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Abstract: The impact of environmental noise on the health and well-being of people living in cities 12 

is an issue that has been addressed in the scientific literature to try to develop effective environmen- 13 

tal policies. In this context, road traffic is the main source of noise in urban environments, but it is 14 

not the only source of noise that pedestrians hear. This paper presents an experimental study using 15 

in situ surveys and acoustic measurements to analyse the capacity of acoustic variables related to 16 

sound energy to estimate the occurrence and importance of noise effects in urban environments. 17 

The results revealed that average sound energy indicators can be considered most significant in 18 

terms of the perception of the noise effects studied on pedestrians. When estimating noise effects 19 

from them, frequency weightings related to flat or nearly flat spectra (Z- and C-weightings) were 20 

found to provide better results than an A-weighting; however, it was also concluded that if the 21 

average energy is considered, the use of a temporal I-weighting did not lead to improvements. The 22 

perception of how noisy a street is strongly associated with low frequency, and annoyance was the 23 

effect that generally showed the strongest significant correlations with acoustic indicators. The in- 24 

dicators of minimum sound levels explained a larger proportion of the variability of noise effects 25 

than the indicators of maximum energy; they were even better in this regard than any of the average 26 

energy indicators in terms of explaining the variability of startle and annoyance in the ears and were 27 

found to be equivalent when interruption to a telephone conversation was assessed. Both acoustic 28 

variables associated with sound energy in different parts of the audible spectrum and Leq in each 29 

1/3 octave band showed significant correlations with the effects of noise on pedestrians. Similarities 30 

in the structure of the spectra were found between some of these effects. 31 

Keywords: noise annoyance; irritability; startle, interrupting conversation; noise measurements; in 32 

situ survey 33 

 34 

1. Introduction 35 

The impact of environmental noise on people residing in urban areas is a subject of 36 

interest due to its negative effects on well-being and various spheres of human health [1- 37 

4]. Although various types of noise sources are present in cities, transport infrastructure 38 

is the main cause of noise [5-7], and road traffic has been identified as the most significant 39 

source [8]. In this context, a target has been set in Europe to reduce the number of people 40 

chronically disturbed by transport noise by 30% by 2030 [9]. 41 

Strategic noise maps have become a very useful tool, both for assessing the acoustic 42 

situation of a given environment and for implementing action plans for transport noise 43 

mitigation [10-12]. However, given that the reality in urban environments is often fairly 44 
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complex, due to the presence of noise sources whose behaviour cannot always be pre- 45 

dicted by software models, it is essential to carry out in situ acoustic measurements to 46 

validate the results provided by noise maps for noise indicators [13-15]. Several strategies 47 

can be followed to reduce the exposure of the population to environmental noise in cities, 48 

such as those associated with changes in urban mobility, actions on the noise sources and 49 

pedestrianisation of urban areas [16-18]. The scientific literature also shows that variables 50 

associated with urban planning are closely linked to noise pollution in cities, and that it 51 

would be advisable to take them into consideration in the process of urban development 52 

of cities [19-21]. These measures can also be combined with other initiatives that contrib- 53 

ute to improving the sense of well-being of people living in cities, such as increasing the 54 

number of green urban areas to provide quiet and less polluted spaces for relaxation and 55 

leisure activities [22-25]. 56 

However, another aspect that is just as important as collecting objective data on noise 57 

levels in a given environment to assess the acoustic situation is an understanding of peo- 58 

ple's subjective perception of the sound quality of urban spaces [26-28]. Research carried 59 

out by means of questionnaires allows for the collection of useful information on people's 60 

satisfaction and annoyance with different features of urban environments, including noise 61 

[29-33]. Surveys have also been used to study noise disturbance to activities such as con- 62 

versing, thinking, reading and resting, as well as the effects of noise such as irritability, 63 

startle and annoyance in the ears [31,34]. From data collected via on-site sound registers 64 

and questionnaires, the association between people's perceptions of urban noise and ob- 65 

jective sound variables can be analysed. Noise indicators such as LAeq, Leq, Ldn, LAeq,24h, Lmin, 66 

Lmax, LN and L10–L90 have been employed in the scientific literature to study the relation- 67 

ships between the characteristics of environmental noise and some of the effects it has on 68 

people [27,30,31,35,36]. Some of these indicators have shown, in previous studies on noise 69 

effects, a clear dose-response relationship, unlike the psychoacoustic parameters that are 70 

usually used in soundscape studies based on ISO 12913 [37]. 71 

The human response to environmental sounds is conditioned in a complex way by 72 

the energetic, spectral and temporal characteristics of the sound wave and, of course, by 73 

the characteristics of individuals [38]. Two very broad lines of work are common for ana- 74 

lysing the human response to sounds, the study of noise effects and the study of the 75 

soundscape. In this paper the authors focus their attention on the study of the effects of 76 

noise on people in the urban environment. The term "noise" is commonly used for sounds 77 

that have negative human effects. To estimate the occurrence and intensity of each of the 78 

effects of noise, different sound indicators have been developed, each of which evaluates 79 

different aspects of the characteristics of the sound. The present study is based on indica- 80 

tors that are usually found in class 1 sound level meters-analysers. These were grouped 81 

based on the way in which they deal with the energy aspects that characterise the sound 82 

wave. This allowed to analyse the relevance of these characteristics, and the way in which 83 

they are considered in the sound indicators, to estimate the occurrence and significance of 84 

certain effects of noise on people. 85 

To sum up, the aim of this paper is to analyse the capacity of acoustic variables re- 86 

lated to sound energy in estimating the occurrence and significance of some noise effects 87 

on pedestrians, considering the different sound sources that are usually present in these 88 

street environments. The study seeks to identify which acoustic indicators are most 89 

strongly correlated with perceived noise effects, such as annoyance and others not usually 90 

taken into account like irritability, startle or some effects related to interference with spo- 91 

ken communication through in situ surveys and acoustic measurements. 92 

2. Materials and Methods 93 

An investigation was carried out in the streets of Cáceres, Spain, using a method 94 

based on surveys and on-site sound measurements. Four researchers carried out sampling 95 

to record objective and subjective variables simultaneously. Sampling points were ran- 96 
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domly selected on different urban roads according to their functionality for vehicle mo- 97 

bility [39] (Fig. 1). Measurements and surveys were performed in 2020, during daytime 98 

hours, before the declaration of the state of emergency and the lockdown due to COVID19. 99 

A total of 105 individuals, aged between 18 and 80, with a roughly equal gender ratio (44% 100 

male, 56% female) and varying educational levels (from primary to university), completed 101 

the survey (Table 1). The Questionnaires can be found in the Supplementary Material. 102 

 103 
  104 

Figure 1. Survey points in Cáceres (from Google Earth). 105 
 106 

Table 1. Sociodemographic characteristics of the sample. 107 

Variable Sample (%) Cáceres (%) [40] 

Age   

18-25 years 19.0 6.7 

26-35 years 11.4 10.7 

36-45 years 21.0 15.1 

46-55 years 20.0 16.8 

56-65 years 13.3 14.8 

> 66 years 15.2 18.0 

   

Sex   

Male 43.8 48.1 

Female 56.2 51.9 

   

Education   
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Missing - 8.2 

Primary or secondary school 23.8 33.9 

Highschool 24.8 17.9 

Degree 51.4 33.8 

   

Work activity   

Worker 59,0 41.7 

Unemployed 6.7 9.0 

Retired 16.2 13.1 

Homemaker 6.7 11.9 

Student 11.4 22.0 

 108 

 109 

Table 2 shows all the subjective variables collected via the surveys and the objective 110 

variables obtained from acoustic measurements, together with a brief description of their 111 

meaning and the range of values for each of them. This survey was validated by the ethics 112 

and bioethics committee of the University of Extremadura in the report with reference 113 

37//2020 and, following the Declaration of Helsinki, each participant filled out a declara- 114 

tion of informed consent. In cases where evidence of hearing loss was detected by the 115 

interviewer during the survey, the respondent's answers were not considered. Regarding 116 

the subjective variables, pedestrians were first interviewed to determine the extent to 117 

which or how often the environmental noise in that street caused: (a) irritability; (b) startle; 118 

(c) annoyance in the ears; (d) interrupting a conversation with someone nearby; (e) raising 119 

the volume of their voice to speak with someone nearby; (f) interrupting a phone conver- 120 

sation; and (g) raising the volume of their voice during a phone conversation. They were 121 

then asked to rate their (h) acoustic perception of the environment on that street, and (i) 122 

the degree to which the noise annoyed them during the survey. A box-plot of the answers 123 

for the subjective variables is shown in Figure 2. 124 
 125 

Table 2. Subjective and objective variables registered in the city of Cáceres, together with a brief 126 
description of their meaning and the range of values for each of them. 127 

 128 

Variables Meaning Value range 

Subjective variables 

(survey) 

a) Irritability 0–10 

b) Startle 0–10 

c) Annoyance in the ears 0–10 

d) Interrupting conversation 0–10 

e) Raising volume 0–10 

f) Interrupting phone 0–10 

g) Raising phone 0–10 

h) Noisy street 0–10 

i) Annoyance 0–10 

Acoustic 

objective 

Energy 

(full 

LZeq Unweighted equivalent sound level 60–81 dB 

LAeq A-weighted equivalent sound level 48–73 dB 

LCeq C-weighted equivalent sound level 58–79 dB 
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variables 

(measurements) 

audible 

spectrum) 

LAIeq A,I-weighted equivalent sound level 52–75 dB 

LCIeq C,I-weighted equivalent sound level 63–81 dB 

Loudness 
Subjective judgement of the intensity 

of a sound 
7–30 sones 

Loudness level Loudness level =10*log2(Loudness) + 40 68–89 phones 

NR 
Highest noise ratio curve touched by 

the measured spectrum 
45–71 

NC 
Highest noise criteria curve touched by 

the measured spectrum 
43–70 

NCB 
Highest balanced noise criteria curve 

touched by the measured spectrum 
42–65 

Energy 

(maximum 

or 

minimum) 

LASmax A,S-weighted maximum sound level 68–87 dB 

LAFmax A,F-weighted maximum sound level 70–89 dB 

LAImax A,I-weighted maximum sound level 70–91 dB 

LCSmax C,S-weighted maximum sound level 77–96 dB 

LCFmax C,F-weighted maximum sound level 80–99 dB 

LCImax C,I-weighted maximum sound level 81–100 dB 

LCpeak C-weighted peak sound level 90–111 dB 

LASmin A,S-weighted minimum sound level 35–55 dB 

LAFmin A,F-weighted minimum sound level 33–54 dB 

LAImin A,I-weighted minimum sound level 35–55 dB 

LCSmin C,S-weighted minimum sound level 48–65 dB 

LCFmin C,F-weighted minimum sound level 46–62 dB 

LCImin C,I-weighted minimum sound level 49–66 dB 

Energy 

(parts of 

audible 

spectrum) 

Leq20-200Hz 
Equivalent sound level in the range 20–

200 Hz 
59–81 dB 

SIL3 
Speech interference level (average Leq of 

1000, 2000 and 4000 Hz octave bands) 
41–65 dB 

SIL 

Speech interference level (average Leq of 

500, 1000, 2000 and 4000 Hz octave 

bands) 

42–65 dB 

PSIL 

Preferred speech interference level 

(average Leq of 500, 1000 and 2000 Hz 

octave bands) 

43–68 dB 

LCeq-LAeq Difference between LCeq and LAeq 1–4 dB 

 129 

The response rate for the in-situ surveys was 25%. A response rate of 20-25% is con- 130 

sidered acceptable for surveys as shown by previous studies [41, 42, 43]. This rate did not 131 

affect the study's objective of achieving a power of at least 0.8 in the statistical tests to be 132 

used [44] and a medium effect size [44,45]. In fact, a power of 0.94 was achieved with the 133 

number of surveys conducted (105 participants) [45]. Considering the 96,000 inhabitants 134 
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of the city of Cáceres [46] and the variability of item responses in preliminary studies (σ ≈ 135 

2.8), an acceptable error of 0.5 for the population average was obtained for this population 136 

size [47]. Therefore, the sample interviewed was representative of the city of Cáceres for 137 

the analyses carried out. Recent survey studies in large cities interviewed a similar num- 138 

ber of citizens [48,49]. 139 

 140 

Figure 2. A box-plot of the answers for the subjective variables. 141 

 142 

The acoustic objective variables were collected by means of a class 1 sound level me- 143 

ter-analyser and were classified into three categories based on their association with dif- 144 

ferent aspects of the sound energy (see Table 2). In situ measurements over 15 minutes 145 

were carried out using a microphone 1.5 m above ground level [50] and, where possible, 146 

free field conditions were considered [51]. In cases where it had to be placed at a distance 147 

of between 0.5 and 2 m from building façades, a correction of −3 dB was made following 148 

the guidelines of the ISO 1996-2 standard [51,53]. The distance between the microphone 149 

and the closest point of the main sound source (road traffic) was 2 m, and there were no 150 

obstacles between the source and receiver [54]. A class 1 sound calibrator was used to 151 

verify the calibration of the sound level meter-analyser before and after each series of 152 

measurements. Since the measurements were carried out at the same time as the surveys, 153 

the team member responsible for the sound measurements moved to a sufficient distance 154 

to ensure that the recorded sound levels were not influenced by the interviews. During 155 

the surveys, the sound sources present in the environment were noted. In a review of these 156 

sound sources, it can be distinguished, in addition to the different sources associated with 157 

road traffic (related to the engine, exhaust, brakes, etc.), the following types of sources and 158 

examples of them:  159 

• Sound events associated with traffic, but excluding sounds due to the engine 160 

and rolling noise: Ambulance sirens, horn usage, loud music coming from 161 

inside the vehicle, car doors closing, traffic light sounds for visually impaired 162 

pedestrians, etc. These sounds were detected in 18.8 % of the surveys con- 163 

ducted. 164 

• Sounds related to natural sound sources: Birdsong without specifying the 165 

type, stork sounds, sounds generated by the wind, and sounds generated by 166 

water. These appeared in 35.2 % of the surveys. 167 

• Sounds of human origin or from their pets: Conversations, footsteps, chil- 168 

dren playing, a baby crying, dog barking, footsteps, phone call sounds, etc. 169 

These appeared in 82.0 % of the surveys. 170 
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• Finally, sounds of work or machinery origin: Unspecified construction 171 

noises, lawnmowers, grinders, chainsaws, cranes, etc. These appeared in 9.4 172 

% of the surveys. 173 

Third octave band noise profile of the measurements at the different points considered 174 

are shown in Figure 3. 175 

 176 

 177 

Figure 3. Third octave band noise profile of the measurements at the different points considered. 178 

 179 

The acoustic variables associated with the sound energy of the sound environments, 180 

which were obtained from the sound level meter, were structured into three blocks for 181 

analysis based on the different aspects that characterise the sound wave (Table 2). The first 182 

group included variables that essentially measure the energy of the sound wave over the 183 

full audible spectrum and represented average values over the 15 minutes of the meas- 184 

urement, with higher or lower adaptations to the response of human hearing. Although 185 

the NR, NC and NCB indices are commonly used in enclosures and buildings to evaluate 186 

their suitability for certain uses, they were considered to be of interest when characterising 187 

the streets under assessment, since they are indicators of the maximum values in an envi- 188 

ronment above which disturbance to certain activities is produced. The second group con- 189 

sisted of variables measuring the maximum or minimum values of the sound wave energy 190 

over the whole audible spectrum during the 15-minute measurement period, with certain 191 

spectral adaptations (A, C) to the response of the human ear, some temporal considera- 192 

tions on the signal treatment (F, S, I) and considering the signal without temporal treat- 193 

ment (peak). Finally, the third group of acoustic variables included those measuring the 194 

energy aspects of the sound wave and were based on the absolute or relative significance 195 

of certain parts of the audible spectrum over the 15-minute measurement period. 196 

An inferential analysis of the association between the subjective variables (perception 197 

of noise effects) and objective variables (indicators related to sound energy) was carried 198 

out. For this purpose, a bivariate relationship was analysed using a Pearson test of the 199 

values registered at the sampled points. This parametric test was applied since the distri- 200 

bution of the data fulfilled the assumptions of normality. For this purpose, the residuals 201 

of the correlated variables were analysed by the Shapiro Wilks test. The p-value was 202 

greater than 0.05; therefore, the hypothesis that the data did not differ significantly from 203 

a normal distribution was accepted. 204 

3. Results and Discussion 205 
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This section presents an analysis of the results obtained for the relationships between the 206 

subjective variables related to the effects of noise on pedestrians and the acoustic varia- 207 

bles. It is divided into three subsections, based on the different types of acoustic variables 208 

involved in the study. 209 

3.1. Acoustic variables associated with sound energy over the whole audible spectrum 210 

In this section, an analysis is conducted of the explanatory capacity of the acoustic varia- 211 

bles that essentially measure sound energy over the whole audible spectrum using differ- 212 

ent adaptation levels to the response of the human ear (Table 3). According to the way in 213 

which these indicators consider the human response in the frequency spectrum, they can 214 

be grouped into two blocks. The first are those that have an adaptation independent of 215 

sound intensity (equivalent levels), while the second are those in which this adaptation 216 

depends on the sound energy. This second group of variables can be further divided into 217 

two types: those that consider masking effects (Loudness and Loudness level), and those 218 

that do not (NR, NC and NCB). From Table 3, it can be seen that all the acoustic variables 219 

associated with sound energy over the whole audible spectrum can explain, with signifi- 220 

cant relations, the occurrence and intensity of all the effects of noise on pedestrians con- 221 

sidered in this study. 222 

Table 3. Correlation coefficients between subjective variables and acoustic variables associated with 223 
sound energy over the whole audible spectrum 224 

 LZeq LAeq LCeq LAIeq LCIeq Loudness 
Loudness 

level 
NR NC NCB 

a) 0.70*** 0.69*** 0.71*** 0.67*** 0.69*** 0.67*** 0.69*** 0.69*** 0.69*** 0.69*** 

b) 0.70*** 0.61*** 0.68*** 0.61*** 0.69*** 0.59*** 0.62*** 0.59*** 0.59*** 0.62*** 

c) 0.60*** 0.46* 0.58** 0.46* 0.57** 0.45* 0.50** 0.43* 0.43* 0.49** 

d) 0.64*** 0.63*** 0.64*** 0.62*** 0.64*** 0.61*** 0.63*** 0.62*** 0.63*** 0.62*** 

e) 0.71*** 0.65*** 0.68*** 0.67*** 0.69*** 0.66*** 0.67*** 0.61*** 0.63*** 0.66*** 

f) 0.53** 0.54** 0.53** 0.53** 0.51** 0.53** 0.55** 0.52** 0.54** 0.53** 

g) 0.62*** 0.64*** 0.62*** 0.65*** 0.62*** 0.66*** 0.64*** 0.61*** 0.63*** 0.64*** 

 h) 0.75*** 0.63*** 0.73*** 0.64*** 0.72*** 0.63*** 0.67*** 0.61*** 0.61*** 0.66*** 

i) 0.76*** 0.79*** 0.76*** 0.81*** 0.76*** 0.79*** 0.80*** 0.77*** 0.79*** 0.81*** 

⁎ Significant at p ≤ 0.05. 225 
⁎⁎ Significant at p ≤ 0.01. 226 
⁎⁎⁎ Significant at p ≤ 0.001. 227 

From a general analysis of Table 3, several points can be noted. It can be seen that the 228 

sound variables in the first group (LZeq, LAeq, LCeq, LAIeq, LCIeq) are better able to explain the 229 

variability in the effects of noise on pedestrians than those in the second group (Loudness, 230 

Loudness level, NR, NC, NCB), or at least in an equivalent way. From the variables in the 231 

first group, for almost all of the subjective variables, LZeq or LCeq are better than or similar 232 

to LAeq in terms of explaining the variability in the effects analysed here. Even some of the 233 

effects of noise that could be considered a classic study, such as startle (b), annoyance in 234 

the ears (c) and an assessment of the street as noisy (h), the commonly used LAeq indicator 235 

is poor in explaining the variability of these three subjective variables and is clearly worse 236 

than LZeq. Moreover, the I time weighting, which was used for the LAIeq and LCIeq indicators, 237 

had no significant influence on the values of the correlation coefficients for any of the 238 

effects studied. In relation to the second group, which relate to different adaptations de- 239 

pending on the sound level, it can firstly be observed that the Loudness Level or NCB are 240 
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better than or equivalent to the other three variables (Loudness, NR and NC) in terms of 241 

explaining the variability in the effects. Loudness is an indicator that was specifically de- 242 

veloped to allow a good relationship with the perception of sound level, and this can be 243 

seen to be rather worse than LZeq for the effects startle (b); annoyance in the ears (c) and in 244 

particular (as it is closely related to the objective of this variable), a perception of the street 245 

as noisy (h). However, when the values of annoyance (i) were analysed, the results were 246 

more as expected. It should also be highlighted that, in general, none of the energy indi- 247 

cators studied here were very effective in explaining the appearance or variability of the 248 

effects related to face-to-face or telephone communication, although Loudness and Loud- 249 

ness level had the highest correlation coefficients in regard to interrupting a phone con- 250 

versation (f) and raising the volume of their voice on a phone conversation (g), respec- 251 

tively. In this sense, it is worth noting the difference found for the effect of raising the 252 

volume in a conversation with a nearby person (e) compared to the rest of the effects re- 253 

lated to verbal communication (d), (f) and (g) for all the energy indicators except NR and 254 

NC. Moreover, for the remaining effects, NR and NC seem to play a weaker role in ex- 255 

plaining the variability of all the subjective variables apart from annoyance (i) and irrita- 256 

bility (a). In view of these results, it may be useful to take into account indicators such as 257 

NR, NC and NCB in noise characterisation studies in urban outdoor environments, re- 258 

gardless of whether they are generally used indoors. The outcome for the NCB indicator 259 

is of particular interest; it was better than or similar to the others, even when compared to 260 

the Loudness and Loudness level, which are rather more complex indices to obtain, since 261 

they take into account in greater detail the way in which humans perceive sounds.  262 

After describing the general aspects listed in Table 3, a detailed analysis was conducted 263 

of the implications of these results. Firstly, it is important to point out that the average 264 

energy of the sound wave over the full spectrum is a relevant sound characteristic for 265 

estimating the occurrence and importance of effects such as irritability (a), startle (b), rais- 266 

ing the volume of the conversation in situ (e), noisy street (h) and annoyance (i), with 267 

Pearson correlation coefficients of between 0.70 and 0.81. The highest values for the ex- 268 

planation of variability were obtained for annoyance, and this has a certain uniformity for 269 

all the acoustic variables analysed in this section.  270 

In relation to conversations, some differences were found between the variables raising 271 

the volume of the conversation in situ (e) and on the phone (g). When a conversation is 272 

held in person, the average energy over the full spectrum is a relevant aspect, and the 273 

indicators that do not include weights for low frequencies, such as LZeq or LCeq, seem to 274 

explain a higher proportion of the variability than those that do, such as LAeq. On the other 275 

hand, if a conversation is held on the phone, the average energy in the full spectrum is 276 

less useful, and the medium-high frequency seems to be more important in explaining the 277 

variability than the low frequency. When the results for in situ (d) and phone (f) conver- 278 

sation interruption are studied, the in-situ effect is explained to a greater extent. Since all 279 

the acoustic variables have basically the same explanatory power for this effect of noise, 280 

this means that high, medium or low frequencies all seem to have a similar impact. 281 

It is worth noting the result obtained for the Loudness indicator (which, in addition to a 282 

variable frequency correction depending on the intensity of the sound, takes into account 283 

an exponential expression based on the Loudness level and the masking effect of some 284 

frequencies on others), since it does not seem to be important in the estimation of the rel- 285 

evance of the effects that may be caused by environmental noise. Raising the volume of 286 

telephone conversation (g) is the only effect for which the correlation coefficient for the 287 

Loudness is higher than for the other acoustic indicators of this section. When compared 288 

with the values found for LZeq, for example, the Loudness results are especially poor for 289 

annoyance in the ears (c), with values like to those obtained for NR and NC. It is important 290 
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to note that for the variable annoyance (i), the Loudness level and NCB are better indica- 291 

tors than the others with frequency-varying corrections for intensity, including Loudness. 292 

As can be observed from Table 1S of the Supplementary Material, all of the subjective 293 

variables were positively correlated with the objective acoustic variables associated with 294 

sound energy over the whole audible spectrum, with slope values ranging between 0.13 295 

and 0.35. In general, the highest slope values were found for the relationships between the 296 

variables irritability (a), raising volume (e), interrupting phone (f), raising phone (g), noisy 297 

street (h) and annoyance (i) and the sound indicators LZeq, LCeq and LCIeq. The results show 298 

that a variation of 3 dB in these acoustic variables represents a variation of approximately 299 

one point on the 0–10 rating scale for the variables associated with the perception of noise 300 

effects. 301 

3.2. Acoustic variables associated with maximum or minimum values of sound energy 302 

An analysis is presented in this section of the explanatory capacity of acoustic variables 303 

that basically measure the maximum and minimum values of the sound energy over the 304 

whole audible spectrum and the measurement time, with certain spectral adaptations (A, 305 

C) to the response of the human ear, certain temporal considerations with regard to the 306 

signal treatment (F, S, I) and also taking into account the signal without temporal treat- 307 

ment (peak). Table 4 shows the correlation coefficients and the levels of significance ob- 308 

tained for the linear relations between the subjective variables and the acoustic variables 309 

related to the maximum values of the sound energy. 310 

Table 4. Correlation coefficients between subjective variables and acoustic variables related to the 311 
maximum values of the sound energy 312 

 LASmax LAFmax LAImax LCSmax LCFmax LCImax LCpeak 

a) 0.53** 0.57** 0.58*** 0.46* 0.43* 0.45* 0.53** 

b) 0.34 n.s. 0.41* 0.46* 0.37* 0.39* 0.46* 0.50** 

c) 0.19 n.s. 0.26 n.s. 0.30 n.s. 0.32 n.s. 0.31 n.s. 0.35 n.s. 0.36 n.s. 

d) 0.42* 0.44* 0.45* 0.36 n.s. 0.36 n.s. 0.34 n.s. 0.22 n.s. 

e) 0.41* 0.50** 0.53** 0.39* 0.40* 0.39* 0.30 n.s. 

f) 0.27 n.s. 0.28 n.s. 0.31 n.s. 0.31 n.s. 0.30 n.s. 0.27 n.s. 0.14 n.s. 

g) 0.35 n.s. 0.42* 0.45* 0.37* 0.38* 0.36 n.s. 0.26 n.s. 

h) 0.37* 0.47* 0.51** 0.49** 0.49** 0.48** 0.46* 

i) 0.61*** 0.67*** 0.70*** 0.53** 0.55** 0.55** 0.50** 

n.s. Non-significant correlation (p > 0.05). 313 
⁎ Significant at p ≤ 0.05. 314 
⁎⁎ Significant at p ≤ 0.01. 315 
⁎⁎⁎ Significant at p ≤ 0.001. 316 

The first observation that can be made from the group of indicators related to the maxi- 317 

mum values of the sound energy, compared to those analysed in the previous section, is 318 

that there is a significant loss in their capacity to explain the appearance and intensity of 319 

the noise effects analysed. In particular, it is remarkable that the maximum levels have 320 

little or no capacity to explain effects such as annoyance in the ears (c) and interrupting 321 

phone (f). This is even unexpected given that effects such as startle (b) or annoyance in the 322 

ears (c) could be expected to be explained by the maximum values. Hence, at least for the 323 

sound level ranges measured here (see Table 2), the maximum levels are not good estima- 324 

tors of the analysed noise effects.  325 
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Despite this, it may be of interest to highlight that an increase in the value of the correla- 326 

tion coefficient is observed for all noise effects when moving from S-weighting to F- and 327 

I-weighting for medium and high frequencies (A-weighting). This does not occur for the 328 

C-weighted sound indicator columns. This effect may be related to the stronger influence 329 

of low frequencies on the value of the indicator when C-weighting is used, and to the fact 330 

that a smaller influence from the time weighting is to be expected for longer wavelengths 331 

of the sound. 332 

Once the findings related to the maximum values have been analysed, Table 5 shows the 333 

correlation coefficients and the levels of significance obtained for the linear relations be- 334 

tween the subjective variables and the acoustic variables related to the minimum values 335 

of the sound energy. To a first approximation, it can be seen that the indicators of mini- 336 

mum sound levels analysed here explain a greater proportion of the variability in the 337 

noise effects than the indicators of maximum energy. In the case of some of the effects 338 

analysed, they are even better in terms of explaining the variability (b, c) or are equivalent 339 

(f) to the average energy indicators; this may be an unexpected result, and to the best of 340 

the authors' knowledge has not been reported previously. The result for effect (c) is par- 341 

ticularly remarkable, with a significant increase in the value of the correlation coefficient 342 

with respect to that obtained with the average sound energy indicators. 343 

Table 5. Correlation coefficients between subjective variables and acoustic variables related to the 344 
minimum values of the sound energy 345 

 LASmin LAFmin LAImin LCSmin LCFmin LCImin 

a) 0.56** 0.59*** 0.56** 0.66*** 0.66*** 0.66*** 

b) 0.66*** 0.69*** 0.66*** 0.71*** 0.72*** 0.70*** 

c) 0.66*** 0.69*** 0.66*** 0.69*** 0.70*** 0.66*** 

d) 0.55** 0.57** 0.55** 0.60*** 0.61*** 0.60*** 

e) 0.56** 0.54** 0.56** 0.57** 0.58** 0.55** 

f) 0.52** 0.54** 0.52** 0.52** 0.55** 0.51** 

g) 0.53** 0.53** 0.52** 0.52** 0.54** 0.49** 

h) 0.57** 0.60*** 0.58*** 0.66*** 0.66*** 0.65*** 

i) 0.46* 0.45* 0.46* 0.49** 0.50** 0.49** 

⁎ Significant at p ≤ 0.05. 346 
⁎⁎ Significant at p ≤ 0.01. 347 
⁎⁎⁎ Significant at p ≤ 0.001. 348 

From an overall analysis of this type of indicator in terms of frequency and time weight- 349 

ings, it can be seen that the indicators of minimum values that take into account low fre- 350 

quencies (C-weighting) can explain a higher proportion of the variability than those with 351 

A-weighting. It should be noted that, so far, the relevance of low frequency was clear for 352 

only three of the effects. For the minimum energy sound indicators, it seems that for all 353 

the effects, C-weighting gives better results than A-weighting. These results may indicate 354 

that, for some of the effects studied here, both the average and minimum energy may help 355 

to explain the appearance or importance of an effect. 356 

Similar behaviour is observed for all in the case of time weightings, although F-weighting 357 

achieves the best results. It should be pointed out that for some effects, and mainly those 358 

associated with conversation, I-weighting differs more significantly from F-weighting. Fi- 359 

nally, it should be noted that, unlike the indicators in the previous section, the least expla- 360 

nation of variability is obtained for annoyance (i). It therefore appears that this effect is 361 
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most specifically related to the average energy. As shown in the previous section, this may 362 

be the reason why the indicators currently used to measure the effects of environmental 363 

noise are mainly based on average energy values. In addition, the results for the A- 364 

weighting for this effect justify the continued use of this weighting to some extent, even 365 

though it is not optimal for other effects, according to the results found in this research. 366 

From Table 1S of the Supplementary Material, it can be seen that all subjective variables 367 

are correlated with the indicators associated with the maximum or minimum values of 368 

sound energy, with slope values ranging between 0.07 and 0.29. However, the highest 369 

slope values are seen for the indicators of the minimum sound levels. In general, a varia- 370 

tion in these minimum energy indicators of between 3.5 and 5 dB corresponds to a varia- 371 

tion of approximately one point on the 0–10 rating scale for all subjective variables.  372 

3.3. Acoustic variables associated with sound energy in different parts of the audible spectrum 373 

 374 

3.3.1 Variables related to specific parts of the audible spectrum 375 

This third section shows the results of an analysis of the capacity of the acoustic variables 376 

representing the sound energy over the whole period of measurement to explain the var- 377 

iability of the noise effects, by considering the absolute or relative relevance of certain 378 

parts of the audible spectrum. Table 6 shows that the acoustic variables Leq20-200Hz, SIL3, SIL 379 

and PSIL are significantly related to the effects of noise under study on pedestrians. For 380 

some effects, it could be calculated that they explain around or more than 50 % of their 381 

variability. 382 

Table 6. Correlation coefficients between subjective variables and acoustic variables associated with 383 
sound energy in different parts of the audible spectrum 384 

 Leq20−200Hz SIL3 SIL PSIL    LCeq−LAeq 

a) 0.69*** 0.69*** 0.68*** 0.68*** −0.42*  

b) 0.69*** 0.60*** 0.61*** 0.61*** −0.25 n.s.  

c) 0.61*** 0.47* 0.48** 0.46* −0.26 n.s.  

d) 0.62*** 0.62*** 0.63*** 0.63*** −0.38*  

e) 0.67*** 0.65*** 0.67*** 0.65*** −0.11 n.s.  

f) 0.50** 0.52** 0.54** 0.54** 0.35 n.s.  

g) 0.58*** 0.63*** 0.64*** 0.64*** −0.25 n.s.  

h) 0.75*** 0.66*** 0.66*** 0.63*** −0.27 n.s.  

i) 0.72*** 0.80*** 0.80*** 0.79*** −0.36 n.s.  

n.s. Non-significant correlation (p > 0.05). 385 
⁎ Significant at p ≤ 0.05. 386 
⁎⁎ Significant at p ≤ 0.01. 387 
⁎⁎⁎ Significant at p ≤ 0.001. 388 

The results for this group of sound indices corroborate the previous findings in Section 389 

3.1, and reinforce the conclusions drawn from them. For the effects of irritability (a), in- 390 

terrupting conversation (d) and interrupting phone (f), the low-frequency indicator Leq20- 391 

200Hz or the medium and high-frequency indicators SIL3, SIL and PSIL give similar results. 392 

This also occurs for raising volume (e) with these indicators, although this was not exactly 393 

the same as in Section 3.1 for indicators that cover the whole frequency spectrum. In turn, 394 

for startle (b), annoyance in the ears (c) and noisy street (h), it is the low-frequency indi- 395 

cator that explains a higher proportion of its variability, whereas for effect of raising phone 396 
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(g), the medium and high-frequency indicators give slightly better results, as in Section 397 

3.1. The medium and high-frequency indicators again provide the greatest explanation of 398 

the variability for annoyance (i). 399 

It can also be seen that indicators that take into account the average energy in some spe- 400 

cific parts of the audible spectrum give better results than those that reflect the relative 401 

importance of some parts of the spectrum with respect to others. In fact, Leq20-200Hz shows 402 

similar results to those obtained with the LZeq, LCeq and LCIeq indicators, for all the effects 403 

analysed here except annoyance (i). In addition, apart from annoyance, the SIL3, SIL and 404 

PSIL indicators have very similar values to the other indicators seen in Section 3.1 and 405 

also to each other. 406 

One result that may be striking in principle is that shown by the LCeq-LAeq indicator, with 407 

significant negative relationships in the case of the effects of irritability (a) and interrupt- 408 

ing conversation (d). These two effects have similarities in terms of the outcomes observed 409 

with the different indicators analysed in Table 3 and the results in the first four columns 410 

of Table 6. This is interesting because it seems that this indicator, despite giving low ex- 411 

planations of variability, may be able to detect a differential effect of the spectrum on the 412 

occurrence and importance of these effects, which were not detected by the previous 413 

acoustic indicators in Table 3 or the spectral indicators themselves in Table 6. In view of 414 

this finding, it seems of interest to perform a study of the sound spectrum in frequency 415 

bands to try to analyse in detail what this indicator may be revealing. 416 

Table 1S of the Supplementary Material shows that all subjective variables are correlated 417 

with Leq20-200Hz, SIL3, SIL and PSIL, with slope values ranging between 0.15 and 0.32. Again, 418 

the highest slope values were found for the relations of the variables irritability (a), raising 419 

volume (e), interrupting phone (f), raising phone (g), noisy street (h) and annoyance (i) 420 

and the sound indicator Leq20-200Hz. A variation of slightly more than 3 dB in Leq20-200Hz results 421 

in a variation of approximately one point on the 0–10 rating scale for these subjective var- 422 

iables.  423 

 424 

3.3.2 Analysis in 1/3 octave frequency bands 425 

Since the 1/3 octave frequency bands are those closest to the critical bands of the human 426 

ear [38], an analysis was carried out of the relations between the subjective variables as- 427 

sociated with the effects of noise and the equivalent sound levels for each of the 1/3 octave 428 

frequency bands. The aim was to study the capacity of the frequency bands to explain the 429 

occurrence and importance of the effects considered here. It is necessary to point out that 430 

all of the subjective variables related to the effects of noise on pedestrians were signifi- 431 

cantly correlated with Leq in each of the 1/3 octave bands with a significance level of at 432 

least p ≤ 0.05, and many of these correlations had values of p ≤ 0.01 or p ≤ 0.001. The 433 

intensity of these significant correlations can be seen in Fig. 4. If the values of the correla- 434 

tion coefficients between variables (a), (b), (c), (h) and (i) with the equivalent unweighted 435 

noise levels for each of the 1/3 octave frequency bands are analysed (Fig. 4a), it can be seen 436 

that the correlation coefficient for irritability (a) reaches maximum values of around 0.7 in 437 

the low-frequency bands between 100 and 160 Hz and in the mid-high frequencies (800– 438 

2000 Hz). In this regard, it is worth noting that one of the 1/3 octave band sections with 439 

higher values of the correlation coefficient coincides with the bands where the road traffic 440 

noise level reaches the highest values [55]. In the case of startle (b), annoyance in the ears 441 

(c) and noisy street (i), high correlation values were observed with the sound level rec- 442 

orded in the 1/3 octave frequency band of 25 Hz, with r values of 0.70, 0.67 and 0.75, re- 443 

spectively. In addition, the variable noisy street (h) also reached values of approximately 444 

0.75 at 50 Hz and 5 kHz. As shown in Table 3 and Table 6, the subjective variable of per- 445 

ceived annoyance (i) had the highest correlation coefficient, with values of approximately 446 
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0.78 for the 1/3 octave bands between 200 Hz and 16 kHz and a maximum value of 0.82 at 447 

100 Hz.  448 

a) 

 

b) 

 

Figure 4. Correlation coefficients between subjective variables and the equivalent unweighted 449 
noise level for each of the 1/3 octave frequency bands: (a) variables (a), (b), (c) and (i); (b) variables 450 
(d), (e), (f) and (g) 451 

From the results for the correlation coefficients between variables (d), (e), (f) and (g) (re- 452 

lated to interference within conversations) and the equivalent unweighted noise level for 453 

each of the 1/3 octave frequency bands (Fig. 4b), it seems that mid-frequency and low- 454 

frequency bands above 50 Hz play a similar role in interruptions to in-person (d) and 455 

telephone (f) conversations. However, different results were found when analysing the 456 
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response to raising the volume of conversations. Low-frequency bands show high rele- 457 

vance in the case of conversations with someone nearby (e), with values for the correlation 458 

coefficient of up to 0.77 around the 25 Hz band, whereas mid-high frequency bands are 459 

more important in terms of raising the volume in telephone conversations (g), with a max- 460 

imum r value of 0.68 in the 500 Hz band. This detailed analysis of the 1/3 octave frequency 461 

bands again indicates a possible effect of the noise level measured in the different parts of 462 

the audible sound spectrum on the need to raise the voice in conversations, depending on 463 

whether they are conducted in the street or by telephone.  464 

In addition, it is of interest to carry out an objective analysis of the possible relation be- 465 

tween the structures of the correlation coefficients obtained for the noise spectrum in the 466 

1/3 octave bands for the different noise effects under study. The aim in this case is to look 467 

for similarities in the structure, rather than similarities in the absolute intensity of the ex- 468 

planations. For this purpose, a correlation study was carried out between the values of the 469 

correlation coefficients for the different pairs of effects to be considered, such as those in 470 

Table 7. The dependent variable was taken as the one that appears in the rows; for exam- 471 

ple, the results for the Pearson correlation coefficient obtained for the 1/3 octave frequency 472 

bands for irritability (a) are capable of significantly explaining those obtained for the spec- 473 

trum for the variable interrupting a conversation with someone nearby (d) with a correla- 474 

tion coefficient of 0.56 and a significance level of p < 0.001. 475 

Table 7. Correlation coefficients between the values of the correlation coefficients of variables (a)– 476 
(i) in Fig. 4 477 

 b) c) d) e) f) g) h) i) 

a) −0.01 n.s. −0.38* 0.56*** −0.38* 0.53** 0.32 n.s. −0.39* 0.31 n.s. 

b)  0.70*** −0.08 n.s. 0.29 n.s. −0.07 n.s. −0.02 n.s. −0.03 n.s. −0.52** 

c)   −0.38* 0.31 n.s. −0.50** −0.41* 0.60*** −0.68*** 

d)    0.11n.s. 0.73*** 0.54** −0.30 n.s. 0.60*** 

e)     0.24 n.s. 0.55** 0.37* 0.25 n.s. 

f)      0.90*** −0.45** 0.74*** 

g)       −0.29 n.s. 0.74*** 

h)        −0.23 n.s. 

n.s. Non-significant correlation (p > 0.05). 478 
⁎ Significant at p ≤ 0.05. 479 
⁎⁎ Significant at p ≤ 0.01. 480 
⁎⁎⁎ Significant at p ≤ 0.001. 481 

Several findings can be observed from Table 7. Firstly, it is noted that the frequency band 482 

structure that causes the effect of irritability (a) is like the one that causes the effect of 483 

interrupting a conversation, regardless of whether it is with someone nearby (d) or on the 484 

phone (f). This result, in addition to reinforcing the previous ones, is based on a detailed 485 

analysis of their spectra, and indicates a greater degree of similarity between the spectra 486 

that cause these three noise effects. In the same way, startle (b) is shown to be closely 487 

related to annoyance in the ears (c). Another noteworthy aspect from Table 7 is that the 488 

two effects of interrupting a conversation (d) and (f) seem to have a common cause in 489 
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terms of the spectrum structure, as well as the two effects of having to raise the volume in 490 

a face-to-face conversation (e) or on the phone (g). Moreover, when the medium of com- 491 

munication is the telephone, a similar spectral structure of the noise causes both having 492 

to raise the volume (g) and to pause the conversation (f). Something similar takes place in 493 

face-to-face conversations, but with a weaker effect. For a perception of the street as noisy 494 

(h), the spectral structure of this effect appears to be closely related to that of annoyance 495 

in the ears (c) and also somewhat related to having to raise the volume in a conversation 496 

with someone nearby (e). Finally, it is worth noting that annoyance (i) shows similarities 497 

in terms of the frequency spectrum with three of the four effects on conversation quality, 498 

i.e., (d), (f) and (g). 499 

It may be of interest to note that in some cases, significant linear relationships with a neg- 500 

ative sign are obtained, indicating that, to some extent, the structures of the sound spectra 501 

that cause some effects are inverse to those that cause others. In this sense, it is important 502 

to note, for example, that with a significance value of p ≤ 0.001, the spectral structure re- 503 

lated to perceived annoyance (i) is opposite to that related to annoyance in the ears (c), 504 

and to that related to startle (b), with p ≤ 0.01. The spectral structure related to perceiving 505 

the street as noisy (h) is the opposite of that related to interrupting a conversation on the 506 

phone (f) (p ≤ 0.01) or to that related to the effect of irritability (a) (p ≤ 0.05). 507 

4. Conclusions 508 

An experimental study was carried out that involved taking acoustic measurements in the 509 

streets of Cáceres (Spain) at the same time as administering pedestrian surveys, in order 510 

to study the ability of acoustic variables related to sound energy in urban environments 511 

to estimate the occurrence and importance of noise effects. The results obtained at the 512 

present study showed that many of the noise effects studied here were significantly cor- 513 

related with a large proportion of these acoustic variables, reaching values for the corre- 514 

lation coefficient of above 0.8 in some cases. 515 

The findings of the study indicate that the average energy of the sound wave over the full 516 

spectrum is an important sound characteristic in terms of explaining the variability of ef- 517 

fects such as irritability (a), startle (b), raising the volume of the conversation in situ (e), 518 

noisy street (h) and annoyance (i). For almost all the effects analysed here, LZeq or LCeq were 519 

better than or similar to LAeq in terms of explaining their variability. Moreover, a time I- 520 

weighting did not have any significant influence on the values of the correlation coeffi- 521 

cients for any of the subjective variables. Other indicators that consider different adapta- 522 

tions depending on the sound level, such as Loudness, Loudness level, NR, NC and NCB, 523 

did not generally provide an improvement, except for interrupting a phone conversation 524 

(f), raising the volume of their voice on a phone conversation (g) and annoyance (i). 525 

The indicators based on minimum sound levels analysed here explained a greater propor- 526 

tion of the variability in the noise effects than the indicators of maximum energy. They 527 

were even better for explaining the variability in startle (b) and annoyance in the ears (c), 528 

or equivalent for interrupting a phone conversation (f), to all of the average energy indi- 529 

cators. In regard to the minimum energy sound indicators, it seems that the C-weighting 530 

gives better results than the A-weighting for all the noise effects. 531 

Concerning acoustic variables associated with sound energy in different parts of the au- 532 

dible spectrum, it has been found in the present work that Leq20-200Hz, SIL3, SIL and PSIL 533 

were significantly related to the effects of noise under study on pedestrians, with expla- 534 

nations of their variability of around 50% or more. In addition, all subjective variables 535 

related to the effects of noise on pedestrians were significantly correlated with Leq in each 536 

of the 1/3 octave bands with a significance level of at least p ≤ 0.05, with different values 537 
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of the correlation coefficient for each subjective variable depending on the part of the au- 538 

dible spectrum. Similarities in the structure of the spectrum were found between some of 539 

these effects. 540 

These findings of this work suggest that urban noise reduction strategies should focus on 541 

mitigating low-frequency sounds, which are strongly linked to perceptions of noisiness. 542 

Practical measures could include reducing traffic volume, promoting quieter vehicles, and 543 

using materials that dampen low-frequency noise. Additionally, using minimum sound 544 

level indicators and adopting Z- and C-weightings for noise assessments can help city 545 

managers to better predict and address noise-related health problems other than annoy- 546 

ance, such as irritability or impaired speech communication, thus improving the overall 547 

well-being of citizens. 548 

Societies and urban environments can vary in terms of social structures and relationships, 549 

traffic patterns, population density, etc. This can influence the acoustic characteristics of 550 

environments and also how these characteristics influence the effects of noise on people. 551 

This paper has focused on some of the effects of noise and in the energetic characteristics 552 

of urban sound environments. The authors are aware of the limitations of their work given 553 

the number of surveys (105), although they reach an acceptable statistical power, and the 554 

fact that it is carried out in a single city. These results may potentially be valid at least in 555 

urban centres with similar sociological structure, with similar range of sound level values 556 

and with similar types of noise sources, both traffic and non-traffic related. Thus, the au- 557 

thors encourage the scientific community to carry out studies in other cities with similar 558 

approaches and objectives to those proposed in this study. This could perhaps validate 559 

and generalise the conclusions of this research. But it would certainly allow a better un- 560 

derstanding of the way in which the different acoustic variables are capable of reflecting 561 

the effects of noise on people. In this way, it would advance the development of more 562 

effective and perhaps globally applicable urban noise reduction strategies. 563 
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www.mdpi.com/xxx/s1, Questionnaires and Table S1 Slope coefficients of the relations between the 565 
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