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ENVI RONMVENTAL HEALTH CRI TERI A FOR NO SE
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for Hygi ene and Epi dem ol ogy, Brussels. The Task G oup revi ewed and
revi sed the second draft criteria docunent and nade an eval uation of
the health risks from exposure to noise.

The first draft of the criteria docunment was prepared by a study
group that nmet in Geneva from5-9 Novenber 1973. Participants of the
G oup included: Dr. T. L. Henderson and Professor G Jansen (Federal
Republic of Germany); Dr A F. Meyer (USA); Professor J. B. dIerhead
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Professor J. B. Olerhead, Professor P. Rey, Professor R Rylander
and Ms A Suter for their nost valued help in the final phases of the
preparati on of the docunent.

Thi s docunent is based primarily on original publications listed
in the reference section and every effort has been made to review al
pertinent data and infornmation available up to 1978. In addition
reference has often been nmade to the various publications on noise of
the International Organization for Standardization that include the
i nternational standards for noi se assessnment (I1SO, 1971; 1973a;
1975a). The following reviews and criteria docunents have been
referred to: Burns & Robinson (1970), Karagodina et al. (1972), Burns
(1973), NIGCSH (1973a), US Environnental Protection Agency (1973a), ILO
(1976), Thiessen (1976), Rylander et al. (1978), and Health and
Wl fare, Canada (1979).

Details of the WHO Environnental Health Criteria Programre
including sone terns frequently used in the docunment nmay be found in
the general introduction to the Environmental Health Criteria
Programe published together with the environmental health criteria
docunent on nmercury (Environmental Health Criteria 1, Mercury, Wrld
Heal th Organi zation, Geneva, 1976) and now available as a reprint.

1. SUMVARY AND RECOVIVENDATI ONS FOR FURTHER STUDI ES
1.1 Summary
1.1.1 Introduction

Noi se can disturb nman's work, rest, sleep, and conmunication; it
can damage his hearing and evoke ot her psychol ogi cal, physi ol ogi cal
and possi bly pathol ogi cal reactions. However, because of their
conplexity, their variability, and the interaction of noise wth other
envi ronmental factors, the adverse health effects of noise do not |end
thenselves to a straightforward anal ysis.

Probably the nobst inportant issue is the industrial noise
problem and a need for noise control and hearing conservation
programes is widely recognized. Road traffic is the main source of
comunity noise that may disturb |arge segnents of the urban
popul ation. Al so of worldw de concern is aircraft noise, which can
significantly affect the node of life of people living in the vicinity
of airports.

1.1.2 Noi se neasurement

Sound is produced by the vibration of bodies or air nolecul es and
is transmitted as a |ongitudinal wave nmotion. It is, therefore, a form
of mechanical energy and is neasured in energy-related units. The
sound output of a source is nmeasured in watts and the intensity of
sound at a point in space is defined by the rate of energy fl ow per
unit area, measured in watts per ns. Intensity is proportional to the
nmean square of the sound pressure and, as the range of this variable
is so wide, it is usual to express its value in decibels (dB)?2.
Because the effects of noise depend strongly upon frequency of sound
pressure oscillation, spectrumanalysis is inportant in noise
measur ement .

& decibel = a neasure on a logarithnmic scale of a quantity such as
sound pressure, sound power, or intensity with respect to a
standard reference val ue (0.0002 microbars for sound pressure,
10- W for sound power, and 10-'?Wnf for intensity). Thus,
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for exanple, when the sound intensity increases by a factor of
1.26 (= 10%Y), it is said to have increased by 1 decibel (dB)

1 Bel equals 10 dB or a factor of 10 in intensity. The standard
reference values are inplied throughout this docunent unless

ot herw se st at ed.

The percei ved nagnitude of sound is defined as |oudness and its
deci bel equivalent is known as the |oudness | evel. The |loudness is a
function of both intensity and frequency, and various procedures exist
by which it may be estimated from physical nmeasurenents. The sinpl est
met hods i nvol ve the nmeasurenment of the sound pressure |evel (SPL)
through a filter or network of filters that represent the frequency
response of the ear. Despite the existence of other slightly nore
accurate but nore conpl ex techni ques, the A-weighted sound pressure
| evel scale is gaining wi despread acceptance and is revommended for
general use.” Whatever procedure is used, such frequency-wei ghted
neasurenents are referred to sinply as sound (or noise) |evels.

Measurenments of sound | evel may be averaged over two distinctly
different periods of time. Steady sound | evels and instantaneous
| evel s of variable sounds are neasured on a very short tinme scal e of
1 second or less. Variable sounds can be neasured with a nuch | onger
average tinme, over periods of hours if necessary, and are expressed in
terms of the equival ent continuous sound pressure |level (Leg). This
conveni ent neasure of average noi se exposure using the A-weighting
correl ates reasonably well with many hunman responses to noise and is
recomrended for general use.

Many noi se indi ces have been devel oped for predicting human
reaction to various noise |levels. Sone of these incorporate non-
acoustic factors that influence the reaction. Al though the use of such
indices is not to be discouraged, it is desirable to adopt a uniform
approach to noi se nmeasurenent, whenever possible.

1.1.3 Effects of noise
1.1.3.1 Interference with comrunication

Al 't hough there appears to be no firmevidence, it is believed
that interference with speech in occupational situations nmay lead to
accidents due to inability to hear warning shouts etc. In offices,
school s, and hones, speech interference is a major source of
annoyance. Many attenpts have been nade to devel op a single index of
such interference, based on the characteristics of the masking noise,
that directly indicates the degree of interference with speech
perception. Such indices involve a considerabl e degree of
approxi mation. The following are the three nost w dely used:

To obtain a single number representing the sound | evel of a noise
contai ning a wide range of frequencies in a manner representative
of the ear's response, it is necessary to nodify the effects of
the I ow and high frequencies with respect to the nmedi um
frequencies. The A-filter is one particular frequency wei ghting
and, when this is used, the resulting sound level is said to be
A-wei ght ed.

Articulation index (Al). This is the nost conplicated index,
since it takes into account the fact that some frequencies are nore
effective in masking speech than others. The frequency range from 250
to 7000 Hz is divided into 20 bands. The difference between file
aver age speech peak | evel in each of these bands is cal culated and the
resul ting nunbers conbined to give a single index.
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Speech interference level (SIL). SIL was designed as a
simplified substitute for the Al. It was originally defined as the
average of the now obsol ete octave-band SPLs in the 600-1200,

1200- 2400, and 2400-4800 Hz octaves. At the present time, SIL, based
upon the octave band | evels at the preferred frequenci es of 500,

1000, 2000, and 4000 Hz, is considered to provide a better estimte of
the masking ability of a noise. As SIL does not take the actua

speech level into account, the associ ated masking effect depends upon
vocal effort and speaker-to-listener distance.

A-wei ghted sound level. This is also a convenient and fairly
accurate index of speech interference.

It is usually possible to express the relationship between noi se
| evel s and speech intelligibility in a single diagram based on the
assunptions and enpirical observations that, for speaker-to-listener
di stances of about 1 m

(a) speech spoken in rel axed conversation is 100%intelligible in
background noi se | evel s of about 45 dB(A), and can be understood
fairly well in background |evels of 55 dB(A); and

(b) speech spoken with slightly nore vocal effort can be
under stood well, when the noise level is 65 dB(A).

For outdoor speech conmunication, the "inverse square |aw'
control s speech transm ssion over noderate distances, i.e., when the
di stance between speaker and listener is doubled, the Ievel of the
speech drops by approximately 6 dB. This relationship is less likely
to apply indoors, where speech comunication is affected by the
reverberation characteristics of the room

In cases where the speech signals are of paranount inportance,
e.g., in classroons or conference roonms, or where listeners with
i mpaired hearing faculties are involved, e.g., in hones for aged
peopl e, | ower |evels of background noise are desirable.

1.1.3.2 Hearing |oss

Hearing | oss can be either tenporary or permanent. Noi se-induced
temporary threshold shift (NITTS) is a tenporary |oss of hearing
acuity experienced after a relatively short exposure to excessive
noi se. Pre-exposure hearing is recovered fairly rapidly after
cessation of the noise. Noise-induced pernmanent threshold shift
(NIPTS) is an irreversible (sensorineural) |loss of hearing that is

caused by prol onged noi se exposure. Both kinds of |oss together with
presbyacusi s, the permanent hearing inpairnment that is attributed to
the natural aging process, can be experienced sinultaneously.

In the quantification of hearing damage, it is necessary to
differentiate between NI PTS, hearing level (the audionetric |evel of
an individual or group in relation to an accepted audi onetric
standard), and hearing inpairnent.

NIPTS is the hearing loss (i.e., the reduction of hearing |evel)

attributable to noi se exposure al one, disregarding | osses due to

agi ng. NIPTS occurs typically at high frequencies, usually with a
maxi mum | oss at around 4000 Hz. Noi se-induced hearing | oss occurs
gradual |y, usually over a period of years. Once there is considerable
hearing |l oss at a particular frequency, the rate of |oss usually

di m ni shes. Audionetrically, noise-induced | osses are sinmlar to
presbyacusis. Hearing | oss due to prol onged excessive noi se exposure
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is generally associated with destruction of the hair cells of the
inner ear. The severity of hearing loss is correlated with both the
| ocation and the extent of damage in the organ of Corti.

"Hearing inmpairment” is usually defined as the hearing |l evel at
whi ch individuals begin to experience difficulties in everyday life.
It is assessed in terns of difficulty in understandi ng speech. The
anount of |oss at the speech frequenci es has been used as a basis for
compensation and varies fromone country to another. The unwei ght ed
average of the losses, in dB, at 500, 1000, and 2000 Hz that is w dely
used for assessing noise-induced hearing inpairnent, is somewhat
m sl eadi ng since nost hearing | oss usually occurs at 2000 Hz and
above. Consequently, there is an increased tendency to include the
frequenci es of 3000 and 4000 Hz in danage assessnent formnul ae.

Attenpts have been nade to establish the levels of noise that are
permanent|y damaging to the ear and to identify individua
susceptibility to NIPTS on the basis of NI TTS neasurenents. However,
the validity of the connection between NITTS and NI PTS has not been
agr eed.

There is al so sone di sagreenent concerning the relationship
between the rel ative ear-damagi ng capacity of the noise level and its
duration. However, the hypothesis that the hearing damage associ at ed
with a particular noise exposure is related to the total energy of the
sound (i.e., the integrated product of intensity and tine) is rapidly
gai ni ng favour for practical purposes. Thus, noise should preferably
be described in terms of equivalent continuous sound |evel, Leg,
nmeasured in dB(A). For occupational noise, the |evel should be
averaged over the entire 8-h shift (Leq (8-h)).

Avai l abl e data show that there is considerable variation in human
sensitivity with respect to NIPTS. The hazardous nature of a noisy
environment is therefore described in terns of "damage risk". This nay
be expressed as the percentage of people exposed to that environnent

who are expected to suffer noise-induced hearing inpairnent after
appropri ate all owance has been nmade for hearing | osses due to other
causes. It is now accepted that this risk is negligible at noise
exposure |levels of less than 75 dB(A) Leq (8=h) but increases with
increasing |levels. Based on national judgenments concerning "acceptable
ri sk", many countries have adopted industrial noise exposure limts of
85 dB(A) + 5dB(A) in their regulations and reconmended practices.

The exposure to ototoxic drugs such as certain am nogl ycosidic
anti biotics however, can lower the threshold bel ow which noise can
damage the ear.

It is not yet clear whether the damage risk rul es already
nentioned can be extended to the very short durations of inpulsive
noi se. Avail abl e evidence indicates that a considerable risk exists,
when i npul sive sound | evel s reach 130-150 dB, dependi ng upon the
temporal characteristics of the inpulse.

Al though there is a fairly wide range of individual variability,
especially for high frequency stimuli, the threshold of pain for
normal ears is in the region of 135-140 dB sound pressure level. Aura
pai n shoul d al ways be considered to be an early warning sign of
excessi ve noi se exposure.

Wher ever possible, problens of noise control should be tackled at
source, i.e., by reducing the anmount of noise produced. An acceptable
alternative is to isolate people fromthe noise by the use of noise
i nsul ation, including soundproof enclosures, partitions, and acoustic
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barriers. If this is not possible, the risk can also be mnimzed by
limting the duration of exposure. Only in cases where these contro
nmeasures are inpracticabl e shoul d personal ear protection be

consi dered. These devices can and do provide useful protection but

i nherent probl ens include those of proper fitting and use, and a
degree of disconfort.

If there is any risk of hearing damage, pre-enploynent and
foll owup audi oetric exam nati ons of workers should be carried out to
detect changes in hearing acuity that m ght indicate possible
devel opment of NIPTS, in order to initiate preventive action

1.1.3.3 Disturbance of sleep

Noi se intrusion can cause difficulty in falling asleep and can
awaken people who are asleep. Detailed | aboratory studies of the
probl em have been made by nonitoring el ectroencephal ographi c (EEGQ
responses and changes in neurovegetative reactions during sleep

St udi es have indicated that the disturbance of sleep becones
i ncreasi ngly apparent as amnbi ent noi se | evel s exceed about 35 dB(A)
Leg- It has been found that the probability of subjects being
awakened by a peak sound | evel of 40 dB(A) is 5% increasing to 30% at
70 dB(A). Defining sleep disturbance in terns of EEG changes, the

probability of disturbance increases from 10% at 40 dB(A) to 60% at
70 dB(A). It has al so been observed that subjects who sleep well
(based on psychonotoric activity data) at 35 dB(A) Leq complain
about sl eep disturbance and have difficulty in falling asl eep at

50 dB(A) Leq and even at 40 dB(A) Leq. Weak stinuli that

are unexpected can still interfere with sleep.

Wthin a population, differences in sensitivity to noise occur
rel ated, for exanple, to age and sex. Adaptation has been observed
only when noise stinuli are of lowintensity. Even though sleep is
nore di sturbed by noise rich in information, habituation to such noise
has been observed. Based on the linited data available, a |evel of
l ess than 35 dB(A) Leq is reconmended to preserve the restorative
process of sl eep.

1.1.3.4 Stress

Noi se produces different reactions al ong the hypot hal ano-
hypophyseal - adrenal axis including an increase in adenocorticotropic
hormone (ACTH) rel ease and an el evation of corticosteroid | evels. Sone
of these reactions have been elicited in an acute formin |aboratory
experinents at rather noderate |evels of noise.

Effects on the systemic circul ation such as constriction of bl ood
vessel s have been produced under |aboratory conditions and a high
i nci dence of circulatory disturbances including hypertension has been
found in noi se-exposed workers. A tendency for blood pressure to be
hi gher in populations living in noisy areas around airports has been
suggested but no concl usive evidence of this has been presented.

Noi se affects the synpathetic division of the autononic nervous
system Eye dilation, bradycardia, and increased skin conductance are
proportional to the intensity of noise above 70 dB SPL, without
adaptation to the stinulus.

O her synpathetic di sturbances, such as changes is
gastrointestinal notility, can be produced by intense sound. Medical
records of workers have shown that, in addition to a higher incidence
of hearing | oss, noise-exposed groups have a hi gher preval ence of

Page 11 of 87



Noise (EHC 12, 1980)

peptic ul cer; however, a causal relationship has not been established.

More studies are required to deternmine the long-termhealth risks
due to the action of noise on the autonom ¢ nervous system

1.1.3.5 Annoyance

Noi se annoyance may be defined as a feeling of displeasure evoked
by a noi se. The annoyance-i nduci ng capacity of a noi se depends upon
many of its physical characteristics including its intensity, spectra
characteristics, and variations of these with tine. However, annoyance

reactions are sensitive to many nonacoustic factors of a social
psychol ogi cal, or econonic nature and there are considerable
differences in individual reactions to the sane noi se.

Attenpts to define criteria |inking noise exposure and annoyance
have | ed to the devel opnent of many nethods for the neasurenent of
both variables. In social surveys, questionaires are used to assess
the annoyance felt by an individual in response to various types of
noi se. Miuch research has been ained at the definition of suitable
questions through whi ch annoyance reactions could be quantified.

In the search for a suitable noise index, numerous noise and sone
nonacoustic variabl es were assenbled in various ways to di scover which
conbi nati ons were nost closely correlated with annoyance reactions.
The resulting diverse indices were given such nanes as conposite noise
rating (CNR), community noi se equival ent |evel (CNEL), noise and
nunber index (NNI), and noise pollution | evel (NPL) anbng nany others.
In fact, many experts consider that, in ternms of annoyance prediction
ability, there is little practical difference between the various
i ndi ces and that an appropriate index shoul d be selected for the
convenience with which it can be neasured or calculated. For this
reason, variants of the equival ent continuous A-wei ghted sound
pressure |level (Leq) are being widely adopted for general use. These
are conveniently applied to noise exposure patterns of all kinds, from
mul tiple sources if necessary, and are reasonably well correlated both
wi th annoyance and with other specific effects of noise.

What ever noise scale is used to express noi se exposure, it nust
be recogni zed that, at any |level of noise annoyance, reactions wll
vary greatly because of psychosocial differences. A useful technique
for accommodating the possible extent of individual variation is the
use of a criterion curve showi ng the percentage of persons who will be
annoyed as a function of noise |evel

Such curves have been derived for a variety of noise conditions
but mainly for those concerned with aircraft or road traffic noise. On
the basis of these, it can be concluded that, in residential areas
where the general daytinme noise exposure is below 55 dB(A) Leg,
there will be few people seriously annoyed by noise. This is
recomrended as a desirable noise exposure limt for the genera
community, even though it will be difficult to achieve in many urban
areas. Sone residents nay consider this level too high, especially as
substantially |ower levels currently prevail in many suburban and
rural areas.

Criteria relating noise exposure and conpl ai nt potential have
found w despread application for environnental control purposes in
sone countries. However, the scientific basis for such criteriais
rather fragmentary and surveys have indicated that the correlation
bet ween noi se exposure and individual conplaint behaviour is low This
may be explained in terns of the strong influence of psychosoci al
factors.
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1.1.3.6 Effects on performance

The effect of noise on the performance of tasks has mainly been
studied in the | aboratory and, to sone extent, in work situations,
but, there have been few, if any, detailed studies of the effects of
noi se on human productivity in real-life situations. It is evident
that when a task involves auditory signals of any kind, noise at an
intensity sufficient to mask or interfere with the perception of these
signals will interfere with the perfornmance of the task

Noi se can act as a distracting stinulus, depending on how
nmeani ngful the stinmulus mght be, and may al so affect the psycho-
physi ol ogi cal state of the individual. A novel event, such as the
start of an unfamiliar noise will cause distraction and interfere with
many ki nds of tasks. Inpulsive noise (such as sonic boons) may produce
disruptive effects as the result of startle responses which are nore
resistant to habituation

Noi se can change the state of alertness of an individual and may
i ncrease or decrease efficiency.

Per f ormance of tasks involving notor or nonotonous activities is
not al ways degraded by noise. At the other extrene, nental activities
i nvol ving vigilance, information gathering, and anal ytical processes
appear to be particularly sensitive to noise. It has been suggested
that, in industry, the nost likely indicator of the effects of noise
on perfornance would be an increase in accidents attributable to
reduced vigil ance.

1.1.3.7 M scell aneous effects

Certain noises, especially inpulsive ones, may induce a startle
reaction. This consists of contraction of the flexor nuscles of the
linbs and the spine, a contraction of the orbital which can be
recorded as an eye blink, and a focusing of attention towards the
| ocation of the noise. The startle reflex to acoustic stinulation has
been observed in the 27-28 week fetus in utero as a change in the
pul se rate.

It has been suggested that observed noi se-i nduced equilibrium
effects are due to the noise stinulating the vestibul ar apparatus, the
receptors of which are part of the inner ear structure.

Al though there is no clear evidence of a direct relationship
bet ween noi se and fatigue, noise can be considered as an environnent al
stress which, in conjunction with other environnmental and host
factors, may induce a chronic fatigue that could lead to non-specific
heal t h di sorders

1.1.4 Summary of recommended noi se exposure linits

The equi val ent conti nuous A-wei ghted sound pressure |evel Lgg
is reconmended for use as a commobn neasure of noi se exposure. The
nmeasur ement period should be related to the probl emunder study, for
exanple in the case of occupational noise, Leq (8-h) would be
neasured for a conplete 8-h shift.

For the working environnent, there is no identifiable risk of
hearing damage in noise levels of less than 75 dB(A) Leq (8-h). For
hi gher levels, there is an increasing predictable risk and this nust
be taken into account when setting occupational noise standards.

I n other occupational and donestic environnents, acceptable noise
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| evel s can be established on the basis of speech communication
criteria. For good speech intelligibility indoors, background noise
l evel s of |ess than 45 dB(A) Leq are required.

At night, sleep disturbance is the main consideration and
avai | abl e data suggest a bedroomnoise linmit of 35 dB(A) Leg.

Data from surveys of comrunity noi se annoyance |ead to the
recomendation that general daytine outdoor noise |levels of less than
55 dB(A) Leq are desirable to prevent any significant comunity
annoyance. This is consistent with speech conmuni cation requirenents.
At night, a lower level is desirable to neet sleep criteria; depending
upon | ocal housing conditions and other factors this would be in the
order of 45 dB(A) Leqg.

1.2 Recomrendations for Further Studies

Consi derabl e research ainmed at inproving the scientific basis and
application of environnental health criteria for noise is in progress
in many countries. However, there are certain areas where present
national and international efforts do not appear adequate. Thus,
further studies should include:

(a) The identification of Iong-termhealth effects due to high
| evel industrial noise and | ower |evel general environmental noise.
The potential contribution of noise stress to the general norbidity of
the popul ation, the ability of people to adapt to environnmental noise,
and the possibilities of noise-induced di sease nust be established not
only for the working popul ation, but also for the nore vul nerable
popul ati on segnments, including the elderly, pregnant wonen, people
under goi ng nedi cation, particularly with ototoxic drugs such as
salicylates, quinine, and certain antibiotics, and those generally
under stress. The possibility that the disturbance of sleep by noise
can result in definite health inpairment should be exanined as part of
these investigations.

(b) Studies on young people over many years prior to, and during,
occupati onal noi se exposure to find out to what extent changes in
hearing acuity during adol escence are attributable to normal growth or
to environmental conditions, to | earn about noise susceptibility in
chil dhood, and to obtain data on the progressive effects of noise
(including high-level nusic and other |eisure-tine sounds) on the
"normal " hearing | evel of the population. Mnitoring of the total
noi se exposure of these groups over the whol e observation period woul d
be part of these studies. Sinmilar studies in nonindustrialized
countries would be of particular val ue.

(c) Wirk on the devel opnent of sensitive hearing tests and on
tests to evaluate the problem of individual susceptibility to noise
since pure tone audionmetry is only a crude technique for neasuring
hearing acuity and for detecting pathol ogi cal damage.

(d) Longitudinal studies of communities exposed to maj or changes
in environnental noise to refine existing dose-response (noise-
annoyance) relationships and to include the effects of adaptation and
soci etal changes on public reaction to noise. Attention should be
given to the study of the response of specially vul nerabl e segnents of
t he popul ati on.

The net hods of study should be internationally uniform as far as
is feasible, to allow pooling of data and broader interpretation of
the results.

2. PROPERTI ES AND MEASUREMENT OF NO SE
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Noi se is considered as any unwanted sound that nay adversely
affect the health and wel | -being of individuals or populations.

Physical ly, sound is a nechani cal disturbance propagated as a
wave nmotion in air and other elastic or nmechanical nedia such as water
or steel.

Physi ol ogically, sound is an auditory sensation evoked by this
physi cal phenonmenon. However, not all sound waves evoke an auditory
sensation: for exanple, ultrasound has a frequency too high to excite
the sensation of hearing.

The physical properties and perception of sound or noise are
expressed and neasured in different concepts and units.

2.1 Physical Properties and Measurenents

Sound waves invol ve a succession of conpressions and rarefactions
of an el astic nedium such as air. These waves are characterized by the
anpl i tude of pressure changes, their frequency, and the velocity of
propagati on. The speed of sound (c), the frequency (f), and
the wavel ength (|l anbda), are related by the equation

| anbda = c/f

A mechani cal energy flux acconpani es a sound wave, and the rate
at which sound energy arrives at, or passes through, a unit area
normal to the direction of propagation is known as the sound
intensity, |. In a free sound field, the sound intensity is rel ated
to the root nean square 2 sound pressure, p, and the density of the
medi um g, by the expression

Sound intensity is normally neasured in watts per square netre

(Wnf). The total sound energy emitted by a source per unit tine is
known as the sound power, P, and is neasured in watts.

Sound intensities of practical interest cover a very |large range
and are therefore neasured on a logarithmc scale. The relative
intensity level of one sound with respect to another is defined as 10
times the logarithm (to the base 10) of the ratio of their

& The square root of the nean val ue of the squares of the
i nst ant aneous val ues of a quantity. For a periodic variation, the
mean i s taken over one period.

intensifies. Levels defined in this way are expressed in decibels
(dB). Any acoustic quantity that is related to sound energy, e.g.
power, intensity, or mean square pressure, may be expressed as a
deci bel level. To establish an absolute level, a reference val ue nust
be agreed. Thus, the sound pressure |level of a sound with a nean

square sound pressure p? is:

Table 1. Table for conbining intensity |evels

Excess of stronger Add to the stronger to get
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conponent conbi ned | eve
ds ds
0 3.0
1 2.5
2 2.0
3 1.8
4 1.5
5 1.2
6 1.0
7 0,8
8 0.7
9 0.6
10 0.5

p 2
Lp = 10 |0910 ( ) dB

pr ef

where the reference pressure p'® has an internationally agreed

val ue of 20 micropascals (pPa) (1SO 1959). The reference val ues for
sound power |evel and sound intensity level are 10°'? watts and

1072 Wnt, respectively (1SO, 1963). Sound |evels are expressed in
deci bels (dB) relative to the international standard reference
quantities, unless otherwi se stated (dB re: 20 pPa).

Whereas sound intensities or energies are additive,” sound
pressure levels (SPL) (in decibels) have to be first expressed as nean
square pressures, and then added. The summati on of sound pressure
| evel s can be easily perfornmed by using the follow ng equation

Lp1 Lp2 Lp3
Lp:10|0910[ + + .... ] dB
1010 1010 1010

b Such conbi nations of decibel values nmay be sinplified by using
Tabl e 1.

A sinple exanple will illustrate the use of this equation. If two
sound sources of 80 dB SPL each have to be conbi ned, then

L = 10 | ogyo [ 108 + 10%

10 logp 2 + 80 = 10 X 0.301 + 8 = 83 dB

It is only when two sources generate simlar levels that there is
a significant increase in |evel when the sources are conbi ned. The
exanpl e just quoted gave a 3 dB increase. If there is any difference
in the original, independent |levels, the conbined level will exceed
the higher of the two | evels but by less than 3 dB. Wen the
difference between the two original |evels exceeds 10 dB, the
contribution of the quieter source to the conbined noise level is
negligi bl e.

Sound is neasured with a m crophone that generates a voltage
proportional to the acoustic pressure acting upon it. This signal can
be neasured and anal ysed usi ng conventional electronic
instrumentation. A sound level meter is usually a portable, self-
contai ned instrument incorporating a mcrophone, anplifiers, a
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voltmeter and attenuators, the whole of which carl be calibrated to
read sound pressure levels directly. Intensity levels and power |evels
can be derived fromsound pressure | evel neasurenents if required

The sound at a given location can be conpletely described in
terns of the history of the sound pressure fluctuation. If this
fluctuation is periodic, its fundanental frequency is the nunber of
repetitions per second, expressed in hertz (Hz). Mst real periodic
cycles are quite conplex and consist of a component at the fundanental
frequency and conponents at multiples of this basic frequency, known
as harnoni cs.

The sinplest kind of sound, known as a pure tone, has a
si nusoi dal pressure cycle that is completely defined in terns of a
single frequency and pressure anplitude (a nore precise definition
woul d al so include phase which effectively defines the starting point
intime, but this is usually of little or no interest).

Pure tones are relatively rare -- perhaps the nearest
approximation is the sound of a tuning fork. Mst nusical sounds are
periodic but contain many harnonics. Analytically these may be
expressed as a sum of harnonically related conponents. This assenbly
is known as the frequency spectrum of the sound, and it specifies how
the energy in the periodic sound is concentrated at certain discrete
frequenci es. The frequency distribution of sound energy is measured by
electronic filters.

Al t hough sone ki nds of machi nery produce sound that is |argely
periodic, nost noise is nonperiodic, i.e., the sound pressure does not
oscillate with tinme in any regular or predictable way. Such sound is
said to be random Exanples of random sound include the roar of a jet

engi ne, the runble of distant traffic, and the hiss of escaping steam
The energy of random sound is distributed continuously over a range of
frequencies instead of being concentrated at discrete val ues, so that
its frequency spectrum may be depicted as a curve of energy density

pl otted agai nst frequency.

Frequency is related, but not identical, to the subjective pitch
Any periodic sound has a tonal character that can be ascribed a
particul ar rusical note. The note is basically defined by the
fundanental frequency of the sound. For exanple, the note A above
m ddle C on the piano has a fundanental frequency of 440 Hz. On the
ot her hand, random sound has no distinct pitch, being characterized as
a nondescript runbling, rushing, or hissing noise, or Iow and high
frequency noi ses dependi ng upon the range of frequencies present.

Human hearing is sensitive to frequencies in the range of about
16-20 000 Hz (the "audi of requency range"). The audi bl e frequency range
is covered by 10 octave bands. An octave is the frequency interval the
upper limt of which is twice the lower linmt. The so-called
"preferred frequencies" at the centres of the standardi zed octave
bands are spaced at octave intervals from16 to 16 000 Hz (I SO
1975a). It should be noted that the limits of the octave bands are
f/square root 2 and f square root 2, where f is the centre
frequency. The octave band | evel at a particular centre frequency is
the | evel of the sound nmeasured when all acoustic energy outside this
band is excluded. One-third octave band filters, w dely used for
noi se assessment purposes, subdivide each octave interval into three
parts and provide a nore conplete description of the sound spectrum

In order to measure sound pressure |level, the nmean square

pressure nust be averaged over a certain period of tinme. For steady
sounds, the choice of averaging tine is immuaterial providing that it
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is long conpared with the tine period of sound pressure fluctuations.
St andard sound | evel meters normally incorporate "fast" and "sl ow'
response settings corresponding to averaging tinmes of approximtely
0.1 and 1.0 second respectively (I1EC, 1973a) (section 2.2.4).

| mpul si ve noi se consists of one or nore bursts of sound energy,
each of a duration of |ess than about one second (I1SO 1973a). Sources
of inpul sive noise include inpacts of all kinds, e.g., hammerbl ows,
expl osi ons, and soni c boons. These nmay be heard singly or, as in the
case of a stanping press, repetitively. To characterize such sounds
acoustically, it is necessary to estimte the peak sound pressures
together with the duration, rise time, repetition rate, and the nunber
of pul ses. The nean square pressure of such sounds nay change so
rapidly that it cannot be measured with a conventional sound |evel
neter, even using the "fast response" (0.1 sec) setting. For nore
accurate neasurenents, a 35-millisecond averaging tinme is specified
for standard "inmpul se" sound | evel meters (IEC, 1973b). The averaging
time of the inner ear is very short (about 30 mcroseconds) and sone
new i npul se sound | evel meters have "peak hol d" settings with an
averaging time of 20 m croseconds.

2.2 Sound Perception and its Measurenent
2.2.1 Loudness and | oudness | eve

The physical magnitude of a sound is given by its intensity and
its subjective or perceived nagnitude is called its |oudness. Loudness
depends on both intensity and frequency and the average quantitative
rel ati onshi p between these factors has been deduced by experinment (see
for exanple Fletcher & Muinson, 1933; Stevens, 1955).

The basic unit of |oudness is the sone which is defined as the
| oudness of a 1000 Hz pure tone heard at an SPL of 40 dB re: 20 pPa
under specified listening conditions (1SO, 1959). Two sones equal
twi ce the | oudness of one sone and so on. For sound at a particul ar
frequency, at |east over a significant fraction of the practica
intensity range, |oudness is proportional to sonme power of the sound
intensity. This is the power |aw of |oudness which is in genera
accordance with the Weber-Fechner |aw (Stevens, 1957b). In the nmd
audi of requency range, the exponent in the power law is such that a
twof ol d change in | oudness corresponds to a tenfold change in
intensity, i.e., a 10 dB change in level (Stevens, 1957a). At |ow
frequenci es, |oudness changes nore rapidly with changes in level. This
is denmonstrated in Fig. 1, which shows a standard set of equa
| oudness contours for pure tones (Robinson & Dadson, 1956; |SO 1961),
each line showi ng how the SPL of the tone nust be varied to maintain a
constant | oudness. Each curve, in fact, corresponds to a particul ar
| oudness in phons. The | oudness of a sound, in phons, is, by
definition, equal to the SPL of that 1000 Hz tone which is equally
| oud -- again under specified listening conditions (ISO, 1959). For
practical purposes, the relationship between the phon and sone scal es
may be expressed as:

phon = 40 + | og, (sone)
2.2.2 Calculation and nmeasurenment of |oudness |evel

| deal Iy, sound neasurenent neters should give a reading equal to
| oudness in phons bu it is difficult to achieve this objective,
because the human percepti on processes are conpl ex. Neverthel ess,
procedures have been devel oped and adopted as international standards
(1'SO, 1975b) but, as they are too conplex to be incorporated into a
si mpl e measurenent neter, they are rarely used in practice, except
where t he highest possible precision is required.
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For nost practical purposes, a nmuch sinpler approach is used. A
filter is used to weight sound pressure | evel neasurenents as a
function of frequency, approximately in accordance with the frequency
response characteristics of the human ear, i.e., energy at |ow and
hi gh frequencies is de-enphasised in relation to energy in the nid-
frequency range. Most precision sound | evel neters incorporate three
selectable filters labelled A, B, and C (I EC, 1973a) and soneti nes
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Fig. 1. Marmal equal-loudness contours far pure tones (From: Robinson & Dadson, 1956).

D-filter (see section 3.7.2) (IEC, 1973b), the characteristics of
which are illustrated in Fig. 2. The Al Band Cfilters are intended
to match the ear-response curves at |ow, noderate, and hi gh | oudness
respectively. However, extensive experience has shown that the
A-filter usually provides the highest correl ati on between physica
measur enments and subj ective evaluations of the |oudness of noise.
Level s on the A-scale are also neasured in decibel units and are
commonly expressed as dB(A), a convention that is used throughout this
docunent .

The A-weighting is used for sound nmeasurenents in a variety of
situations, as it is widely accepted that the A-weighted sound
pressure level, Lp(A), is a reasonably reliable and readily neasured
estimate of |oudness (Botsford, 1969; Young & Peterson, 1969). |t nust
be enphasized that this in only true for broadband sounds with no
spectral concentrations of energy, in which case Lp(A) is typically
some 10 deci bel units |ower than | oudness in phons. For narrow
frequency range sounds, considerable care nust be exercised in the
interpretation of A-weighted sound pressure |evel readings, since they
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may not accurately reflect the | oudness of the sound. It should be
noted that the A-scal e has been adopted so generally that sound |evels
frequently quoted in the literature sinply in dB are in fact

A-wei ghted | evel s. Furthernore, nany general purpose sound |eve

neters are restricted solely to A-wei ghted neasurenments (1 EC, 1961).

2.2.3 Sound | evel and noise | eve

The phrase "noise level' is widely used by laynen to describe the
severity of an environnental noise. In acoustics, the word "l evel"
shoul d be reserved for all quantities expressed on a decibel scale. In
this docunment, as is now conmon practice in nmany countries, the
phrases "sound | evel" and "noise |level" refer to decibel scales that
account for human hearing characteristics (the A-weighted SPL scale
bei ng the nost widely used). Care should be exercised to distinguish
bet ween sound pressure | evel, sound power |evel, sound intensity
| evel, and sound or noise |evel

2.2.4 The time factor

Sounds can appear to be steady to the human ear because the
auditory averaging tinme is inherently long, nmuch | onger than the
acoustic cycle tines. Simlarly, sound |level neasurenents can be nade
to appear steady by selecting a suitably long averaging tine. On
preci sion sound |level neters the "slow' value is appreciably |onger
than the auditory averaging tinme and is used to obtain a steady
readi ng, when the signal level audibly fluctuates at a rapid rate. The
"fast" response tinme is of the sane order as that of the ear
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Fig. 2. Standard &, B, C, and D fiter characteristics for zound level meters (IEC, 197 3a, 1973b).

Sound | evel fluctuations, which can be snoothed out by the use of
the sl ow response setting, are usually ignored for noise assessnent
pur poses. However, difficulties arise when "slow response" readi ngs
vary significantly with time, as they do in many environnents. O ten
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such level fluctuations are small but in sone situations, for exanple,
near to roads and airports, the fluctuations can be neasured in tens
of dB; the rate of fluctuation can also vary widely.

2.2.5 Noi se exposure scal es

In many noise indices that are well correlated with the
subj ective effects of interest, various underlying acoustic and
nonacoustic factors have been combined in different ways. These
conposite indices are discussed in section 3.7 and the present section
is restricted to the question of the physical neasurenent of noise.

The basic objective of neasurenent is to quantify overall noise
exposure in the sinplest possible terms. The physical characteristics
of a noise which, on the basis of intuition and |aboratory experinment,
m ght be expected to influence its subjective effects include the
foll owi ng: | oudness |evel (recognizing average and peak val ues
together with inpul sive characteristics where appropriate); total
noi se "dose"; level fluctuation anplitudes; and rates of fluctuation
Clearly, the acoustic variables al one have many di mensi ons; the
following two procedures are commonly used to nmeasure sone of them

2.2.6 Equival ent continuous sound pressure |eve

To measure an average sound | evel the neter averaging tine is
extended to equal the period of interest T, which nay be an
interval of seconds, minutes, or hours. This gives the equival ent
conti nuous sound pressure |evel (Leq) derived fromthe nmathematica
expr essi on:

I Lp(A) (1)
Leq = 10 1 0910 i ntegral db( A)
T 0 1010dt

Because the integral is a nmeasure of the total sound energy during the
period T, this process is often called "energy averagi ng". For
simlar reasons, the integral termrepresenting the total sound energy
may be interpreted as a neasure of the total noise dose. Thus, Leg

is the level of that steady sound which, over the sane interval of
time, contains the sane total energy (or dose) as the fluctuating
sound.

Equi val ent conti nuous sound | evel is gaining w despread
acceptance as a scale for the neasurenent of |ong-term noi se exposure.
For exanple, it has been adopted by the International O ganization for
St andardi zation for the neasurenent of both community noi se exposure
(1'SO, 1971) and hearing damage risk (1SO 1975c). It also provides a

basis for nore el aborate conposite noise indices discussed in
subsequent sections including the day-night sound level (Lgn)
(section 3.7.3.3).

Foll owi ng the introduction of jet aircraft into commrercial
service, it was suggested that the then existing | oudness scal es were
i nadequate for aircraft noise rating purposes. An alternative scal e of
percei ved noise level (PNL) was developed, with units dB(PN) (Kryter
1959). This was derived fromthe | oudness | evel procedure of Stevens
(1956) on the grounds that the attribute of perceived noisiness
defined as the "unwantedness" of the sound was different and nore
relevant to aircraft noise than |oudness. In fact, the only difference
bet ween the cal cul ations involved was the use of different frequency
response curves. As research progressed towards |egislation for
aircraft noi se em ssion control (US Federal Aviation Regulations,
1969; | CAO 1971), the perceived noise level scale was nodified to
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i ncl ude special weightings for "discrete frequency conponents", i.e.,
irregularities in the spectrumcaused by the noticeable periodic
components of engine fan and conpressor noise, and the duration of the
sound (Kryter & Pearsons, 1963). This nodified quantity, known as

ef fective perceived noise level, is expressed in dB(EPN).

Because PNL could not be nmeasured with a sinple neter, a parallel
devel opment was the D-weighting filter, with characteristics based on
an equal noisiness (rather than an equal | oudness) frequency response
curve (I1EC, 1976). This filter is available on sone sound | evel neters
and is intended for aircraft noise nonitoring purposes.

2.2.7 Level distribution

A widely used method of recording the variations in sound |eve
is that of level distribution analysis, sonetines called statistica
distribution analysis. This yields a graph of the percentage of the
total time (T) for which any given sound | evel is exceeded; such
i nformati on can be summari zed by reading specific levels fromthis
graph. For exanple Lip, Lsg, and Lgg, the |l evels exceeded for
10% 50% and 90% of the tine, are frequently used as neasures of
typi cal peak, average, and background | evels, respectively.

2.3 Sources of Noise
2.3.1 |Industry

Mechani zed i ndustry creates the nost serious of all large scale
noi se probl ems, subjecting a significant fraction of the working
popul ation to potentially hazardous noise levels. This noise is due to
machi nery of all kinds and often increases with the power of the
machi nes. The characteristics of industrial noise vary considerably,
dependi ng on specific equipnent. Rotating and reciprocating machines
generate sound that is dom nated by periodic conponents; air noving
equi prent tends to generate broad-band random sounds. The hi ghest
noi se | evel s are usually caused by conponents or gas flows that nove
at high speed [e.g., fans, steampressure relief valves) or by

operations involving inpacts (e.g., stamping, riveting, road
breaking). In industrial areas, the noise usually stems froma w de
variety of sources, many of which are of a conpl ex nature.

Machi nery noi se generation nechani sns are reasonably well
under stood and the technical requirenents for |ow noise output in new
machi nery can usually be specified. The difficulty of reducing the
noi si ness of existing equipnment is a serious obstacle to the
i mprovenent of working environnents.

2.3.2 Road traffic

The noi se of road vehicles is mainly generated fromthe engine
and fromfrictional contact between the vehicle and the ground and
air. In general, road contact noi se exceeds engi ne noi se at speeds
hi gher than 60 kmih. The level of noise fromtraffic is correl ated
with the traffic flowrate, the speed of the vehicles, and the
proportion of heavy vehicles, which, together with notorcycles, tend
to be about twi ce as loud as notor cars.

Speci al problens arise in areas where the traffic novenents
i nvol ve a change in engi ne speed and power, such as at traffic |lights,
hills, and intersecting roads.

2.3.3 Rail traffic
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Trains generate a relatively | ow frequency noi se but variations
are present dependi ng upon the type of engine, wagons, and rails.
| npact noi ses are generated in stations and marshalling yards because
of shunting operations. The introduction of high speed trains has
created special noise patterns, especially when such trains pass over
bridges or other structures that cause anplification of the noise. At
speeds of around 200 knmih, the proportion of high frequency sound
energy increases and the sound is perceived to be sinmlar to that of
overflying jet aircraft. Furthernore, with increasing speed the onset
of the noise is nore sudden than with conventional trains. Thus,
severe noi se probl ens have been created in countries where hi gh speed
trains operate, notably in Japan

2.3.4 Ar traffic

Aircraft operations have caused severe comunity noi se probl ens.
I ntroduction of the early turbojet transport aircraft led to a surge
of community reactions against commercial airports, and nore research
has been devoted to aircraft noise than to any other environnental
noi se. The noise generation is related to air velocity, which is an
important feature for aircraft and aircraft engines. Fast noving
bodi es such as propellers and conpressor blades, as well as jet
exhaust gases are very efficient sources of noise.

Aircraft noise is characterized by a wi de frequency range wth
the periodi c conponents of rotating machi nery noise (fans, propellers,
and rotors) superinposed on a general broadband background noi se. For
jet aircraft, the periodic conponents tend to be nore domi nant on
| andi ng than on take-off when the broadband exhaust noise
predom nates. For aircraft with qui et engines, noise fromthe hull may
become doni nant when | andi ng.

Aircraft noise control depends critically on the reduction of
engi ne conponent and gas velocities. The high by-pass ratio turbo-fan
engi nes of newer aircraft with conmponents operating at significantly
| ower speeds have resulted in a reduction in aircraft noise |evels,
and offer considerable prom se of |ess noisy airports, as they
gradual |y repl ace ol der equi pnent.

2.3.5 Sonic boons

The sonic boomis a shock wave system generated by an aircraft,
when it flies at a speed slightly greater than the | ocal speed of
sound. The shock wave extends from an aircraft throughout supersonic
flight in a roughly conical shape. At a given point, the passage of
the shock wave causes an initial sudden rise in atnospheric pressure
foll owed by a gradual fall to below the normal pressure and then a
sudden rise back to normal. These pressure fluctuations, when
recorded, appear in their typical formas so-called Nwaves. Wen they
occur with a separation greater than about 100 nilliseconds, the sonic
boom has a characteristic double sound. Rise tines fromless than 0.1
to 15 milliseconds and durations up to 500 nmilliseconds have been
recorded for typical sonic boons generated by military or civilian
aircraft.

Low intensity sonic boons with |onger rise tinmes are perceived as
a noise simlar to distant thunder. As the rise tinme increases, the
noi se becones progressively sharper and attains a "dry cracking"
character. An aircraft in supersonic flight trails a sonic boomthat
can be heard over nore than 50 kmon either side of its ground track
dependi ng upon the flight altitude and the size of the aircraft
(Warren, 1972).

2.3.6 Construction and public works
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Bui | ding construction and earth works are activities that cause
consi der abl e noi se enmissions. A variety of sounds is present from
cranes, cement mxers, welding, hammering, boring, and other work
processes. Construction equiprment is often poorly silenced and
mai nt ai ned, and buil di ng operations are frequently carried out w thout
considering the environnental noise consequences.

2.3.7 Indoor sources

| ndoor noise originates froma variety of sources such as air
conditioners, waste disposal units, and furnaces. Noi ses from outdoor
sources al so penetrate through w ndows and weaknesses in buil ding
structures, although with some attenuation. Wthin a building, noise
is transmitted fromroomto roomthrough ventilation ducts and through
the building structure itself. O particular interest is the |ow
frequency sound enmitted by ventilation or air conditioning equipnent.
Thi s noi se, which often has di screet frequencies, can be generated by
fans, vibrations in conducting ducts, or at air outlets.

2.3.8 M scell aneous sources

Apart fromthe major categories of noise already identified,
which affect a | arge nunber of people in the comunity, nany other
sources of noise can be inportant in individual cases. Firing ranges,
sports fields, and pleasure grounds are exanples of fixed sources,
whi | e noi ses from garbage col |l ecti on and power-operated | awn-nowers
are ot her exanpl es of nachi ne-produced noise that can interfere with
man's confort and rest. Nei ghbourhood noi se al so includes noise from
domestic animals, farm equi prent, boats, and the sirens of energency
vehi cl es.

3. EFFECTS OF NO SE
3.1 Noise-induced Hearing Loss
3.1.1 Hearing inpairnent

Normal hearing is regarded as the ability to detect sounds in the
audi of requency range (16-20 000 Hz) according to established
st andards. However, individual hearing ability in man varies. Sone of
these variations may be attributed to the effects of different
environmental influences (Roberts & Bayliss, 1967); in industrialized
countries, wonen generally have better hearing than nmen (Kylin, 1960;
Dieroff, 1961; Gallo & Qorig, 1964).

As a rule, hearing sensitivity dimnishes with age, a condition
known as presbyacusis (A orig & N xon, 1962). Consequently,
corrections for aging should be considered when exam ni ng data on
hearing | oss caused by noi se exposure. However, the literature
reflects controversy concerning the degree to which cunulative effects
of noi se exposure in everyday life may contribute to eventual hearing
| oss (socioacusis), thus obscuring the effect due to aging al one.
Moreover, there is considerable variation between individuals in both
the anobunt and rate of hearing |l oss due to aging. The general pattern
of progression of presbyacusis has been quite well-established, and
data are available in nunmerous reference sources (US Nationa
Institute for Occupational Safety and Heal th, 1972; US Environnental
Protecti on Agency, 1973a, 1974). Loss of hearing sensitivity due to
agi ng occurs mainly at the higher audionetric frequencies and is
al nost invariably bilateral (i.e., in both ears).

3.1.1.1 Hearing level, noise-induced threshold shift, and hearing
i mpai r nent
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In order to discuss the effects of noise on hearing, it is
necessary to differentiate between hearing | evel, noise-induced
threshold shift (NITS), and hearing inpairnent.

Hearing |l evel refers to the audionetric threshold I evel of an
individual or group in relation to an accepted audi onetric standard
(1SO, 1975d) and is sonetinmes terned "hearing | oss". Noise-induced
threshold shift is the quantity of hearing loss attributable to noise
al one, after values for presbyacusis (including socioacusis) have been
subtracted. These values may differ slightly according to where and
how t he presbyacusis data were collected (see for exanple Hinchcliffe,
1959; Gllo & Gorig, 1964; Spoor, 1967; US National Centre for Health
Statistics, 1975).

Hearing inpairment is generally referred to as the hearing | eve
at which individuals begin to experience difficulty in |eading a
normal life, usually in relation to understandi ng speech. Hearing
i mpai rment has been defined in the USA as an arithnetic average of

26 dB or nore hearing loss at the frequencies, 0.5, 1, and 2 kHz (the
definition is currently being revised); in Poland, it is defined as
30 dB or nore at 1, 2, and 4 kHz (after age correction), and in the
United Kingdom it is 30 dB or nore at 1, 2, and 3 kHz. It should be
noted that a damage risk criterion of 30 dB at 1, 2, and 4 kHz may be
nore protective than a criterion of 26 dB at 0.5, 1, and 2 kHz,
because hearing |l oss at high frequencies is usually greater than the
| oss at 500 Hz.

3.1.1.2 Noise-induced tenporary threshold shift?

A person entering a very noisy area nmay experience a neasurable
loss in hearing sensitivity but recover sone tine after returning to a
qui et environment. This phenonmenon can be neasured as a shift in
audi onetric thresholds, and is called noi se-induced tenporary
threshold shift (NITTS)

Recovery from NI TTS depends on the severity of the hearing shift,
i ndi vi dual susceptibility, and the type of exposure. |If recovery is
not conpl ete before the next noise exposure, there is a possibility
that sonme of the loss will becone pernmanent. Information on NITTS has
been used for two purposes: first, to predict noise levels that could
be permanently damaging to the ear, and second, to attenpt to predict
i ndi vi dual susceptibility to hearing | oss caused by excessive noi se.
Measurenents of NI TTS are nade by conparing pre- and post-exposure
audi ogranms. The extent of NI TTS, for the sane exposure, varies
consi derably between individuals. Recovery can take hours, days, or
even weeks after exposure. It should be noted that NI TTS can be
experienced by individuals who already suffer from permanent noise-
i nduced hearing | osses. Thus, when assessing permanent danage,
sufficient recovery tine in the quiet should be allowed before
audi onetry.

It would appear fromrecent investigations that the relationship
between NI TTS and t he noi se-induced pernanent threshold shift (N PTS)
is very uncertain and that danmage-risk criteria should be based on
epi dem ol ogi cal rather than on NI TTS dat a.

3.1.1.3 Noise-induced permanent threshold shift
The typical pattern of NI PTS usually involves a maxi mum | oss at
around 4000 Hz. Because the loss is sensorineural, it is seen in both

air and bone conduction audi ograns. Noi se-induced hearing |loss is not
an abrupt process but occurs gradually, usually over a period of
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years. The rate and extent of |oss depends on the severity and
duration of the noise exposure, but individual susceptibility also

& Sonetinmes called auditory fatigue.

seens to have a considerable effect on the rate of progression. Noise-
i nduced | osses are rather sinmlar to |l osses due to aging and the two
types of losses are difficult, if not inpossible, to distinguish

Fig. 3 shows the progression of noise-induced hearing | oss observed in
workers with increasing duration of exposure to high noise |levels
(Johansson, 1952).

The first stages of noise-induced hearing |loss are often not
recogni zed because they do not inpair speech conmunication ability. As
the | oss becones greater, difficulty may be encountered particularly
in noisy |locations.

Hearing of inportant sounds other than speech, such as door
bells, telephones, or electronic signals, may also be inpaired. Wth
further loss in hearing, speech comruni cation may be severely
af f ect ed.

3.1.1.4 Incidence of noise-induced pernmanent hearing |oss

The preval ence of hearing | oss among workers in noisy industries
has been recogni zed since ancient tines, and excessively |oud noi ses
are popul arly described as deafening. Cinical observations of noise-

i nduced hearing | oss have been reported for nore than a century, but

it is only recently that the problem has been studied intensively. It
has been suggested that even though peopl e exposed to intense noise
frequently experience a substantial noise-induced tenporary threshold
shift, sonetimes acconpanied by tinnitus (ringing in the ears), the
fact that very often such synptons seemto di sappear within a short
time may | ead themto believe that no pernanent damage has occurred
However, neither the subjective | oudness of a noise, nor the extent to
whi ch the noi se causes disconfort, annoyance, or interference with
human activity, are reliable indicators of its potential danger to the
heari ng nechani sm

As there is considerable variation anong individuals, it is very
difficult to identify a safe linmt of noise exposure that can be
applied for all ears.

Most current know edge of hearing | oss due to noi se has been
obtained fromindustrial surveys. There is al so evidence that non-
i ndustrial exposure to noise can be harnful. Results of severa
studi es have confirned that high Ievels of "rock and roll" and simlar
musi ¢ can produce considerable tenporary threshold shift and even
permanent threshold shift. Audiograns of "pop-nusicians" typically
show | osses at 400 Hz in both ears (Kowal czuk, 1967). It has al so been
shown that nen and wonen are equally at risk of hearing damage, when
exposed to over-anplified nmusic (Fletcher, 1972). O her non-
occupational activities that can contribute to hearing |oss include
shooti ng and notorcycling.
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Fig. 3. Hearing loss as a function of numker of years of noise exposure.
Mean audiograms for 203 miners, best ear tested.

a <= 1 year

b 1-5vears

¢ GB-10vyears
d 11 -20vears
e 21-30vyears
f= 30 years

[frar: Johansson, 1952).

3.1.2 Relation between noi se exposure and hearing | oss

In the normal auditory process, sound vibrations in the air
travel through the ear canal and cause the eardrumto vibrate. The
vi brations are then transnmitted by the bones of the nmiddle ear to the
sensory organ of the inner ear (cochlea). Here they are transduced by
hair cells into nerve inpulses and transnitted to the brain, where
they are perceived as sound or noise.

Bl asts and other intense or explosive sounds can rupture the
eardrum or cause i medi ate damage to the structures of the niddle and
i nner ear, while hearing |l oss due to prol onged noi se exposure is
generally associated with destruction of the hair cells of the inner
ear. The severity of noise-induced hearing | oss depends on both the
| ocation and the extent of damage in the organ of Corti, which, in
turn, depend on the intensity and frequency of the sound stinmulus. The
hi gher the frequency, the nearer the point of maxi num displacenent of
the basilar menbrane is to the base of the cochl ea where the basil ar
nmenbrane is narrowest. This point is shifted towards the apex of the
cochlea as the stimulus frequency decreases. The maxi num stinmul ati on
of cells occurs at the point of maxi num di splacenent. A |large part of
the upper cochlea is responsive to | ow frequency stinmulation and | oss
of hair cells can be quite extensive without significant loss in | ow
frequency sensitivity. On the other hand, nuch nore localized portions
of the basal region of the cochlea are responsible for high frequency
sound sensation and loss of hair cells in these | ower portions results
in significant |osses of high frequency sensitivity (Mller, 1971a).
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The nunber of hair cells danaged or destroyed increases with
increasing intensity and duration of noise and, in general
progressive loss of hair cells is acconpani ed by progressive |oss of
heari ng.

Even t hough nunerous experinments have been performed with
animals, the mechanisnms involved in the destruction of the Corti organ
are not conpletely clear, although several explanations have been
proposed. For exanple, nechanical stresses could destroy cells,
repeated circulatory troubles through vascular contractions could
deprive cells of an appropriate blood supply; an increase in |oca
tenmperature coul d damage proteins, and repeated stinuli could exhaust
the netabolic supply of cells. Various theories have been revi ewed by
Ward (1973).

An inportant fact is that noise-induced hearing loss is of a
neural type involving irreversible injury to the inner ear
Furthernore, such | osses are al nost always bil ateral

3.1.2.1 Laboratory studies

Laboratory studies on tenporary and pernanent hearing | oss and on
the anatony of the noi se-damaged i nner ear have been carried out on a
nunber of ani nal species. Tenporary hearing | oss studi es on human
subj ects have included a variety of noise exposure patterns, including

noi ses of different spectra, interrupted noise patterns, and short-
duration noi se exposures. |In extrapolating the results of such studies
to permanent hearing loss in man, it has al ways been necessary to
consider: (a) tenporary versus permanent threshold shift in man; (b)
permanent threshold shift in man versus pernanent threshold shift in
animals; and (c) anatomi cal danage in aninmals versus permanent
threshold shift in nan. However, it should be noted that a thorough
know edge of such rel ationshi ps has not been necessary. For exanpl e,
in using animals to study the cunul ative effects of noise, it has not
been necessary to assune that the absolute sensitivity of aninmals and
man to noise is the sanme, but nerely that the relative sensitivity of
animals to alternative noises of specified tenporal patterns is
simlar to that of man.

Experimental studies have resulted in the foll owi ng general
observati ons:

(a) There is considerable variability anong individuals in
susceptibility to tenporary hearing | oss, the rate at which tenporary
hearing | oss approaches its asynptotic level, and the rate of
recovery.

(b) Temporary hearing |losses in man are nost pronounced at
frequencies slightly above the predom nant frequency of the noise
sti mul us.

(c) In npost cases, the rate of increase of, and subsequent
recovery from tenporary hearing loss is different for inmpact noises
and for steady noise. NITTS from i npul se noise increases nore slowy
than NITTS from steady noise (Ward et al., 1961) and recovery is
sl ower (Cohen et al., 1966).

(d) I'n general, the equal energy rule (section 3.1.3) has been
found to be conpatible with experinental results for uninterrupted
exposures to steady noise. However, it nmay not always be the best
predictor of NITTS with regard to the audionetric frequency since it
tends to overestimate NI TTS bel ow 2000 Hz and underestimate | osses
above 2000 Hz (Yamanoto et al., 1968). Although NITTS frominterrupted
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noi se may be overestimated (Ward, 1970), it is thought that the rule
gives a good prediction of NIPTS frominterrupted noise (Burns &
Robi nson, 1970).

(e) Audiogramnms of persons exhibiting tenporary hearing loss in
| aboratory studies tend to be simlar to those of persons exposed to
conpar abl e noi se over a period of several years (Nixon & Gorig
1961).

3.1.2.2 Cccupational hearing |oss

Several reports have been published on the subject of
occupational hearing loss (Atherley et al., 1967; Burns & Robinson,
1970; King, 1971; Robinson, 1971; Stone et al., 1971; Baughn, 1973;
Burns, 1973; Paschier-Verneer, 1974; Sul kowski, 1974).

Al'l these studies were cross-sectional audionmetric studies and
many i ncor porated surveys of noise exposure. Specific occupationa
groups were usually studied, including workers in heavy industry,
shi pyards, textiles, jet-cell test rooms, foundries, transportation
and forestry. Sonme definition of hearing inpairnent was generally
applied in order to define a percentage of people with hearing | oss.
Audi ograns were usually conpared with so-called "nornal" thresholds.
In this respect, presbyacusis was often accounted for. In nany cases,
efforts were made to screen the data to exclude those persons who had
previously hel d noisy jobs, possible nonoccupational noise exposures,
and otol ogi cal abnormalities. In sone studies, such persons were
purposely included in order to provide a realistic estimte of hearing
| evels in a typical noise-exposed popul ation

Virtually every study reveal ed that workers exposed to intense
noi se daily, for several years, showed noi se-induced hearing | oss
fitting the classic pattern. Considerable hearing | oss was rare at
| ower frequencies but frequent at higher frequencies.

In the studies for which noise exposure |evels were known, a
clear relationship was generally seen between increasing incidence of
hearing | oss and increasing noise level. In groups exhibiting
consi der abl e noi se-i nduced hearing |oss, the variation of audionetric
threshol ds was generally higher than in groups not exposed to noise.
Cases of sudden deafness occurring after |ong-term exposure to noise,
wi t hout previous inpairment, have been reported in Japan (Kawata &
Suga, 1967) and nmy indicate special susceptibility.

Taking into account duration of exposure and age as well as other
pat hol ogi cal conditions, Rey (1974) found that the proportion of
wor kers wi th noi se-induced deafness (defined as 25 dB average | oss at
0.5, 1, and 2 kHz) was as high as 60%in the nmetal industry (noise
| evel s equal to and above 95 dB(A)). Cohen et al. (1970) conpared the
nean hearing | evels of exposed workers with those of a control group
for several noise intensities and several durations of exposure and
found that noise | evels between 85 and 88 dB(A) could be harnful to
the ear, and that, even at 75 dB(A), there was sonme |oss of hearing.

According to two other studies perforned in industry, there is a
definite risk of hearing danage associated with prol onged exposure to
noi se | evel s between 85 and 90 dB(A) (Roth, 1970; Martin et al.

1975).

Fig. 4 conpares the percentages of workers wth hearing
impairment as a function of age for unexposed groups and for groups
exposed to occupational noise |evels of 85, 90, and 95 dB(A) (N CsH
1973b). In this case, hearing inpairment is defined as an average
hearing | oss greater than 25 dB(A), at frequencies of 1, 2, and 3 kHz.
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3.1.2.3 Factors that may influence the incidence of noise-induced
per manent threshold shift

Certain people who live in renpte and generally qui et areas of
the world have been found to have unusually acute hearing in
conparison with nmenbers of urban popul ations in correspondi ng age
groups (Rosen et al., 1962). However, it is not clear whether such
audi onetric differences are due to the |lack of noise exposure al one.
Differences in the patterns of hearing found between comunities that
are w dely separated geographically and culturally may result from
cultural, dietary, and genetic factors and differences in genera
environnment (Rosen et al., 1962; Rosen & Rosen, 1971).

Al though it has been suggested that ol der people are nore
susceptible to NIPTS (Kryter, 1960), there is no clear experinental
evidence that this is so (Kupp, 1966; Nowak & Dahl, 1971). I ndeed,
studi es by Schneider et al. (1970) and Davis (1973) indicate that
there is probably no causal relationship between age and
susceptibility to NIPTS, at |east in people of working age.

There is sone controversy in the literature as to whether
pat hol ogi cal changes in the niddle ear protect the inner ear from
noi se-i nduced damage, or whether they nmay instead increase the chance
of noise-induced hearing | oss. Sonme aut hors have expressed the view
that in cases of niddl e ear damage, bone conducti on beconmes nore
effective and that the defence action of the nmiddl e ear nmuscles is
i npaired (Mounier-Kuhn et al., 1960; Ward, 1962; Dieroff, 1964; MIls
& Lilly, 1971). In contrast, others have reported cases where noise-
i nduced hearing |l oss was | ess in damaged ears than in normal ears
(Johansson, 1952).

Variation in individual susceptibility to noise-induced pernmanent
hearing loss is illustrated by observations from surveys of
occupati onal hearing |loss, which indicate that workers fromthe sane
noi sy environnent display radically different audi ograms, and that
some workers, even after many years of exposure to noise, showlittle
or no sign of noise-induced hearing | oss.
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Fig. 4. Percentage of workers with hearing impairment (average hearing

logs at 1, 2, and 3 kHz = 25 dB) (Frarm: U= Mational Institute for
Occupational Zafety and Health, 1972, 1973).

Factors causing such differences in individual susceptibility
could include fatigue of the acoustic reflex, anatonical differences
in the structure of the mddle and inner ear, the functional status of
the autonomic system and latent vitanmin B deficiency (Kawata, 1955).

To sone extent, the ear is protected from danage by the niddle
ear reflex or stapedius reflex. The contraction of the stapedi us
nmuscl e changes the movenent of stapes which increases the inpedance of
the conductive mechani sms. The anount of sound energy delivered to the
i nner ear is reduced by about 15-20 dB at |ow and niddl e frequencies
(Mller, 1961). The effectiveness of the niddle ear reflex as a
protective device varies with the intensity and the spectrum of the
sound. In normal ears, the onset of the reflex occurs at sound |evels
of 75-90 dB. In man, the nuscle contraction subsides very quickly
after the onset of the sound for frequencies above 3000 Hz, while for
| ower frequencies, the contraction can |last for a considerable tine
(Johansson et al., 1967). |npul sive sounds or sounds with a sudden
onset can penetrate the ear without stinulating the protective
mechani sm because of a tine lag in the nmuscle contraction
Furthernore, the reflex action weakens with fatigue and thus provides
little protection against prolonged steady sounds. The fact that its
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ef fectiveness al so varies considerably anong individuals nmay be
related to variations in individual sensitivity to certain sounds.

Measurenments of NI TTS have been used to investigate the
protection provided by the stapedius reflex. In patients with
peri pheral facial palsy including unilateral stapedius nuscle
paral ysis, the NITTS after | ow frequency noi se exposure was
significantly greater in the affected ear than in the unaffected ear
(Zakrisson, 1974). However, results of animal studies, in which the
st apedi us nuscle was severed, contradict these findings (Steffen et
al, 1963; Ferris, 1966).

3.1.2.4 Conbined effects of intensity and duration of noise exposure

Most data concerning the long-termhazard of noise are related to
occupati onal exposure. There is a shortage of infornmation about short-
term exposures, and very little information concerning exposures
lasting longer than 8 h. In order to predict the effects of long-term
noi se exposure, investigators have been obliged to extrapol ate the
results of field observations and | aboratory investigations of NTTS.
It is difficult to establish limits for safe noi se exposure, since
predi ctions using different nethods of extrapolation conflict with
each other. The following is a brief review of the bases of sone of
the nmethods used to integrate the conbined effects of intensity and
duration.

The equal tenporary effects rule is the hypothesis that the N PTS
due to long-term daily, steady-state noi se exposure is equal to the
average N TTS produced by the sane daily noise in healthy young ears
(ward et al, 1958, 1959). In a later study, Ward (1960) suggested that
nmet abol i c insufficiency induced in the hearing organ by noi se night

underlie both the tenporary and pernmanent hearing defects caused by
excessive noise. NITTS studies also tend to support the observation
(reflected in industrial studies of NIPTS) that for a given | ength of
exposure, frequently interrupted noise is |less harnful than continuous
st eady-state noise of the same level (Ward et al, 1959; MIller et al.
1963).

An extension of this theory is that NNPTS is unlikely, if there
is complete recovery fromthe NI TTS before the begi nning of the next
day's exposure. An early occupational noise criterion was based on
this assunption (Kryter et al., 1966).

The equal energy rule is the theory that the hazard to hearing is
determ ned by the total sound energy (the integrated product of sound
intensity and duration) entering the ear each day. This rule has
natural appeal, since the exposure dose is quite sinple to assess and,
according to epideniological data, is reasonably well correlated with
the accunul at ed physical damage. The rule allows a 3-db increase in a
st eady sound | evel for each halving of the duration (Burns & Robinson
1970; Ward & Nel son, 1971; US Environnental Protection Agency, 1973b
Martin, 1976). However, it should be noted that the range of sound
duration covered by this rule night be limted by the need for
protection agai nst possible damage by high level, short duration
i mpul si ve sounds (section 3.1.3).

Various other theories are based, to a certain extent, on the
equal tenporary effect hypothesis. Such criteria are usually
identified by the change in sound | evel that is necessary for each
doubling of the exposure duration, e.g., the "5-dB rule" neans that
the level nmust be 5 dB |l ess for each doubling of the exposure
duration. The rules nost frequently quoted in the literature are:
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(a) 3 dB rule: equal energy rule incorporated in | SO standard
1999 (I1SO, 1975c);

(b) 5 dB rule: purported to partially conpensate for typica
interruptions and internmittency and used in the 1969 Wl sh- Heal ey
Public Contracts Act in the USA (Federal Register, 1969);

(c) 4 dB rule: purported to be nore reliable for protection at
hi gher frequencies than the 5 dB rule and used by the United States
Air Force (US Air Force, 1973); and

(d) 6 dB equal pressure rule, a nore conservative criterion
suggested by sonme research workers (US Departnent of Health, Education
and Wl fare, 1972).

None of the rules (a) to (d), account for a reordering of the
noi se exposure pattern, i.e., the predicted risk is independent of the
order in which a sequence of sounds is experienced, even if this
sequence includes periods of quiet. Thus, there is some conflict
bet ween these rules and the equal tenporary effect hypothesis.

To sinplify different damage risk criteria, noise exposure
histories are frequently expressed as equi val ent 8-h continuous
| evel s. For exanple, using the equal energy (3 dB) rule, an exposure
of 88 dB for 4 h could be expressed as an equival ent |evel of 85 dB

3.1.2.5 Estimation of hearing inpairnment risk

The hearing loss that may result from noi se exposure, can be
expressed in terms of probable N PTS, or hearing inpairnment. For
exanpl e, the percentage of people who will suffer an NIPTS of 5 dB
(the smal |l est anpbunt neasurable) at the nobst sensitive frequency
(4000 Hz) may be defined as a function of an equivalent 8-h | eve
(Fig. 5). Fromthis diagram an 8-h equivalent |evel of 75 dB(A) can
be identified as the limt for protection against significant N PTS
(1'SO, 1975c). Since it is often inpractical to reduce occupational 8-h
equi val ent noise levels to 75 dB(A), practical criteria for "safe"
| evel s have been based upon | ess stringent definitions of hearing
i mpai rrent or hearing handi cap. For exanple, "damage-risk" has been
defined as the percentage of a population with a given anount of
hearing inpairment after corrections have been nade for those people
who woul d "normal [ y" incur |osses from causes other than noise
exposure. Table 2 shows the percentage risk and the total percentage
with inpaired hearing resulting fromvarious |evels of noise and years
of exposure (1SO 1975c).

3.1.2.6 The inportance of high-frequency hearing

It is common practice to assess hearing handi cap for conpensation
pur poses, and even for prevention purposes, in terns of the ability to
under st and "everyday" speech. According to the 1SO definition (ISQ
1975c), hearing handi cap begins with a 25 dB | oss averaged for the
frequenci es 500, 1000, and 2000 Hz. However, in nost |anguages, speech
i ncludes energy at higher frequencies and therefore good high
frequency hearing is inportant for speech intelligibility, especially
when listening conditions are |l ess than optinal (i.e., in background
noi se or when the speech is disorted in sonme way) (Kryter et al.

1962; Harris, 1965; N eneyer, 1987; Acton, 1970; Kuzniarz, 1974,

Ant ansson, 1975). Under good listening conditions, inpaired hearing
may not di m nish speech intelligibility because of the redundancy
(multiplicity of cues) of speech (section 3.2.1). This redundancy is
reduced in noisy conditions or when the speech is nmuffled, the accent
or the message is unfamliar, or when these constraints occur in
conbi nati on.
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Fig. 5. Percentage of exposed population that will incur no more than S
dBE MIPT= showwn a2 a function of expozure level. Population rank-
ed by decreasing abilty to hear at 4000 Hz. (US Environmental
Praotection Agency, 19740,

Table 2. Percentage of exposed people with inpaired hearing as a functi:
noi se level (Leq (8-h) dB(A))* after different periods of exposure

Period of exposure

CQccupat i onal (years)

noi se | evel Cause of inpairnent

Leq 8-h dB(A) 0 5 10 15 20 25 30
<80 (a) Al causes y 1 2 3 5 7 10 14

(b) Occupational noise 0 0 0 0 0 0 0

85 (a) Al causes 1 3 6 10 13 17 22
(b) GQccupational noise 0 1

90 (a) Al causes 1 6 13 19 23 26 32
(b) Occupational noise 0 4 10 14 16 16 18

95 (a) Al causes 1 9 20 29 35 39 45
(b) Qccupational noise 0 7 17 24 28 29 31

100 (a) Al causes 1 14 32 42 49 53 58
(b) GQccupational noise 0 12 29 37 42 43 44

105 (a) Al causes 1 20 45 58 65 70 76
(b) Qccupational noise 0 18 42 53 58 60 62

Table 2 (contd)
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Period of exposure

Cccupat i onal (years)

noi se | evel Cause of inpairnent

Leg 8-h dB(A) 0 5 10 15 20 25 30
110 (a) Al causes 1 28 58 76 85 88 91

(b) Occupational noise 0 26 55 71 78 78 77

115 (a) Al causes 1 38 74 838 94 94 95
(b) GQccupational noise 0 36 71 83 87 84 81

X Based on: |1SO (1975c).

¥ The values in row (a) for Leg < 80 dB(A) are estimates of the percentage of
hearing inpairment caused by factors other than occupational noise exposur:
subtracted fromrow (a) in all cases to obtain row (b) the percentages of
i mpairment attributable to occupational noise. Inpairnment is defined as a
nore averaged for the frequencies 500, 1000, and 2000 Hz.

Exampl e: Qut of a group of people exposed to an occupational noise |evel of

for 25 years, 39%w Il exhibit hearing inpairnent. However, 10% (se
i mpai red hearing without exposure to occupational noise. Thus the r
damage is 29%

The use of a sinple, unweighted average at 500, 1000, and 2000 Hz
for assessing noise-induced hearing handicap is restrictive because
nost hearing | oss occurs at higher frequencies. Consequently, the
frequenci es 3000 Hz and 4000 Hz are included in damage-ri sk fornul ae
by some countri es.

3.1.3 Effects of inpulsive noise

At present, nost know] edge of hearing | oss due to inpulsive noise
conmes fromstudies of the effects of gunfire (see for exanple Col es et
al., 1968) with some limted data fromindustrial situations (D eroff,
1974; Ceypek & Kuzniarz, 1974). Inportant properties of inmpulsive
noi se exposure include the peak SPL, duration, rise and decay ti nes,
type of wave form repetition rate, spectrum and nunber of inpulses.

The present state of know edge is that a hazard exists and,
accordingly, that ear protection should be worn when inpul sive noi ses,
nmeasured with appropriate instrunmentation, exceed an SPL of 140 dB for
nore than 5 milliseconds regardl ess of rise tinme, spectrum or the
presence of oscillatory transients. Hi gher peak |evels nmay be
tolerable for durations of less than 5 m|liseconds. Levels in excess
of 165 dB SPL, even for short durations, are likely to cause cochl ear
damage (Acton, 1967; Burns & Robinson, 1970). It should be noted that
the response tinme of the acoustic reflex (section 3.1.2.3) is of the
order of 100-300 nilliseconds, which is too long to give any
protection agai nst such short duration sound (Coles et al., 1968;
Coles & Rice, 1970).

Al though it is not common practice to extend the equivalent 8-h
sound | evel criteria down to inpulsive durations, the recent studies
of Rice & Martin (1973) and Martin (11976) suggest that the criteria
based on the equal energy rule, may be applicable to high-intensity
i mpul si ve noise (Fig. 6).

3.1.4 Infrasound and ultrasound

Frequencies below 16 Hz are referred to as infrasonic
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frequenci es. Perception of sound from 100 Hz down to about 2 Hz is a
m xture of aural and tactile sensations. For exanple, frequencies
around 10 Hz, can cause disconfort through a nodul ati on of the voca
cords. Reactions caused by extrenely high levels of infrasound can
resenble those of nild stress reaction and may include bizarre
auditory sensations, describable as pulsation and flutter. Hi gh | evels
of infrasound can cause resonance responses in various organs in the
human body, although the long-termeffects of such stinulation are not
known (Johnson, 1973).
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Fig. 6. Comparizon of various damaga risk criteria for impulse noise with
equal energy curves far L eq = 90 dB (A (Fram: Martin, 197E].

The effects of high intensity ultrasound (above 20 kHz and 105 dB
SPL), which will be discussed in a separate docunment, are reported to
be simlar to those observed during stress. However, these effects may
be partly due to associated high (but less than ultrasonic) frequency
sound (Acton, 1967). Although it is usually accepted that |evels bel ow
105 dB SPL have no adverse effects, there is evidence from one
experinent, that physiol ogi cal changes can occur at |ower |evels
(98-102 dB) (Lisickina, 1968).

3.2 Interference with Conmunication
3.2.1 Masking and intelligibility

The interference of noise with speech comunication is a process
in which one of two simultaneous sounds renders the other inaudible.
The ratio of a given desired signal (speech, nmusic) to that of the
interfering noise will deternine whether or not the signal can be
percei ved. The higher the | evel of the nasking noise and the nore
energy it contains at speech frequencies, the greater will be the
percent age of speech sounds that are inaudible to the |istener

An inportant aspect of conmunication interference in occupationa
situations is that the failure of workers to hear warning signals or
shouts may lead to injury. Al though cases do not appear to have been
docunmented in the literature, there is anecdotal evidence of such
occur ences.
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In the last half century, know edge concerning the naski ng of
sinmpl e signals such as pure tones, narrow bands of noise, and even
i sol ated phonenmes of speech has increased considerably. Enpirica
rel ati onships are available that permt accurate prediction of the
audibility for a normal-hearing listener of a particular speech sound
in the presence of a specified noise (Whbster, 1969, 1974; Kryter
1970). However, commrunication is al nost never carried on by neans of
single acoustic signals, but rather by a rapid sequence of different
speech sounds, the overall intensity and spectral distribution of
whi ch are constantly shifting; in fact, the sane word, when repeated,
may be quite different acoustically. Furthernore, even when the
maski ng noise is judged to be steady, the energy in different
frequency regions fluctuates fromnonent to nonent.

Most of the sentences of ordinary di scourse can be understood
fairly well, even when a | arge nunber of individual speech sounds are
masked, because of the redundancy of speech. Even when a particul ar
sound is masked or even onitted, the word or sentence in which it
occurs may be correctly perceived because the remai ni ng sounds are
sufficient to convey the neani ng. However, the interpretation required
to conpensate for the masking effect is an additional strain on the
l'i stener.

O her characteristics of the communication process may affect the
ef fecti veness of conmuni cati on, when additional sounds are present.

Exampl es of such factors are the fanmliarity of the listener with the
di al ect or accent of the speaker, the presence of reverberation, the
inmportance and famliarity of the nessage, distance from speaker to
listener, the notivation of the listener, and any hearing | oss that
may produce a degradation in the perceived sound. Thus, the

rel ati onshi p between the spectrum Ilevel, and tenporal characteristics
of a masking noise and the "intelligibility" of ordinary speech, i.e.
the proportion of speech correctly understood is very conpl ex. Mich
research has involved the measurenent of intelligibility of nonsense
syl l abl es and of isolated words in phonetically-balanced |ists. Based
upon work with real sentences, conversion charts have been constructed
to transform scores involving only words to approxi mate expected
scores for sentences of ordinary speech. For exanple, when 75% of the
itenms on a list of isolated words are correctly perceived, about 95%
of the key words in a sentence of ordinary discourse will be correctly
heard (Kryter, 1970). Sentence intelligibility refers to the
percentage of key words that are perceived correctly in a series of
sent ences.

3.2.2 Speech interference indices

Many attenpts have been nmade to devel op a single index based on
the characteristics of the nasking noise that directly indicates the
degree of interference with speech perception. Naturally, such indices
i nvol ve consi derabl e degrees of approxi mati on. The three nbst comon
indices are: the articulation index (Al), speech interference |eve
(SIL), and the A-weighted sound pressure level (Lp(A)).

3.2.2.1 Articulation index

The Al (French & Steinberg, 1947, Kryter, 1962) is the nost
conplicated of these indices, since it takes into account the fact
that sonme frequencies are nore effective than others in masking
speech. Frequenci es bel ow 250 Hz and above 7000 Hz are not i ncl uded,
as they are not considered to contribute to the intelligibility of
speech. The frequency range from 250 to 7000 Hz is divided into 20
bands, each of which contributes 5%to the total intelligibility. In
order to determine the Al for a particular noise, the difference in dB
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bet ween the average speech | evel and the average noise | evel in each
of these 20 bands is calculated, and the resultant nunbers are
combined to give a single index. Essentially, this process predicts
how much maski ng of individual speech sounds will occur and then
integrates this information.

Al though the Al is an accurate index for the prediction of the
effects of noise on speech intelligibility, it is conplicated to use
and difficult for the layman to interpret. Thus, sinplified procedures
for estimating the Al from wei ghted nmeasurenments of octave-band | evels
have been devel oped (Kryter, 1962).

3.2.2.2 Speech interference |evel

The SIL was designed as a sinplified substitute for the Al
(Beranek 1947). Contributions to intelligibility by the | owest and
hi ghest frequenci es have been onmtted to a greater extent than for the
Al. A nodern version of the SIL is the arithmetic average of the sound
pressure levels in the three octave bands centred at the preferred
frequenci es 500, 1000, and 2000 Hz (abbreviated SIL 0.5, 1, and 2).
Many variations of SIL in terms of the specific octave bands to be
aver aged have been suggested. For exanple, SIL (0.25, 0.5, 1, 2)
i ncludes the 250 Hz band. At the present tinme, the US Nationa
Standards Institute recommends SIL (0.5, 1, 2, 4) as providing the
best estimte of the masking ability of a noise.

3.2.2.3 A-weighted sound pressure | eve

The sinple A-weighted SPL is also a useful index of speech
interference. The A-weighting process enphasizes the mniddle
frequencies, as do the Al and SIL, but does not onmt the [owest and
hi ghest frequencies conpl etely.

Experi ments have shown that the Al is nore accurate than any of
the SILs or the A-weighted SPL in predicting the speech-maski ng
ability of a large variety of noises. For noises of practical
i nportance however, A-weighted SPL and SIL continue to be used, as the
advant age of accuracy in the Al does not outweigh the ease of
neasurenent of the first two indices. Conparisons of SlLs and
A-wei ghted SPLs show that, on average, the SIL is about 10 decibels
| ower than the A-weighted SPL for the same degree of interference
(Klunp & Webster, 1963; Kryter, 1970), although for unusual noises the
average difference could vary substantially.

3.2.3 Perception of speech out-of-doors

Measurenments indicate that, during rel axed conversation in the
hone, the speech level is approximtely 55 dB(A) (Kryter, 1970;
Pearsons et al., 1976), and that as the noise |levels increase, people
tend to raise their voices to overcone the nmasking effect. The
so-called "normal effort” voice resenbles a "stage" voice, and is used
when people are given a prepared text to read (Korn, 1954), or when
they wish to project their voices. Since everyday speech is spoken at
a reasonably predictable level, it is possible to express many of the
enpirical relationships between background noi se | evel and speech
intelligibility in a single graph, as in Fig. 7 (US Environnental
Protecti on Agency, 1974).
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Fig. 7. Maximum diztance outdoors over which converzation iz considered
to be zatizfactorily intelligible in steady noize (US Environmental
Pratection Agency, 1974,

This figure, which is applicable to outdoor conditions, is based
on the assunptions and enpirical observations that:

(a) at a distance of 1 mfromthe speaker, relaxed conversation
occurs at a voice level of approximately 56 dB(A) and normal and
rai sed voices at |evels of approximately 66 dB(A) and 72 dB(A),
respectively; and

(b) for 100% sentence intelligibility the speech | evel should
exceed the noise level by 10 dB(A). Wen the speech level is 10 dB(A)
[ ower than the noise level, intelligibility falls to 95% Because of
t he redundancy of speech, 95% intelligibility usually pernmits reliable
al t hough not necessarily confortabl e conversation. The | ocation of the
curves in Fig. 7 may shift in certain circunstances, although it is
difficult to predict to what extent spatial factors nmay facilitate or
i mpai r speech conmmuni cation in noise. Lower noise |evels may be
required, if the speaker does not enunciate clearly or if the speaker
and the listener use different dialects. People with hearing
i mpai rment may need nore favourabl e speech-to-noise ratios dependi ng
on the variation of speech-to-noise ratio with frequency.
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Adequat e conmuni cation in higher noise |levels than those
indicated in Fig. 7 can occur, if the nessages are restricted, e.g.
when only nunbers are being transmitted. Lipreading or observing
facial or manual gestures may al so inprove conmmuni cation. If the noise
source is clearly localized at a position different fromthat of the
speaker, speech communication nay be possible in higher noise |levels
than those indicated in Fig. 7.

Intermttent and inpul sive noises as well as noises fluctuating
in level will provide various degrees of nmasking. Again, the
redundancy of speech neans that an isolated short burst of noise is
unlikely to produce much disruption in the conmunication process;
however, the |ikelihood of disruption increases with increasing
duration and frequency of occurrence of the noise bursts.

The detailed characteristics of noises are also inportant. Wile
the A-weighted SPL is an adequate index of the speech-interfering
quality of many noises, others may require a nore detail ed anal ysis.
This is true of noises that are domi nated by either |ow or high
frequencies, e.g., the runble of distant traffic or the hiss of
conpressed air. For unusual noises, the Al should be calculated for a
reliable prediction of speech intelligibility.

3.2.4 Indoor speech comunication

The rel ationships shown in Fig. 7 apply only to outdoor (free
field) communications, as they depend on the applicability of the
i nverse square |aw. Rel ationships indoors are different because of
reverberations caused by reflections fromthe walls, floor, ceiling,
and objects in a room Instead of decreasing 6 dB for each doubling of
di stance, the sound | evel of the speech or the noise may drop by only
1 or 2 dB. There is no sinple formula that will predict speech
interference indoors. Instead, it is usual to set standards on the
basis of the average noise |levels that have been judged in the past to
be acceptable in simlar settings.

For exanple, Fig. 8 (US Environnental Protection Agency, 1974)
shows the estimated sentence intelligibility, at speaker-Ilistener
di stances greater than 1 m as a function of A-weighted SPL in the
reverberant conditions found in a typical living room This shows that
for 100%intelligibility, which is considered desirable for indoor
i stening conditions, a background noise |level of less than 45 dB(A)
is required.

3.3 Pain

Aural pain is induced, when the tynpanic nmenbrane tissue is
stretched by |large anplitude sound pressures. Under extrene
conditions, the menbrane can rupture (H rsch, 1968).

Al though there is a fairly wide range of individual variability
especially for high frequency stinmuli (von Gerke et al., 1953), the
threshold of pain for normal ears is in the region of 110-130 dB. The
threshol d for physical disconfort is in the region of 80 dB (Spreng,
1975).

In abnormal ears, for exanple in cases of inflammation, pain nmay
be caused in the eardrumor niddl e ear by sound | evels of about 80-90
dB SPL. By conparison, people w thout eardruns nmay feel no sensation
of pain at sound levels of up to 170 dB SPL.

A second type of aural synptom occurs as a result of abnornal
function in the cochlea. Certain sensorineural disorders, and npst
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frequently noi se-i nduced hearing | osses, are acconpanied by a
condition called auditory recruitnment. Recruitnment is defined as an
abnormal increase in |oudness perception. The phenonenon of

recruitnment is commonly used for the diagnosis of noise-induced
hearing | oss (audionmetric suprathreshold tests). In some cases of
sensorineural hearing disorders, such as Meéni ere's di sease, another
synptom appears in addition to recruitnent called syscusis, which is a
| owering of the threshold of aural disconfort and pain.

An inmportant consideration with regard to aural pain is the
ef fect of noise on hearing-aid users. Disconfort associated with
exposure to sudden | oud noises, |oud nusic, and even rai sed voices is
a conmon conpl ai nt of people who wear hearing aids. Hearing aids that
automatically limt output to 100-120 dB SPL or |ess, provide
protection for sensitive ears, provided they are properly selected and
fitted (Gabrielsson et al., 1974).
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Figy. 8. Marmal woice intelligibiity as a function of the steady background

sound level in a typical living room US Environmental Protection

Agency, 1974].

3.4 Sleep
3.4.1 Nature of sleep disturbance

Many peopl e experience sl eep disturbance due to noise and the
probl em has been revi ewed by several authors (see for exanpl e,
Giefahn et al., 1976). Social survey data indicate that sleep
di sturbance is considered to be a major environmental noise effect
(Al exandre, 1974). However, in what proportion noise contributes to
regul arly occurring sleep disturbances or awakenings in the genera
popul ation is not clear. Noise exposure can cause difficulty in
falling asleep, disrupt sleep patterns, and awaken people who are
asl eep.

Detail ed | aboratory studies of the probl em have been made by
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noni tori ng el ectroencephal ograph (EEG responses and changes in

neur ovegatati ve reactions during sleep. Many of these experinents have
only involved small nunbers of test subjects over limted time periods
and under | aboratory conditions. Care nust therefore be exercised in
extrapol ati ng conclusions to the popul ation at |arge.

Several stages of sleep can be identified from EEG responses. On
rel axing, prior to sleep, the EEG pattern changes fromrapid,
irregul ar waves to a regular pattern; the alpha rhythm This is
foll owed by sleep stage 1, characterized by prol onged reductions in
wave anplitude and frequency. Later, in sleep stage 2, the pattern
changes to one of bursts of waves (spindle waves) m xed with single,
sl ow waves of relatively large anplitude (K-conpl exes). About 30-45
m nutes later, periods of slow, high anplitude waves (delta waves)
appear in the EEG (stage 3). Wen the delta waves occur for about 50%
of the recording period, the deepest sleep, stage 4, is reached. About
an hour and a half later, the EEG pattern resenbles that found in
stage 1, but el ectrodes placed near the eye reveal rapid eye novenent
(REM; this is the stage during which nost dream ng occurs. Sone
research workers have been able to elicit relatively conpl ex notor
responses to verbal instructions in the REM stage of sleep (Evans et
al ., 1966).

During normal sl eep, a person progresses through sleep stages 1-4
wi th occasional reversals, the time spent in deep sleep and in the
lighter stages of sleep depending upon age. Wth increasing age, a
greater proportion of tine is spent in the lighter sleep stages; from
the age of 60 years onwards, sleep stage 4 is alnost totally absent.
It is considered that all stages of sleep are necessary for good
physi ol ogi cal and mental health.

Stinul ati on by noi se causes changes in the EEG pattern | asting
for a few seconds or nore. These nmay appear as K-conpl exes (increases
of wave frequency) that are only detectable by close inspection of the
EEG recordi ng, or changes of sleep stage. It has been reported that
the effects of noise are related to the stage of sleep. Results from
some studies suggest that thresholds for awakening are lower in the
REM sl eep stage, for noninmpul sive as well as inpul sive noises (Berry &

Thi essen, 1970). EEG pattern changes are least likely to occur in the
REM st age (Thi essen, 1972).

The effects of noise upon sleep depend upon the characteristics
of the noise stinmulus, the age and sex of the sleeper, the history of
previ ous sl eep, adaptation, and notivation.

3.4.2 Influence of noise characteristics

In studies of the effects of noise upon sleep, a variety of
stimuli have been used including synthetic sounds as well as the
sounds of aircraft (flyover noise and sonic boons) and road traffic.

The effects of noise on sleep appear to increase as the amnbient
noi se | evel s exceed about 35 dB(A) Le¢q (Beland et al., 1972). In one
study, the probability of subjects being awakened by a peak sound
| evel of 40 dB(A) was 5% increasing to 30% at 70 dB(A). \Wen changes
in sleep stage were taken as an indication of disturbance, the
proportion of subjects affected was 10% at 40 dB(A) and 60% at
70 dB(A) (Thiessen, 1969). It was al so observed that subjects who
slept well (based on psychonotor activity data) at a noise |leve
(Leq) of 35 dB(A) conplained about sleep disturbance and had
difficulty in falling asleep at an Leq of 40 dB(A). At the higher
| evel of noise, subjects took over an hour to fall asleep initially,
and awakened frequently during the sleep period (Karagodina et al.
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1972).

Exposure to noise |levels of 48-62 dB(A) resulted in changes in
sl eep EEG patterns, manifested especially as an initial depression or
interruption of alpha rhythm (Wl son & Zung, 1966). For sound sti nul
of 70 dB(A), the nost likely reaction was to awaken, followed by
shifts in sleep stages (Thiessen, 1970). At 50 dB(A), 50% of subjects
showed one of the follow ng reactions: (a) slight changes in EEG
pattern lasting for a few seconds; (b) pattern changes lasting up to a
m nute; (c) change of sleep stage; (d) awakening.

It has been reported that brief acoustic stinmuli are the nost
effective in eliciting EEG K-conplex in stage 2 of sleep (Vetter &
Horvat h, 1962). Wen the sleep disturbance effects of inpulsive tone
bursts, simulated sonic boons, and truck noi se ranging from 85-105 dB
were conpared, it was observed that the frequency of awakeni ng was
| ower for the inpulsive noise and i ndependent of the noise |evel
Increases in the level of truck noise and aircraft flyover noise
i ncreased the frequency of awakenings and shifts in sleep stages
(Berry & Thi essen, 1970).

The rate of occurrence of stimuli and/or fluctuation in the sound
| evel were also found to influence sleep. The noise of |ow density
traffic disrupted sleep nore than that of high density traffic (Mery
et al., 1971). Sinilarly, steady white noise of 40 dB(A) was not found
to affect sleep, although fluctuating road traffic or factory noise

with the sane nedi an | evel caused sl eep disturbance (Csada et al.
1968). Short duration sounds of passing aircraft and trains with peak
| evels up to 60 dB(A) caused a simlar degree of disturbance as steady
noi se at 40 dB(A), even though their total duration was |ess than 30
m nutes per night (GCsada et al., 1969, 1972b, 1974). Hord et al

(1966) reported that a 3-second, 30 dB, 1000 Hz signal during sleep
caused an increase in the heart rate of 5 subjects over a short period
and that the response was nost marked during REM sl eep

The increase in eosinophils and basophils normally occurring
during sleep was inhibited by continuous noise, such as traffic or
factory noise, at levels of 40 dB(A) or nore and by intermttent
noi se, such as aircraft or train noise (Csada et al., 1968, 1969,
1972a, 1974).

The nunber of field studies on sleep disturbance after noise
exposure is very limted. In a study made during a 3-nmonth period
(Rylander et al., 1972a), civilian and nmilitary subjects were exposed
during the night to sonic boonms with peak over-pressures in the range
of 6-64 Pa. It was observed that at about 60 Pa, 15% of mlitary
personnel had an increased rate of awakening and 56% of civilians
reported sleep interference and difficulties in getting back to sleep

3.4.3 Influence of age and sex

A nunber of studies have indicated that the sleep of children and
young persons is |less affected by noise than that of niddle-aged or
ol der persons (Dobbs, 1972; N xon & von G erke, 1972).

On the other hand, children of 4-6 years of age seemto be
particularly disturbed by sudden arousal fromsleep stage 4 (Mller
1971b). It has al so been reported that babies, who have had
gestational difficulties or have suffered brain injury, are
particularly sensitive to noise (Mrphy, 1969).

Certain data indicate that wonen are nore sensitive to noise
during sleep than nmen (Steinicke, 1957; WIson & Zung, 1966; Lukas,
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1972b) and that m ddl e-aged wonen are particularly sensitive to
subsonic jet aircraft flyovers and sinmul ated sonic boons (Lukas &
Dobbs, 1972).

Ando & Hattori (1970) found that about 50% of the wonen who had
noved to Itam City, near GCsaka Airport in Japan, during the first 5
nont hs of pregnancy said that, after birth, their infants slept
soundly through the aircraft noise. However, this was true for |ess
than 15% of the infants whose nmothers had noved in during the last 5
nont hs of pregnancy. Because of linitations in the nmethods used in
this study, these results should be considered with caution

3.4.4 Influence of previous sleep deprivation, adaptation
and notivation

The ampunt of accunul ated sleep tine affects the probability of
awakening. Arousal is nore likely to occur after |ong periods of
sl eep, irrespective of the stage of sleep (Denent & Kl eitnman, 1957;
Lukas & Kryter, 1970). Adaptation to noise during sleep is present if
repeat ed exposure to sound stinmuli during sleep results in
progressively less interference with normal sleep.

LeVere et al., (1972) studied the EEG response and task
performance of six 20-24-year-old males. The experinent |asted 14
ni ghts, 7 of which involved exposure to 80 dB(A) jet aircraft noise
for 20 seconds, 9 tinmes each night. No adaptation in EEG noise
response was observed. In studies on the effects of sinulated sonic
boons on sl eep, Lukas & Dobbs (1972) concl uded that sone adaptation
occurred. Thiessen (1972) reported that although the awakening
response seened to dimnish with time, there was no adaptati on of the
EEG response to aircraft and traffic noise.

Results of studies of simnulated sonic boons with indoor intensity
| evel s of 80-89 dB(A), applied alternatively 2 and 4 tines each ni ght
for 2 nmonths, did not reveal any adaptation in EEG pattern and
vegetative function during, and shortly after stinmulation. In the
first quarter of the night, there was a significant reduction of the
total tine spent in the deepest stage of sleep but during the
remai nder of the night (with 4 boons) the duration of deep sleep was
conparable with the nightly total before and after the noise test
series (Jansen & Gifahn, 1974).

Motivation and instructions given to subjects before sleep may
i nfluence the effects of noise on sleep. An ability of sleeping
subjects to discrimnate anong various types of stinuli has been
observed in experinments where the discrimnation was | earned when the
subj ect was awake (WIson & Zung, 1966). Research workers enpl oyi ng
si mul ated sonic booms to investigate the effects on sl eep behavi our
noods, and performance instructed their subjects to "ignore
di sturbances and attenpt to get the best night's sleep possible". They
found that the nunber of responses to boons were | ower than those in
simlar studies where instructions had not been given (Collins &
| ampi atro, 1974).

It has been observed that effects of notivation on sleep
di sturbance depend to a certain extent upon the stage of sleep
(Mller, 1971b). Instructions and financial incentives produced an
increase in the frequency of stage shifts and awakening foll ow ng
exposure to noderate sound stinuli of different kinds (WIson & Zung,
1966) .

3.4.5 Long-termeffects of sleep disturbance by noise

The | ong-term physi ol ogi cal and psychol ogi cal effects of noise-
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i nduced sl eep disturbance are practically unknown (Lukas, 1972b). Sone
insight into possible consequences may be obtai ned from experinents
studyi ng behavi our and performance after noi se-i nduced sl eep
deprivation. A review of the influence of noi se exposure on task
performance is given in section 3.8.

Sone experinments have denonstrated that intense noise may inprove
performance in persons who have been w thout sleep and are tired, even
when they are performng a task that would be highly affected by
noi se, if sleep had been normal (Corcoran, 1962; WIKkinson, 1963). On
the other hand, LeVere et al. (1972) found decreased performance in a
task involving a nmenory conponent after nightly exposure to 80 dB(A)
aircraft noise.

Tasks involving nmonitoring, nmental arithnetic, and pattern
di scrimnation were not influenced follow ng nightly exposure of 24
nmal e subjects to 8 sinulated sonic boons (100 Pa at 1-h intervals for
12 nights) (Chiles & West, 1972). Cantrell (1974) exposed 20 nen to
80, 85, and 90 dB(A) tonal pulses with a 22-second interval throughout
24 h for 10 days. EEG recordi ngs showed evoked response activity
during sleep but clearcut effects on various task perfornance tests
were not observed. Exposure of 6 nale subjects to a 15-second,
80 dB(A) noise, 24 tinmes per night resulted in a significant
deterioration in the performance of a choice reaction/nenory tine test
(LeVere et al., 1975).

The results of studies reported so far suggest that the type of
noi se occurring during sleep as well as the type of perfornance test
appl i ed determ ne whether effects can be found or not. No observations
have been reported concerning possible effects after repeated
di sturbance over a prolonged period of time or on the effects on
popul ati ons exposed under real-life conditions.

3.5 Nonspecific Effects
3.5.1 The stress response

Exposure to noi se may evoke several kinds of reflex responses,
particularly when the noises are of an unknown character or
unexpect ed. These refl ex responses are nedi ated through the vegetative
nervous system and represent a part of the reaction pattern that has
comonly been nanmed the stress reaction. This response generally
reflects primtive defence responses of the body and may al so devel op
after exposure to other stinuli.

If the exposure is tenporary, the systemusually returns to a
normal or pre-exposure state within mnutes. If the noise stimnulation
is sustained or consistently repeated, it has been postul ated that
persi stent changes nmay devel op in the neurosensory, circulatory,

endocrine, sensory, and digestive systens. However, nobst avail abl e
i nformati on on such effects has been obtained from ani mal experinments
in which high levels of noise were used

Neur ophysi ol ogi cally, noise is a potent stinulus for the
establishnent of a reflex are incorporated in the syndrone of genera
adaptation to chronically maintained stress (Selye, 1955, 1956). The
reticular and hypothal am ¢ portions of the brain represent the centre
of the reflex arc, the acoustic pathways represent the afferent
branches and the ascendi ng/ descendi ng nervous projections represent
the efferent branches. Target organs include the visceral organs
(heart, blood vessels, intestines, endocrine glands etc.) which are
i nnervated by the autononic nervous system and the hypot hal ano-

di encephalic centres that regulate the alternating rhythns of sleep-
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arousal , endocrine secretion, and other functions (Berganini et al.
1976). The action of noise on the reticular formation depends not only
upon its level and duration, but also upon its tenpora
characteristics. Wile inpulse noise produced a stable and prol onged
excitation of the reticular formation of the mdbrain and of the
temporal cortex in rabbits, results of one study showed that simlar
effects due to continuous noi se exposure becane insignificant after
one hour (Suvorov, 1971).

The reflex reactions al so include changes in the functioning of
the adrenal glands. In studies by Henkin & Knigge (1963), exposure of
rats to continuous, high intensity sound (130 dB, 220 Hz) resulted in
an initial high rate of hornone secretion followed by a depression of
corticosterone output and a return to normal or high levels. In
anot her experinent, an increased urinary excretion of epinephrine was
found in 9 normal rats as an after-response to repeated 2-second
exposures to high frequency sound (20 kHz) at 100 dB (QOgle & Lockett,
1968). Tenporary eosi nopenia and tenporary changes in the adrena
gl and occurred in mce exposed daily to a single, 15 or 45-nmin period
or intermttant periods (alternating 100-nmi n periods) of noise at a
| evel of 110 dB, 10-20 kHz (Anthony & Ackermann, 1955). However, in
studi es by Osintseva (1969), pathol ogi cal changes could not be
denmonstrated in the adrenal glands of rats, one nonth after exposure
to a noise level of 80 dB for periods ranging from 18 to 26 days.
Horio et al. (1972) suggested that discrepancies in the reported
results mght be due to differences in the intensity and duration of
noi se exposure. As an exanple, they reported a study on 4 groups of
rats (nunber pre group not stated) that were exposed for 8 h to noise
of 60, 80, and 100 phons. Conpared with control aninmals, the blood
concentration of adrenal 11-hydroxy corticosteroid rose rapidly at the
begi nni ng of exposure reaching a maxi nrumlevel within 15 nin that was
directly proportional to the intensity of the noise. Levels fell to
those of the control group within 1-4 h. The results of a study by
Ant hony et al. (1959) showed that exposure to white noise (150-

4800 Hz, 140 dB SPL) produced different acute effects in the nouse,
rat, and gui neapi g. The authors concluded that the noi se exposure was
not harnful to the animal except in terns of hearing. Exposure was for
15 mn per day over a 4-week period. There was a reduction in activity

(exploratory), which was nbst obvious in the guineapig. Sone of the
mce and rats exhibited a freezing reaction. There were no apparent
changes in the weight of the adrenals, but the width of the
fosciculate zone in rats and mce was greater in exposed animals. This
is a sign of increased adrenocortical activity. No changes were seen
in serumions or blood sugar. Thus, the authors concluded that short-
term noi se exposure did not give rise to excessive adrenocortica
activity.

In a study by Rosecrans et al. (1966), groups of 12 rats were
exposed to variable stress (sound, flashing |ights, and cage
oscillation) for 3, 5 or 7, four-hour periods per week, for 16 weeks.
The noi ses were 100 dB conpressed air blasts, bells, buzzers, and
tuning fork inpulses for periods of 30 seconds at 5 min intervals. Al
the stress programmes produced significant increases in plasm
corticosterone | evels conpared with unexposed controls. Furthernore,
| evel s were significantly higher in isolated rats than in aninals
housed in pairs, indicating that isolation should al so be considered
as a stress.

In human studies, increased urinary excretion of epinephrine and
nor epi nephrine after exposure to 90 dB (2000 Hz) for 30 mn was a
constant finding in 5 healthy subjects and in 3 groups of 12 patients
who, (a) had high blood pressure w thout known cause; (b) were
recovering froma heart attack; or (c) were psychotic (Arguelles et
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al ., 1970). Exposure of 5 healthy nmale students, twice a day for

30 min to noise levels of 55, 70, or 85 phons resulted in changes in
the I evel s of |eukocytes, eosinophils, and basophils, as well as in
urinary 17-hydroxycorticosteroid, conpared with controls exposed to

| evel s of 30-45 phons (Tatai et al., 1965, 1967). In another study, 6
subj ects were exposed for 2 or 6 h for several days to noise |evels of
40, 50, and 60 dB(A). Urinary excretions of 17-hydroxycorticosteroids
and noradrenaline increased significantly during the period of
exposure (Csada et al., 1973).

3.5.2 Circulatory systemresponses

Vasoconstriction or vasodilation of blood vessels can be induced
by high | evels of noise during acute exposures. Several studies in
ani mal s have denpnstrated that prol onged exposure to high | evels of
noi se can cause a persistent increase in blood pressure. In the study
by Rosecrans et al. (1966), the stress increased the average bl ood
pressure of rats by approximately 3.9 kPa (30 nmHg) conpared with that
of control animals. It has al so been reported that the absence of
sound can cause hypertension in rats (Lockett & Marwood, 1973).

Q her ani mal studi es have shown that the cerebral blood supply
can be influenced by high levels of noise. Aternating spasns and
dilation of the arterial blood vessels were observed in rats exposed
to a continuous noise | evel of 100 dB (Al ekseev et al., 1972). At
levels up to 100 dB, the constriction was proportional to the anopunt
by which the overall SPL exceeded 70 dB, reaching val ues as nuch as

40% hi gher than resting values. As well as creating a condition of
general i zed vasoconstriction, continuous exposure of rats to a noise
| evel of 110 dB SPL, for 48 h, resulted in an inadequate supply of

bl ood to the cochlear cells (Law ence, 1966; Lipsconb & Roettger
1973). These reports suggest that damage to the cochlear tissue nmay
result froman insufficient supply of oxygen and other nutrients
(section 3.1.2).

As a result of observations made in animal experinents, the
rel ati onshi p between noi se exposure and chronic circul atory di sease
has been investigated in man. Ten subjects were exposed to 90 dB white
noi se for 29 nmin. No effects were observed on cardi ac output, cardiac
rate, cardiac stroke volune, or pulnonary artery pressure (Etholm &
Egenberg, 1964). Klein & Gibl (1969) found an approxi mately equal
distribution of increases and decreases in the pulse rate of the
internal carotid artery anong 40 persons exposed to 92-96 dB noi se for
10 seconds.

Di fferences between the sexes have been denonstrated in an
experinent involving exposure to jet aircraft and to railway and pile-
driver noise of 70-85 dB(A) (Osada et al., 1972b). Pulse rate
fluctuations, vascular constriction, and increase in urinary
noradrenaline |levels were greater in femal e subjects than in nales.
From studi es by Jansen (1970) and Lehmann & Tamm (1956), it can be
concl uded that meani ngl ess noi se causes an ergotropic reaction in the
circulatory systemw th peripheral vasoconstriction and reduction of
heart stroke val ue w thout change of pulse rate and bl ood pressure.

Certai n authors have found evidence in man of an associ ation
bet ween conti nuous noi se exposure and constriction of bl ood vessels
that is primarily manifested in the peripheral regions of the body
such as fingers, toes, and earlobes (Lehmann & Tamm 1956; G andjean,
1960) .

Sone workers have reported that vasoconstriction does not
conmpletely adapt with tinme, either on a short-tine or |ong-term basis,
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and that effects often persist for a considerable tine after cessation
of the noise. Peripheral vessel constriction has been found to occur
equal ly in noise-sensitive and noi se-insensitive subjects (Valcic,
1974). It has been suggested that vasoconstriction, with its
concomitant effect on the circulatory systemin general, wll
eventually lead to heart disease (Jansen, 1969). A higher incidence of
circulatory probl ens, peripheral blood flow disturbances, and
irregularities of heart rate have been reported anbng steel workers
exposed to a noise |level of 95 dB (Jansen, 1961).

Significantly increased blood pressure |evels conpared with those
of control groups have been reported from studi es on nachi ne-shop
operators (Andriukin, 1961) and weavers (Parvizpoor, 1976). According
to Jonsson & Hansson (1977), differences in blood pressure levels were
al so found in a noisy factory, between a group of workers with hearing
| osses and another group with no | oss of hearing.

In view of sone epidem ol ogi cal shortcomings in the previous
studies, particularly with reference to the selection of popul ation
segnents, further studies in the industrial environnent are required
to elucidate the associ ati on between exposure to noise and i ncreased
bl ood pressure. Community studies are scarce and shoul d be extended,
since tendencies simlar to those found in industrial populations have
been observed. In a survey involving residents around an airport,
psychophysi ol ogi cal and nedi cal tests showed that experinental
exposure to aircraft noise caused constriction of blood vessels, and
increases in heart rate and el ectrical nuscular activity. However, a
tendancy for bl ood pressure to be higher anong persons living in the
noi sier areas was not statistically significant (Deutsche
For schungsgenei nschaft, 1974).

3.5.3 The startle reflex and orienting response

Certain noises, especially those of an inpulsive nature, nmay
cause a startle reflex, even at low levels. The startle (Mdlinie,
1916) occurs primarily in order to prepare for action appropriate to a
possi bl e dangerous situation signalled by the sound. It consists of
contraction of the flexor nuscles of the Iinbs and the spine and a
contraction of the orbital nuscles that can be recorded as an eye
blink. It may be followed by an orienting reflex that causes the head
and eyes to turn towords the source of a sudden sound in order to
identify its origin (Thackray, 1972). The startle reflex can sonetines
be followed by a fright reaction, in which case the effects on the
circulatory system becone nore pronounced. Skin conductance is al so
i nfluenced due to alterations in perspiration. A dose-related
depression of the galvanic skin response was found after exposure to a
15-second white noise (Kl osterkotter, 1974).

The presence of these reflexes is detected either by noting
behavi oural reactions or by the el ectrophysiol ogical study of nuscle
tension and activity (Gal anbos et al., 1953; Davis et al., 1955).
Al t hough | ow | evel sound stimulation nmay be sufficient in abruptness
and information to induce a startle reflex, the fact that a person has
experienced sone degree of startle, may often only be recorded
electrically.

For meani ngl ess noi se of various types, it has been observed that
orienting reflexes are elicited at the very beginning of a series of
stimuli; but that habituation occurs. At higher noise |evels,
habi tuation is | ess nmarked.

Experiments invol ving soni c boons (outdoor |evels ranging from 60

to 640 Pa and correspondi ng i ndoor levels ranging from20 to 130 Pa)
denpnstrated that startle reactions in 56 fenale volunteers increased
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with the intensity of the boom The reactions of the subjects were
eval uated using two different steadiness tests and a tracking test
(Rylander et al., 1974b). A tendency to habituation and a maski ng

ef fect of background noi se was al so found. The possible | ong-term
effects on human subjects of sustained repetition of acute startle
reactions are not known.

3.5.4 Effects on equilibrium

A high level of noise may influence equilibrium because of the
stimulation of the vestibular sense organ. However, avail able data
concerning this subject are both inconclusive and i nadequat e.
Conpl ai nts of nystagnus (rapid involuntary side-to-side eye
novenents), vertigo (dizziness), and bal ance probl ens have been
reported after noise exposure in the laboratory, as well as in field
situations. However, the |levels needed to cause such effects in
personnel working on jet engines were quite high, typically, 130 dB
SPL or nore (Dickson & Chadw ck, 1951). Less intense noise |levels
ranging from95 to 120 dB SPL al so disturb the sense of bal ance, if
there is unequal stimulation of the two ears. This was denonstrated in
| aboratory studies in which subjects wearing vari ous conbi nati ons of
ear protectors and balancing on rails of different w dths were exposed
to various noise levels (N xon et al., 1966; Harris, 1974).

3.5.5 Fatigue

Additional strain on the body, induced by noise, nmay cause the
devel opment of fatigue either directly, or indirectly through
interference with sleep. A variety of environmental agents as well as
conditions within the individual nmay cause synptons of fatigue - thus
the role of noise as a causal factor is difficult to establish.

In one study, synptons of extrene fatigue were reported by
subj ects exposed to high levels of infrasound; this was interpreted as
evi dence of a direct link between fatigue and high intensity noise
(Mohr et al., 1965). In another study, workers from workshops with 5
different levels of noise intensity ranging fromb50 to 125 dB were
investigated. In this case, no sinple relationship was found between
noi se levels and feelings of fatigue. The authors suggested that
social as well as cultural factors should be taken into account to
obtain a better understanding of the way exposed persons feel about
noi se (Matsui & Sakanoto, 1971).

The influence of noise on fatigue can also be related to
performance. As will be discussed in section 3.8, noise may interfere
with performance as well as leave it unchanged or even inproved. Since
many studi es on performance have not taken fatigue into consideration
the question arises as to whether the strain of overconing noise
di sturbance in order to maintain perfornmance mght not lead to
fatigue.

Questions concerning fatigue are usually included in social
survey studi es on annoyance (section 3.7) but, so far, no extensive
eval uation of these data in relation to noise exposure |evels has been
present ed.
3.6 Cdinical Health Effects
3.6.1 Background

Earlier in the document, it has been shown that exposure to noise

may result in a variety of biological reflexes and responses. Mbst of
the infornmati on has been derived fromshort-term studi es on aninals
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and human subjects, but it has been postulated that, if provoked
conti nuously, such responses would ultinmately lead to the devel opnent
of clinically recogni zabl e physical or nental disease in man.

Nunerous clinical synptonms and signs have been attributed to
noi se exposure including nausea, headache, irritability, instability,
argunent ati veness, reduction in sexual drive, anxiety, nervousness,
i nsormi a, abnornmal sommol ence, and | oss of appetite (Jirkova &
Kr omar ova, 1965).

From a theoretical point of view, an assessnent of the causa
rel ati onshi p between noi se exposure and such nonspecific health
effects presents difficulties. Increases in blood pressure |evel
heart di sease, gastric ulcers, and other stress-related syndromes have
a multifactorial origin. It is difficult to exercise sufficient
control over all relevant risk factors in epideni ol ogi cal studies,
particularly as several of the risk factors such as social class,
personal habits, and personality characteristics are difficult to
defi ne.

The study of sel ected popul ati on segnents exposed to high levels
of noise in industry has been suggested as an epideniol ogi cal nodel to
overcone sonme of these difficulties

3.6.2 Ceneral health

In one study, nedical records of 969 workers exposed to noise
| evel s of 85-115 dB were conpared with those of workers in areas where
| evels were 70 dB or less (Jirkova & Kromarova, 1965). In addition to
a hi gher incidence of hearing | oss, the noi se-exposed group was found
to have a higher preval ence of peptic ulcers and hypertension. In a
previously cited study (Jansen, 1962) on workers exposed to high
intensity noise, there was evidence of a higher frequency of
circulatory problens and a hi gher incidence of fatique and
irritability in the exposed group conpared with the controls. Cohen
(1973) studied the nmedical records of 500 workers working in noisy
areas (95 dB(A) or nore) and those of a group natched for age and
| ength of plant experience, working in quieter areas (80 dB(A) or
| ess). The noi se-exposed workers tended to have nore synptomatic
conpl aints and nore di agnosed nedical problens. It is difficult,
however, to relate these findings to noise only, since noisy work
pl aces are, presunably, also work places with other health hazards.
Benko (1959, 1962) exani ned workers exposed to noise |evels of

110- 124 dB and found a persistent narrowing of the visual field as
wel | as a decrease in colour-perception. The second finding could not
be varified in studies reported by Kitte & Kieroff (1971).

Met hods of studying industrial populations have shortconi ngs that
make it difficult to draw conclusions concerning the different
popul ations. The group is always selected, i.e., those not able to
tolerate the exposure and those devel opi ng nedi cal synptons may have
left. The group usually consists of nmales in good physical condition
and ol der age groups are under-represented.

Only a few studies of the rel ationshi ps between general health in
the popul ati on and noi se exposure are available. In a study by
Karazodina et al., (1969), 140 000 patients registered at the
out patient departnents of different hospitals were divided into those
living 6-10 kmfromlarge airports and those living in quiet areas. A
2-4 fold increase in hypertension, nervous disorders, gastritis,
gastric ulcers, and auditory disease was found in the noise-exposed
group. As an increase was also found in respiratory di sease, factors
ot her than noise pollution may have been responsible for the
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di fferences between the two groups.

In a study on aircraft noise around Mini ch, Federal Republic of
Germany, no signs of disease were found in a thoroughly exam ned
sanmpl e of the popul ati on exposed to 82-100 dB(A) aircraft noise
(Deut sche Forschungsgenei nschaft, 1974).

3.6.3 Mental health

An associ ati on between exposure to high I evels of occupationa
noi se and the devel opnent of neurosis and irritability and al so
bet ween environnental noise and nental health has been proposed by
several workers. Herridge (1972) suggested that noise was not a direct
cause of nental illness but that it might accelerate and intensify the
devel opnment of a | atent neurosis.

Studi es of the records of sone, 124 000 persons living in a noisy
area around London Heathrow airport and in a qui eter area nearby
reveal ed a higher rate of admittance to nental hospitals in the noisy
area (Abey-Wckrama et al., 1969). However, the design of the
epi dem ol ogi cal study was questioned by other workers (Chowns, 1970)
and the finding could not be verified in a later investigation
(Gattoni & Tarnopol sky, 1973). The rel ationshi p between noi se
exposure, the presence of nental disorders, and annoyance was studi ed
in a field investigation on 200 persons, half of whomlived near
London Heathrow airport. No association was found between noi se
exposure and nental norbidity, but synptons of nental disorders were
nore comobn anong those who reported that they were very annoyed by
the noi se (Tarnopol sky et al., 1978).

The consunption of tranquilizers and sleeping pills has been
proposed as an indication of |atent disease or nental disturbance in
noi se- exposed communities. Grandjean (1974) reported an increase in
the consunpti on of such drugs anpbng persons exposed to aircraft noise.
Findings to the contrary were reported froma study of subjects living
i n the nei ghbourhood of Minich airport (Deutsche
For schungsgenei nschaft, 1974). A possible explanation for the
di screpancy between the two studies is the nanner in which the
questions concerning drug consunption were posed and related to
aircraft noi se exposure.

3.7 Annoyance
3.7.1 Definition and neasurenent

Annoyance may be defined as a feeling of displeasure associated
with any agent or condition known or believed by an individual or a
group to be adversely affecting them Wile it is often useful or
necessary froma practical point of viewto focus attention on a
single agent, in this case noise, it should be recognized that, in
real life, it is only one of a conbination of environnental stresses.

Annoyance is generally related to, the direct effects of noise on
various activities, such as interference with conversation, nental
concentration, rest, or recreation. The degree of physical exposure as
wel | as intervening psychosocial variables deternine the occurrence
and extent of the annoyance response. All these variables nmust be
nmeasured in experinental or epidemological studies, in order to
arrive at an appropriate judgenent concerni ng annoyance effects
(Borsky, 1972).

Nuner ous techni ques have been devi sed to nmeasure annoyance

(section 3.7.4). A subject can classify the degree of annoyance
verbally (from"not annoyed" to "very annoyed") or with the aid of a
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nunber scale (e.g., 1-7 or 1-10). The annoyance can then be assessed
usi ng these responses, or by different scaling techni ques based on
several other questions relating to disturbance and activity
interference (Kryter, 1970).

St udi es on annoyance have been nade in both |aboratory and field
experinments. Different degrees of annoyance can be described with
relatively high precision, and the results seemto be reproducible
between di fferent studies, although it has been questi oned whet her
there is a consistent rel ationship between annoyance neasurenents
(Berglund et al., 1974).

Laboratory studi es on annoyance invol ve judgenents of individua
noi se events in controlled environnents. Such studies have isol ated
some of the acoustic and soci opsychol ogi cal factors contributing to
annoyance. Exanples of such factors are the level of noise, its

spectral, tenporal, and inpul sive characteristics, infornmation
conveyed by the noise, the sex, age, and occupation of the respondent,
and attitudes towards the source of the noise.

A nunber of surveys have been perforned to deterni ne how
annoyance reactions are affected by, and related to noise (MKennell
1961; Cedarl 6f et al., 1963, 1967; Auzou & Lanmure, 1966; Bruckmayer &
Lang, 1967; Coblenz et al., 1967; Lanure & Bacelon, 1967; Giffiths &
Langdon, 1968; TRACOR, 1971; Deutsche Forschungsgenei nschaft, 1974,
Grandj ean, 1974; Rylander et al, 1974a; N shinomya, 1976). Methods
that allow the prediction of annoyance from neasurenents of the
physi cal characteristics of the noise have been suggested. These
studi es have al so served as a basis for the devel opnent of noise
criteria and standards. Few studi es have included an anal ysis of the
i nci dence of annoyance in relation to the specific health effects
descri bed previously.

The foll owi ng sections describe present knowl edge concerning the
rel ati onshi ps between annoyance and different kinds of noises.

3.7.2 |Instantaneous noi se dose

It is generally assuned that the annoyance effects of short-term
exposure to noise are a function of |oudness, i.e., the |ouder of two
sounds will cause the nore annoyance. There are many data in the
literature on the neasurenent of |oudness, defined as the perceived
magni t ude of sound, and nunerous techni ques exist for estinmating
| oudness fromthe spectral analysis of the sound. The npst conpl ex
(Stevens, 1956; Zwi cker, 1959; Kryter & Pearsons, 1963) are based upon
accepted auditory function theory and give | oudness estimations in
phons. Mre practical alternatives to these are avail abl e based on
standard sound | evel neters in the formof A B, and C frequency
weighting filters that sinply weight the sound energy in accordance
with various auditory frequency response functions (section 2.2). The
A-wei ghted SPL has gai ned wi despread acceptance as a suitable noise
| evel scale for general use. Other units have been devel oped for
particul ar noises e.g., the perceived noise level (PNL) for aircraft
noi se (section 2.2.6).

3.7.3 Long-term noi se dose

Characteristics related to the disturbance and annoyance-i nduci ng
potential of |ong-term noise exposure include the manner in which the
| oudness | evel (instantaneous noi se dose) varies with tine (e.g., the
distribution of noise events over a 24-h period). Considerable effort
has been devoted to the search for an acoustic index of chronic noise
exposure. The nmjor requirenents of such an index are that it should
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be well correlated with human reactions and that it should be
conveni ent to neasure. Thus, for airport noise, which is characterized
by infrequent but very intense aircraft sounds superinposed on
relatively | ow background | evel s, indices have energed that are based
upon mneasurenents or estimates of the individual aircraft sound

| evels. For road traffic noise, usually involving nuch greater vehicle
novenent frequencies, it would be quite inpractical to record or
estimate the |l evel of each individual vehicle. In this case, noise
vari abl es are based on automatically integrated noi se anal ysis. For
certain industrial noise environments, indices are calculated from
sound | evel neter readings of a set of relatively steady |evels. Most

i ndices include a sunmation process that accounts for the repetitive
or continuous nature of the sound.

3.7.3.1 Aircraft noise

An early general noise exposure index was the conposite noise
rating (CNR) devised by Rosenblith & Stevens (1953) for assessing
envi ronment al noi se nuisance. Initially, this index was quite
el aborate, accounting in a sem quantitative way for average noise
| evel , discrete frequencies, inpulsiveness, repetitiveness, and
background noi se. Sone psychosocial factors were also taken into
account by considering time of day (on the assunption that people are
nore noi se-sensitive at night) and the history of the previous noise
exposure of the community. It was later nodified in the |light of new
experience (Stevens et al., 1955) and a special version was devel oped
for application to airport noise (Stevens & Pietrasanta, 1957). The
aircraft noise nodel was nodified to its currently existing form
(Galloway & Pietrasanta, 1967) largely to sinplify it and to
incorporate the PNL. Essentially, CNR has the form

CNR = Lpy + 10 |0910 N+ C

where N is the nunber of aircraft sounds during a particular tinme
interval, Lpyis their nmean peak PNL and Cis the sumof a
collection of weighting factors that account for tinme of day, season
of the year, and ground engine test runs, to which the community is
particularly sensitive. The procedure provi des guidance on the
community reaction to be expected as a function of noise |evel

Later devel opnents of the CNR were the noi se exposure forecast
(NEF), (Bishop & Horonjeff, 1967) and the total noi se exposure |eve
(TNEL) reconmended by the International Civil Aviation O ganization
(1 CAQ, 1971).

On the basis of a social survey at London Heathrow Airport by
McKennel I, (1961), it was deduced that airport noi se exposure should
be expressed as a noi se and nunber index (NNI') (WIson, 1973).

NNl = Lpy + 12 l0gio N - 80

The main difference between CNR and NNI is the use of a "nunber”
coefficient of 15 rather than 10. Robinson (1969) |ater remarked that
this difference really represented an "intermttency" correction in
the case of NNI, inplying that community annoyance grows with the
frequency of event nore rapidly than is indicated by the equal energy
concept inherent in the CNR fornul a. Doubts arose concerning the

validity of the factor 15 following a | ater survey around London
Heathrow (ML Research Limted, 1971) and a Swiss study by G andjean
(1974).

The rel ative influence of the noise and nunber terns is still a
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basi ¢ issue and a nunber of subsequent studies (Connor & Patterson

1972; Deutsche Forschungsgenei nschaft,

not provided any clear answer to the problem

A nunber of variations of the basic fornula:

Noi se Index = L + K |o0gig

N+ C

have been adopted for use in various countries,
val ues of K are given for sone of these in Table 3. Oher suggested

val ues of K range up to 24 (MKennell

gemnei nschaft, 1974). It

value 10 is comonly in use, probably because of
with the equal energy principle.

Al'l indices have a great dea
as other simlar indices not

1974; TRACOR, 1971; 1976) have

and the effective

1961; Deutsche Forschungs-
is evident fromthe table that, for K, the

its conmpatibility

in coomon with each other as well

included in the table. Al involve

measurenents of average aircraft noise |levels expressed in dB(A)
dB(PN), or dB(EPN). Sone take into account the duration of the sound,

others do not. In nobst cases,
factors is accounted for,

the influence of sone psycho-soci al
directly or indirectly. Basically, the

differences in various indices for the estinmation of nean perceived

magni tude are small (Botsford,

A | erhead, 1973).

1969; Young & Peterson,

1969;

QO her concepts concerning the relationship between aircraft noise
exposure and consequent annoyance reacti ons have been suggested which
contrast with the rather uniform approach to aircraft noi se assessnment

j ust discussed.

In studies in Scandi navia (Ryl ander et al.

anal ysis of earlier studies (Rylander et al.

1974b) ,

1972a) and in an
t he extent of

annoyance was found to be related to the A-weighted SPL of the
An increasing nunber of overflights

noi si est type of aircraft.
i ncreased the extent of annoyance at the sanme dB(A)

| evel

up to a

certain threshol d, beyond which a further increase in the nunber of

events did not influence the annoyance.

The second finding was al so

present in the second London Heathrow study (ML Research Linted,
1971),and a reanalysis of aircraft noise survey data fromthe USA

(TRACOR, 1976).

Table 3. Exanples of aircraft noise exposure Indices

Country/ Organi zati on I ndex K Ref er ences

France | sopsophi ¢ | ndex 10 French Gover nnent
Ger many, Feder al Storindex Q (and Lgg)? 13. Koppe et el. (1693

Republ i c of
Japan WECPNL? 10 Japanese Envi ronme
Net her | ands "Total Noise Load" B 15 Kosten et at. (19
South Africa Noi si ness | ndex NI 10 Sout h African Bur:
St andards (1973)

United Ki ngdom NNI 15 W son (1973)
United States of Anerica CNR/ NEF, Lgn 10 Gl l oway & Pietras
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Bi shop & Hor onj ef
Von G erke (1975)

California Conmuni ty Noi se 10 State of Californ
Equi val ent Level
(CNEL)

| CAO TNEL 10 | CAO (1971)

| SO Aircraft Exposure 10 | SO (1970)
Level Lg

& A special version for aircraft noise.

3.7.3.2 Road traffic noise

The traffic noise index (TNI) was developed fromthe results of a
social survey in London (Giffiths & Langdon, 1968). It was based on
the wei ghted conbi nation of the sound levels (in dB(A)) exceeded for
10% 50% and 90% of the tinme according to the fornula:

TNl = Lgg + 4 (L]_o - Lgo).

This index reflects the conclusion that traffic noi se annoyance
depends not only upon the average or typical noise |evel (Lsg) but
al so upon the nmagnitude of the fluctuation (Lyg-Lgy). However,
further investigation reveal ed that, because of the practica
difficulties of predicting Ly with an adequate degree of
confidence, the value of TNl was susceptible to large errors. Thus,
TNl was subsequently rejected in favour of Lo for traffic noise
conpensation regulations (UK Statutory Instrunent, 1975), even though
its correlation with annoyance was shown to be inferior to that of TN
in the original survey.

Because of a very high correlation between different indices that
are sensitive to peak levels in the noise-tine history, it nay safely
be assuned that any such index will predict traffic noise annoyance
reactions with equal reliability. Evidence of the inportance of peak
noi se | evel s cones frominvestigations in England (Langdon, 1976) and
Sweden (Rylander et al., 1976) in which the extent of annoyance was
found to be well-correlated with noise | evels generated by heavy
vehicles. The correlation between Lgg and annoyance was rel atively
low in the second of these studies.

A high correlation was found between Leq for urban traffic
noi se and the extent of annoyance in the exposed popul ation in studies
by Lang (1965).

A detailed re-evaluation of available data on traffic-noise
exposure and annoyance has recently been carried out by a working
group of the International Organization for Standardization. Severa
exi sting and new y-proposed indices, nostly derived fromLe, were
correlated with subjective response and though it was recogni zed t hat
insufficient data were available to draw a firmconclusion, it was
recommended, that, at present, Leq (as described in |SO 1971)
shoul d be used for the assessnent of road traffic noise.

3.7.3.3 General environmental noise

On several occasions, single noise exposure indices that could be
used to predict the annoyance caused by all kinds of environnental
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noi se have been proposed, recogni zing that different psychosoci al
i nfluences mght alter the dose-response function for different kinds
of noi se.

In a search for such a general noise index, Robinson (1969)
nodified the traffic noise index to formthe noise pollution |eve
(NPL) given by

NPL = Leg + 2.56 delta

where Leq i s the equival ent continuous sound | evel and delta is

the standard deviation of the tenporal fluctuations of the Ievel. The
noi se pollution | evel concept has been given considerable attention by
research workers in various countries. It was rejected by the British
Noi se Advi sory Council as a recomrended "unified" noise index (Noise
Advi sory Council, 1975), in favour of Legg on the grounds that

further research into the utility and validity of NPL was desirable.
Meanwhi | e, Robi nson (1972) and others have consi dered refi nenents of
NPL, effectively making the coefficient of delta a function of |eve
fluctuation rate.

In the USA, after an exhaustive review of avail abl e noi se inpact
research, an interagency task force concluded that a nodified
equi val ent continuous sound | evel, taken over a 24-h period, with a
10-dB penalty applied to night-tinme sound | evels, was the noise index
that conbi ned ease of neasurenent and high correlation with annoyance,
conpl ai nt behavi our, and overt community reaction caused by noi se of
all kinds (US Environnmental Protection Agency, 1973a). This index,
whi ch was naned the day-ni ght average sound level (Lgy), was based
upon the use of the A-weighted SPL scale (yon G erke, 1975).

Over the past few years, there has been a w despread tendency to
use Leq for general noise assessnment purposes because of its
sinplicity. Leg is normally conputed for specific portions of the
24-h day or, alternatively, a weighted average, such as Lg,, IS
conmput ed after enphasizing noise that occurs during noise-sensitive
peri ods.

3.7.4 Correlation between noi se exposure and annoyance

The direct correlation between | ong-term noi se exposure and
annoyance has been studi ed for various kinds of noise exposure. The
nuner ous comnposite noise indices that have energed fromthese studies
have been attenpts to inprove this correlation, by taking into account
various factors including: tine of day (day, evening, night), noise
source (e.g., aircraft, road traffic, industrial source) and type of
nei ghbour hood (e.g., rural, suburban, commercial). The choice of
appropriate noise index (Leq, NEF, etc.) normally depended on the
source whereas the type of nei ghbourhood was usually considered in the
interpretation of scale values concerning the |likely response (e.g.
for |l and use planni ng purposes).

Regar dl ess of how the dose scal e was derived, the main technique
for evaluating its validity was through use of the social survey and
t he annoyance neasuring techni ques already nentioned. Such surveys
(e.g., MKennell, 1961; TRACOR, 1971) have shown that the correlation

coefficient between noi se exposure and average response (e.g., the
aver age response of all respondents exposed to a given noise) is
relatively high (> 0.8) inplying that the noise scales are usefu
predi ctors of average reaction. However intersubject variability is
hi gh, and the correl ation coefficient between noi se exposure and
i ndi vi dual annoyance is low (< 0.5). That individuals vary in their
susceptibility to a particular |evel of exposure is a biologica
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phenonmenon common to all environnmental influences. For all Kkinds of
agents including chem cal substances and physical factors, an
increasing dose will gradually lead to an increasing nunber of persons
being affected in any type of population. Thus, for the setting of
standards, the relationship between the exposure to an environnent al
agent and the reaction has to be based upon the average reacti on anong
a group of individuals. This group nay be defined as a representative
sanpl e of the population or a particularly sensitive group. The
variation between individuals can be attributed to soci opsychol ogi ca
factors. In one study of aircraft noise (TRACOR, 1971), the nost
important of the factors were fear of crashes, general noise
susceptibility, ability to adapt to noise, opinions about the
importance of the aircraft operations, and belief that the noise could
be better controlled. The interrel ati onship between these factors is
very conplex. Even the direction of the causality is not clear: does
fear of crashes increase noi se annoyance or vice versa? The
nmultivariate statistical anal yses performed in sone studies are not
adequate to resol ve such questions and further investigations are
needed.

By conparing results of noise annoyance surveys around naj or
airports, it has been found that variation between the reactions of
individuals is very simlar fromplace to place and fromtine to tine
(Al exandre, 1970; Al erhead, 1973; Ryl ander & Sorensen, 1974).

Regardl ess of how the reaction is neasured, people express simlar
degrees of annoyance in relation to simlar ranges of noise exposure.
However the total range is considerable. Fig. 9 shows the cunul ative
di stribution of annoyed peopl e at London Heat hrow airport as a
function of noise exposure nmeasured in NNI (Ol erhead, 1973). The
different curves represent different annoyance |levels, and each is a
cumul ati ve nornmal (Gaussian) distribution with a standard devi ati on of
20 NNI. Conparison of these curves with similar data from ot her
surveys suggests that they would be valid for any major internationa
airport with about 20% of its aircraft novenents occurring at night.

Attenmpts have been nade to conbi ne survey data from various
sources. Fig. 10 shows two typical results (US Environnental
Protection Agency, 1973a; Schultz et al., 1976). The differences
bet ween these two curves reflect different interpretations of the type
of reaction that constitutes "hi gh" annoyance. The noi se exposure
scale in Fig. 10 is Leq (day time) or Lgyn (expressed in dB(A)),
since these variables tend to be roughly equal for typical 24-h work
exposure. Interpretation of Fig. 10 for non-typical night-tinme noise
exposure woul d depend upon the night-time weighting selected on the
basis of local circunstances. In the USA, this is taken to be + 10 dB
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(incorporated in Ly,). Despite the disparity associated with the
"hi ghly" annoyed, Fig. 10 indicates that a |level of Lgg
or Lgn < 55 dB(A) will cause relatively little annoyance

nmeani ng of
(day-tine)
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and nay be considered as an ultinmate goal for general environnental
noi se exposure.

3.7.5 Overt reaction

Conpl aints and other forns of comunity overt reaction to noise
provide inportant indicators of the existence of a noise problem On
the ot her hand, because of the greater influence of psychosoci al
factors, the nunber of complaints is very poorly correlated with the
noi se exposure |evel (MKennell, 1961; TRACOR, 1971).

Several procedures have been suggested for predicting the
i kelihood of overt reaction to noise exposure taking into account
some soci opsychol ogi cal factors. These include the CNR nethod al ready
referred to (Stevens et al., 1955) and the British (BSI, 1967) and | SO
(1SO, 1971) recommendati ons. However, in sone ways the British and | SO
practices nmay be considered as devel opnents of CNR In the | SO
procedure, the expected comrunity response is divided into five
categories ranging from"none" to "very strong" with the descriptions;
no observed reaction; sporadic conplaints; w despread conpl aints;
threats of conmunity action; and vigorous comunity action. The likely
reaction is specified as a function of the anount by which the rating
| evel exceeds: the criterion val ue.

Caution must be exercised in the use of such standards, since the
evi dence upon which they are based is fragnentary; indeed the |ISO
recomendation admts to only a "rough connexi on" between public
reacti on and noi se.

3.8 Effects on Task Performance

The effect of noise on the performance of tasks has mainly been
studied in the | aboratory but also to sone extent, in work situations.
Conpr ehensive reviews of these studies are avail abl e (Broadbent, 1957,
1971; Cohen, 1968; Kryter, 1970; d ass & Singer, 1972; Burns, 1973).
There have been few detail ed studies of noise effects on human
productivity under normal |iving conditions.

In general, when a task involves auditory signals, whether speech
or nonspeech, noise at any intensity sufficient to mask or interfere
with the perception of these signals nmay interfere with the
performance of the task. Wen the task does not involve auditory
signals, the effects of noise on perfornmance are nore difficult to
assess. The literature shows that noise can interfere with or enhance
performance but that often it does not cause any significant change. A
possi bl e expl anation of this seens to be the different uses of the
term performance. As already nentioned, the nost varied forms of

reaction (e.g., control activity, rapidity of reaction, |earning
performance, menory training, intelligence tests) are all defined as
per f or mance.

Basically, all performance, whether nental or notor can be
adversely affected by noise. This effect is likely to be nore severe
as the task becones nore difficult and conplex and as the duration of
the noi se exposure increases.

3.8.1 Noise as a distracting stinulus

Noi se can act as a distracting stinulus, depending on the
nmeani ngf ul ness of the stimulus and file psychophysiol ogical state of
the individual. According to a widely accepted theory in psychol ogy,
the human sensory systemreceives nore information than can be
anal ysed by the higher centres. In order to screen out useless
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i nformati on such as noi se, the concept of a nental "filter" has been
devel oped (Broadbent 1972). This "filter", however, has the foll ow ng
[imtations:

(a) it tends to reject or ignore unchangi ng signals over a period
of tinme, even though they nmay be inportant, as in vigilance tasks;

(b) an individual's state of arousal, stress, or fatigue may
hi nder the mental filter's ability to discrimnate; and

(c) the filter can be overridden by irrelevant stinmuli that
demand attention because of novelty, intensity, unpredictability, or
| ear ned i nport ance.

Thus a novel event, such as the start of an unfanmiliar noise,
wi Il cause distraction and interfere with many kinds of task. This
will be equally true, however, of the sudden stopping of a faniliar
noi se; and, in each case, the effect will disappear once the novelty
has worn of f. These reaction patterns are well established
experinentally (Kryter, 1970; d ass & Singer, 1972).

In 1955, Hebb suggested that changes in stinulation not only
initiate appropriate cortical responses but also activate or arouse
areas of the cerebral cortex other than those involved in the
response. This wi der arousal activity originates in the reticul ar
formation, a portion of the central nervous system and affects the
person's psychol ogi cal state as well as physiol ogical systens.

Too low a | evel of arousal can nean conpl ete absence of activity
and t herefore poor performance. On the other hand, too high a | evel
may cause inefficiency through over-reaction to distraction, |eading
to incorrect responses. Thus, |oud noise might increase or decrease
task perfornmance dependi ng on the previous state of arousal

3.8.2 Effects on tasks involving notor or nonotonous activities

It appears that steady noise has little, if any, effect upon nany
tasks, once it has becone fanmiliar. Such tasks include tracking or
controlling tasks where noise levels are fairly continuous and where
average, rather than instantaneous, |evels of performance are
i nportant (Broadbent, 1957; Kryter, 1970). Many mechanical or
repetitive tasks found in factory work would fall into this category.
CGenerally it can be concluded that noise is likely to reduce the
accuracy rather than the total quantity of work (Broadbent, 1971).

However, it appears that noderate | evels of noise increase
arousal during monotonous tasks. McGath (1963) found that various
auditory stinuli at 72 dB inproved visual vigilance perfornance.

3.8.3 Effects on tasks involving nental activities

St udi es have occasionally been reported where noi se exposure
produces a mxture of positive and negative effects on task
performance. Wodhead (1964) showed that noi se adversely affected
tasks involving a conbination of nenorizing and probl em sol vi ng.
However, when noise was introduced into the cal cul ati on phase only,
performance was inproved. O her studies by Hockey (1970) showed that,
someti nmes, performance on high-priority aspects of a task could be
enhanced while performance on lowpriority aspects was din ni shed by
noi se. The author found that by introducing a noise stinulus to a
vi sual perception task, centrally-located visual signals were nore
ef fectively perceived, whereas peripherally-located signals tended to
be ignored. The theory derived fromthese studies is that noise can
increase the tendency to be selectively perceptive. If distraction
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occurs, this may be particularly harnful, but if attention is
concentrated on the task, it may be hel pful

Experiments involving conpl ex nental tasks have shown that there
is an increase in mstakes in the presence of intermttent noise
stimuli (dass et al., 1971; dass & Singer, 1972).

The effects of noise on perfornance have been reported to depend
upon intelligence (Bryan & Colyer, 1973). Under noi sy conditions,
people with high intelligence showed a decrease in the quality of test
performance whereas people with average intelligence showed constant
or slightly better perfornance.

Tasks that have been described in the literature as being
particularly affected by noise, even when it has becone faniliar
i nclude tasks of vigilance, information gathering, and anal ytica
processes. Vigilance activities are not repetitive, do not allow for
sel f-pacing, and demand rapid and accurate decisions. Thus, they are
nore adversely affected by distraction than many ot her activities.

There is al so sone evidence that an individual performng the
sane task becones |ess sensitive to noise, if the rate of arrival of
the signals is low, if notivation is reduced, if the individual tested
has a | ow | evel of anxiety, or if the noise is felt to be under the
person's own control rather than inmposed upon him Basically these are
"unarousi ng" conditions (Broadbent, 1971).

Because of the effects on vigilance tasks, and on the accuracy of
continuous serial reaction, it has been suggested that accidents would
be the nost likely indicators of noise effects in industry. Data on
this subject are scarce; one study showed a higher accident rate in
noi sy places (Raytheon Service Co., 1972), and an earlier study showed
an increase in errors (Broadbent & Little, 1960).

Various experinents have denonstrated a disruptive effect of
noi se on learning or information gathering. Wakely (1970) pointed out
that noise may interfere by conpeting for the linited nunber of
channel s available for information input. If the systemis already
over |l oaded, an individual nust take nore tine to evaluate the
useful ness of the intruding stinmulus or run the risk of making errors.
When tasks are not self-paced, increased errors will result.

It has al so been found that high levels of noise interfere with
short-termnenory tasks (Jerison, 1954). Noise from sonic boons at
120 Pa could interfere with the | earning of an eye/ hand coordi nation
skill without impairing the accuracy of the task (Lukas, et al.
1970).

These findings are inportant in relation to the specification of
noise limts for classroons or offices, where nental work
predom nates. It is inportant to differentiate between conmunication
maski ng effects on the one hand, and the disturbance of concentration
caused by noise on the other. In general, students in classroons
designed to neet the speech criteria discussed earlier would not have
problenms with interference in |earning and other nental work. Al though
it may be tentatively concluded that conpl ex tasks involving nental
activity such as concentration, perception, or the intake of inportant
information are nore likely to be affected than those that only
require predictable notor actions, additional experinental and field
data are required.

Noi se of short or variable duration and inmpul sive noise tend to

produce short residual effects on noise-sensitive tasks. Wodhead
(1959) found that a one-second noi se burst could have residual effects
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on perfornmance of from 15 to 30 seconds. She also found that sinmulated
soni ¢ boons of 80-250 Pa produced residual disruptive effects
(Wodhead 1969). Similar results were reported froman experinment wth
real sonic booms ranging from40-260 Pa (Ryl ander et al., 1972b). The
di sruptive, effects seen in these experinents could be the result of a
startle response (as opposed to the orienting response). These startle
effects differ fromthe distraction effect nentioned earlier, by being
nore resistant to habituation.

4. EVALUATI ON OF HEALTH RI SKS TO MAN FROM EXPOSURE TO NO SE
4.1 Environnmental Noise

Peopl e are exposed to many ki nds of environnmental noise that can
be distingui shed according to the source of the noise or to its
physi cal characteristics such as intensity, frequency spectrum and
variations in tine. There is wi de agreenment on both the
instrumentation requirenents and the procedures for the physica
nmeasur enment and description of such noise. International organizations
have provi ded standards for nmeasurement, which continue to be revised
and suppl emented as know edge i nproves. These standards and up to date
techni cal publications can be used as a basis for reliable predictions
of likely environnental noise in various circunstances.

Description of noise sources, characterization of noise
em ssi ons, and understandi ng of basic noi se generation mechanisnms are
also relatively satisfactory.

Difficulties arise in describing the human noi se dose. There are
two maj or problens associated with the description of a person's
cumul ati ve noi se exposure over a period of time. During each day, a
person is exposed to a variety of environnental noises at hone, in the
general environnment, and at work. This pattern might change from day
to day or year to year. The noi se exposure pattern and dose change
with age, lifestyle, occupation, and nany other factors. Thus,
estimtes of total noise exposure are always very crude
appr oxi mat i ons.

From a practical point of view, even if the noi se exposure
hi story of an individual could be recorded, the data woul d have to be
reduced to a few exposure variables that could be correlated with the
subj ective effects caused by that exposure.

Much noi se-rel ated research is focused upon the establishnent of
val id dose description. Because of the inportance of correlating the
various biol ogical effects of noise with the appropriate physica
characteristics of the environnental noise, many attenpts to condense
the exposure history into single nunerical descriptors have been nade
and alternative techniques will continue to be explored. The
i ncreasing use of personal noise dosineters in industry mght provide
val uabl e informati on on the integrated noi se dose experienced by
peopl e over |ong periods. However, the problemremins as to which
vari abl es of the environnental noise are inportant and can be suitably
reduced to a single nunber.

It is inportant to keep these basic concepts in nind, when the
dose-response rel ationships required for the specification of
practical exposure guidelines or noise linits are constructed. These
rel ati onships are conplex and in sonme instances can only be deduced
fromdata gathered over a nunber of decades. Thus, characterizations
of the exposure variables as well as of the responses, are frequently

rough approxi mations. Although it is possible and necessary for the
solution of specific problens to refine these rel ationships, the
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consequent conplications mght hinder the devel opnment of a noise

abat enment programme or the achi evenent of environmental health goals.
For this reason, the relatively sinple and conveni ent equi val ent
continuous sound level, Leg in dB(A), can be used as a basic, commmon
nmeasure of environmental noise, and health criteria should be rel ated
to this index, whenever possible.

The period over which Lgg is averaged will depend upon specific
applications. For describing the 24-h general noise environnent, a
wei ght ed average such as the day-ni ght average sound |evel (Lg,) may
be used to take account of sensitive periods of the day or night.

The conveni ence of conbining different acoustic characteristics
of various noises into a single index is evident. This principle has,
however, been questioned both for industrial and environnental noises,
particularly when the nunber of events is |low and there are large
di fferences between peak and background noi se | evels. The individual
identifiable influences of different acoustic conponents in the cause-
and- effect chain should be recogni zed, particularly in research, and
the linmtations of the equal energy principle should be borne in mnd
when gui del i nes are established.

4.2 Popul ation Affected

H gh noise levels are a feature of several work environnents and
extensive efforts are necessary to reduce the incidence of
occupati onal deafness. Noise-induced hearing | oss occupies a | eading
pl ace anbng occupational diseases, and, in all nations, industrial
noi se abatenent and hearing protection progranmes should be a matter
of priority for bodies that are responsible for the health of the
wor ki ng popul ation

Peopl e who work in | ess noisy places may run a negligible risk of
hearing inpairnent but could suffer from other noise-induced ail nments
derived fromstress or chronic fatigue. Noise causes difficulties in
conmuni cation and in work conditions in a wide variety of occupations.

Peopl e are exposed to nonoccupati onal noise during |eisure and
rest hours. Environnmental noise may interfere with, and affect the
performance of leisure-tine activities, causing general annoyance.
Lei sure activities may al so introduce a hearing hazard, e.g., rifle
shooting, loud music in discotheques etc. Nonoccupational noise nmay
prevent normal performance at work and may, over a period of tineg,
lead to health inpairnent. For the sane reason, people with reduced
adaptability or reserve capacity such as the sick, the aged, people
with inpaired sleeping functions, or those who are subject to other
envi ronmental strains nmay be particularly vulnerable and in need of
speci al protection agai nst excessive noi se.

4.3 Specific Health Criteria
4.3.1 Physical injury

Exposure to SPLs exceeding 140 dB, even for short peri ods,
invol ves a risk of norphol ogi cal damage to the ear, usually consisting
of rupture of the tynpani c nenbrane.

Aural disconfort is experienced at SPLs above 100-110 dB and
acute pain begins at SPLs above approxinmately 130 dB. This nust be
consi dered as a warning signal of incipient danage and an urgent
requirenent for preventive or protective neasures. Painful sound
intensities are far above those that cause hearing | oss, when
regul arly experienced for several hours per day, and even bri ef
exposure to such | evels shoul d be avoi ded.

Page 63 of 87



Noise (EHC 12, 1980)

4.3.2 Hearing |oss

Long-term occupati onal exposure to high |l evel noise can result in
a gradual 1oss of hearing. The tine scale of this process varies
consi derably dependi ng on individual susceptibility, noise intensity,
spectrum and exposure pattern, and nmany ot her factors not yet fully
understood. In sone people, severe danage nmay be caused in the first
few months; in others, hearing | oss can devel op gradually over the
whol e period of a working life. Combined with presbyacusis, it can
| ead to severe handicap and disability that is not anenable to
treat nent.

In spite of considerable research, no nmethod has yet been found
to identify individuals who may be particularly susceptible to noise-
i nduced hearing loss. For this reason, it is extrenely inportant to
avoi d exposure of workers to noise |levels that are known to involve a
ri sk of permanent hearing | oss. This should be achieved by effective
noi se-control measures. If this is not possible, then workers should
be protected by a hearing conservation programe follow ng recognized
occupational health standards. Early detection of incipient hearing
inmpairment is nost inportant in the prevention of progressive
deafness. Since the earliest loss of auditory acuity usually occurs at
frequencies in the region of 4000 Hz, loss at this frequency is the
nost sensitive indicator of incipient damage. Losses at | ower
frequenci es usually indicate progressive damage. NI TTS i s occasionally
used to predict NIPTS, but there is little agreement on the validity
of this practice.

Recent research and anal ysis of nobst of the avail abl e data has
provided a statistical basis for predicting the degree of hearing |oss
likely to be experienced by peopl e exposed to steady noise during an
8-h working day, for periods up to 40 years. The risk is negligible
for Leqg (8 h) < 75 dB(A). Above this linmit, the risk of noise-

i nduced pernmanent hearing |loss increases with increase in noise |evel
If the significant noi se exposures are concentrated over shorter
periods during the day, this basic criterion inplies that the risk

woul d al so be negligible with a 4-h exposure to 78 dB(A), a 2-h
exposure to 81 dB(A), or a 1-h exposure to 84 dB(A). Conversely, if
addi tional exposure occurs outside the 8 working hours, for exanple as
a result of commuting to work or leisure activities, the lint of safe
exposure woul d be nore adequately expressed as an Leq of 70 dB(A)
averaged over a 24-h day.

Any conparison of noise exposures with reconmended exposure
l[imts should be based on neasurenments taken at the worker's ear under
actual working conditions. Noise |evels should be nonitored at
periodic intervals. For fluctuating exposures, the Leq for the total
wor kday shoul d be determned. If the noise contains inpulsive
components, the peak pressure, duration, and repetition rate of the
i mpul ses nust be conpared with separate linits, in addition to those
just stated, in order to assure a safe level of noise in an
envi ronment .

Based on avail able risk tables, legislative provisions or
reconmmended practices adopted by several countries specify
occupational exposure limits in the range of Leq (8-h) = 85 dB(A)

+ 5 dB(A), with an increasing tendency to aimat lower limts. Leg
(8 h) = 75 dB(A) can probably be considered as the linit bel ow which
there is little or no risk of permanent hearing danmage and no
necessity for protective nmeasures. Hearing conservation programes
shoul d be adopted in the case of routine occupational exposure to

hi gher | evels.
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4.3.3 Nonspecific health effects

The nonauditory health effects of noise are conpl ex and not yet
fully understood. Laboratory and field studies have reveal ed a variety
of physi ol ogi cal reactions such as changes in heart rate, blood
pressure and peripheral resistance, and vestibular reactions. Many of
t hese noi se-i nduced reactions are nonspecific and are usually referred
to as stress reactions.

Much of the information is based upon ani mal experinents, many of
whi ch have been performed on rodents. These aninals differ
considerably fromman in their reactions to noise. Thus, it is very
difficult to assess the significance of such experinents for human
heal th and wel | bei ng.

The possibility cannot be ignored that short-term and long-term
noi se-i nduced stress, particularly with insufficient tine for recovery
bet ween periods of work, could increase susceptibility to other work-
rel ated di seases, degenerative di seases, and nonspecific di seases that
are regarded as consequences of chronic general stress. People
normal |y exposed to hazardous stress during work and sensitive groups
such as the sick, the elderly, pregnant wonen, and children nmay be
particularly at risk. However, although the reported observations are
consi dered by many to be indications of potential danger to health and
have been suspected as predecessors of pathol ogi cal changes, research

on this subject has not yielded any positive evidence, so far, that

di sease is caused or aggravated by noi se exposure, insufficient to
cause hearing imnpairment. More epidemn ol ogi cal and ani mal studies are
required to clarify the nature of nonauditory health risks associ ated
wi th noi se.

4.3.4 Interference effects

Frequent or severe interruption of various human activities by
noi se nust affect human health and well-being to various degrees. The
main interference effects studi ed have been those associated with
sl eep, conmunication, and with task performance.

The probability that sleep will be disturbed by a particul ar
noi se depends on a nunber of factors including the interference
criterion used (e.g., awakening or EEG changes), the stage of sleep
the tinme of night, the noise stinulus, and adaptation to the noise.
I ndi vidual differences in sensitivity are marked. Al though
systematically collected field data on sl eep disturbance are limted,
there is sone consensus of opinion that night-tine noise |evels of
35 dB(A) Leqg or less will not interfere with the restorative process
of sl eep.

The masking effect of noise on speech comunication is wel
under st ood and net hods are available to cal cul ate word, nessage, and
sentence intelligibility as a function of the characteristics of the
maski ng noi se. These nethods are widely used in the design of roons
and the specification of background noise fromexternal and interna
noi se sources to satisfy comunication requirenments. Various acoustic
engi neering reference works give background noise linits for various
types of roons such as offices, conference roons, classroons, and
auditoria. However, it has been noted that comuni cation requirenents
in industrial situations frequently do not receive adequate attention
particularly with reference to the accident risk. To guarantee
satisfactory (100% speech intelligibility in private hones, indoor
noi se levels of less than 45 dB(A) Leg are generally required.
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Task performance interference is conplex and depends to a | arge
extent on the nature of the task. It is prinmarily an occupationa
problem and there is little evidence that it is significant in
situati ons where noi se does not interfere with comruni cati on or does
not pose a risk of hearing inpairmnent.

Concentration and nental work of all kinds are often assuned to
require a quiet environnent. However, there are no reliable field data
to confirmthis and it seens likely that the disruptiveness of noise
depends nore upon the information it conveys than upon its level. No
generalized criteria relating task efficiency and noise | evel or
duration can be stated.

4.4 Ceneral Health, Welfare, and Annoyance Criteria

The health criteria and exposure limts described in section 4.3
provi de gui dance for the reduction or avoi dance of noi se-induced
ef fects under specific circunstances. However, they are of limted use
for decisions concerning the environment of the general popul ation

The results of social surveys on the extent of annoyance can be
used as gui dance concerning the relation between different types of
out door noi se and the extent of dissatisfaction or annoyance in the
community. Available data indicate that daytine noise |levels of |ess
than 50 dB(A) Leq cause little or no serious annoyance in the
community. Wth noise at this level, other factors such as transport
needs, road safety, and the availability of schools are likely to
cause nore concern than occasional noise disturbances. Based on this
l'i kelihood, daytime noise linmits in the region of 55 dB(A) Leg might
be considered as a general environnmental health goal for outdoor noise
levels in residential areas. However, technol ogical and econonic
limtations may make this goal inpracticable, at present, for many
exi sting urban areas.

5. NO SE CONTRCL AND HEALTH PROTECTI ON

Noi se levels in the environment can be reduced or limted by
em ssion control, which should be ainmed at noi se sources contri buting
nost to the effects experienced by man. The rel evant sources are not
al ways those that contribute nost to the total dose froman acoustic
poi nt of view. Environnental noise control can be inplenented by the
use of environmental noise standards. These standards can be nmet by
control at the source, by limting the nunber of sources, by the
physi cal separation of noise sources and people, and by changes in
wor k nmet hods. The technol ogi cal background and informati on on dose-
response rel ationships for both environnental and industrial noise are
sufficient to allow appropriate action to be taken and to predict the
ef fecti veness of noi se abat ement programmes.

The control of environnental noise requires the participation of
| ocal health authorities and interested organi sations. As problens
caused by environnental noise, such as aircraft and traffic noise, are
nostly due to mistakes in planning policies, it may be difficult to
put a sufficiently stringent noise abatenent programe into action in
built-up areas. Care should therefore be taken that planning
programes include all |ong-term noise control neasures which nay be
necessary.

Action concerning specific sources of noise such as cars or
aircraft, often has to be taken at an international |evel using |ong-
term planni ng strategy as a background.

5.1 Noise Control at Source
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The nost efficient action agai nst excessive noise is the
reduction of the noise at source. In industry, noise contro
technol ogy is available for solving many typical noise problens
arising fromthe use of machinery. Usually the nost effective approach
is to redesign or replace noisy equipnent. If this is not possible,
significant reductions in noise |evels can be achi eved by structura
and nmechani cal nodifications, or the use of nufflers, vibration
i solators, and noi se protection enclosures (Beranek, 1971; Mags,
1978).

5.2 Control of Sound Transm ssion

A further reduction in noise can be obtained by increasing the
di stance between people and the noi se source. For exanple, this can be
achieved in the community by planning the location of transport
facilities and, in industry, by the careful selection of work sites.
Sound transm ssion can also be controlled by the use of partitions or
barriers, e.g., for traffic noise along streets or, in industry,
around particularly noisy or disturbing machi nery. Reverberent noise
| evel s can be reduced by sound-absorbing materials. The techni ques for
the control of sound propagation and transm ssion are well devel oped
(Beranek 1971).

5.3 Reduction in Length of Exposure

A reduction in the I ength of exposure can be used in industry to
suppl enent the previous neasures, if necessary. This may be
acconpl i shed by job rotation or by restricting the operation of the
noi se source.

5.4 Education of Wirkers

It is vitally inmportant that persons who face a risk of exposure
to potentially hazardous noise | evels should be educated in: (a) the
possi bl e consequences of excessive noi se exposure; (b) the neans of
protection; and (c) the limtations of these nmeans (e.g. inproper use
of ear-nuffs).

5.5 Ear Protection

If it is absolutely inpossible to reduce noise to a harm ess
| evel then sone form of ear protection, i.e., ear-plugs, ear-muffs,
and/ or hel nets, should be used. They should al so be used during
i nfrequent exposures that may not be part of a worker's nornal
routi ne. When the use of personal ear protection is necessary,
attention nmust be given to: the effectiveness of specific types and
nodel s of protectors; instruction in their proper use; hygiene,
disconfort, allergic reactions, and other nedical problens that nmay
ari se through their use; and the nmeans for ensuring proper, diligent,
and effective use. In this connexion, it is inportant to provide quiet
facilities and the opportunity for the tenporary renoval of ear
protectors by those working in high noise levels. It should be noted
that the commonly held view that ear protectors interfere with
conmuni cation is incorrect, at |least in continuous, high I evel noise
-- indeed, the reverse is often found to be the case.

5.6 Audionetry

Pre-enpl oynent and foll ow up audi onetric exam nations should be
included in a hearing conservation programre. They provide
opportunities for the detection of persons threatened by the
devel opment of NIPTS in order to take preventive action. Audionetric
tests are also helpful in nmonitoring the effectiveness of ear
protection and of noi se abatement programmes. The exani nations shoul d
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be perforned by qualified technicians under the supervision of
physicians or health officials. It is usually accepted that the

nmeasur ement of pure-tone air conduction thresholds is sufficient for
this purpose. However, it should be stressed that periodical checks on
equi prrent cal i bration, background noise levels in testing roons, and
audi onetric procedures are necessary to mninize neasurenent errors
The frequency of foll owup audionetric tests is, in principle,
dictated by the type and | evel of noise exposure. A general rule for
audi onetric testing is to wait at least 16 h after the |last noise
exposure to allow recovery from N TTS.

Whenever noi se exposures are such that an unavoi dabl e risk of
per manent hearing | oss exists, occupational health services should
provide for a hearing conservation progranmme. Such progranmes, for
whi ch detail ed guidelines exist, contain 3 elenments: education
concerni ng the hazards of noise; education in the proper use and
supervi sion of the wearing of ear protection; and nonitoring
audi onetry including periodical nedical exani nation, when necessary.
Moni toring audi onetry, if properly planned and executed, will identify
workers at risk fromincipient hearing inpairnent, so that they can be
renoved fromthe noi sy workplace before irreversi bl e danage i s caused.

Si nce present occupational noise standards in nost countries
allow a certain risk of permanent hearing |oss, a hearing conservation
programe is usually highly advisable in addition to the specification
of maxi mum exposure | evel s. Hearing conservation programes are
consi dered desirable when 8-h daily exposures exceed 75 dB(A). Present
concepts of acceptable risk and economic constraints linmit their
practical application in nbost countries to |levels around 85 dB(A).

There are data which suggest that exposure to noise during
leisure tine in certain cases nmay constitute a risk to hearing in sone
segnents of the general popul ati on. Noise from el ectronic nusic,

di scot heques, honme power tools, guns, and certain other sports

equi prent m ght cause hearing inpairment. These hearing | osses occur
primarily in young people, frequently prior to their occupationa
exposure. Hazardous noi se exposures during |leisure tinme should be
controll ed through consuner product control, noise |abelling of
products, environnental noise limts, and public education. Ear
protection should be recomended in conjunction with equi pnent
produci ng hazardous noi se | evel s.
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