temperature, under real-world traffic conditions in a
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large city (Madrid, Spain). For achieve this objective, long-term measurements with an
integration period of one hour were carried out at different points in the city to monitor
the equivalent sound level (Laeg), traffic flow and temperature. To the best of the authors'
knowledge, this is the first time that an experimental methodology has been proposed to

achieve this objective.

2. MATERIALS AND METHODS

2.1. Study area and data collection

The study was carried out in the city of Madrid (Spain), that covers an area of
605.77 km? and an it has an official population of 3,334,730 people (INE, 2020), although
the extended metropolitan area has 6,779,888 inhabitants. In addition to the main avenues
and streets, the road transport infrastructure of Madrid consists of a series of ring roads
for the redistribution of traffic flow, and the city is located at the centre of a radial
transport system that connects it with the rest of Spain through six main highways and
other secondary highways and roads (Fig. 1a). In terms of weather conditions, there is
usually a large variation in both temperature (with average temperature oscillations
ranging between 3 and 25°C) and humidity, depending on the season (AEMET, 2021).
Annual rainfall is around 400 mm, and the average annual wind speed is between 7 and
10 km/h (AEMET, 2021).

The city of Madrid has a wide network of devices for the continuous monitoring of
different variables related to the management of urban traffic and environmental
conditions in the city (Ayuntamiento de Madrid, 2021). In particular, there are 60 fixed
stations throughout the city to measure the flow of road traffic, 31 stations for monitoring
noise levels, and 22 stations for taking readings of meteorological variables and air quality

(see Fig. 1b). A knowledge of the traffic flows, noise levels, levels of particulate matter
6
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and chemical pollutants, and weather conditions allows for predictions of the possible
effects on citizens. Fig. 1b shows the distribution of the noise (green), temperature (red)
and traffic flow (blue) measurement points in Madrid.

a) b)

"I Madrid urban area ---- Ring motorway M-30 © Traffic flow station
=== Motorway -==- Ring motorway M-40 @ Meteorological station
<=~ Ring motorway M-50 A Sound level station

c) d)

Fig. 1. (a) Overview of the road transport infrastructure of Madrid; (b) distributions of
the noise, temperature and traffic flow measurement points in the study area; (c, d)
locations of some microphones (from Google Street View)

When carrying out this study, all the data from the year 2019 collected from the
networks for measuring vehicle flow, noise levels and meteorological variables were

processed as described below.

2.2. Measurement procedure

The noise level measurement network consists of 31 stations located throughout the
city (Fig. 1b). In situ measurements of the equivalent sound level (Laeq) Were carried out
using a logging period of 1 hour. Class 1 measuring stations (IEC 61672-1, 2013) were

7
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used, whose microphones were placed in the vicinity of traffic lanes and at heights of
approximately 4 to 6 metres above the ground, trying to avoid reflections on nearby
surfaces (ISO 1996-2, 2017) (Montes Gonzalez et al., 2018). Fig.1c and Fig.1d show the
locations of microphones at some of the measurement points.

In view of the objective of this work, also hourly monitored data of vehicle flow
(60 stations) and temperature (22 stations) were used (Fig. 1b). Vehicle flow data were
used in order to determine the flow variability and to identify whether certain time
intervals existed in which vehicle flow could be considered stable enough to obtain a
theoretical maximum range of variability of noise associated to traffic variability. For this
study a range of £1.0 dB was considered. This theoretical range implies a variation of
+26% in traffic flow (a = 1.26 in Eq.(1)). Since the variability in the noise level is
reduced if time periods of longer than one hour or the median value for the different
stations are employed, a more restrictive range was estimated to be adequate in these
cases. To this end, the range of £ 0.5 dB was considered. That implied a theoretical
variation of + 12 % in traffic flow (a = 1.12 in Eq.(1)).

Lw' = Lw + 10log(a) Eq. (1)

wherew' =a-w

Some criteria were applied to discard measuring stations and anomalous data. When
the main sound source in the noise monitoring station environment was not road traffic
noise, it was not considered. It was discarded that a station should be discarded from the
analysis if the data loss exceeded 10% of the hours. Concerning the presence of anomalies
in the sound profiles, it was considered that, in cases where they occupied less than 10%
of the measurement time, this time period would be eliminated from the analysis; if they
exceeded 10%, the station would be discarded. Logically, also all sound events that varied

by more than 10 dB from the average were excluded.
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2.3. Statistical Analyses

A linear regression analysis was performed to analyse the relationship between
Laeg,in (dB) and temperature (°C) at each measurement station. The coefficient of
determination (R?) and the standard error of the coefficients were also calculated. The F-
test was used to determine the significance of the relationship between both variables.
The overall average slope and its 95% confidence interval were determined from the slope
values obtained for each monitoring station. The standard deviation and the t student
distribution were used for the calculation of the confidence interval because the number

of monitoring stations selected was 21. Matlab R2021b was used for the above analyses.

3. RESULTS AND DISCUSSION

3.1. Analysis of vehicle flow stability

The aim of this section is to identify whether there are time periods in which the
flow of road traffic in the city has a high enough value and sufficient stability to allow
the effect of traffic flow on the variability in sound levels to be delimited. To achieve the
highest possible temporal accuracy, the same interval of integration of the recording
devices (one hour) was used as the basis for the flow analysis, although the usefulness of
other time intervals of longer duration could also be explored. Although the noise
pollution monitoring network points were located at different points from those of the
flow gauging network, it is logical to assume that if such a stable time period existed for
all or most of the traffic flow gauging stations, it could be considered valid for the whole
city. During this period, as long as the predominant source of noise was road traffic, the
variability in the sound levels should be explained by the variation in temperature in a

statistically significant way.
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3.1.1. Preliminary analysis

First, graphical analyses of the annual evolution of the flow were carried out based
on time intervals of hours and days, as can be seen in the example of a station shown in
Fig. a of Supplementary Material. From these graphical analyses of all the stations, it was
observed that the data from six stations had total or partial absences or anomalies in the
measurements, and these were therefore discarded from the study. At the remaining 54
stations, the average hourly flow for all stations (54-8760 one-hour slots) over 2019 was
1655 veh/h, with a minimum value of 259 veh/h at one station. From an analysis of these
stations, it was possible to observe the expected weekly variation in the road traffic, with
daily variations, reductions at weekends, and a decrease in flow around the summer
holiday period. This graphical analysis also allowed some temporary periods to be
detected in which there was an unexpected drop in the flow values at most of the stations.
This decrease seemed to be associated with weekly periods and therefore a detailed study
of the weekly flow has been carried out in the following section.
3.1.2. Weekly flow analysis

When the preliminary analysis was complete, a study of the variability in the
average weekly vehicle flow was carried out. For this, the data from the 54 correctly
operating flow stations were used. Logically, each station had vehicle flow values that
were not comparable between them, so it was necessary to normalise the flows. To this
end, the ratio of the vehicle flow for each week with respect to the annual average value
of the weeks was calculated for each flow gauging station. In this way, the data from all
the stations could be compared and used together. These ratios were then averaged over
54 stations, giving a single ratio for each of week of the year and for the whole city of

Madrid. A graphical representation of the results obtained for the averaged ratio of
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normalised road traffic flow from all the 54 stations for each week of the year is shown
in Fig. b of Supplementary Material with red star markers.

Based on these values, a sequential analysis was carried out of the weeks in which
the ratio of vehicle flow exceeded the 12% variability range with respect to the annual
mean. In each phase, those weeks with flows exceeding this range of variability were
eliminated and the mean was recalculated. As a result of this process, data for all the
weeks corresponding to the month of August and all those which had two or more bank
holidays in the city of Madrid in 2019 were finally discarded. All the remaining weeks (a
total of 44) had a ratio of the vehicle flow within the range of 12% with respect to the
average of those weeks. This implies that the expected variability associated with traffic
at weekly levels is £0.5 dB. The results are shown in Fig. b of Supplementary Material
with blue circle markers.

3.1.3 Analysis of the stability period

For all flow gauging stations, using data from the weeks that met the stability
criterion set out above, an analysis was made of the evolution of the hourly flow, for each
day of the week. The aim was to see if there was any time period during the year in which
the variability of the flow, using the minimum interval of the logging network (one hour),
could meet the stability criterion of 26%. For this purpose, the flow for each hour of the
year at each station (365-24 = 8760 hours) was normalised with respect to the annual
flow, and these data were then averaged for each day of the week (Monday to Sunday),
resulting in 168 values for each station. Finally, the hourly results for all 54 flow

measurement stations were averaged. The results of this analysis are shown in Fig. 2.
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Fig. 2. Average ratio of normalised road traffic flow from all stations, for each day of
the week

Fig. 2 shows that Saturdays and Sundays had notable differences in flow compared
to working days. Although a certain stability can be observed for all weekdays, on closer
inspection, Fridays show a different time structure. It can also be noted that the greatest
stability and similarity in behaviour occurs from Monday to Thursday, in the period
between 8 a.m. and 8 p.m., where Mondays have a slightly lower flow values than the
other three days. Based on these preliminary results for weekly traffic flow, it can be
concluded that there seems to be an enough stability of flows in the daily interval from
Tuesday to Thursday and during the hourly period from 8 a.m. to 8 p.m (36 hours). This
potential stability was then analysed further.

Therefore, in order to analyse this preliminary conclusion in detail, the ratio of
hours between Tuesday and Thursday and during the period 8 a.m. to 8 p.m. with a flow
variation of 26% with respect to the annual average (1560 hours) was calculated for each
of the 54 gauging stations. The mean ratio of hours was then determined for all the

stations. The results indicated that on average, more than 95% of the hourly time slots
12
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(1482 of 1560 hours) met the 26% requirement considering all stations. And individually,
more than 72% of the stations (39 stations) have more than 95% of the hours (1482 of
1560 hours) verifying the requirement for 26% flow variability. The gauging station with
the lowest ratio in this range had 77% of the hours (1201 hours) verifying this
requirement. In conclusion, taking into account the hour as the base time interval of
calculation, the fact that there was a time interval (from Tuesday to Thursday and from 8
a.m. to 8 p.m.) in which the variability of the flow is less than 26% of the average flow
for more than 95% of the hours, corresponding to 54 traffic gauging stations in a large
city such as Madrid, can be considered an important result that allows for a linear
regression study between environmental temperature and the noise levels measured in
this time interval. The avenues and streets of Madrid where the monitoring stations were

located belonged to urban roads where the speed limit in 2019 was 50 km/h.

3.2. Analysis of the annual variability in temperature

The temperature measurement network is composed of 22 stations, which are
generally placed at different locations from those for measuring sound levels. Given this
lack of coincidence between the measuring stations for both variables of interest, in order
to carry out a study of the dependence of the sound level on temperature, a prior study of
the temperature data measured at the different stations was carried out in order to verify
their correct functioning and to check that similar trends were seen at all points. The
average value for all stations could then be used for the linear regression analysis.

This preliminary graphical analysis of all stations showed some anomalies. In
particular, one of the stations had a significant lack of data, and was therefore discarded
from the analysis. It was also observed that there were occasional data losses at a relevant
proportion of the stations (19 stations). An example is given in Fig. ¢ of Supplementary

13
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Material. These partial data were discarded, while the rest of the data at these stations
were retained.

Once the data were verified, an analysis of the annual variability was carried out
and similar trends were found for all stations. Fig. d of Supplementary Material shows
the average temperature at the 21 monitoring stations for each day of the year, as well as
the values of the maximum and minimum temperatures measured in the temperature
network. Given the evolution of the mean, maximum and minimum temperature values
throughout the year (Fig. d of Supplementary Material), it can be concluded that the
structure of the annual variation is similar in the different measuring stations. Therefore,
it was considered that the mean temperature, taken from the data from the 21 temperature
measurement stations spread throughout the city, can be considered representative of the

hourly variation at all of the sound measurement points.

3.3. Analysis of the dependence of road traffic noise level on temperature

As a result of the study of the temporal variability in road traffic flow over a large
urban area, based on data from 54 traffic gauging stations, a time interval was found in
which more than 95% of the hourly time slots deviated less than 26% from the average
flow. If the main source of sound at these noise level measurement points is road traffic,
this average variability in flow would be equivalent to an average variability in noise
levels of 1 dBA. Consequently, an analysis of the noise pollution measurement network
should be carried out to detect those stations where other noise sources may be
predominant or where, for different reasons, there may be a lack of data or a significant
presence of anomalous events. This was done by means of two simultaneous procedures:
the location of each station was examined in order to estimate the foreseeable sources of
noise in the area; and a graphical representation of the annual variability was created in
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order to determine the variability in noise levels at each station and to detect possible
absences of data, alterations in their usual operation or the presence and importance of
anomalous noise events (Fig. e of Supplementary Material). Since the distances between
the nearest street (centre of the traffic lines) and the measurement microphone in range
from 10 m to 35 m for the measurement stations used in this study, the variation of sound
absorption as a function of weather conditions is not considered in the study (ISO 1996-
2; IEC 61672-1:2013).

The previously described criteria were considered for discarding measurement
stations and anomalous data. From the analysis of the locations of these stations, it was
concluded that road traffic was not the main source of noise at three of them: stations 3,
18 and 26. Station 3 was located in a square with restricted traffic and significant
commercial activity, whereas station 18 was situated in a large green area, and station 26
was near a set of suburban train tracks with a significant flow of rail traffic. From an
examination of the annual sound profiles, anomalous events and data loss were found at
all the 31 stations, randomly throughout the year, both in a punctual manner and in certain
longer periods of time. As the data loss exceeded 10% of the 8760 hours (365-24) in the
stations 11, 12, 16 and 28, they were discarded from the analysis. The stations 14, 15 and
17 were eliminated because the anomalous periods exceeded 10% of the measurement
time. The anomalous periods in the sound profiles that occupied less than 10% were
discarded from the analysis in stations 1, 4, 5, 20 and 24. As an example, Fig. fis included
in the Supplementary Material that shows the annual sound profile for station 5, with an
integration period of one hour. In this figure, it can be seen that around hours 4,000 and
6,800, there were continuous sound levels which exceed the base period (day (7:00-
19:00), evening (19:00-23:00) and night (23:00-07:00)) value by more than 10 and 20

dB, respectively. Logically, also all sound events that varied by more than 10 dB from
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the average were excluded. Finally, 21 of the 31 stations that comprise the noise pollution
measurement network were used for this study of the relationship between noise levels
and environmental temperature (Fig. e of Supplementary Material).

Table 1 shows the values of the different parameters of the regression analysis between
road traffic noise levels and temperature in the areas of Madrid where the noise
monitoring stations were located. The values of the slope (with standard error), intercept
coefficient, coefficient of determination (R?), significance level and number of data (N)
are given. As an example of the analysis performed to obtain the results shown in Table
1, Fig. 3 shows the measured values of the hourly equivalent sound level over one year

with respect to temperature at two monitoring stations in Madrid.

Table 1. Parameters used in the regression analysis between road traffic noise levels
(Laeg,1n) and temperature in the different areas of Madrid (from Tuesday to Thursday and

from 8 a.m. to 8 p.m.)

Slope Intercept 2

N° Station name (Std. Error) coefficient Sig. N

1 Paseo de Recoletos —0.069 (0.004) 69.2 0.23 <0.001 1246
2 Carlos V —0.059 (0.004) 71.1 0.15 <0.001 1515
4 Plaza de Espaiia —0.104 (0.005) 66.4 0.24 <0.001 1152
5 Barrio del Pilar —0.055 (0.005) 62.4 0.08 <0.001 1507
6 Gregorio Marafion —0.080 (0.002) 73.6 042 <0.001 1482
7 Escuelas Aguirres —0.073 (0.003) 68.5 0.24 <0.001 1478
8 Cuatro Caminos —0.092 (0.004) 67.8 0.23 <0.001 1452
9 Ramén y Cajal —0.098 (0.004) 70.8 0.28 <0.001 1499
10 Manuel Becerra —0.036 (0.005) 65.1 0.04 <0.001 1515
13 Arturo Soria —0.125 (0.004) 64.4 0.36 <0.001 1497
19 Santa Eugenia —0.084 (0.004) 68.6 0.26 <0.001 1520
20 Embajada —0.107 (0.005) 63.6 0.26 <0.001 1530
21 Barajas Pueblo —0.120 (0.004) 64.6 042 <0.001 1478
22 Cuatro vientos —0.113 (0.004) 70.3 0.39 <0.001 1486
23 El Pardo —0.063 (0.005) 59.0 0.08 <0.001 1505
24 | Campo de las Naciones —0.091 (0.005) 62.6 0.20 <0.001 1473
25 Sanchinarro —0.116 (0.005) 65.5 0.30 <0.001 1451
27 Castellana —0.096 (0.003) 65.3 0.37 <0.001 1512
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358
359

360
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363

364

365

366

367

368

369

370

29 | Ensanche de Vallecas —0.123 (0.004) 63.4 0.38 <0.001 1518

30 Urb. Emabajada Il —0.102 (0.005) 59.0 0.21 <0.001 1529
31 Tres Olivos —0.080 (0.005) 60.1  0.16 <0.001 1519
a)
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o
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Fig. 3. Values of Laeq measured every hour over a period of one year with respect to
temperature at (a) station 20; (b) station 21

The relationships shown in Table 1 between urban road traffic noise levels and
temperature were highly significant (p < 0.001) for all the monitoring stations located in
Madrid. The values for the explanation of the variability in the measured noise levels by
temperature were higher than 20% at most measurement points, and values of 42% were
reached at some of them. These results can be considered noteworthy because they
indicate that a significant ratio of the variability in urban road traffic noise can be
predicted based only on the average temperature when the traffic flow is stable. The
relationships obtained are independent of the time period considered in the study and are
valid for day-time period or a night-time period, for a working day or a public holiday,

given the nature of the physical mechanisms involved. Values of between 4% and 8% for
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the explanation of variability were obtained at three of the monitoring stations, and these
could be associated with the presence of noise sources other than urban road traffic in
their environments. All the results were obtained by applying a relatively unrestrictive
criterion of eliminating anomalous sound events when the sound level varied by more
than 10 dB with respect to the annual average for each station. Since the equivalent sound
level recorded over one hour at a given point does not show much variability when the
main sound source is road traffic (for a stable vehicle flow), other more restrictive criteria
for the elimination of anomalous sound events could be applied meaning that higher
values for the explanation of the variability in the noise level with temperature would be
obtained at all measurement stations, with the same sign for the slope. A previous study
conducted in Taichung (Taiwan) did not find a significant relationship between average
annual road traffic noise (Laeq24n) and temperature, although a significant negative
relationship between average annual temperature and traffic noise in the 31.5 Hz and 63
Hz octave bands was reported (Wang et al., 2016). These results are probably related to
the use of a 24-hour noise indicator and the fact that road traffic flow in cities usually
decreases considerably during the night and is not the main source of noise during this

period.

It can also be noted from Table 1 that all slope coefficients are negative, indicating
a negative dependence of the road traffic noise level on temperature. The slope coefficient
values obtained at the 21 noise monitoring stations range from —0.036 to —0.125 dB/°C.
These results are within the range of values reported in the scientific literature (Yuan et
al., 2019) (Kneib et al., 2016) (Bueno et al., 2011) (Bihlmann et al., 2015) (Sandberg, U.,
2015) (Buhlmann and Ziegler, 2011) (Anfosso-LédéE and Pichaud, 2007) (Buhlmann et

al., 2021) (Sanchez-Fernandez et al., 2021) (Jabben, J., 2013). Different results have been
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417

reported for the speed dependency of temperature effects in the literature (Bihlmann et
al., 2015). The results presented for tyre/road noise from tests undertaken only under
controlled conditions differ in terms of whether the coefficient of variation of sound level
with temperature decreases or increases as vehicle speed rises (Bihlmann et al., 2015).
On the other hand, the results obtained for road traffic in free flowing traffic conditions
show higher temperature effects at higher speeds (Jabben, J., 2013). Since the scientific
literature shows highly significant relationships between air and pavement temperature
with high values of the coefficient of determination (Anfosso-LédéE and Pichaud, 2007)
(Sanchez-Fernandez et al., 2021), similar results could probably be achieved in the case
that pavement temperature could have been monitored. If it is considered that the general
speed limit established for urban environments in Madrid was 50 km/h on the dates when
the measurements were taken, the values obtained at many of the monitoring stations (see
Table 1) in Madrid were higher than those previously reported in the scientific literature
under free traffic flow conditions at this speed (Jabben, J., 2013), and are more similar to
those reported for controlled traffic conditions (Blhlmann et al., 2015) (Bueno et al.,

2011).

In the case of the calculation methods for strategic noise maps, the CNOSSOS-EU
method (COM, 2015) proposes a correction of —0.08 dB/°C for light vehicles and —0.04
dB/°C for heavy vehicles, while the Nord2000 method (Kragh, J. et al., 2006) suggests
coefficients of —0.1 dB/°C and —0.062 dB/°C for dense asphalt concrete and stone mastic
asphalt, respectively. No dependence on vehicle speed was established. When the values
of the slope coefficients shown in Table 1 for all noise monitoring stations in Madrid are

averaged, a value of —0.090 = 0.011 dB/°C (95% confidence interval) is found, which
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would be within the range provided by both the CNOSSOS-EU method (COM, 2015) for

light vehicles and the Nord2000 method (Kragh, J. et al., 2006).

4. CONCLUSIONS

This experimental research proposes a novel methodology for studying the
dependence on temperature of the noise level generated by urban road traffic under real-
world traffic conditions. Highly significant (p < 0.001) relationships were found between
urban road traffic noise levels and temperature in the period of stable traffic flow (from
Tuesday to Thursday and from 8 a.m. to 8 p.m.) for all the noise monitoring stations
located in the city of Madrid. The explanation of the variability of measured noise levels
by temperature was over 20% at most of the measurement points, and values of up to 42%
were reached at some of them. The values of the slope coefficients obtained at the noise
monitoring stations ranged from —0.04 to —0.13 dB/°C. When the values of the slope
coefficients were averaged for all noise monitoring stations in order to compare them with
the corrections proposed for strategic noise mapping, it was found a value of —0.090 +

0.011 dB/°C (95% confidence interval).

Funding

This project was co-financed by European Regional Development Fund (ERDF)
and Junta de Extremadura, Consejeria de Economia, Ciencia y Agenda Digital (IB18050
and GR21061). This work was also supported by Consejeria de Economia, Ciencia y
Agenda Digital of Junta de Extremadura through grants for attracting and returning
research talent to R&D&I centres belonging to the Extremadura Science, Technology and
Innovation System (TA18019), where University of Extremadura was the beneficiary

entity.

20



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

Acknowledgements

The authors would like to thank the Madrid City Council for their collaboration and

Ana Bejarano for her support in data processing.

REFERENCES

AEMET. Agencia Estatal de Meteorologia. https://www.aemet.es, 2021.

Andersson, E.M., Ogren, M., Molnar, P., Segersson, D., Rosengren, A., Stockfelt,
L., 2020. Road traffic noise, air pollution and cardiovascular events in a Swedish cohort.
Environ. Res. 185, 109446. https://doi.org/10.1016/j.envres.2020.109446

Anfosso-LédéE, F., Pichaud, Y., 2007. Temperature effect on tyre-road noise. Appl.
Acoust. 68, 1-16. https://doi.org/10.1016/j.apacoust.2006.06.001

Aumond, P., Can, A., Mallet, V., Gauvreau, B., Guillaume, G., 2021. Global
sensitivity analysis for road traffic noise modelling. Appl. Acoust. 176, 107899.
https://doi.org/10.1016/j.apacoust.2020.107899

Ayuntamiento de Madrid. www.madrid.es, 2021.

Barrigon Morillas, J.M., Gomez Escobar, V., Trujillo Carmona, J., Méndez Sierra,
J.A., Vilchez-Gomez, R., Carmona del Rio, F.J., 2011. Analysis of the prediction capacity
of a categorization method for urban noise assessment. Appl. Acoust. 72, 760-771.
https://doi.org/10.1016/j.apacoust.2011.04.008

Barrigon Morillas, J.M., Montes Gonzalez, D., Gmez Escobar, V., Rey Gozalo,
G., Vilchez-Gomez, R., 2021. A proposal for producing calculated noise mapping
defining the sound power levels of roads by street stratification. Environ. Pollut. 270.
https://doi.org/10.1016/j.envpol.2020.116080

Barrigon Morillas, Juan Miguel, Rey Gozalo, G., Montes Gonzalez, D., Vilchez-

Gbmez, R., Gomez Escobar, V., 2021. Variability of traffic noise pollution levels as a
21



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

function of city size  variables. Environ. Res. 199, 111303.
https://doi.org/10.1016/j.envres.2021.111303

Beimer, W., Maennig, W., 2017. Noise effects and real estate prices: A
simultaneous analysis of different noise sources. Transp. Res. Part Transp. Environ. 54,
282-286. https://doi.org/10.1016/j.trd.2017.05.010

Blume, C., Schoch, S.F., Vienneau, D., R66sli, M., Kohler, M., Moeller, A., Kurth,
S., Usemann, J., 2022. Association of transportation noise with sleep during the first year
of life: A longitudinal study. Environ. Res. 203, 111776.
https://doi.org/10.1016/j.envres.2021.111776

Bueno, M., Luong, J., Vifiuela, U., Teran, F., Paje, S.E., 2011. Pavement
temperature influence on close proximity tire/road noise. Appl. Acoust. 72, 829-835.
https://doi.org/10.1016/j.apacoust.2011.05.005

Buhlmann, E., Sandberg, U., Mioduszewski, P., 2015. Speed dependency of
temperature effects on road traffic noise, in: INTER-NOISE 2015 - 44th International
Congress and Exposition on Noise Control Engineering.

Buhlmann, E., Schlatter, F., Sandberg, U., 2021. Temperature influence on tire/road
noise measurements: Recently collected data and discussion of various issues related to
standard testing procedures, in: Proceedings of INTER-NOISE 2021 - 2021 International
Congress and Exposition of Noise Control Engineering. https://doi.org/10.3397/IN-2021-
1830

Buhlmann, E., Ziegler, T., 2011. Temperature effects on tyre/road noise
measurements, in: 40th International Congress and Exposition on Noise Control
Engineering 2011, INTER-NOISE 2011. pp. 557-564

Cantuaria, M.L., Usemann, J., Proietti, E., Blanes-Vidal, V., Dick, B., Fluck, C.E.,

Riedi, S., Héritier, H., Wunderli, J.-M., Latzin, P., Frey, U., Ré6sli, M., Vienneau, D.,
22



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

2018. Glucocorticoid metabolites in newborns: A marker for traffic noise related stress?
Environ. Int. 117, 319-326. https://doi.org/10.1016/j.envint.2018.05.002

Carmona, R., Linares, C., Ortiz, C., Vazquez, B., Diaz, J., 2017. Effects of noise on
telephone calls to the Madrid Regional Medical Emergency Service (SUMMA 112).
Environ. Res. 152, 120-127. https://doi.org/10.1016/j.envres.2016.10.010

COM, 2015. Commission Directive (EU) 2015/996 of 19 May 2015 establishing
common noise assessment methods. Official Journal of the European Union, L168/3
Brussels, 2015

Diaz, J., Lépez-Bueno, J.A., Lépez-Ossorio, J.J., Gonzalez, J.L., Sanchez, F.,
Linares, C., 2020. Short-term effects of traffic noise on suicides and emergency hospital
admissions due to anxiety and depression in Madrid (Spain). Sci. Total Environ. 710,
136315. https://doi.org/10.1016/j.scitotenv.2019.136315

EEA, 2020. EEA Report No 22/2019. Environmental noise in Europe - 2020.
European Environment Agency. Publications Office of the European Union,
Luxembourg, 2020.

Elmenhorst, E.-M., Quehl, J., Miller, U., Basner, M., 2014. Nocturnal air, road, and
rail traffic noise and daytime cognitive performance and annoyance. J. Acoust. Soc. Am.
135, 213-222. https://doi.org/10.1121/1.4842475

Forssén, J., Gustafson, A., Pont, M.B., Haeger-Eugensson, M., Achberger, C.,
Rosholm, N., 2022. Effects of urban morphology on traffic noise: A parameter study
including indirect noise exposure and estimated health impact. Appl. Acoust. 186,
108436. https://doi.org/10.1016/j.apacoust.2021.108436

Fredianelli, L., Carpita, S., Bernardini, M., Del Pizzo, L.G., Brocchi, F., Bianco, F.,

Licitra, G., 2022. Traffic Flow Detection Using Camera Images and Machine Learning

23



514

515

516

017

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

Methods in ITS for Noise Map and Action Plan Optimization. Sensors 22.
https://doi.org/10.3390/s22051929

Hao, G., Zuo, L., Xiong, P., Chen, L., Liang, X., Jing, C., 2021. Associations of
PM2.5 and road traffic noise with mental health: Evidence from UK Biobank. Environ.
Res. 112221. https://doi.org/10.1016/j.envres.2021.112221

Heutschi, K., Buhlmann, E., Qertli, J., 2016. Options for reducing noise from roads
and railway lines. Transp. Res. Part Policy Pract. 94, 308-322.
https://doi.org/10.1016/j.tra.2016.09.019

Heutschi, K., Locher, B., Gerber, M., 2018. sonROAD18: Swiss implementation of
the CNOSSOS-EU road traffic noise emission model. Acta Acust. United Acust. 104,
697-706. https://doi.org/10.3813/AAA.919209

Huang, M., Chen, L., Zhang, Y., 2021. A spatio-temporal noise map completion
method  based on  crowd-sensing.  Environ.  Pollut. 274,  115703.
https://doi.org/10.1016/j.envpol.2020.115703

IEC 61672-1:2013. Electroacoustics - Sound level meters - Part 1: Specifications.,
2013

Instituto  Nacional de Estadistica (National Institute of Statistics).
https://www.ine.es/, 2020.

ISO 1996-2, 2017. Description, Measurement and Assessment of Environmental
Noise. Part 2: Determination of Environmental Noise Levels. International Organization
for Standardization, Geneva., 2017.

ISO 11819-1, 1997. Acoustics — Measurement of the influence of road surfaces on
traffic noise — Part 1: Statistical Pass-By method., 1997.

ISO 11819-2, 2017. Acoustics — Measurement of the influence of road surfaces on

traffic noise — Part 2: The close-proximity method., 2017

24



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

ISO/PAS 11819-4, 2013. Acoustics — Method for measuring the influence of road
surfaces on traffic noise — Part 4: SPB method using backing board., 2013

ISO/TS 13471-1, 2017. Acoustics — Temperature influence on tyre/road noise
measurement — Part 1: Correction for temperature when testing with the CPX method.,
2017.

IVT - Institute for Vehicle Technology. Investigations on Noise Emission of Motor
Vehicles in Road Traffic. Wuerselen, Germany, 2005.

Jabben, J., 2013. Temperature effects on road traffic noise measurements, J. Basic
Appl. Phys., 2, 43-46, 2013

Khan, J., Kakosimos, K., Jensen, S.S., Hertel, O., Sgrensen, M., Gulliver, J., Ketzel,
M., 2020. The spatial relationship between traffic-related air pollution and noise in two
Danish cities: Implications for health-related studies. Sci. Total Environ. 726, 138577.
https://doi.org/10.1016/j.scitotenv.2020.138577

Kneib, G., Belcher, D., Beckenbauer, T., Beyeler, H.-P., 2016. Continuous road
traffic noise monitoring and aging of asphalt surfaces, in: Proceedings of the INTER-
NOISE 2016 - 45th International Congress and Exposition on Noise Control Engineering:
Towards a Quieter Future. pp. 5018-5029

Kragh, J., 2011. Traffic Noise Prediction with Nord2000. An Update. Report 195-
2011. Danish Road Institute.

Kragh, J., Jonasson, H., Plovsing, B., Sarinen, A., Svein, A., Storeheier, S.A., 2006.
User’s Guide Nord2000 Road

Ling, S., Yu, F., Sun, D., Sun, G., Xu, L., 2021. A comprehensive review of tire-
pavement noise: Generation mechanism, measurement methods, and quiet asphalt

pavement. J. Clean. Prod. 287. https://doi.org/10.1016/j.jclepro.2020.125056

25



563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

583

584

585

586

587

Mateus, M., Carrilho, J.D., Silva, M.G. da, 2015. An experimental analysis of the
correction factors adopted on environmental noise measurements performed with
window-mounted microphones. Appl. Acoust. 87, 212-218.
https://doi.org/10.1016/j.apacoust.2014.06.019

Monrad, M., Sajadieh, A., Christensen, J.S., Ketzel, M., Raaschou-Nielsen, O.,
Tjenneland, A., Overvad, K., Loft, S., Sgrensen, M., 2016. Residential exposure to traffic
noise and risk of incident atrial fibrillation: A cohort study. Environ. Int. 92-93, 457-463.
https://doi.org/10.1016/j.envint.2016.04.039

Montes Gonzalez, D., Barrigobn Morillas, J.M., Rey Gozalo, G., 2018. Acoustic
behaviour of plates made of different materials for measurements with the microphone
flush mounted. Appl. Acoust. 132, 135-141.
https://doi.org/10.1016/j.apacoust.2017.11.011

Montes Gonzalez, D., Barrigon Morillas, J.M., Rey Gozalo, G., Atanasio Moraga,
P., 2020a. Microphone position and noise exposure assessment of building facades. Appl.
Acoust. 160. https://doi.org/10.1016/j.apacoust.2019.107157

Montes Gonzéalez, D., Barrigbn Morillas, J.M., Rey Gozalo, G., Godinho, L.,
2020b. Effect of parking lanes on assessing the impact of road traffic noise on building
facades. Environ. Res. 184. https://doi.org/10.1016/j.envres.2020.109299

Montes Gonzalez, D., Barrigon Morillas, J.M., Rey Gozalo, G., Godinho, L., 2020c.
Evaluation of exposure to road traffic noise: Effects of microphone height and urban
configuration. Environ. Res. 191. https://doi.org/10.1016/j.envres.2020.110055

Montes-Gonzélez, D., Barrigon-Morillas, J.M., Escobar, V.G., Vilchez-Gémez, R.,
Rey-Gozalo, G., Atanasio-Moraga, P., Méndez-Sierra, J.A., 2019. Environmental noise
around  hospital areas: A  case study. Environ. - MDPI 6.

https://doi.org/10.3390/environments6040041
26



588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

Nascimento, E.O. do, Oliveira, F.L. de, Oliveira, L.N. de, Zannin, P.H.T., 2021.
Noise prediction based on acoustic maps and vehicle fleet composition. Appl. Acoust.
174, 107803. https://doi.org/10.1016/j.apacoust.2020.107803

Nord2000: Nordic noise prediction method, 2006

Prieto Gajardo, C., Barrigon Morillas, J.M., Rey Gozalo, G., Vilchez-Gomez, R.,
2016. Can weekly noise levels of urban road traffic, as predominant noise source, estimate
annual ones? J. Acoust. Soc. Am. 140, 3702—3709. https://doi.org/10.1121/1.4966678

Quintero, G., Balastegui, A., Romeu, J., 2021. Traffic noise assessment based on
mobile  measurements.  Environ.  Impact Assess. Rev. 86, 106488.
https://doi.org/10.1016/j.eiar.2020.106488

Rey Gozalo, G., Gomez Escobar, V., Barrigbn Morillas, J.M., Montes Gonzélez,
D., Atanasio Moraga, P., 2019. Statistical attribution of errors in urban noise modeling.
Appl. Acoust. 153, 20-29. https://doi.org/10.1016/j.apacoust.2019.04.001

Romeu, J., Genesca, M., Pamies, T., Jiménez, S., 2011. Street categorization for the
estimation of day levels using short-term measurements. Appl. Acoust. 72, 569-577.
https://doi.org/10.1016/j.apacoust.2010.09.012

Roswall, N., Raaschou-Nielsen, O., Ketzel, M., Gammelmark, A., Overvad, K.,
Olsen, A., Sgrensen, M., 2017. Long-term residential road traffic noise and NO2 exposure
in relation to risk of incident myocardial infarction — A Danish cohort study. Environ.
Res. 156, 80-86. https://doi.org/10.1016/j.envres.2017.03.019

Sanchez-Fernandez, M., Barrigbn Morillas, J.M., Montes Gonzéalez, D., Rey
Gozalo, G., 2021. Relationship between temperature and road traffic noise under actual
conditions of continuous vehicle flow. Transp. Res. Part Transp. Environ. 100.

https://doi.org/10.1016/j.trd.2021.103056

27



612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

Sandberg, U., 2003. Vehicle categories for description of noise source, in:
HARMONOISE (20003), 2003

Sandberg, U., 2015. Standardized corrections for temperature influence on tire/road
noise, in: Maling G., B.C. (Ed.), 44th International Congress and Exposition on Noise
Control Engineering, INTER-NOISE 2015, 9 August 2015 through 12 August 2015.
Environment, Society, environment and transport, Swedish National Road and Transport
Research Institute., 2015

Szczepanska, A., Senetra, A., Wasilewicz-Pszczotkowska, M., 2015. The effect of
road traffic noise on the prices of residential property — A case study of the polish city of
Olsztyn. Transp. Res. Part Transp. Environ. 36, 167-177.
https://doi.org/10.1016/j.trd.2015.02.011

Véazquez, V.F., Teran, F., Huertas, P., Paje, S.E., 2018. Field assessment of a Cold-
In place-recycled pavement: Influence on rolling noise. J. Clean. Prod. 197, 154-162.
https://doi.org/10.1016/j.jclepro.2018.06.192

Wang, V.-S., Lo, E.-W., Liang, C.-H., Chao, K.-P., Bao, B.-Y., Chang, T.-Y., 2016.
Temporal and spatial variations in road traffic noise for different frequency components
in  metropolitan  Taichung, Taiwan. Environ. Pollut. 219, 174-181.
https://doi.org/10.1016/j.envpol.2016.10.055

Yuan, M., Ni, D., Zhang, D., Wei, X., Wang, Z., Wang, C., 2019. Effect of
temperature on road pass-by noise of light vehicle, in: IOP Conference Series: Earth and
Environmental Science. https://doi.org/10.1088/1755-1315/310/2/022003

Zagubien, A., Wolniewicz, K., 2021. Impact of measuring microphone location on
the result of environmental noise assessment. Appl. Acoust. 172, 107662.

https://doi.org/10.1016/j.apacoust.2020.107662

28



636

637

638

639

Zhao, X., Zhou, W., Wu, T., Han, L., 2022. The impacts of urban structure on
PM2.5 pollution depend on city size and location. Environ. Pollut. 292, 118302.

https://doi.org/10.1016/j.envpol.2021.118302

29



Declaration of Interest Statement

Declaration of interests

XiThe authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[OThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



Author Statement

CRediT author statement

Juan Miguel Barrigdn Morillas: Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Resources, Data Curation, Writing - Original Draft, Writing -
Review & Editing, Visualization, Supervision, Project administration, Funding
acquisition. Guillermo Rey-Gozalo: Software, Formal analysis, Investigation, Data
Curation, Writing - Original Draft, Writing - Review & Editing, Visualization, Funding
acquisition. David Montes Gonzélez: Investigation, Data Curation, Writing - Original
Draft, Writing - Review & Editing, Visualization. Manuel Sanchez-Fernandez:
Investigation, Writing - Review & Editing. Alicia Bachiller Leon: Software, Formal
analysis, Investigation, Data Curation, Writing - Original Draft, Writing - Review &
Editing, Visualization.



