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Abstract— Routine noise evaluations, conducted primarily to 
avoid hearing loss, characterize the overall amplitude of the 
acoustic environment, while frequency distribution analyses are 
rarely performed. Alone, a dB-level measurement does not 
adequately characterize an acoustic environment; two locations 
may be comparable in terms of dB-levels, but quite distinct when 
their frequency distributions are taken into account. 
Vibroacoustic disease is a consequence of exposure to acoustic 
phenomena within the low frequency ranges (<500 Hz, including 
infrasound). However, because legislation does not require 
frequency distribution analyses, the real acoustic content of the 
vast majority of occupational and environmental noise exposure 
remains unknown. 
 

Index Terms—noise exposure, noise pollution, non-auditory 
pathology, vibroacoustic disease. 
 

I. INTRODUCTION 
 

xcessive exposure to noise has always been equated with 
hearing loss: in Ancient Greece, metalwork involving hammers 
was banned within city limits in 600 BCE [1], and Pliney the 
Elder, in 50 CE, noted that people living near the cataracts of 
the Nile became hard of hearing [2]. Today, hearing 
conservation programs are ubiquitous among most noise-
exposed workers, and seem to be effective in the prevention of 
hearing loss. Legislation is quite specific and limits noise 
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exposure, by dB-level, to well-determined periods of time (in 
hourly increments), after which the worker must remove him 
or herself from the noisy environment [3].  

Acoustical phenomena, however, can be much more than 
just “noise” that causes hearing impairment. Ultrasound .(MHz 
range), is used in a variety of medical diagnostic procedures 
(for example) and is inaudible to humans. Infrasound, on the 
other end of the spectrum (<20 Hz), is also inaudible to 
humans. “Noise” at these frequencies is not heard, and thus 
cannot produce hearing loss. Consequently, neither ultrasound 
nor infrasound, are required to be assessed during routine 
noise evaluation procedures.  

The human auditory system can capture acoustical 
phenomena in the range of 20 to 20000 Hz. But the sensitivity 
at each frequency band is not the same, i.e, different dB levels 
are required at different frequency bands in order to perceive a 
sound with the same loudness. The human ear is most tuned to 
frequencies within the 1000-5000 Hz range; the resonance 
frequency of the ear is 3500 Hz, and it is within this range that 
most speech and language occur. Thus, to prevent hearing loss 
in noise-exposed individuals, measurements mandated by 
legislation focus primarily on the ranges where the smallest 
dB-level (sound pressure amplitude) produces audible sound: 
1000-5000Hz.  

Through a weighting network, or filter, routine noise 
measurements capture the overall amplitude of the acoustical 
environment as if it were being perceived by the human 
auditory system, i.e., linearly evaluating the sounds in the 
1000-5000 Hz range while de-emphasizing acoustic 
phenomena below 500 Hz. The A-weighting network, which 
measures the overall amplitude in dBA,  is “an approximation 
of equal loudness perception characteristics of human hearing 
for pure tones relative to a reference of 40 dB SPL (sound 
pressure level) at 1 kHz" [4]. The A filter simulates human 
auditory thresholds and is appropriately employed when the 
goal is to avoid hearing loss. As a result, legislation regarding 
permissible exposure levels are usually based on dBA level 
measurements, and protection against noise is exclusively 
equated with hearing protection devices.  

Throughout the decades, it has been assumed that two 
environments with similar dBA levels are comparable. 
Throughout the decades, biomedical studies regarding non-
auditory pathology caused by noise exposure have been 
controversial, contradictory, and hence, inconclusive [5]. 
Noise-induced, non-auditory pathology has led to a vigorous 
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proliferation of scientific articles since Laird, in 1928, studied 
the effects of noise on typists and concluded that working in 
this type of noise environment had a physiological cost to 
humans [6]. Numerous authors have referred to non-auditory 
pathology [7]-[18], however, as states the 13th edition of 
Public Health and Preventive Medicine, "the effects of noise 
on bodily functions other than hearing are poorly understood" 
[19].  Regarding non-auditory effects of noise, the 4th edition 
of Industrial Hygiene, published in 1996 by the United States 
National Safety Council [20] states: "Research on 
[nonauditory] effects of noise has addressed interference with 
communication, altered performance, annoyance, and 
physiologic responses such as elevated blood pressure  and 
sleep disturbances. Definitive studies have yet to be done on 
most of these issues." According to OSHA Technical Manual, 
"in addition to effects on hearing, noise:  Interferes with 
speech; Causes a stress reaction; Interferes with sleep; Lowers 
morale; Reduces efficiency; Causes annoyance; Interferes with 
concentration; Causes fatigue" [21]. The Environmental 
Engineering Handbook states: “Noise is recognized as a form 
of pollution because it is a public health hazard causing 
hearing impariment, and a nuisance causing psychological 
stress” [22]. Controversial, contradictory, and hence, 
inconclusive is still the mainstream belief regarding noise-
induced, non-auditory pathology [5], [23].  

Given that the vast majority of studies are only measuring 
the acoustic phenomena as if perceived by the human auditory 
system, it is possible that other acoustical phenomena, not 
perceived by the auditory system, or not conducive to hearing 
impairment, be present in the environment. Low frequency 
noise (LFN) (≤500 Hz, including infrasound) has been the 
object of study by Portuguese researchers since 1980 [24], 
[25]. LFN has been identified as an agent of disease [26]-[28] 
with a genotoxic component [29]-[32]. Long-term exposure 
(years) to LFN has been shown to cause vibroacoustic disease 
(VAD) [26]. Initially identified among aeronautical 
technicians [26]-[28], VAD has also been observed in military 
[33] and commercial pilots [34] and aircrew, and in a civilian 
population exposed to environmental LFN [35]. Other 
individuals who were unsuspectingly exposed to LFN have 
also been identified with VAD [27]. In an attempt to compare 
these studies with research conducted by other authors, one 
reaches a dead-end: no frequency spectrum is provided by the 
vast majority of noise-related studies. In fact, most biomedical 
studies describe their corresponding acoustical environments, 
or stimuli, only in terms of a dB-level measurement, most 
often than not, a dBA-level measurement.  

Question: Is it valid to compare two acoustic environments 
based solely on their dBA (or dB) level?  

II. METHODS 
Within the context of ongoing studies on LFN-induced 

pathology and VAD, LFN was evaluated in a variety of 
locations, in and around Lisbon. Those that had similar dBA 
levels were selected, and their frequency distributions were 
compared. Previous studies have shown that the acoustic 
environment of commercial airliner cockpits, rich in LFN, is 

conducive to the development of VAD [34]. Thus, the 1/3 
octave band frequency spectra of the various locations were 
analyzed comparatively to the cockpit of the Airbus-340. 

Noise was evaluated in the following locations: a) cockpit of 
commercial aircraft [36]; b) in the kitchen of an expensive 
restaurant during lunch hour; c) in a modern electric commuter 
train stopped at a station; d) and in a common European-made 
automobile, travelling alone on a highway (at 3 am), at a 
steady 120 km/h, with windows closed and radio off. For 
comparative purposes, noise was also evaluated within e) a 
modern trolley car; f) a dance club; g) a textile factory in the 
northern Portugal; and h) a boom car while stopped. (Boom 
cars are the names given to automobiles that possess 
sophisticated bass amplification devices, such as woofers and 
sub-woofers.)  

Sound pressure levels (in dBA and dBLin) were measured 
with a modular precision sound level meter (Bruel & Kjaer, 
2231, Denmark). Frequency spectra were obtained using a 
real-time frequency analyzer (Hewlett Packard, 3569 A, USA) 
in 1/3 octave frequency bands (from 6.3 Hz to 20000 Hz). 
Microphone calibration was achieved with a 250 Hz 
pistonphone (Bruel & Kjaer, 4228, Denmark) to a sound 
pressure level of 124 dB re: 20 µPa. To expand the lower 
limiting frequency, the 1/2 inch microphone (Bruel & Kjaer, 
4165, Denmark) was attached with a coupler (Bruel & Kjaer, 
UC5265, Denmark), thus permitting the measurements to 
begin at 1.6 Hz 

 

III. RESULTS 

A. Sound Pressure Levels 
Table I describes the sound pressure levels, in dBA and 

dBLin, obtained at each location. Table II describes the 
difference in dBA and dBLin, when compared to the A340 
cockpit. 

B. Frequency Distribution  
Figs. 1-7 compare the frequency distribution of the A340 

cockpit with all other locations, within the 6.3-20 000Hz 
range. Fig. 8 shows the frequency distributions within the 1.6-
500Hz range. 

 

IV. DISCUSSION 
These results clearly indicate that “noisy” environments 

described merely by a dB-level measurement are acoustically 
insufficiently characterized. Considering that exposure to 
different frequencies induces different effects [37]-[41], 
comparing acoustical environments merely on the basis of a 
dB-level measurement is invalid. Each organ has its own 
resonance frequency so it cannot be assumed that they will 
respond equally when presented with “noisy” environments 
that have a dissimilar predominance of frequency bands. 

It should not be supposed, nor assumed, that individuals who 
attend dance clubs or who ride in trolley cars will develop 
VAD because, despite the higher dB-levels higher than in the 
cockpit, the time exposure pattern is very different. However, 
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the effects of LFN are cumulative, and thus all sources of LFN 
must be taken into account when evaluating an individual’s 
exposure. 

 

A. No Frequency Spectra 
The current working hypothesis for VAD researchers is that 

infrasound accelerates pericardial thickening [34], which, in 
the absence of any inflammatory process, is a specific sign of 
LFN exposure [42]. Thickening of cardiovascular structures is 
a whole-body response to LFN exposure, seen in autopsy [43], 
through echo-imaging [34], [35], [44] and in LFN-exposed 
rodents [45]. Thus, measuring noise while ignoring infrasound 
is an useless procedure if the goal is scientific research. 
However, since legislation does not require that a spectrum 
analysis be performed, the vast majority of biomedical studies 
only report their acoustic environment in terms of a dB-level 
measurement. Hence, parallel, but non-comparable studies are 
produced, as is seen below. 

In several studies out of the University of Pisa, Italy, 
investigations regarding noise stress have been conducted over 
the past years [45]-[50]. Noise is described merely in terms of 
a dBA-level measurement, but the morphological responses 
that were observed through ultrastructural studies, such as 
cellular re-organizations and mitochondrial alterations, are 
similar to those observed within the context of VAD and LFN-
induced pathology [33], [51]-[53]. However, no truly valid 
comparison can be made because no frequency spectra are 
provided. Many other such situations can be referenced [54]-
[60] and have been discussed in more detail in [5]. 
 When studies involve aircraft/airport noise, and the 
predominace of low frequency components can be safely 
assumed, symptoms seen in VAD are frequently identified. 
The impact of military aircraft noise exposure on the health of 
individuals, living around the Kadena and Futenma military 
US airfields in Japan, was investigated by Miyakita et al. [61]. 
People were given the Todai Health Index questionnaire, and 
were stratified into 5 noise-level groups in accordance with 
Ldn (averaged day-night dB level): 55, 55-60, 60-65, 65-70 
dB (no frequency spectra). Significant dose-response 
relationships were found for vague complaints (dullness or 
heaviness in the legs, desire to lie down, head feels heavy or 
dull, headaches, stiffness or pain in the shoulders, pains in the 
various parts of the body, feeling flushed or feverish), 
respiratory (cough up phlegm, sneeze, have a runny nose, 
cough, have mucous in the throat, irritation or pain in the 
throat), digestive (stomach problems, stomach pain, discomfort 
in the stomach, diarrhea, indigestion), mental instability (worry 
about small things, feel uneasy when work is observed by 
others, nervous and shaky, tremble or feel weak, worry about 
the past, cold sweats, become mentally tired, mania), 
depression and nervousness. The authors concluded that 
residents around Kadena airfield suffer “both physical and 
mental effects due to the exposure of military aircraft noise 
and the extent of such responses increases with the level of 
noise exposure.” Many of the symptomatic complaints referred 
to in this, and other [7], [8], [11], [12], studies are part of the 
VAD clinical picture [26], and given the type of noise 

exposure (despite the lack of frequency distribution analysis), 
they seem to fit into the framework of LFN-induced pathology.  
 Clearly, the lack of frequency distribution analysis in the 
overwhelming majority of biomedical studies has hindered 
LFN-induced pathology researchers in their search for 
replication or confirmation of their work. 
 

B. Annoyance 
Annoyance is a subjective parameter that is felt by persons 

exposed to noise. In order to better assess the effects of noise 
on people, the evaluation of the level of annoyance has been 
common to many studies.  

To investigate community response to noise, annoyance 
levels were compared among individuals living in Gothenburg, 
Sweden, and  Sapporo and Kumamoto in Japan. Noise 
exposure was defined as 46.2-73.6 dB in Gothenburg, 49.3-
73.7 dB in Kumamoto, and 53.3-73.6 dB in Sapporo (LAeq(24) 
were also provided, frequency spectra were not), and 
annoyance levels were classified in 5 levels, from “not 
noticed” to “very annoyed” [62]. The type of housing was also 
taken into account (detached housing or apartment), and in 
Gothenburg, the degree of sound insulation was higher than in 
the Japanese houses. However, sound insulation of houses did 
not have a significant effect of annoyance responses. This 
would be a strong indication that annoyance is associated with 
LFN. Sound insulation in homes is designed to block out 
sounds that interfere with speech and sleep, i.e., audible 
sounds. LFN is not blocked out by the standard acoustic 
insulation devices. Walker et al. [63] showed that noise 
structurally radiated by railways was predominantly in the 20-
200 Hz range, and that annoyance was specifically related to 
LFN. Persson-Waye et al. [64] showed that annoyance levels 
do, indeed, seem to be closely related to the predominance of 
LFN, and dBA levels did not predict annoyance. 

In VAD, one of the most telling complaints is “I hear too 
much” and “I can’t stand any type of noise, even television or 
music” [26]. Unlike the noise-exposed individuals who suffer 
hearing loss, VAD patients usually have minor audiometric 
losses within the 1000-5000 Hz range, and large losses at the 
250-500 Hz notches. In rats exposed to LFN, the cochlear 
ciliated cells are seen to fuse with the upper tectonic 
membrane [51]. This is in stark contrast with the control rats, 
who lost cochlear cilia with the normal aging process. Cilia are 
supposed to move freely as the basilar membrane vibrates with 
the transduction of an acoustic pressure wave. If these ciliated 
cells are, instead, fused with the upper membrane, their 
movement will most probably cause discomfort, and even 
pain. The working hypothesis has been that individuals who 
complain about being annoyed by noise have probably already 
been excessively exposed to LFN. 

Underground railway noise in dwellings, and consequent 
resident complaints, was the object of study by Vadillo et al. 
[65]. Dwellings were divided into 3 groups: I-exposed to high 
levels – ground floors in one-family houses; II-intermediate 
levels – first floors in multi-storied buildings; III-moderate 
levels – 2nd or 3rd floors in multi-storied buildings. LFN 
spectra were obtained, and revealed an absolute peak at 40 Hz 
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which in Group I reached 66-70 dB(Lin) (sound pressure level 
is measured linearly, with no filter); in Group II, 55-66 
dB(Lin); and in Group III, 52-61 dB(Lin). In each case there 
was virtually no acoustic phenomena present at frequencies 
above 300 Hz. The authors found that residents exposed to 
levels below 32 dBA were not bothered and did not complain, 
although they sometimes felt the passage of the train. When 
maximum levels were between 32-42 dBA, resident answers 
were not consistent. Above 42 dBA, all residents complained 
strongly about noise and vibration. Here, the dBA-level 
measurement seemed to be a good predictor for annoyance. 

If people are not annoyed, this does not necessarily mean 
that they are not being exposed to an agent of disease. The 
simplest argument is that agents of disease need not be 
perceived to be noxious, take radiation, for example. Clearly a 
new attitude toward  noise is urgently needed [66]. 

C. LFN Ignored 
The erroneous assumption that acoustic phenomena impinges 

only on, or via, the auditory system is still deeply embedded in 
researchers minds. The concept that acoustic phenomena can 
directly impinge on, for example, the respiratory tract [51], 
[67] is still not integrated into many research designs. One 
single histological type of tumor has been found in VAD 
patients with malignancies of the respiratory tract: squamous 
cell carcinoma [68]. Knowing this, what is the validity of 
studying lung cancer without performing the breakdown of 
tumor types, especially among LFN-exposed workers [69]? 

Space exploration is another situation where LFN is being 
ignored [70]. In Space, noise exposure is continuous, even 
during resting periods. All life-support equipment generates 
LFN to some extent, but there is no acoustic propagation into 
outer space. Thus, acoustic phenomena is contained within the 
living spaces, and is absorbed by surrounding structures, 
including human tissue. By insisting that acoustic phenomena 
only impinges upon humans through the auditory system, is 
apparently sufficient justification not to perform a frequency 
spectrum analysis [70]. Shipworkers are in a similar situation 
in that their exposure is continuous. However, many 
shipworkers are not protected by any type of noise legislation. 
British Seafarers, for example, including Engine Room Staff, 
are not protected by any noise-related legislation, do not have  
mandatory audiometric evaluations, and no limit for noise 
levels has been established for these workers [71]. Most young 
job applicants for noisy jobs have already had substantial and 
extensive exposure to LFN. This creates a concern for their 
mid-term job performance, and long-term health effects. 
Screening programs are not yet in place to protect the young 
LFN-workers who will, most probably, develop LFN-induced 
pathology at a much faster rate than older generation workers. 

LFN as a confounding factor has also been neglected. 
Knowing that increased irritability and aggressiveness, 
accompanied by a cognitive deterioration, are initial signs of 
LFN-induced pathology, confinement studies, for example, 
must control for possible LFN that may be present [72]. 
Similarly, in many studies involving human populations, 
screening for previous LFN exposure histories could rule out 
LFN as a confounding factor. With animal studies, laboratories 

are often located in basements where ventilation and 
refrigeration systems are significant sources of LFN. This is a 
parameter that must be controlled when physiological studies 
are being conducted on such animals.  

 

V. CONCLUSION 
1 – It is invalid to compare acoustical environments merely 
based on dB-level measurements because, despite comparable 
dB-level measurements, the distribution of the acoustic energy 
over the low frequency spectra can be substantially distinct.  
2 – Despite the fact that legislation does not require a 
frequency spectrum analysis, the amount and type of low 
frequency noise present in a “noisy” environment should be 
assessed. 
3 – Since each organ has its own resonance frequency, it 
cannot be expected that equal responses will be obtained with 
acoustical environments that have dissimilar frequency 
distributions. Hence, biomedical studies, in particular, should 
cease to report their acoustical stimuli merely as a dB-level 
measurement, and should always include a frequency spectrum 
analysis. 
4 – LFN should be considered as a possible confounding 
factor in biomedical studies, especially those involving human 
populations and laboratory animals. 
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Table I. Description of the overall acoustic amplitude at each of the locations, in both dBA and dBLin. 
 

Location dB-Level 
(dBA) 

dB-Level 
(dBLin) 

Cockpit 72.1 83.2 
Kitchen Restaurant 71.6 80.1 
Train (in station) 71.4 92.0 
Car @ 120Km/h 71.2 100.8 

Trolley Car 72.7 97.1 
Textile Factory 97.2 98.2 

Dance Club 95.1 114.7 
Boom Car (Stopped) 96.6 124.4 
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Table II. Comparison of the dB-levels in the A340 Cockpit and all other locations. Peak 
frequencies refers to the 1/3 octave bands where the acoustical energy was highly concentrated. 
 

Locations 
(Cockpit vs. …) 

Difference 
in dBA 

Difference 
in dBLin 

Peak Frequency 
(Hz) 

Restaurant 0.5 3.1 12.5, 125 - 200   
Train 0.7 8.8 25 – 125 
Car 0.9 17.6 6.3 - 31.5 

Trolley 0.6 13.9 6.3 – 100 
Textile 25.1 15 80, 400 

Dance Club 23 31.5 40 – 80 
Boom Car 24.5 41.2 40 – 100 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit vs. Restaurant)
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Fig. 1. Comparison of the frequency distributions in the Airbus 340 cockpit and in the restaurant kitchen. 
Even though the dBA levels (A) are comparable (72.1 vs. 71.6), dBLin levels (L) differ (83.2 vs. 80.1) due 
to the substantial differences in dB level at the 6.3 Hz, 8 Hz, 40 Hz, and 125-315 Hz. 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit vs. Train)
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A340 Cockpit Train (Stopped)

 
 
Fig. 2. Comparison of the frequency distributions in the Airbus 340 cockpit and in a stopped, 
electric, commuter train. Even though the dBA levels (A) are comparable (72.1 vs. 71.4), dBLin 
levels (L) differ (83.2 vs. 92.0) due to the substantial differences in dB level at the 25-250 Hz 
bands. 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit vs. Car)
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A340 Cockpit Car @ 120Km/h

 
 
Fig. 3. Comparison of the frequency distributions in the Airbus 340 cockpit and in a car, alone on 
a highway (at 3 a.m.), travelling at 120 Km/h, with radio off and windows closed. Even though the 
dBA levels (A) are comparable (72.1 vs. 71.2), dBLin levels (L) differ (83.2 vs. 100.8) due to the 
substantial differences in dB level at the 6.3-315 Hz bands. 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit vs. Trolley Car)
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Fig. 4. Comparison of the frequency distributions in the Airbus 340 cockpit and in a modern 
trolley car, travelling in Lisbon, around midday. Even though the dBA levels (A) are comparable 
(72.1 vs. 72.7), dBLin levels (L) differ (83.2 vs. 97.1) due to the substantial differences in dB level 
at the 6.3-200 Hz bands. 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit vs. Textile Factory)
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Fig. 5. Comparison of the frequency distributions in the Airbus 340 cockpit and in a working hall of a 
textile factory. dBA levels (A) in the textile factory are higher than in the cockpit (72.1 vs. 95.1), and the 
dBLin levels (L) differ greatly (83.2 vs. 98.2) due to the substantial differences in dB level in the bands >80 
Hz. 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit v. Dance Club)
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Fig. 6. Comparison of the frequency distributions in the Airbus 340 cockpit and in a dance club (techno 
music). dBA levels (A) in the dance club are much higher than in the cockpit (72.1 vs. 95.1), and the dBLin 
levels (L) differ greatly (83.2 vs. 114.7) due to the substantial differences in dB level at the 31.5-500 Hz 
bands. 
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FREQUENCY SPECTRUM ANALYSIS
(Cockpit vs. Boom Car)
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Fig. 7. Comparison of the frequency distributions in the Airbus 340 cockpit and in stopped boom car 
playing techno music. dBA levels (A) are much higher than in the cockpit (72.1 vs. 96.6), and the dBLin 
levels (L) differ greatly (83.2 vs. 124.4) due to the substantial differences in dB level at the 25-500 Hz 
bands. 
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Frequency Distribution
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Fig. 8. Comparison of the frequency distribution within the 1.6-500 Hz (LFN) range among the cockpit, the 
car travelling on highway, the train stopped at the station, the dance club playing techno music, and the 
trolley car travelling in Lisbon at midday. The cockpit seems to have an overall less amount of LFN than all 
other locations, while the dance club is the location with the highest peaks of LFN. 

 


