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NOTE TO READERS O TIIE CRITERIA DOCUMENTS

While cvery effort has been made to present information in the
criteria documents as accurately as possible without unduly delaying
their publication, mistakes might have occurred and are likely to
occur in the future, In the interest of all users of the environmental
health eriteria documents, repders are kindly requested to com-
municate any errors found to the Division of Environmental Health,
World Health Organization, Geneva, Switzerland, in erder that they
may be included In corrigenda which will appear in subsequent
volumes,

In addition, experts in any pariicular ficld dealt with in the
criteria documents are kindly requested to make available to the
WHO Seceretariat any impartant published information that may
have inadvertently been omitied and which may change the evalua-
tion of health risks from exposure to the environmental agent under
examination, so that the information may be consldered in the event
of updating and re-evaltuation of the conclusions contained in the
eriteria documents.
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A WHO Task Group en Environmental Health Criteria for Noise
met in Brussels from 31 Januvary to 4 February 1977, Dr, H, W. de
Koning, Scientist, Control of Environmental Pollution and Hazards,
Division of Environmental Health, \WHO, opened the meeting on
behalf of the Dircetor General and cxpressed the appreciation of
the Organization to the Government of Belgium for having made
availahle the necessary financlal support for the meeting, On behalf
of the Government, the Group was welcomed by Professor La-
fontaine, Director of the Institute for Hygiene and Epidemiology,
Brussels, The Task Group roviewed und revised the second draft
criteria document and made an evaluation of tha health risks from
exposure 10 noise,

The first draft of the criteria document was prepared by a
study group that met in Geneva {rom 5—9 November 1873, Partici-
pants of the Group included: Dr, T. L. Henderson and Professor
G. Jansen (Federal Republic of Germany); De A. F. Meyer (USA);
Professor J, B. Ollerhead (United Kingdom, Repporteur); Professor
P, Rey (Switzerland, Chairman); Professor . Rylander (Sweden);
Professor W. J, Sulkowski (Poland); Dr A. Annoni, Mr E, Hellen,
and Mr B. Johansson {Consultant), International Labour Organisn-
tion (ILO); Dr A. Alexandre, Organisation for Economic Co-operation
and Development (QECD); Dr A, Berlin, Commission of the European
Communities (CEC); Professor L. A. Saenz, Scientific Committee
on Problems of the Environment (SCOPE); Mr H. J. Gursahaney,
International Civil Aviation Organization (ICAQ); Dr M. Suess,
World Health Organization Regional Office for Burope; and Dr
G. Cleary and Dr G. E. Lambert, World Health Organization, Ge-
neva, Certain sections of the [irst draft were later completed with
the assistance of Dr A. Alexandre (OECD}), Dr D, E, Broadbent (UK),
Prolesser G. Jansen (FRG), and Professor W, D, Ward {USA).

The second deaflt was prepared by the Seeretarint after comments
had been recelved from the national foeal points fer the WHO
Environmental Health Criterin Programme in  Czechoslovakia,
Federal Republic of Germany, Finland, Greece, Japan, New Zealand,
Poland, Sweden, Thailand, United Kingdom, USSR, and USA, and
from the International Lobour Orgonisation, Commisston of the
European Communitics, the Organisation for Economic Co-operation
and Development, the International Civil Aviation Organization,
and the Inlernational Organlzation for Standardization, Many com-
ments were alse reeceived from individual experts and commereial
coneerns ineluding E. 1. Du Pont de Nemours & Company, Wil-
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mington, Delaware, USA, whose contributions are gratefully acknow-
ledged.

The Secretariat particularly wishes to thank Dr D. Hickish, Ford
Motor Company Limited, Brentwood, Essex, England, Dr G, E, Lam-
bert, Professor J. B. Ollerhead, Professor P, Rey, Professor R, Ry~
lander, and Ms A, Suter for their most valued help in the final
phases of the preparation of the document,

This document Is based primarily on original publieations listed
in the reference sectlon and cvery effort has been made to review
all pertinent data and information available up {o 1678. In additon,
reference has often been made to the varicus publications on noise
of the International Organlzation for Standardlzation that include
the international standards for noise assessment (IS, 1071; 1973a;
19753a), The following reviews and eriteria documents have been
referred to! Burns & Robinson (1970), Karagedina et al. (1972), Burns
{1873}, NIOSH (1973a}, US Environmental Protectlon Agency (19732},
ILO (1976), Thiessen (1976), Rylander ct al, (1878), and Health and
Welfare, Canada (1670).

Details of the WHO Environmental Health Criterin Programme
including some terms frequently used in the document may be found
in the genera]l introduction to the Environmental Health Criteria
Programme published together with the environmental henlth
eriteria document on mercury (Environmental Health Criteria 1,
Mercury, World Henlth Organization, Geneva, 1976) and now avail-
ahle as a reprint.

1, SUMMARY AND RECOMMUENDATIONS FOIL
FURTHER STUDIES

11 Summary

1.1.1  Introduclion

Noise ean disturb man's work, rest, sleep, and communientlon; it
can damage his hearing and evoke other psychologleal, physiologieal,
and possibly pathological reactions. Iowever, hecause of thelr come
plexity, their variability, and the interaction of noise with olher
environmental factors, the adverse health effects of nolse do not lend
themselves to a straightforward analysis.

Probably the most important issue is the industrlal nolse prob-
lem, and a need for noise eontrol and hearing eonservation program-
mes is widely recognized. Road traffic is the main source of com-
munity noise that may disturb large segments of the urban popu-
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lation. Also of worldwide concern is aireraft noise, which can slg-
nificantly affect the mede of Mfe of people living in the vicinity of
airports.

1.1.2 Nuoiso measitrement

Sound is produced by the vibration of bodies or air molecules
and is transmitted as o longitudinal wave maotion. It is, therefore,
a form of mechanleal energy ond is measured in energy-related
unils, The sound output of n souree is measured in walls and the
intenslty of sound at a point in space s defined by the rate of energy
flow per unit area, measured in watts per m*. Intensity is propor-
tional te the mean square of the sound pressure and, as the range
of this variable is so wide, it is usual to express its value [n decibels
(dB)®, Beeause the effects of noise depend strongly upon frequency
of sound pressure oscillation, spectrum analysls Is important in noise
measurement.

The perceived magnitude of sound is delined as loudness and s
decibel equivalent is known as the loudress level. The loudness is a
funetion of both intensity and frequency, and vavious proccdures
exist by which it may be cstimated from physieal measurements.
The stmplest methods involve the measurement of the sound pres-
sure level (SPL) through a filler or network of filters that represent
the frequency response of the car, Desplte the existence of other
slightly more accurale but more complex technlques, the A-weighted
sound pressure level seale is gaining widespread aceepiance and is
revommended for general use Whatever procedure is used, such
frequeney-weighted measurements are referred to simply as sound
{or nolsc} Jevaols.

Measurements of sound level may be averaged over two dis-
Linctly different periods of time, Steady sound levels and instanta-
neous levels of variable sounds are measured on a vory shert time
seale of 1 second or less. Varlable sounds can be measured with a

4 declbe]l = 2 measure on n logarlthmic seale of o quantily such as sound
pressure, sound power, or Intensity with respect {0 o standard reference
valua {00002 mlervobars for sound pressure, 10°12W for sound power, and
10-14W/me for intensily), Thus, for example, when the sound Intensity
Increases by a factor of 1,20 (s= 1004}, [i is snid lo have increased by ! decl-
bel (Uny: 1 Del equals 10 did or o factor of 10 in intensity, The standard
rcl‘ul'tincc values are Implied throughout this decument unless otherwlse
stated.

b oo ghlnln o single humber representing the sound level of a nolse con-
taining a wide range of frequencles In n manner representative of the ear's
response, it Is necessary to modly the effects of the low and high frequen-
cles with respect to the medium frequencles, The A-filter Is one pavtlewlar
frequency welghting and, when 1his Is used, the resulting sound level 18
sild 1o be A~weighted,
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much longer average time, over periods of hours if necessary, and
are expressed in terms of the equivalent continucus sound pressure
level (L,,). This convenient measure of average noise exposure using
the A-weighting correlates reasonably well with many human re-
sponses to noise and is recommended for general use.

Many noise indices have been developed for predieting human
reaclion to various nolse levels, Some of these incorporate non-
acoustic factors that influence the reaction, Although the use of
such indices is not to be discouraged, it is desirable to adopt a uni-
form appreach to noisc measurement, whenever possible.

113 Effects of noise

1.1.3.1 Interference with communication

Although there appears fo ke no [irm evidence, it js believed
that interference with speech in oceupational situations may lead
to aceidents due to [nability te hear warning shouis ete. In offices,
schools, and homes, speech interference i3 o major source of annoy-
ance, Many attempts have been made to develop a single index of
such interfercnce, hased on the characteristies of the masking noise,
that directly indlertes the degree of interference with speech per-
ception, Such indices involve n considerable degree of approxi-
mation, The following are the three most widely used:

Articulation index (Al). This is the most complicated index, since
i tnkes {nto account the fact that some frequencies are more effec-
tive in masking speech than others, The frequency range from 250
to 7000 Hz is divided into 20 bands, The difference between the
average speech peak level in each of these bands is caleulated and
the resulting numbers combined to give a single index,

Speech interference level (S81L), SIL was designed as a simplified
substitute for the Al. It was originally defined ns the average of
the now obsolete oplave-band SPLs in the 600—1200, 1200—2406,
and 2400—4800 Hz ectaves, At the present time, SIL, based upon
the ociave band levels at the preferred frequencies of 500, 1000, 2000,
angd 4000 Hz, is considered to provide n better cstimate of the
masking ability of a noise, As SIL does not take the actunl speech
level into account, the assoeinted masking effect depends upon vocenl
effort and speaker-to-listener distance,

A-welghted sound Tevel, This is also a convenient pnd fairly
aecurate index of speech interference,

It is usually possible to express the relationship between noise
levels and speech intelligibility in a single diagram, based on the
assumptions and empirical observations that, for speaker-to-lisiener
distonces of about 1 m:

. f{a) specch spoken in relaxed conversation is 100% intelligible
m‘backgrnund noise levels of about 45 dB(A), and can be understoond
fairly well in background Jevels of 55 dB(A); and

{b} specth spoken with slightly more voeal effort can be under-
stood well, when the noise level is 65 dB{A).

For outdoor speech communieation, the “inverse square law"
conlrols specch transmission over moderate distances, i.e., when the
distance between speaker and listener Is doubled, the level of the
speech drops by approximately 6 dB. This relatlonship is less likely
to apply indoors, where speech communication is affected by the
reverberation characteristies of the room.

In cases where the speech signals are of paramount importance,
e.g, in classrooms or confercnce rooms, or where listeners with
impaired hearing faculties ore involved, e.g., in homes for aped
people, lower levels of background nolse are desirable.

1.13.2 Hearing loss

Hearing loss can be either temparary or permanent, Noise-
induced temporary threshold shift (NITTS) is a temporary loss of
henring acuity experienced after a relatively short exposure {0
excessive noise, Pre-exposure hearing is recovered fairly rapidly
aller cessation of the noise. Neise-induced permanent threshald shift
(NIPTS) is an irreversible {sensorineural) loss of hearing that Is
caused by prolonged noise exposure. Both kinds of lass together
with presbyacusis, the permanent hearing impairment that is attri-
buted to the natural aging process, ean be experienced simulta-
neously.

In the quantifieation of hearing damage, it is neecessary to differ-
entlate between NIPTS, hearing level (the audiometric level of an
individual or group in relation to an accepted audiometric standard),
and hearing impairment,

NIPTS is the hearing loss {Le., the reduction of hearing level)
atiributable to noise exposure alone, disregarding losses due to
aging, NIPTS occurs typically at high frequencies, usually with a
maximum loss at around 4000 Hz. Noise-induced hearing loss oceurs
gradunlly, usually over a period of years, Once there is consider-
able hearing loss at a particular frequency, the rate of loss usually
diminlshes, Audiometricelly, nolse-induced losses are similar to
presbyacusts, Hearing loss due to prolonged excessive nolse expo-
sure is generally assoclated with destruction of the hair cells of the
inner ecar, The severity of hearing loss is correlated with both the
location and the extent of damage in the organ of Corti.
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“Hearing impairment” is usually defined as the hearing level at
which individuals begin o experience difficulties in everyday life,
1t is assessed in terms of difficulty in undersianding speech. The
amount of loss at the speech frequencies has been used as a basis
for compensation and varies from ene couniry to another, The
unweighted average of the losses, in dB, at 500, 1000, and 2000 H=z
that s widely used for assessing noise-induced hearing impairment,
ts somewhat misleading since most hearing loss usually oceurs at
2000 Hz and above. Consequently, there is an inereased tendency
to include the frequencles of 3000 and 4000 Hz in damape assessment
formulae,

Attempts have been made to establish the levels of noise that
are permanently damaging to the car and to identify individual
susceptibility to NIPTS on the basis of NITTS measurements, How-
ever, the validity of the connection between NITTS apd NIPTS hias
not been agreed,

There is also some disagrecment eoncorning the relationship
between the relatlve ear-damaging capacity of the noise level and
its duration. However, the hypothesis that the hearing damage
associaled with a particular noise exposure is related to the totol
energy of the sound (e, the integrated product of intensity and
time) is rapidly gaining favour for practical purposes. Thus, nolse
should preferably be described in terms of cqulvalent continuous
sound level, Ly, mensured In dB(A), For occupational noise, the
1evel should be averaged over the entire B-h shift (L, (8-0))

Avallable data show that there is conslderable variation in
human sensitivity with respect to NIPTS. The hazardous nature of
a noisy environment s therefore deseribed in terms of “damage
risk”, This may be expressed as the percentage of people exposed
io that environment who are expected to suffer nolse-induced
hearing impatrment after appropriate allowance has been made for
hearing Josses due to other causes, It is now accepled that this risk
is negllglble at nolse exposure levels of less than 75 dB(A) L (8-h)
but increases with Increasing lovels, Bascd on hatlonal judgements
concerning “acceplable risk”, many countries have adopted Indus-
trial nolse exposure limits of 85 dB(A) + 5dB(A) in thelr regulations
and recommended practices.

The exposure to ototoxic drugs such as certaln amlnoglycesidic
antibiotics however, ean lower the threshold below which nolse can
demage the car.

It {s not yet elear whether the damage risk rules already men-
tioned con be extended to the very short durations of Impulsive
nolse, Available evidence indleates that n considernble sisk exists,
when impulsive sound levels reach 130—150 dB, depending upon the
temporal characieristics of the impulse.
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.-\].thuugh there is a falrly wide range of individual variability,
especially for high frequency stimuli, the threshold of pain for
normal cars is in the reglon of 135--14¢ dB sound pressure level.
Aural pain should always be considered to be an early warning sign
of excessite nolse exposure,

Wherever possible, problems of nolse control should be tackled
at source, f.o, by reducing the amount of noise produced. An aceept-
able alternntive is 1o isolate people from the nolse by the use of
nolse insulation, including soundproof enclosures, partitions, and
acoustic barriers. If this is not possible, the risk can also be mini-
mized by limiting the duration of exposure, Only in cases where
these control measures are impractieable should personal ear pro-
tECttlnntl bebconslt;ered. These devices can and do provide useful
protectlon but inherent problems include those of
use, and a degree of discomiort. proper {isting and

If there is any risk of hearing damage, pre-employment and fol-
low-up audiometric examinations of workers should be carried out
to deteet changes in hearing acuity that might indicate possible
development of NIPTS, in order te initlate preventlve action.

1.1.3.3 Disturbance of sieep

Noise Inlrusion can couse difflculty In folling uslee
awaken people who are asleep, Detailed lnburatfry 5tu§ie2ngf ‘t:;z
problem have been made by monitoring eleciroencephalographie
S]:(E:g) responses and changes in neurovegetative reactions during

Studies have Indleated that the disturbance of slee
inereasingly apparent as ambient nolse levels exceed abouI: 3b593c;3r?;:;
Lepy It hns been found that the probability of subjects being
awakened by o peak sound level of 40 dB{A) Is 5%, Inereasing to
30% at 70 dB(A). Defining sleep disturbance in terms of EEG
chonges, the probability of disturbance Increases from 10% at 40
dB{A) to (0% at 70 dB{A). It has also been observed that subjects
who sleep well (bosed on psychomotorie activity data) at 35 dB(A)
L., complain sbout slecp disturbance and have difficulty in falling
asleep at 50 dIYA) Ly, and even at 40 dB{A} L,, Weak stimuli that
are unexpecled can still interfere with sleep.

Within a populaiion, differences In sensitivity to noi
relaled, for example, to oge and sex, Adaptation h);s heéln ggs:::gg
only whcn noelse stimuli are of low Intensity, Even though sleep s
mare disturbed by neise rich in informatlon, habltuation to such
g?lls;c 11;35 hegn :ill;sgvid Based on the limited data available, a level

55 than 35 is rec '
et ) Lieq ommended to preserve the restorative
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1134 Stress

Noise produces different reactions along the hypothalame-hypo-
physeal-adrenal axis including an increase in adenocorticotropic
hormane (ACTH) release and an elevation of corticosteroid lovels,
Same of these reactions have been elleited in an acute form in labo-
ratory experiments at rather moderate levels of noise.

Effects on the systemic circulation such as consiriction of blood
vessels have been produced under laboratory conditions and a high
incidence of circulatory disturbances ineluding hypertension has
been found in nolse-rxposed warkers, A tendency for hlood pressure
to be higher in populations living in noisy areas around nirperts has
heen suggested but no conclusive evidence of this has been presented.

Noise affects the sympathetic division of the autonomic nervous
system. Eye dilatlon, hradycardia, and increased skin conductance
are proportional to the intensity of noise abave 70 d¢B SPL, without
adaptation to the stimulus.

Other sympathetic disturbances, such as changes Is gastrointesti-
nal motility, can be produced by intense sound. Medical records of
workers have shown that, in addition lo a higher incidence of
hearing loss, noise-exposed groups have n higher prevalence of

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

Moare studles are required to determine the long-term health
risks due to the actlon of noise on the autonemic nervous systom.

1.1.3.5 Annoyance

Noise annoyonce may be defined as a feeling of displeasure
evoked by a noise, The annoyance-inducing capaclly of a noise
depends upon many of its physfeal characier|stics including its
Intensity, speetral characteristies, and variations of these with time.
However, annoyance reactions are sensitive to many nonacoustic
factors of a social, psychologieal, or economic nature and there are
considerable differences in individual reactions te the same noeise.

Atiempis to define criterin linking noise exposure and annoyance
have led to the development of many methods for the measurement
of both variables, In social surveys, questionaires ore used to assess
the anneyance felt by an individual In response to various types of
noise. Much research has been aimed at the deflnition of suitable
questions through which annoyance reactions could be quantified,

In the search for a suitable nolse Index, numerous nolse and
some nonacoustic variables were assembled In various ways 1o dis-
cover which combinations were most closely correlated with annoy-
ance reactions, The resulting diverse indices were given such names
as composile noise roting (CNR), community noise equivalent level
(CNEL), noise and number index (NNI), and noisc pollution level
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(NPL} among many others In fact, man
} \ Y experts consider that, in
Eﬁ;?:s of annoyance prediction ability, there is little Practieal
. erence between the various indices and that an appropriate index
f ould be selected for the convenience with which it ecan be mea‘-
.“ured or edleulated, For this renson, varlants of the equivalent con-
J}uous A-welghted sound bressure lewel L.y are heing widely
a .upted for general use. These are conveniently applied to nolse
E:go:::erp‘?tterrasl of a]lll kinds, from multiple sources if necessary
3 a easonably well correlated both wit i I
oth‘?‘r;hspaclﬁc cffeety of noise, Hh annoyance and with
alever neise seale is used to ex
Press nolse exposure, It must
ba r'ecognlzed that, nt any level of neise annoyance, reactions wii]
;.:u‘_y greatly bec‘ause of psychosocinl differences, A useful technique
f r u;commudgtmg the possible extont of indlvidual variatlon is the
bse D: A eriterion curve showing the percentage of persons who will
e gnnﬁyed as o function of naise level,
uch curves have been derjved for o varicty i
h eu f lety of noise congj j
guttz;:mgl_)‘. for those concerned with aireraft or road traffic ntc;fsr:
;1 etha.-,:s of these, it can bp coneluded that, in residential nreas.
l\;v wre the general daytime nafse exposure is below 55 dB(A) L
'u:rol wlll he fcw.pcuple seriously annoyed by noise, This is 1'ecnn'1q-:
mcnrI efl na: o desirablo neise expasure limit for the general com-
mun 1_‘,,se\en th?ugh it will be ditficult to achieve in many urban
z?:c::b mo:;.‘c; l;esﬁer}ts gnay conslder this level too high, especially
bt artm_:' wer levels currently prevail in many suburban
Criterln relating noise exposure i
erin i and complaint potentia
52::1;1 c\;:flnc;s?g:ad];npplicntmx; for environmental contil purpzsg::ﬁ
E ries. However, the sclentific basis for such erlteri
ll;?:tt}\]\f:ezfuriiﬁfn::?;sﬁnd surdviey; have Indicated that the mrreln?iois
O re and indlvidual complaint behavi
This may be explaine L ot of pey
saola] fro 1 od {n torms of the strong influence of psycho-

1138 Effects on performance

The cifeet of noise on the performance

e ¢ ' of tasks has maln]
El:;d[;.}c! in }1;]10 Laboratary and, 1y some extent, in work situﬁtl[):::
put, ere have been fcw', if any, detniled studies of the offects of'
whfﬁ 0‘1‘1 }::sr]t:n?npr?ductiwéy In real-life situntions, It is evident that

LDownake involyes auditory signals of an kind, noise
ig\tcna:ty le.ufnclent o mask or interfere with thi perce'ption nfatthezz
slgr;?l.‘li will tnterfere with the performance of the task

aise can act as g distracting stimulus, de end'i

r r * n
rr;\ea‘r}mgful the stimulus might be, and may a'lso alzfect tﬁe ;zy?}?c:‘-r
Physiologienl state of the individual, A novel oevent, such a8 the
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start of an unfamiliar noise wiil eause distraction and interfore with
many kinds of tasks. Impulsive noise (such uy sonic booms) may
produce disruptive effeects as the result of startle responses which

are more resistant to habituation,
Nolse can change the state of alertness of an individual and may

Increase or decrease efficiency.
Perfarmance of tasks involving molor or monotonous activitles
is not always degraded by noise. At the other exireme, mental
activities involving vigilance, information gathering, and analytieal
praocesses appear to be particularly sensitive to noise. It has been
suggested that, in industry, the most likely indicator of the cfferts
of noise on performance would be an increase in accidents attri-

butable 1o reduced vigilanee.

1.13.7 Miscellaneous effects

Certain noises, especially impulsive opes, may induce a startle
reaction, This consists of contraction of the flexor muscles of the
Imbs and the spine, o contraction of the orbital which can be
recorded as an eye blink, and a focusing of attention towards the
location of the noise. The startle reflex 1o ncoustic stimulation hns
been observed in the 27—28 week fetus in utere as a change in the
pulse rate,

It has been suggested that observed noise-induced equilibriom
effects are due to the noise stimulating the vestibular apparatus, the
receptors of which are part of the inner ear structure,

Although there is no clear evidence of a direet relationship
between noise and fatigue, nolse ean be considered as an environ-
mental stress which, in conjunctien with other environmentsl and
host factors, may Induce a chronic fatigue that could lead to non-

specifie health disorders.

114 Summary of recommended noise exposure limiis

The equlvalent continuous A-welghted sound pressure level L,
is recommended for usc as a common mensure of nofse exposure.
The meagurement period should be relnted to the problem under
study, for example in the case of occupationnl noise, L, (8-h} would
be measured for a complete 8-k shift,

For the working envirenment, there is no ldentifiable risk of
hearing damage in noise levels of less than 75 d13(A) L, (8-h). For
higher levels, there is an increasing prediciable risk and this must
be taken into account when setling occupationnl noise stundards.

In other occuputional and domestic envirenments, accepiable
nojse levels can be established on the basis of speech communication
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eelteria, For good speech intelli ibllity i

lnvgls of less than 45 dB(A) Loy urpéz x‘gqgirie%doml background noize
t night, sleep disturbanee is the majn r:'o

nside. -
ab];datn suggest a bedroom nofse limit of 35 dB(A;.nfimn and aval
rncnri:r? fz(-lor;:l Surveys of community noise v.nnu:.mnc'(;F lead io the
oo gg; on that general daytime outdoor noise levels of less
o, 55 {A) L}.,, are desirable to prevent any significant communi ty
mcng nﬁ '.;[‘hxs is consistent with speech communieation require-
depem'ﬂng ux; ag;l%,n caﬂlc})}\:sr{ level is desirable lo meet sleep criteria;
b 5 i Suld
Bo 1n the oeden 420 dB(A)ni:fmdnions and other factors this would

12 Recommendations for Further Studies

Considerable research aimed at i i
-ons) : h mproving the seirntific hagl
ﬂs)]:il::;cguo:ueir;::r?;mentn! heulth eriterla for noise iy in prsni;ra;.sg
i Ie5, However, there are certain greg hi
natienal and internationgl e,!fo adequate. Tt
4 ris d
{urther studics should include; ° Ot appear adequate, Thas,

() The identificntion of lon
(a) g-tertn health effecis d
}II‘JJ:’L] mtdusit-riul noign and lower level gencral enviro:mei.iaionﬁfff
- i]féop’:’;uﬁJggl?}?u“%ﬁ'(ﬁ nolse stress o the general mnrhidm;
i ¢ ability of people to adapt t
nolse, and the po.s"sébuitlus of nof Fasa sy Ly nentsl
‘ se-induced disense must be estgl.
E:il:gr:l?lt only i'lor the working population, but also for theersn;];e
yulner: c;p?pu ntion segments, including the elderly, pregnant
b s‘ucph c;[; zﬂx:;’ig;;églnqgmm'edicmign, partieularly with ototoxie
» quinine, and certain untibiotics, and th
generally under stress, The possli)ilit h ee of Shens
by nolse ean result in definite h mpalront Sherbance of e
ealth | 2 Y
a5 part of these investigations, mpsirment should be examined
(b) Studics on young peo
) : ple over mony Yyears prior to
;:gﬁg:;};ﬂt;ﬁcr‘:?:yntgse.cxposdur[e to flnd aut ta whgt exter;tu:}?ag;:s—
uring adolescence are attributab]
prowth or fo environmental conditio 15 motsn cormal
tibllity in childhood, and to obtai Qnia on 1 pout olse eltocts
it tain datn on the progress
of noise {including };igh--level Isurc-time s
music and other lelsure-yf
on the "normal” hearing level of th nitoring ot o)
! e population. Monitor]
;tg_l}’l)dnt:iewzxgzst;ﬁtofftl{tgsc groups over the wholp obrs,gr;ft}t}:rf
rlod w o ese studies, Similar
r.lu,t.(lx-;::]‘j;eclz countries would e of particular v.’u]usemdleS n nonin-
o ork on the development of sensit :
; sitive hearing tests
:l:si:z u:l»l:evfluate thle problem of individug] susceptiEility tnmrilrr]:lg;}
il * p ono audiometry js only a erude technique for measurin '
caring aeuity and for deteeting pathologienl damage 8




i munities exposed 1o wajoer
A ofine existing dosc-response
include the elfects of adapta-
alge, Attention
ally valnerable

(&) Longitudin
changes in cnvironmepm’th?oise éomr
nojse-annoyancc) relationships an :
iicn and sbcietal changes on public re.\ctianf 1o nl
should be given to the study of the rosponse o spec

ents af the populstion,

seg:;“he methods of study should he Internationally unl!omll, tg:nizg
as 15 feasible, Lo allow poollng of data and broader interpretatl

the results.

5, PROPERTIES AND MPASUREMENT OF NOISE

that may adversely
{5 considered as any unwnntcfi sound
a!!ggsiﬁe siu':alth and well-being of (ndivlduals or popu‘mtiom:l.
Physieally, sound 1s a mechanical disturbance pt‘opadp;ntiuc?\snz;
wave motion in alr and other clastie ar mechanical medin
tey ov steel, . .
waPhysiOlugically, sound Is an auditory sensation evakcti .to)l{e“::rsu
hysical phenomenon. However, not all sound waves \;00 e
guditory sensation: lor example, ultrasound has a {redqueney
o excita the sensation of hearing.
‘ The physieal properiics and percepiion of snundunr noise are
expressed ond measured in different concents and units.

5,1 Physical Propertics and Measurements

i jons and rarefac-
o5 involve o suceossion of compress! -
tianSsu:f“ gnweal;stlc mediym such as alr. These waves nre cha;iitctﬁc
zed by the amplitude of pressure ghn?gcs. t‘lim(ir} hggu}::_\:g&cncy o
of propagation. The speed O sound (e}, .\

;’ﬁgmti}:g wm.?elelzlgth (1), are related by the equation

A= olf

A mechanical energy flux accompanies ze:‘)tiﬁgu;vlfv:?lui?:‘n:‘;ﬁ
1 sound encrgy arrives at, Or QRSSES ' "
::tt:ﬁf:l‘r;] i1chzz directlon of propogation is lmown' ay the :.oun;l :m?}?e
sity, I, Ina free sound fietd, the sound intensity ig related to
b
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root mean square ® seund pressure, p, and the density of the medium,
0, by the expression

p‘.‘

ne

1 =
Sound intensity is normally measured in watts per square metre
{(W/m?%. The total sound energy emitted by a source per anit iime
is known as the sound power, P, and is mepsured in watls.

Sound intensities of practical interest cover a very large range
and are thercfore messured on a logarfthmic seale. ‘The relative
intenslty leve] of one sound with respect fo another js defined as
10 tires the Jogarithm (to the base 10) of the ratio of their inten-
silles, Levels defined in thls way are expressed In decibels (dB)
Any acoustic quantity thus s related to sound energy, e.g., power,

Tahta 1. Table for comblining Inlonsity levels

Eacess of stiopfgor compenant Add '2;;’.-1:;#23"-‘33:1'° got
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Intensity, or mean square pressure, may be expressed ns a deeibel
level, To establish an absolute level, a reference value must be
agreed, Thus, the sound pressure level of o sound with a mean
square sound pressure p* is;

P H
Ly, = 10 logyy (‘I',;'J) dB

where the refercnoe pressure P haz an internationally sgreed
value of 20 mleropasenls (#Pa) (ISO, 1959}, The reference values for
sound power level and sound intensily level are 107 watis and
107 W/m¥, respectively (ISO, 1863). Sound levels are expressed in
decibels (dB) relative to the internntional standard refercnce quanti-
ties, unless otherwise stated (dB re: 20 p4Pa).

Whereas sound istensilies or energies are addltive” sound pres-

o The square root of the menn value of the squares of the Instanlaneous

V:l]lrle‘.'ji of n quantity, For o perlodic variatien, the mean {3 tolken over one
ariod,

Such eombinations of declbel values may be simpllfied by using Table 1.




sure levels (SPL) (in decibels) have fo be first expressed as mean
square pressures, and then added. The summation of sound pressurc
levels can be easily performed by using the following equation:

I"L’. L'r.‘ Ly
L, = 10 logg [ 160 + 10 4 100 ... | dB

A simple example will illustrate the use of this equation. If two
sound sources of 80 dB SPL ecach have to be combined, then

L= 10 logy [105 + 107
=10 log,, 2 + 80 = 10 ¥ 0.301 + 8 = 83 4B

It {5 only when two sources generate similar levels that there is a
significant inerease i{n level when the seurees are combined. The
example just quoted gave o 3 dB Incrense, If there is any differ-
ence In the original, independent levels, the combined level wil]
exceed the higher of the two levels but by less than 3 dB. When the
difference between the two original levels exceeds 10 dB, the con-
tribution of the quieter source lo the combined nolse level is
negligible.

Sound Is measured with o microphone that generates a vollage
proportional to the acoustic pressure acting upon il This signal can
be measured and analysed using conventional eleelronic instrumen-
tation, A sound level meter is usually a portable, self-contained
instrument incorporating a microphene, amplifiers, a volimeter and
attenuators, the whole of which can he calibrated to read sound
pressure levels directly. Intensity levels and power levels ean be
derived from sound pressure level measurements I required,

The sound at a given location can be completely deserlbed in
terms of the history of the sound pressure fluctuation. 1f this
fluctuation is periodie, its fundnmental {requency is the number of
ropetitions per second, expressed in hertz (Hz), Most real periodie
cyveles are quite complex and consist of o component ot the funda-
mental {requency and components al multiples of this hasie
frequency, known as harmeonics,

The simplest kind of sound, known as o purc tone, has a sinus-
oidal pressure cyele that js completely defined in lerms of a single
frequency and pressure amplitude {(a more preelse definition would
alsa include phase which eficetively deflines the starting point in
time, but this is usunlly of little or no inlerest),

Pure tones are relatively rare — perhaps the nearest approxima-
tion is the sound of a tuning lork, Mosi musical sounds are periodic
but contaln many harmonics, Analytleally these moy be expressed
as a sum of harmonically relaled components, This assembly is

known as the frequency spectrum of the sound, and it specifies how
the energy in the periodie sound is concentrated at certain discrote
frequencies, The frequency distribution of sound energy is mea-
sured by clestronic filters,

f\ltlhough some kinds of machinery produce sound that is Inrgely
pcr}odm, most noise is nonperiodic, i.0., the sound pressure doesg not
oscillate with time in any regular or predictable way. Such sound is
said to be random. Examples of random sound include the roar of
a jet engine, the rumble of distant traffic, and the hiss of escaping
steam. The energy of random sound is distributed continuously over
a range of frequencies instend of belng concentrated ut discrete
values, so that its frequency speetrum may be depleled as a eurve
of ¢energy density plotied against frequency.

Frequ.ency is related, but not {dentical, to the subjective pitch.
Any periodic sound has a tonzl character that ean be ascribed a
partleular musical note, The note is basically defined by the funda-
mental frequency of the sound. For cxample, the note A above
middle C on the piano has a lundamental frequency of 440 Hz, On
the other hand, random sound has no distinet piteh, being charac-
terizecl as n nondeseript rumbling, rushing, or hissing noise, or low
and hli;h frequency noises depending upon the range of frequencies
present,

Human hearlng Is sensitive to frequencies in the range of ab
16—20.000 Hz (the "audiafrequency range"). The audibleg frcqf:er(:;s
range is covered by 10 oetave bands, An octave is the Irequency
interval the upper limit of which is lwice the lower llmit, The so-
called “preferred {requencles” at the centres of the standardized
oclave bands are spaced at octave intervals from 16 to 16000 Hz
(IS0, 18730}, Tt should be noted that the limits of the octave bands
are f/Y 2 and ]’\rl_’., where § is the contre frequency. The oetave band
level at a particular centre frequency is the level of the sound mea-
sured when all acoustic cnergy outside this band iz excluded, One-
third actave band filters, widely used for noise assessment purposes,
subdivide cach octave interval Info three parts and provide & more
eomplete deseription of the sound specirum,

In order to measure sound pressure level, the mean square
pressure must be averaged over a certain period of time. For steady
E‘OL.'"CIS' the choive of averaging time is immaterial providing that
it 15 long compared with the time period of sound pressure fluctua-
tlens, Standard sound level meters normally incorporate "fast” and
“sluw". response scltings corresponding to avernging  times of
ﬂap‘ﬁoxlmntely 0.1 anct 1.0 secand, respectively (IEC, 1073a) (section

Impulsive nolse consists of one or more bursts of sound energy,
cach of a duration of less than about one second (IS0Q, 1973a).
Sources of impulsive noise include impacts of all kinds, e.g., hammer-
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blows, explosions, and scnic booms, These may be heard singly or,
as in the case of a stamping press, repetitively, To characterlze such
sounds acoustieally, it is necessary 1o estimate the peak sound pres-
sures together with the duration, rise time, repetition rate, and the
number of pulses. The mean square pressure of such sounds may
change so rapidly that it cannot he measured with a conventional
sound level meter, even using the "fast response” (0.1 sec) setting.
For more accurate measurements, a 35-millisccond averaging time is
specifled {or standard “impulse” sound level meters (IEC, 1973b).
The averaging time of the inner ear Is very short (about 30 micro-
seconds) and some new impulse sound level meters have “peak hold”
settings with an averaging time of 20 microseconds,

2.2 Sound Perception and its Measurement

P

2,21  Loudness and loudness level

The physical magnilude of a sound is given by its Intensity and
its subjective or pereeived magnitude is called ifs loudness, Loudness
depends on both intenslty and frequency and the average quantita-
tive relationship between these factors hos been deduced by experi-
ment (sce for example Fletcher & Munson, 1933; Stevens, 1955).

The basic unit of loudness is the sone which is defined as the
loudness of a 1000 Hz pure tone heard at an SPL of 40 dB re: 20 4Pa
under specified listening conditions (ISO, 1p539), Two sones equal
twice the loudness of one sone and so on, For sound at a particular
frequency, at least over a significant fraction of the practical inten-
sity ronge, loudness is proportional to sorne power of the sound
intenslty. This is the power Jaw of loudness which is in general
aceordonce with the Webor-Fechner law (Stevens, 1957h). In the
mid audiofrequency range, the exponent in the power law is such
that a twolold change in loudness corresponds to u ienfold chanpge
in intensity, i.e., a 10 dB change in level (Stevens, 1957a), At low
frequencies, loudness changes more rapidly wilth changes in level
This is demonstrated in Fig. 1, which shows a standard set of equal
loudness contours for pure tones (Robinson & Dadson, 1058; ISO,
1961), each line showing how the SPL of the lone must be varied
to malntain a constant loudness, Each curve, in fact, corresponds
toe a particular loudness in phons. The loudness of & sound, in
pheons, is, by definition, egual to the SPL of that 1000 Hz tone
which is equally loud — again under specified listening condi-
tions (ISOQ, 1959), For practical purposes, the relatjonship between
the phon and sone scales may be expressed as:

phon = 40 + logs (sone)

Sound pressure level in dB 1e 204 P,
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@22 Caleulution and measurement of loudness Jevel

Ideally, sound measurement metery should give a re
to loudness in phons bu §t s difflenlt to acgleveat;l:dégge:giﬁ]
because the human percepilon processes are complex. Neverthc]essj
procedures ave been developed and adopted ag lnternntional'
s!nnrlu.rds (180, 1975b) but, as they are loo eomplex {o be incorpo-
rated into a simple measyrement meter, they are rarely used In
praciice, except where the highest possible precision is required,
A IIi"cu' most prnctlcal.purposes, a much simpler approach is ysed.

lt_cr is used to weight sound pressure level measurements as a
function of [requency, approximately in accordance with the fro-
queéacy response characteristics of the human ear, le, energy at
low and high frequencies is de-emphasised in re]ntlon' to energy
In the mid-frequency range, Most brecision sound level meters
tneorporate three selectable filters labelled A, B, and ¢ (IEC, 1973n)
and sometimes o D-filter {sce section 3.7.2) (IEC, 1073h), the ::harac-
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which are illusirated in Fig. 2. The A, B and C [lilters
:\ifsit::tse!?;cd to match the ear-response curves at low, moderate,
and high loudness respectively. However, extensive cxpnrlc::nc
hos shown that the A-filter usually pravides the highest correla-
tion between physical measurements and subjcctive r:vulua‘th?ng
of the loudness of noise. Levels on the A-scale pre also measure
in deelbel units and are commenly expressed as dB(A), a convention
that is used throughout this document. 1 et
_welghting s used for sound measuremenis in a variel,
of g?ﬁnfl\o:;, %s ltgis widgly accepted that ihe A-wci.ghted sound
pressure level, Lp(A), is a reasonably reliable and readily mensured
esiimate of loudness (Botsford, 1009; Young & Poterson, 1969), {t
must be emphasized that this in only true fer l{l'oudbnnd sounds
with no spectral conceniratlons of energy, in which casc Lp(ll\) is
{ypically some 10 decibel upits lower than loudness in phons,
For parrow freguency range sounds, considerable care must be
exereised in the interpretation of A-weighted sound pressure luve}
readings, since they may not accurately reflect the loudness of
ihe sound, Tt should be noted that the A-seale has been adopted

so generally that sound levels frequently quoted in the literature
simply in dB are in fact A-wecighted levels, Furthermore, many
general purpose sound level meters are restricted solely to A-
weighted measurements (IEC, 1861),

223  Sound level and noise level

The phrase “nolse level’ is widely used by laymen to deseribe
the severity of an environimental noise. In acoustles, the word “level”
should be reserved for all quantities expressed on a decibel seale. In
this document, ns is now common practiee In many couniries, the
phrases "sound level" and “nolse level” refer to decibel scales that
aceount for human henring characteristics {the A-weighted SPL scale
being the most widely uscd), Care should be exercised to distingulsh
between sound pressure level, sound power level, sound intensity
level, and sound or nolse level, '

224 Thetime Enclor

Sounds can appear to be steady to the human ear because the
auditory pvernging time is inherently long, much Jonger than the
ueoustic cyele times. Similarly, sound level measurcments can be
made to Appear steady by selecting a suitably long averaging thne,
On precision sound level meters the “slow” value Is appreciably
fonger than the auditory averaging time and 15 used {o obtaln a
steady reading, when the signal level audibly fiuctuates at a rapld
rate. The “fast rosponse time is of the same order os that of the
oar,

Sound leyel fluctuations, which can be smeothed out hy the
tse of {he slow response selling, are usually lgnored for noelse
assessment purposes, However, dilficulties arise when “'slow re-
sponse” rendings vary signifieantly with Ume, as they do in many
cavironments, Oflen, such level flucluntions are small but in some
sitirztions, for example, near o roods and alrports, the [luctuations
can be measured in tens of dB; the rate of fluctualion can also
vary widely.

225  Noise exposure scnles

In many noise indices that are well correlated with the subjective
effecis ol Inlerest, variaus underlying acoustic and nonacoustie
factors have been comblned in different ways., These composite
indlces nre discussed in section 3.7 and the present section is re-
stricted to the question of the physiea) mensurement of nolse,
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The basic objective of measurement Is to quantify overall noise
exposure in the simplest possible terms, The physienl characteristics
of a noise which, on the basis of intuition and laboratory experiment,
might be expected to influence its subjeetive effects include the
{ollowing: loudness level (recognizing average and peak values to-
gether with impulsive characteristics where approprinie); fotal noise
“dose™; level fluctuation amplitudes; and rates of fluctuation,
Clearly, the acoustic varfables alone have many dimensions; the
following two procedures are esmmonly used to measure some of

them.

220  Equivalent continuous sound pressure level
q b

To measure an average sound level the meter averaging time
is extended to equal the period of interest T, which may he an
interval of seconds, minutes, or hours, This gives the equivalent
continuous sound pressure level (L) derlved from the mathematical
expression;

il
1T L

L., = 10 log,, —— dB(A
o Bio—p 10Mt W

Because the integeal is o measure of 1he tolal seund energy during
the period T, this process is often enlled “energy averaging". For
similar reasons, the integral term representing the total sound energy
may be inierpreted az a measure of the total noise dose, Thus,
Lqq is the level of that steady sound which, over the same interval
of tlme, contains the same total energy {or dose) as the fluctualing
sound,

Equivalent continuous sound level is gaining widespread ac-
ceptance as a seale for the measurement of long-term nolse exposure,
Tor cxample, it has been adopted by the International Organization
for Standardization for the measurement of bolth community noise
exposure (IS0, 1971) and hearing damage risk (IS0, 1975¢). It also
provides a basis for meore elnborate composiie noise indices dis-
cussed in subsequent sectlons including the day-night sound level
(Lo} (section 3.9.3.3).

Following the introduction of jet alreraft into commerclal service,
it was suggested that the then existing Ioudness seales were innde-
quate for aircraft nolse rating purposes, An alternatlve senle of
perceived nolse level (PNL) was developed, with units dB(PN)
(Kryter, 1039), This was derived from the loudness level procedurc
of Stevens (1058) on the grounds that the attribute of pereeived
noisiness delined as the "unwantedness” of the sound was diflerent
and more relevant to aireraft noise than loudness. In fact, the only

28

difference between the ealculntions involved was the use of different
[requency response curves, As research progressed towards legisla-

tion for alreraft noise emission conirol (US Federal Aviation Regula- !

tions, 1069; ICA O, 1971}, the pereelved nolse leve] seale was modified
Po iqclude special welghtings for “diserete frequency components®,
e, irregularities in the speetrum coused by the noticenble periudic;
components ol engine {an and compressor nolse, and the duration
of the sound {Kryter & Pearsons, 1064), Thls modified quantity,
known as elfective poreelved nolse level, {s expressed in dB{EPN),

Beeause PNL could not be measured with a stmple meter, a
parallel development was the D-welghting filter, with characteristics
based on an equal noisiness {rather than an equal loudness) fre-
quency response eurve (TEC, 1976), 'This {iller 1s available on some
sound fevel meters and is intewded for airetaft nolse monitoring
purposes,

2,27  Level distribution

A widely used method of recording the variations in sound level
is that of level distribution analysis, sometimes called statistical
dxstnb}:ttan analysis, This yields a graph of the percentage of the
total time (7} for which any glven sound level is execeded; such
Information can be summarlzed by reading specific levels from
this graph. For example Ly, Ly, and Lgq, the levels exceeded for
10"{9, §0%, and 90% of the time, are {requenlly used as measures of
typieal peak, aversge, and background lavels, respectively,

2.3 Sources of Noise

2,3.1  Industry

Mechanlzed indusiry ereates the mast serious of all large scale
noise problems, subjeeting o signilicant fraclion of the working
population to petentlally hazardous noise levels, This nolse is dus
lo machinery of o}l kinds and often increnses with the power of
the machines, The characterlstics of industrial nolse vary consider-
ahly,‘depending on specifle equipment. Rotaling and reciproeating
machines generate sound thal is dominated by periodle camponents;
alr moving equipment tends to generate brood-band random sounds,
The highest noise levels are usually caused by components or gas
llows that move at high speed {eg, fans, sleam pressure reliof
valves) or by operations invalving Impacts {e.5. stamping, riveting,
road breaking), In industrial aveas, the noise usually stems from a
wide variety of sources, many of which are of a complex nature.



Machinery noise generation mechanisms are reasonably weoll un-
derstood and the technieal requirements for low noise output in
new machinery can usually be specified. The diffienlty of reducing
the noisiness of existing cquipment s a serious obstacle o the
improvement of working environments.

2.3.2 Road traflic

The noise of road vehicles is mainly generated from the engine
and from frictional contact between the vehicle and the ground and
air, In genecral, road contact noise exceeds enging nolse at specds
higher than 60 km/h, The level of nolse from traffic is correlated
with the traffic [low rate, the speed of the vehieles, and the pro-
portion of heavy vehicles, which, together with matercyeles, tend
to be about twice as loud as motor cars. '

Special problems arise in areas where the iraific movements
involve a change in engine speed and power, such as at traffic
lights, hills, and intersecting roads.

2,33 Rail traffic

Trains generate a relatively low frequency nolsc bui varlalions
are present depending upon the type of engine, wagons, and ralls.
Impact nelses are generated in stations and marshalling yards be-
cause of shunting operatlons. The intreduction of high speed trains
has created speeial nolse patlerns, especlally when such irains pass
aver bridges or other structures that cause nmplitication' of the
naise. At speeds of around 200 km/h, the proporiion of high fre-
quency sound energy increases and the sound is pereeived o .bu
similar to that of overflying jet aireraft. Furthermare, with in-
creasing speed the onset of the noise s more sudden than with
conventional trains. Thus, severc nolse problems have been created
in countries where high speed irains operate, notably in Japan.

2,34  Air traflle

Alrcraft operotions have caused severe community noise prob-
lems, Introduction of the carly turbojet transport aireraft led to a
surge of community reactions against eommereial airports, and
mare research has been devoted to alrcraft noise than to any other
environmental nolse. The noise generation is related to air veloeity,
which [s an important leature for nircraft and aircraft engines. I'ast
moving bodies such as propellers and compressor blades, as well
as jet exhaust gases are very efficient sourees ol noise.
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Aircraft nolse {s characterized by a wide frequency range with
the periodic compouents of rotating machinery noise (fans, pro-
pellers, and rotors} superimposed on u general broadband back-
ground noise. For jet aircraft, the periodle components tend to be
more daminant on landing than on toke-ofl when the broadband
exhaust nelse predominates, For aireraft with quiet engines, noise
frem the hull may become dominant when landing.

Alreraft noise control depends critfeally on the reduction of
engine component and gus velocities. The high by-pass ratie turbo-
fan engines of newer alreraft with compeonenis operating at sig-
nificontly lower speeds have resulted in a reduction in alrerait
noise Jevels, and offer considerable promise of less nelsy alrports,
as they gradually replace older equipment.

215 Sonic hooms

The sonie boom is a shock wave system generated by an aireraft,
when it flies at a speed slightly greater than the leeal speed of sound,
The sheck wave exlends from on aireraft throughout supersenic
flight in a roughly conical shape. At a given point, the passage of
the shocle wave causes an initinl sudden rlse in atmospheric pressure
followed by a gradual fall 1o below ihe normal pressure and then
a sudden rise back to normal. These pressure fluctuations, when
recerded, nppear in Yheir typieal form as se-called N-waves, When
they occur with a separation preater than about 100 milliseconds,
the sonle baom has a characteristic double sound. Rise times from less
than 0.1 to 15 milbscconds and durallons up to 500 milliseconds
have been recorded for typical sonic boems generaded by military
or chvilisn aireraft,

Low inlensity sonle booms with lonpger rise times are percelved
as a neise similar to distant thunder. As the rise time jncreases,
the nolse beeomes progressively sharper and attains o *dry eracking”
characler, An aireraft in supersonic flight lrails a sonic boom that
can be heard over more than 50 km on either side of its ground
track depending upon the flight altitude and the size of the aireraft
(Warren, 1972},

2.8 Construction and public worls

Building construcilon and ecarth works are activitles that cause
considerable nolfse emissions. A variety of sounds is present from
cranes, cement mixers, welding, hammering, boring, and other work
processes, Construetion equipment is offen poorly silenced and
maintained, and building operations are frequently carried out
without considering the environmental nolse consequences.
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21,7 Imdoor sources

Indoor nolse originates froem a variely of sources such as alt
conditioners, waste disposal units, and furnaces, Noises Irnz:a oult!;
dnor sources also penetrate through windows and wenkr:',tzl:,it;s n
bullding structures, although with some attenuation, Wit Ti
building, nolse is transmitted from room to room through ventila or:
ducts and through the building structure itself. Of particular interies
is the low frequency sound emitied by ventilation or air cundlltinn ng
equipment, This nolse, which often has discreet frequene (!S,t cair;
be generated by fans, vibrations in conducting ducts, or at a

outlets,

238 Miscellancous sources

ories of noise already identifled,

major categ
A . people in the community, many

affect a large number of ¢
;\?;Itecrsources of no%se can be important in individunl cases. Firing

» . d

s sports fields, and pleasure grounds are examples of {hxe
;zﬁfcesé. a'hile nolse.'s from garbage collection and powcr-o'perrtt;et{
lawn-mowers are other examples of machine-produced no:e oi?c
ean interfere with man's comnfort and rest. I\‘e[ghlmurhnot bnoms
also includes noise from domestle animals, farm equipment, ,

and the sirens of emergency vehieles.

3. EFFECTS OF NOISE
3.1 Nolse-induced llearing Loss

3.1.1 Hearing impairment

reparded as the abilily 1o detect sounds in the
audﬁt}i?;éeii;rtﬁ;z (1%—20 000 Hz) according Lo ostablished stan-
dards. However, individual hearlng ability in man varies. Snmt;
of these varlatlons may be attributed to the effects of di[‘mlll"nnd
environmental influcnces (Roberts & Bayliss, 1947); in Induslnln' Ile
countries, women generally have Dbetter hearing than men (Kylin,
1860; Dieroff, 1961; Gallo & Glorig, 1964). i
As a rule, hearing sensitivity diminishes with age, a coln o‘n
known as presbyacusis (Glorig & Nixon, 1962}, Cm‘xscm.mntd%',t cor-
rections for aging should be considered when examining data on

hearing loss caused by noise exposure, llowever,

the literature

reflects controversy concerning the degree to which cumulative
cffects of nolse exposure in everyday life may contribute to eventual
hearing loss ({socloacusis), thus obscuring the effect due to aging
alone, Moreover, there is conslderable varlatlon between individuals
in both the amount and rate of hearing loss due {o aging. The
genernl pattern of progression of presbyacusis has been guite well-
cstablished, and data are available in numerous reference sources
(US Nutiona} Institute for Oceupational Safety and Health, 1972; US
Environmental Protection Ageney, 1973a, 1674). Loss of hearing
sensitivity due {o aging occurs malnly at the higher audiometric
frequencies and is almost invariably bllateral (i.e, In both cars),

3.1.1.1 Hegring level, noise-induecced threshold shift, and hearing
impairment

In order to diseuss the effects of noise on hearing, it is necessary
to differentiale between hearing level, nolse-induced threshold shift
[NITS), and hearing Impalrment.

Hearing level refers to the audiometirie threshold level of an
individunl or graoup in relation to an accepted gudiometric standard
(IS0, 1875d) and is sometimes {ermed “hearlng loss”. Noise-induced
threshold shift is the quantily of hearing loss attributable 1o noise
alone, nfter values for presbyacusis (including socloacusis) have been
subtracted. These values may differ slightly according to where and
how the preshyacusis data were collecled (see for example
Hincheliffe, 1859; Gallo & Glorig, 1964; Spoor, 196%; US National
Centre for Health Statistics, 1975),

Hearing impairment is generally referred to as the hearing level
at which individualis begin to experience difficulty in leading a
normal life, usunlly in relation to understanding speech. Hearing
impairment has been defined in the USA as an arithmelic average
of 26 dB or more hearing loss at the frequencies, 0.5, 1, and 2 kHz
{the definltion is eurrently being revised); in Poland, it is defined
as 30 dB or more at 1, 2, and 4 kIz (after age correetion), and in
the United Kingdom, it is 30 dB or more at 1, 2, and 3 kHz. It should
he noted that n domage risk eriterion of 30 dB at 1, 2, and 4 kHz
may be more protective than a criterion of 26 dB at 6.5, I, and 2
kI1z, because hearing loss at high frequeneles is usually greater than
the loss at 500 Ha.

3.1.1.2 Noise-induced temporary threshold shift?

A person entering a very nolsy area may experience a measur-
able loss in hearing sensitivity but recover some time after returning

8 Homellmes catled audliory fatigue,
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fo a quiet environment, This phenomenon can be measured as a
shift in audiometrjc thresholds, and is caolled noise-induced tem-
porary thresheld shift (NITTS).

Reecovery from NITTS depends on the severlty of the hearing
shift, individual susceptibillty, and the type of exposure, If recovery
5 not complete before the next noise exposure, there is a pessibility
that some of the loss will become permanent. Information on NITTS
has been used for {wo purposes: first, to predict nelse levels that
could be permanently damaging to the ear, and sceond, to attempt
to prediet Individual susceptibility to henring loss caused by ex-
eessive nolse, Measurements of NITTS are made by coinparing pre-
and post-exposure audiograms. The extent of NITTS, for the same
exposure, varies conslderably between Individuals, Recevery can
take hours, days, or even weeks after exposure, It should be noted
that NITTS can be experienced by individuals who already suffer
from permanent naolse-induced hearing losses, Thus, when assessing
permanent damage, sulficient recovery time in the qulet should
be allowed before audiometry.

It would appear {rom recent investigations that the relatlonship
between NITTS and the noise-induced permanent threshold shift
(NIPTS) is very uncerlain and that damage-risk criteria should be
based on epidemiological rather than on NITTS daia.

4.1.1,3 Noise-induced permancent threshold shift

The typleal patiern of NIPTS usually inveolves a maximum loss
at around 4000 Hz. Beeause the loss is sensorlneural, it is scen in
both air and hone conduction audiograms, Nolsc-induced hearing
loss is not an abrupt nrocess but occurs gradually, usually ever o
period of years, The rate and extent of loss depends on the soverity
and duralion of the neise exposure, but individual susceptibility
also seemg lo have a considerable effeet on the rate of progression.
Noise-induced losses are rather similar to losses due to nging and
the two types of losses are difficult, If not impossible, to distinguish.
Tig, 3 shows the progression of nolse-induced hearlng loss abserved
in workers with inereasing duration of exposure to high nolse levels
(Johansson, 1052),

The first stages of nolsc-induced hearing loss are often not re-
cognlzed beenuse they do not impalr speech communication ability.
As the loss becomes greater, difficulty may be encountered particu-
larly in nalsy locations,

Hearing of Important sounds olher than speech, such as door
hells, telephones, or cleetronte signals, may also be impaired. With
further loss in hearing, speceh eommunicalion moy be severely

affected,
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3L14 Incidence of noisc-induced perneneat hearing loss

The prevalence of hearing less amongz workers

has been recognlzed sinee ancient timesl,’ and cxcusi.:l\?(ﬁg?lrc:::g?ot;‘slg:
arc popularly deseribed ag deafening, Clinieal observatlons of nulse.
induced hearing loss have been reported for more than g een!ury-
but it is only recently that the problem has been studied lntenslvely'
It has been sugpested that even though people exposed to intens:.:
nolte frequently experience o substantial nalse-induced temporary
threshold shift, somelimes accompanied by tnnitus (ringing in the
cars), the fact that very often sueh symptoms seem {o dlsappear
:rvxlhln a short time may Iead them to belleve that no permanent
amage has occurred, However, neither the subjective loudness of
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a nolse, nor the extent {o which the neise vauses discomfort, annoy-
ance, or interference with human activity, are reliable indicators of
its potential danger to the hearing mechanism,

Ag there is considerable variation among indlviduals, it is very
difficult to identlfy a safe limit of nolse expesure thal can be
applicd for all cars.

Most current knowledge of heuring loss due to noise has been
obtained from indusirial surveys. There Is nlso evidence that non-
Industrinl exposure lo naise can be hermful, Results of several
studies have confirmed that high levels of *rock and rell¥ and
similar music can produce considernble temporary threshold shift
and cven permanent threshold shift. Audiograms ef #pop-musicians”
{ypically show Josses at 400 Iz in both curs (Kowalezuk, 1967). Yt has
also heen shown that men and women are equally at risk of hearing
damage, when exposed to over-amplified music (Fleicher, 1973),
Olher non-occupational activities that can coniribute to heartng loss
include shooting and motoreyellng,

312 Relatlon between noise exposure and hearing loss

In the normal auditory process, sound vibrations in the air travel
through the ear canal and cause the eardrum lo vibrate, The vibra-
tions arc then transmitied by the bones of the middle esr to the
rensory organ of the inner ear (cochlen). Here they are transduced
by halr cells Into nerve impulses and transmitied {o the brain, where
they are percelved as sound or noise,

Blasts and other intense or explosive sounds enn ruplure the
eardrum or cause Immedlate damage to the structures of the middle
and inner car, while hearing loss duc to prolonged nolse exposure
Is generally associated with destruction of the halr cells of ihe inner
enr, The severity of noise-indeced hearing loss depends on both the
location and the cxtent of damage in the ergan of Corti, which, in
turn, depend on the intensity and frequeney of the sound stimulus,
The higher the freguency, the nearer the paint of maximum dis-
placement of the basilar membrane is {o the base of the cochlea
where the basilar membrane is narrowcst, This point is shifted
towards the apex of the cochlea as the stimulus frequency decreases.
The maximum siimulation of cells pecurs at ithe polnt of maximum
displacement, A large part of the upper cochlea is respunsive 1o low
{requency stimulation and loss of hair cells ean be quite extensive
without significant loss in low frequency sensitivity, On the other
hand, much more localized portions of the basal region of the
cochlen are responsible for high frequency sound sensalion and
loss of hair cells in these lower porilons results in significant losses
of high frequency sensitivity (Miller, 1971s}, The number of hair
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cells damaged or destrayed inereases with increasing intensity and
duration of nolse and, in general, progressive loss of halr cells is
aceompanled by progressive loss of hearing,

Even though numerous experiments have been performed with
animals, the mechanisms involved in the destruction of the Corti
organ are not completely clear, although several explanallons have
been propesed, For example, mechanicnl stresses could destroy cells,
repeated circulntory troubles through vaseular eontractions could
deprive colls of an appropriate bleod supply; an increase in loeal
temperature could damoge proteins, and repeated stimuli could
exhoust the metabolle supply of cells, Various theorjes have been
reviewed by Ward (1873),

An important fact is that noise-induced hearing loss is of o neural
lype Invalving irreversible injury te the inner ear. Furthermore,
such lasses are almeost always bilateral,

3.1.2.1 Laboratory studies

Taboratory studies on temporary and permanent hearing loss and
on the anatemy of the noise-damaged inner ear have heen carried
out on a number of anlmal specles. Temporary hearing loss studies
on human subjects have included a variety of noise exposure
patlerns, {ncluding noises of different spectra, interrupted noise
patteras, and short-duration nelsn expasures. In extrapelating the
results of such studies to pormanent hearing loss in man, it has
always been necessary lo consider: (a) temporary versus permanent
threshold shift in man; (b) permanent threshold shift in man Versus
hermanent threshold shift in animals; and (¢) anatomical damage in
animals versus permanent threshold shift in man, Hawever, it should
he noted that a thorough knowledge of such relationships has not
been necessary, For example, in using animals to study the cumula-~
tive efiects of noise, it hns not been necessary to assume that the
abselute sensitivity of animals and man to noise is the same, but
merely that the relative sensitivity of anlmals to nlternative nolses
of speeified temporal paticerns is similar to that of man.

Experimental studles have resulted in the following peneral
observations:

(a) There is considerable variability among jndividuals In sus-
ceptibilily to tempoerary hearing loss, the rate nt which temporary
hearing loss approaches its ssymptotic level, and the rate of recovery,

() Temporary hearing losses in man are most pronounged at
Irequencies slightly above the predominant frequency of the nolse
stimulus,

{€) Tn most cases, the rate of Inerense of, and subscquent recove
ery from, temporary hearing loss Is different for impact nolses and
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for steady nolse, NITTS {rom impulse noise increases more slowly
than NITTS from steady neolse {Ward ot al, 1861) and recovery
is slowar (Cohen et al,, 19GB),

(d} In general, the equal energy rule (section 3.1,3) has been
found to be compatible with experimenta! results for uninterrupted
exposures to steady noise, IMowever, it may not always be the best
predictor of NITTS with regard 1o the audiometrle {requency since
it tends to overestimate NITTS below 2000 Iz and underestimate
losses above 2000 Hz (Yamamotao et al, 1968). Although NITTS from
interrupted noise may be overestimated (Ward, 1070), it is thought
that the rule gives a good predictlon of NIPTS {rom interrupted
noise {Burns & Robinson, 1970).

(e} Audiograms of persons exhibiting temporary hearing loss in
laboratory studies tend to be stmilar to those of persans exposed to
comparable noise over a period of severn] years (Nixen & Glorig,

1861).

3.1.2.2 Qccupational hearing loss

Several reports have been published on the subjeet of occupn-
tienal hearing loss (Atherley et al, 1067; Burns & Robinson, 1970;
King, 1971; Robinson, 1971; Sione ct al,, 1971; Baughn, 1973; Burns,
1973; Paschier-Vermeer, 1974; Sulkowski, 1974),

All these studies were cross-seellonal audlometrie studles and
many incorporated surveys of noise exposure, Speelfic occupational
groups were usually studied, including workers in heavy industry,
shipyards, textiles, jet-cell test rooms, foundries, transportation, and
forestry, Some definition of heoring Impairment was generally
applied in order to define a percentage of people with hearing loss.
Audiegrams were usually compared with so-called “normal” thresh-
olds. In this respect, presbyacusis was oflen accounted for. In many
cnses, efforts wera made {o screen the data to exelude those persons
who had previously held noisy jobs, possible nonoccupational nojse
expesurcs, and otelogical abnormallties, In some studies, such
persons were purposely ineluded in order to provide a realistic esti-
mate of hearing levels in a typieal noise-exposed population,

Virtually every study revealed that workers exposed to intense
nolse dally, for several years, showed noisc-induced hearing loss
fitting the classle pattern. Considerable hearing loss was rare at
lower frequencles but frequent at higher frequencies,

In ihe studies for which noise exposurc Ievels were known, a
clear relationship was generally seen between inereasing incidence
of hearing less and Increasing neise level. Im groups exhibiting
considerable noise-induced hearing loss, the variution of audio-
metrie thresholds was generally higher than in groups not exposed
to noise, Cases of sudden deainess occurring afler long-term expo-
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sure to nolse, without previous impairment, have heen reported in
Japen (Kawala & Suga, 1967} and may indicate special susceptibility,

Taking Into nccount duration of exposure and age as well as
other pathological conditiens, Roy {1974) found that the proportion
of worlers with noise-induced deafness (defined os 25 dB average
loss at 0.5, 1, and 2 kHz)} was as high as 60% in the metal industry
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(noise levels equal to and above 95 dB{A)). Cohen ct al, {1870) com-
pared the mean hearing levels of exposed workers willy those ol a
control group for several neise intensities and several durations of
exposure and found that nolsc levels between 85 and 88 dB(A) could
be harmful to the ear, and thal, even at 756 dB{A), there was some
loss of hearing.

According 1o two other studies performed in industry, there is
a definite risk of hearing damage associated with prolonged expo-
sure to noise levels between 85 and 90 dB(A) (Roth, 1070 Martin
et al, 1875},

Fig. 4 compares the percentages of workers with hearlng impair-
ment as a function of age for uncxposed groups and for groups
exposed to occupational noise levels of 83, 90, and 95 dB(A) (NIOSH,
1073b), In this case, hearing impairment is defined as an average
hearing loss greater than 23 dB(A), at frequencies of 1, 2, and 3 kHa,

3,1.2.3 Factors that may influence the Incideuce of wnoise-indiced
permanent threshold shift

Certoin people who live In remole and generally qulet areas of
the world have been found to have unusually acute hearing in com-
parison with members of trban populations in corresponding age
groups {Rosen et al., 1962). However, it is not clear whether such
audiometrle differences are due to the lack of neise exposure alone,
Dlfferences in the patterns of hearing found between communltics
that are widely separated geographically and culiurally may result
from cultural, dietary, and genetic factors and differences in genernl
environment {Rosen et al, 1062; Rosen & Rosen, 1971},

Although it hns been suggested that older people are more sus-
ceplible te NIPTS (Kryler, 19060), there {s no clear expervimental
evidence that this is so (I upp, 1966; Nowak & Iuhl, 197), Indecd,
studles by Schneider et al, (1970) and Davis (1873) indicule that
there {s probably no causal relationship between nge and susceptibl-
lity to NIPTS, at least in people of working age,

There is some controversy in the literature as to whether patho-
logleal changes in the middle car protect the inner ear from noise-
induced damoge, or whether they may instead Incrcase the chanec
of nolse-induced hearing loss. Some authors have expressed the
view that in cases of middle enr damage, bone conduction becomes
more effeetive and that the defence nction of the middle car
muscles is Impaired (Mounler-ISuhn et al., 1080; Ward, 1962; Dierofl,
1064; Mills & Lilly, 1871). In contrasi, olhers have reported cases
wheore nolse-induced hearing loss was less in damaged ears than In
normal cars (Johansson, 1853).

Variation in individual susceptibility to noise-induced permanent
hearing Joss is illustrated by cbservations from surveys of eccipa-
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tionnl hearing loss, which indlcate that workers from the same
noisy environment display radieally different audiograms, and that
some workers, even after many years of exposure o noise, show
little or no sign of nolse-induced hearing loss.

Factors causing such dilferences in individunl susceptibllity
could include fntigue of the acousile reflex, anatomieal dlffcrences
in the structure of the middle and inner ear, the funetional status
(1:;.; trl;e autonomic system, and latent vitamin B deficlency (Kawata,

55},

To some extent, the ear is protected from damage by the middle
ear reflex or stapedius reflex, The contraction of the stapedius
muscle ehanges the movement of stapes which Inereases the imped-
ance of the econduelive mechanisms. The amount of sound energy
delivered to the inner ear is reduced by about 15—20 dB at low and
middle frequencies (Miller, 1961), The cifectiveness of the middle
ear reflex as a profective device varles with the intensity and the
speetrum of the sound, In normal ears, the onset of the reflex occurs
at sound levels of 75—90 dB. In man, the muscle contraclion sub-
sides yory quickly aftor the anset of the sound {or frequencies above
d000 Hz, while for lewer frequencies, the contraction can last for a
considerable time (Johansson et ol, 1967). Impulsive sounds or
sounds with a sudden onset can penetrate the enr without stimu-
lating the prolectlve mechanism, hecause of a time lag in the
muscle contraction, Furthermore, the reflex actlon weakens with
fatipue ond thus provides little protection against prolonged steady
sounds. The fact that its effectiveness also varics considerably
among individuals may be related to varlations In individual sensiti-
vity 1o certain sounds.

Measurements of NITTS have been used {o invesligate Lhe pro-
teetion provided by the stapedius reflex. In patients with peri-
pheral facial palsy including unilateral stapedius muscle paralysis,
the NITTS after low frequency nolse exposure was significantly
greater in the affceted ear than In the unaflecied ear (Zakrisson,
1974), However, results of animal studies, in which the stapedius
musele was severed, coniradict these findings (Steffen ot al, 1963;
Ferris, 1906),

3124 Combived cffects of intensity und duration of noise exposure

Most datn concerning the long-term hazard of noise are related
to occupationnl exposure. There is 4 shortage of information about
short-term exposures, and very litile information concerning expo-
sures lasting longer than 8 h. In order to predict the effects of long-
term nolse exposure, investigntors have been obliged to extropolate
the resulls of ficld observations and laboratory investigations of
NITTS. Tt ls difficult to establish Nmits for safe nolse cxposure,
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since predictions using different methods of extrapolation conilict
with each other, The following is a brief review of the bases of
some of the methods used to integrate the combined effeets of in-
tensity and durailion,

The equal temporary effects rule is the hypothesis that the
NIPTS due to long-term, daily, steady-state noise exposure is equal
to the average NITTS produced by ithe same daily noise in healthy
young ears (Ward et al., 1058, 1958), In a later study, Word (1900)
suggesied that metabolic insufficlency induced in the hearing organ
by nofse might underlic both the temporary and permanent hearing
defects caused by excessive nolse, NITTS studies also tend to sup-~
port the observation (reflected in industrinl siudies of NIPTS) that
for a glven length of exposure, frequently interrupted nolse is less
harmful than continuous steady-state notse of the same level {Wnrd
et al,, 1958; Miller ot nl., 1963).

An extension af this theory s that NIPTS is unlikely, if there is
complete recovery from the NITTS before the beginning of the next
day’s exposure, An early cceupational nofse crilerion waos based on
this assumption (Kryter et al, 1906),

The equal encrgy rule is the theory that the hazard to hearing
is determined by the total sound cnergy (lhe integrated produet of
sound intensity und duration) enlering the car cach day. This rule
has natural appeal, since the exposure dose Is quile simple {o nssess
and, according to epidemiologleal data, is rensonably well correlated
with the accurnulated physical damage. The rule allows o $-dB
increase in a steady sound level for each halving of the duration
(Burns & Rohinson, 1970; Ward & Nelson, 1971; US Environmental
Protection Agency, 1973b; Martin, 1976). However, it should be
noted that the range of sound duration covered by this rule might
be limited by the nced for protection against possible damage by
high level, short duration, impulsive sounds (section 3.1.3),

Varlous other theories are based, to a certnin exient, on the equal
tempaorary effect hypothesis. Such criterin are usually identified by
the change in sound level that Is necessary for each doubling of the
exposure duration, e.g,, the “5-dB rule"” means that the level must
be 5 dB less for ench doubling of the exposure duratlen, The rules
most frequently quoted in the literature are:

{a} 3 dB rule: equal energy rule incorporated in ISO standard
19499 (IS0, 1875¢c);

{b) § dB rule: purported {o partinlly compensaie for typlcal
interruptions and intermittency and used in the 1969 Walsh-Healey
Publie Contracls Act in the USA (Federal Register, 1069);

{c}) 4 dB rule; purported to be more reliable for profection at
higher {requencies than the 5§ dB rule and used by the United States
Alr Force (US Alr Foree, 1873); and
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(1) 6 dB equal pressure rule, & more conservative erlterion sup-
gested by some research workers (US Department of Health, Edu-
catlon and Wellare, 1972).

None of the rules (#) to (d), account for a reordering of the nolse
exposure pattern, Le., the predicted risk is independent of the order
in which a sequence of sounds Is experienced, even if this sequence
includes periods of qulet, Thus, there Is some conflict between these
rules ond Lhe equal temporary clfect hypothests,

To simplily different damape risk eriterin, noise exposure his-
tories sre frequently expressed as equivalent 8-h centinuous levels,
For example, using the equal energy (3 dB) rule, an exposure of 88
dB for 4 h could be expressed as an equivalent level of 85 dB.

3,1.2.5 Estimation of hearing impairment risk

The hearing loss that may result irom noise exposure, can be
expressed in terms of proboable NIPTS, or hearlng impairment. For
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example, the percentage of people who will sulfer an NIPTS of §
dB (the smallest amount measurable) at the most sensitive {frequency
{4000 Hz) may be defined as a funetion of an equivalent 8-h level
(Flg. 5). Trom this diagram, an §-h equivalent level of 75 dB{A) can
be identificd as the limit for protection against slgnifleant NIPTS
(IS0, 1975¢). Since It is often impractieal to reduce occupational 8-h
cquivalent nolse levels to 75 dB(A), practical criteria for “safe"
levels have been based upon less siringent definitions of hearing
impairment or hearing handieap. For example, "damage- risk” has

Takle 2. Percontage of axposod pacple wilh impnired hearing A4 o function of occupa-
tlannl noisn Jovel {L [8-8) dB{A}* pfier dilferont pericds ol exposuso
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with hoarjng impalfment causod by lactars other than occapational nolsa expdsuir and
should be sublractod from row {0} In all cnoos 10 objaln sow (b} tho porcentagos ot
ooplfa with impairmont alrlbutable 10 accupatlonal nolso. |mpairment s doflnad as o
oss of 2500 or moro averoged jor the froquoncies 506, 1000, and 2000 He,

Examplo: Gut of a group of pocple oxposad 1o an occupatlonal ncise lavel of 95 dldtAl
Len (B0} for 25 years, 39 % will axhlbil hearing [mpnirment, Howevor, 10 %% [soo 7} would
hove hnd kmpalred hoaring withoul oxposurp” 10 occupational noise. Thus [he risk ol
occypalional nolae damegn Is 20 %,

been defined as the percenlage of a population with a glven amount
of hearing impairment nfier corrections have been made for those
people whe would “normally” incur losses from causes other than
nelse exposure. Table 2 shows the percentage risk and the total
pereentage with Impaived hearing resulting from various levels of
noise and years ol exposure (ISO, 1975¢c),
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1126 The importance of high-frequency hearing

It Is common practice 1o assess hearing handicap for compensa-
tien purposes, and cven for prevention purposes, in terms of the
ability to understand “everyday™ specch. According to the ISO defi-
nition (IS0, 1975¢), hearing handicap begins wilth o 25 dB loss
averaged for the [requeneles 500, 1000, and 2000 Hz, However, in
most languages, speech includes energy at higher frequencies and
therefore good high frequency hearing is imporiant for speech
intelligibility, dspecially when listening conditions are less than
oplimal {i.c, in baclkground noise or when the speech is disoried
in same way) (Kryter et al, 1862; Harrls, 1065; Niemeyer, 1067;
Acton, 1970; Kuzniarz, 1974; Antansson, 1975}, Under good listening
conditions, Impaired hearing may not diminish speech intelligibllity
because of the redundancy (mulliplicity of cues) of speech (section
3.21). This redundancy Is reduced in noisy conditions or when ihe
speech is mulfled, the accent or the message is unfamiliar, or when
these constrainls occur in comblnation,

The use of a slmple, unweighted average at 500, 1000, and 2000
Hz for assessing nolse-~induced hearing handiecap s restrictive be-
eause most hearlng Joss occurs at higher frequencies, Consequently,
the freqqueneics 3000 Hz and 4000 Hz are included in domage-risk
formulae by some countries,

3.1.3  Elfecls of impulsive nofse

At present, most knowledge of hearing loss due lo impulsive
nolise comes from studies of the cffects of gunfire (sce for example
Coles et al, 1968) with some limited data from Industrial slluations
(Dicroff, 1974; Ceypek & Kuzniarz, 1074). Imporiant properties of
Impulsive noise exposure include the peak SPL, duration, rise and
decay times, type of waove form, repetition rate, spectrum, and
number of impulses,

The present slate of knowledge Is that a hazard exists and,
accordingly, that ear protection should he worn when impulsive
noises, measured with appropriate insirumentation, exceed an SPL
of 140 dB for mare than 5 milllseconds regardless of rlse time,
speelruny, or the presence of oscillatory translents, Higher peak
levels may be folerable for durations of less than § milliseconds,
Levels in excess of 166 dB SPL, even for short duratlons, are lkely
to cnuse cochlear damago (Acton, 1967; Burns & Robinson, 1970),
It should be noted that the response time of the acouslle reflex
{scetion 3,1.2.3) Is of the order of 100300 milliseconds, which is too
long 1o give any protection against such short duratien sound (Coles
el al, 1968; Coles & Rice, 1970).
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Fig. 6, Comparison of varlous damage risk criterin for impulse nolse with
equal energy curves for Ly = 90 dB(A) (From: Martin, 1970).

Although it Is not commen practice to extend the equivalent 8-h
sound level criteria down to impulsive duratlons, the recent studies
of Rice & Martin (1973) and Martin (1976) suggest that the criteria
based on the equal energy rule, may be applicable to high-inlensity
impulsive noise (I"ig. 6),

314 Infrasound atd ulirasound

Trequencles below 16 Hz are referred Lo as Infrasenic freeuens
cles, Pereception of sound from 100 Hz down to about 2 Hz is a
mixture of atral and tactile sensations, For cxample, frequencies
around 10 Hz, can cause discomfort through a modulation of the
voeal cords, Reactlons causced by extremely high levels of Infrascund
can resemble those of mild stress reaction and may include blunrre
auditory sensnlions, deseribable as pulsatien and {lutter, High levels
af Infrasound can cause resonance résponses in various organs in the
human body, although the long-term effects of such stimulation are
not known (Johnsen, 1873).

The effects of high intensily ulirasound (above 20 kHz and 105
dB SPL), which will he discussed in a separale document, are
reported. to be similar lo those observed during siress. However,
these effects may be partly due to assoclated high (but less than
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ulirasonic) frequency sound (Actan, 1967). Although it is usually
accepted that levels below 105 dB SPL have no adverse effects, there
is evidence from one experiment, that physlologienl changes can
oceur at Idwer levels (98—102 dB) (Lisickina, 1068).

3.2 Interference with Communication

421  Masking and intelligibility

The interference of nolse with specch communication 1s o process
in which one of two simultanesus sounds renders the other [naud-
ible, The ratlo of a given desired signal (speech, music) to that of
the interfering notse will determine whether or not the signal can
be perceived. The higher the level of the masking nolse and the
more energy it contains at speech frequencies, the greater will be
tlte percentage of speech sounds that are inaudible to the listencr,

An jmportant aspect of commnunication interference in oeccupa-
{lonal situations is that the fallure of workers to hear warning
sionals or shouts may lead {o injury, Although eases do net appear
fo have been documented in the liternture, there is anecdotal
evlilence of such oceurences,

In the last half century, knowledge concerning the masking of
simple signals such as pure tones, narrow bands of nolse, and cven
Isolated phonemes of speech has incrcased considerably. Empirieal
relationships are available that permit accurate prediction of the
audibliity for a normal-heuring listener of o particular speech sound
in the presence of a speeifted noise (Webster, 1969, 1874, Kryler,
1970). However, communication s almoest never carried on by
means of single acoustic signals, but rather by a rapid sequence of
dilferent speech sounds, the overall intensity and speetral distri-
bution of which are constantly shifting; in fact, the same word,
when repeated, may be quite dliferent aeoustieally. Furthermore,
oven when the masking noise Is judged to be steady, the energy In
dlfferent frequedey repions fluctuates from moment to moment,

Maost of the sentences of ordinary discourse can be understoord
falrly well, even when a large number of {ndividunl speech sounds
are masked, leeause of the redundancy of speech. Even when a
partleulor sound is masked or cven omlited, the word or sentence
in which it ccours may be correelly percelved because the remalning
sounds are sulficient to convey the meanlng, However, the inter-
prelation required to compensate for the masking offect is an addl-
tionnl strain on the lisiener,

Other characteristics of the communication process may aifeet
the cffectivencss of communleation, when additional sounds are
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preseni, Examples of such faclors are the familinrily of the listener
with the dialect or accent of the spealker, the presence of reverber-
ation, the imporlance and familiarity of the messnge, distance ir:am
speaker 1o listener, the motivation of the listener, and any hearing
loss that may produce a degradation in the pereeived sound. Thus,
the relationship belween the spectrum, level, and temporal charne-
teristics of a masking noise and the “intelligibility” of ordinary
speech, l.e., the proportion of speech correetly understood is very
complex. Much rescarch has involved the measurement of intelli~
gibility of nonsense syllables and of isclated words in phonetically-
balanced lists, Based upon worl wilh real seniences, conversion
charts have been constructed to transform scores Involving only
words {o approximate expected scores for senteneces of ardinary
speech, For example, when 75% of the items on a list of isolated
words are correctly percelved, sbout 85% of the key words in a
sentence of ordinary discourse will be correetly heard (Kryter, 1970),
Scentenee intelliglbllity refers ta the percentage of key wards that
are pereeived correctly In a series of sentences,

3.2.2  Speecch interference indices

Many attempts have been made to develop a single index based
on the characteristics of the masking noise that direetly indicates
the degree of interference with spcech perception. Naturally, such
indices invelve considerable degrees of approximation, The three
most common indices are: the arliculation index {Al), speech inler-
ference level (SIL}, and the A-welghted sound pressure level (LA,

3.2.2.1 Articulation index

The AI {French & Steinberg, 1047; Kryter, 1962} is the most
complicated of these indices, sines it takes into account the fact that
some frequencies are more effectlve than othors in masking speech.
Frequencies below 250 Iz and above %000 Hz arc not included, as
they are not considered 1o contribule to the intelligibility of speech.
The frequency range from 250 to 7000 Hz s divided inte 20 bands,
each of which contributes 5% to the {otal intelligibility. In order
fo delermine the AI for a particular noise, the differcnce in dB
between the average speech level and the average noise Jevel in
each of these 20 hands js ealeulated, and the resultant numbers are
combined to give a single index, Essentlally, this process prediets
how much masking of individual speech sounds will acenr and then
integrates this information,

Although the AI is an accurate index for the prediction of the
effects of nolse on speech intelligibility, it is compliented to use ond
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diffieult for the lavman to interpret, Thus, simplified procedures
for estimating the AT from weighted measurements of octave~band
levels have been developed (Kryter, 1963).

3.2.2.2 Speech interference level

The SIL was designed as a simplified substitute for the AT
{Beranek 1947}, Contributions to intelligibility by the lowest and
highest frequencies have been omitted to a greater extent than for
the AL A modern version of the SIL js the arlthmetic average of
the sound pressure levels in the three octave bands centred at the
preferred frequencics 500, 1000, and 2000 Hz {abbreviated SIL 0,5,
I, and 2. Many variations of SIL in terms aof the specific octave
bands to be averaged have been supgested. For example, SIL (0,25,
0.5, 1, 2} includes the 250 Hz band, At the present time, the US
N:ational Standards Institute recommends SIL (0.5, 1, 2, 4) as pro-
viding the best estimate of the masking abllity of a noise.

3.2.2.3 A-weighted sound nressure lewel

The stmple A-welghted SPL Is nlso a uselul index of speech
inierl‘crepee. The A-~weighting progess oemphusizes  the middle
l't:cquencws, as do the AT and SIL, but does not omit the lowest and
highest frequencics completely,

Experiments have shown thal the Al is more accurate than any
of the SILs or the A-weighted SPL in predicting the speech-masking
ability of a large variety of nolses, Faop noises of practieal Impor-
tance however, A-weighied SPL and SIL condinue to be used, as
the advantage of aceuracy In the Al does not oulweigh ihe case of
measurement af the first two indices, Comparfsons of SILs and
A-weiphted SPLs show that, on average, the SIL is about 10 deel-
bels Jower than the A-welghted SPL for the same degree of inter-
ference (Klump & Woebster, 1963; Kryter, 1970}, although for
unusual noises the average difference could vary substantially,

323  Percoption of speech ouf-of-doors

Measurements indicale that, during relaxed conversation In the
home, the speech Jevel s approximately 55 dB(A) (Kryter, 1970;
Pearsons ot al, 1970}, and that as the noise levels Inerease, people
tend to raise their voices to overcome the masking effect. The so-
called “normai elffort” voice resembles o “stage” voiee, and is used
when people are given o prepared text to read (Karn, 1954), or when
they wish Lo projoct their voieos, Since everyday speech is spoken
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to be salistactorily Intelllgible in steady nelse (US Lnvironmental
Prolection Agency, 1974).

at a reasonably prediclable level, 1t s possible to express many of
the cmpirical relationships between background nelse level and
speech intelligibitity in a single graph, os in Fig, 7 (US Lnviron-
mental Protection Agency, 1874),

This figure, which is applicable to ouldoor conditlons, Is based
on the assumptions and empirical observalions that:

{2) at a distance of 1 m from the speaker, relaxed conversation
occurs at n voice level of approximalely 56 dB{A) and normal and
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ralsed volees at levels of approximately 66 dB(A) and 72 dB(A),
respectively; and

(b) for 100%u seatence intelligibility the speech level chould
exceed the noise level by 10 dB(A), When the speach level is 10
dB(A) lower than the noise level, intelligibllity falls to 95%. Be-
cause of the redundancy of speech, 05% intelligibility usually
permits rellable altheugh not necessarily comfortable conversation.
The location of the eurves in Fig. 7 may shift in certain circum-
stances, although it is diffieult to predict to what extent spatial
factors may facilitale or impalr speech communication in noise,
Lower noise levels may be required, 1 the speaker does not
enunciate clearly or if the speaker and the listcner use different
dialects, Peaople with hearing Impairment may need more favour-
able speech-to-nolse ratios depending on the variation of speech-
to-nolse ratio with frequency,

Adequate communication in higher nolse levels than those indl-
cated in Fig. 7 can oceur, if the messages are restricted, e.g., when
only numbers are being transmitted. Lipreading or observing faclal
or manual gesiures may also Improve cemmunication. If the noise
souree is clearly locallzed at o position different from that of the
speaker, speech communleation may be pessible In higher noise
levels than these indieated in Fig. 7.

Iniermiltent and impulsive noises as well as noises fluctuating
in level will provide various degrees of masking, Again, the redun-
duncy of speech means that an isolated short burst of nolse is
unlikely to produce much disruption in the communication process;
however, the likelihood of disruptlon increases wlth Increasing
duration and frequency of cceurrence of the noise bursts,

The detailed characleristics of nolses are also important, While
the A~weiphted SPL is an adequate index of the speech-Interfering
quality of many nelses, others may require o more detailed analysis,
This iIs true of noises that are dominated by either low or high
{requencies, o, the rumble of distant {raffic or the hiss of com-
pressed alr, For unusual noises, the Al should be calculated for
a roliable predictlon of speech intelligibility,

3.24 Indoor speech communicntion

Tho relationships shown In Fig, 7 apply only 1o outdeor {free
ficld} communications, as they depend on the applieability of the
inverse squarc law, Relationships Indoors arve differcnt because of
reverherations eaused by reflections from the walls, floor, ceiling,
and objeels in a room. Instead of decreasing 6 dB for each doubling
of distance, the sound level of the speech or the nolse may drop by
only 1 or 2 dB3, There is no simple formula that will predict speech
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interference indnors, Imstead, 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 simllar scttings.

For example, Fig. 8 (US Environmeninl Protcetion Ageney, 1974)
shows the ecstimated sentence intelliglbilily, at speaker-listener
distances greater than 1 m, a8 o function of A-weighted SPL in the
reverberant conditions found jp a typical lving room, This shows
that for 100% Intelligibility, which is considered desirable for
indoor listening condilions, a background noise level of less than
45 dB(A} is required,

3.3 Toin

Aural pain is induced, when the tympanie membrone tissue is
stretched by large ampliiude sound pressures. Under oxtreme eon-
ditions, the membrane can rupture (Hirsch, 1908),

Although there is a {airly wide range of individual variability
especlally for high [requency stimull (von Gierke et al., 1853), the
threshold of pain for normal ears is in the reglon of 110—130 dB,
The thresheld for physleal discomlort is In the region of 80 dB
(Spreng, 1975).

In abnormal ears, for example in coses of inflanimation, pain
may be caused in the eardrum or middle ear hy sound levels ol
about 80—90 d13 SPL, By comparison, people without eardrums may
feel no sensation of paln at sound levels of up to 170 dB SPL,

A second type of aural symptor oceurs as & result of abnormal
function in the cochlea., Certnin sensorineural disorders, and most
frequently noise-induced hearing losses, are accompanied by a con-
dition ealled auditory reeruitment., Recruitment is deflned as an
abnormal increase in loudness perception. The phenomenon of
recruitment Is commonly used for the dingnosls of nolse-induced
hearing loss (audiemetric suprathreshold tesis). In some cases of
sensorineural hearing disorders, such as Ménidre's disesse, another
symptom appears in addition to recruitment called syseusis, which
ig a lowering of the throshold of aural discomfort and pain.

An important consideration with regard to aural pain is the
effect of noise on hearing-aid users, Discomfort nssociated with
exposure to sudden Joud nolses, loud music, and even raised volees
is n common complaint of people who wear hearing alds. Hearing
aids that aviomatically limlt output to 100320 dB SPL or less,
provide protection for sensitive cars, provided they are properly
seleeted and fitted (Gabrielssor et al., 1974)

2.4 Sleep

341  Nature of sleep disturbance

Many people experience slecp disturbance due to neise and the
problem has been reviewed by several authors (see for example,
Griefahn et al, 1076), Socinl survey data indicate that sleep distur-
bance is considered toe be a major environmental nolse effect
(Alexandre, 1974). lowever, in what proportion noise contributes
to regulnrly occurring sleep disturbances or awakenings In the
pencral population is not clear, Noise exposure can cause difficulty
in falling asleep, disrupt sleep patterns, and awaken people who
are asleep.

Detailed laboratory studies of the problem have been made by
monitoring elecirocncephalograph (EEG) responses and changes in
neurovegutative reactions during sleep, Many of these experiments
have only involved small numbers of tost subjects over limited {ime
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periods and under lsboratory conditions. Care must thercfore be
exercised In extrapolaling conclusions o the population at large,

Several stages of sleep can be identifled from EEG responses.
On relaxing, prlor 1o slecp, the EEG pattern chanpes from rapld,
irregular waves 1o a regular patlern; the alpha rhythm, This is fol-
lowed by sleep stage 1, characlerized by prolonged reduetions in
wave amplitude and frequeney, Later, in sleep stage 2, the pattern
changes to one of bursts of waves (spindle waves) mixed with single,
slow waves of relatively large amplitude {K-complexes), About 30—
45 minules later, periods of slow, high amplitude waves (delin
waves) appear in the BEG (stage 3), When the delta waves occur
for about §0%p of the recording period, the deepest sleep, stage 4,
is reached. About an hour and a half later, the EEG patiern
resembles that found in stage 1, but electrodes placed near the eye
reveal rapid eye movement (REM); this is the stoge during which
most dreaming oecurs, Some resciarch workers have been ablo to
elicit relatively complex molor responses to verbal instructions in
the REM stage of sleep (Evans et al,, 1866).

During normal sleep, a person progresses through sleep siages
l-—4 with oceaslonal reversals, the time spent in deep sleep and in
the lighter stages of sleep depending upon age, With increasing age,
a greater proportion of time is spent in the lighter sleep stages; from
the age of 60 years onwards, sleep stage 4 Is almost totally absent.
It iz considered that all stages of sleep are nceessary for good
physiological and mental health,

Stimulation by nolse causes changes in the EEG pattern lasting
for n few seconds or more. Those may appear as K-complexes (in-
creases of wave frequency) that are only detectable by close inspec-
tion of the BEG recording, or changes of sleep stage. It has been
reported that the offects of nolse are related to the stage of slecp.
Resulls from some studies suggest that thresholds for awakening
are lower in the REM sleep stage for nonimpulsive as well as
impulsive noises (Berry & Thiessen, 1970). EEG patlern changes are
least likely {o occur in the REM stage (Thiessen, 1978),

The eficets of noise upon sleep depend upon the characteristics
of the nolse stimulus, the age nnd sex of the sleeper, the history of
previous sleep, adaptation, and motivation,

3.4.2  Inlluence of noise characteristics

In studies of the effects of nolse upon sleep, a variety of stimuli
have been used including synthetie sounds as well as the sounds of
ajreralt (flyover nolse nnd sonic boams) and road traltie,

The effects of nolse on sleep appear fo Increase as the amblent
naise levels exceed about 35 dB(A) L, (Beland et al, 1972), In one
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study, the probability of subjects being awnkened by n peak sound
level of 40 dAB(A) was 5%, increasing to 30% at 70 dB(A). When
changes in sleep stoge were talken as an indlentlon of disturbanee,
the propsriion of subjects affected was 10% nt 40 dB(A) and G0%
at 70 dB(A) (Thicssen, 1960). It was also observed that subjeets who
slept well (hased on psychomotor activity data) at a noise level (L)
of 35 dI3{A) complained about steep disturbance and had difficulty
in falling aslcep at an Ly, of 46 dB(A). At the higher level of noise,
subjcels took over an hour to fall asleep initially, and awakened
frequently during the sleep period (Karagodina et al,, 1072).

Exposure {o nolse levels of 48—82 dB(A) resulted in changes in
sleep EEG patterns, manifested espeeially as an initlal depression or
interruption of alpha rhythm (Wilsen & Zung, 1986), For sound
stimull of 70 dB(A), the most likely reaction was to awaken, followed
by shifts in sleep stages (Thicssen, 1070). At 60 dB(A), 50% of
subjects showed one of the follawing reactions: (a) slight changes
in REG pattern lasting for a few seconds; (b) pattern changes last-
ing up to a minute; (c) change of sleep stage; (d) awakening,

It has heen reporied that brief acoustic stimull are the most
effective in clicitlng BEG-K-complex in stage 2 of sleep (Vetter &
Horvalh, 1862), When the sleep disturbance elfeets of impulsive
tone bursts, simulated sonic booms, and truck noise ranging from
85-—~105 dB were compared, it was observed that the frequency of
awakening was lower for the Impulsive nolse and independent of
the noise level, Increases in the level of truck nolse and aireraft
flyover noise inereased the frequency of awakenings and shifis in
sleep stages (Berry & Thiessen, 1970),

The rate of occurrence of stimuli andfor fluctuation in the
sound level were also found to influence sleep. The nolse of low
densily traffic disrupted sleep more than that of high density traffic
{Mery ot al,, 1071). Shmilarly, steady white noise of 40 dB(A) was
not found to affect sleep, although fluctuating road {raffic or
factery nolse with the same medion level caused sleep disturbance
{Osada ot al, 106B). Short duration sounds of passing alreraft and
irains with penk levels up to 60 dB(A) caused a similar degree of
disturhance as steady noise at 40 dB(A), even though their total
duration was less than 30 minutes per night (Osnda et al, 1064,
1972b, 1974). Hord et al, (1966) reported that o 3-sccond, 30 dB,
1000 Hz signal during sleep cnused an inerenase in the heart rate
of 5 subjects over a short perlod and that the response was most
marked during REM sleep.

The inerease in cosinophils and basophils normally occurring
during sleep was Inhibited by continuous nelse, such as traffic or
[actory noise, at levels of 40 dB(A) or more and by Intermittent
noise, such as alreraft or train nolse (Osada et al, 1968, 1969, 1072n,
1074).
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The number of field studies on sleep disturbance after neise
exposure is very bimited, In a study made during a 3-month peried
(Rylander et al., 1972a), civilian and military subjects were exposed
during the night to sonic booms with peak aver-pressures In the
range of (—~—0G4 Pa, It was observed that ol about GO Pa, 16%w of
mililary personnel had an increased rate of awakening and 56%
of civilians reported sleep interference and dlffleulties in getting
back to sleep.

343  Influence of sge and sex

A number of studies have indieated that the sleep of children
and young persons is less affecied by nolse than that of middle-aged
or older persons (Dobbs, 1972; Nixon & von Gierke, 1972),

On the other hand, children of 4—6 years of age seem {o be par-
tieularly disturbed by sudden areusal from sleep stage 4 (Miller,
1971b), It has also been reported that babies, who have had gesta-
tional difficulties or have suffered brain injury, are pavtlcularly
sensitive to noise (Murphy, 1060),

Ceriain data Indieate thet women are more sensitive to noisc
during sleep than men (Stelnicke, 1957; Wilson & Zung, 1966; Lukas,
1972b) and that middle-aged women are particularly sensitive to
subsonic jet alreraft {lyovers nnd simulated sonic buoms (Lukas &
Dobbsy, 1872).

Ando & Hatler{ (1970) found that about 0% of the wamen who
had moved to Itami Clty, near Osaka Alrport in Japon, during the
flrst § months of pregnancy said that, alter birth, their infanis slept
soundly through the alreraft noise. However, this was true for less
than 15 #/y of the infants whose molliers had moved in during the last
5 months of pregnancy, Beeause of limitations in the methads used
in this study, these results should be eonsidered with cautlon,

344 Inlluence of previous sleep deprivation, adaptation, aud
motivation

The amount of accumulated sleep lime affects the probability of
awakening. Arcusal iz more likely to occur after long periods of
sleep, irrespective of the stage of sleep (Dement & Kleitman, 1957;
Lukas & Kryter, 1870}, Adaptation {o noise during sleep is present
if repeated exposure to sound stimull during sleep results in pro-
gressively less interference with normal slecp,

LeVere et al, (1972) studied the EEG response and task per-
formance of six 20—24-year-old males, The experiment Iasted 14
nights, 7 of which involved exposure o 80 dI3(A) jet aireraft noise for
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20 seconds, 9 times cach night, No adaptation in EEG noise response
was observed. In studles on the effeets of simulaied sonic booms an
sleep, Lukns & Dobbs (18972) concluded thnt some adaptation oe-
eurred, , Thiessen (1973) reported that although the awakening
response seemed to diminish with time, there was no adaplation
of the EEG response lo alreraft and traffic noise,

Resulls of studies of simulated sonie booms with indoor intensity
levels of 80—80 dB(A), applied allernatively 2 and 4 times each
night for 2 months, did not reveal any adaptatien in EEG pattern
and vegetative function during, and shortly after stimulation, In the
first quarter of the night, there was a significant reduction of the
fotal time spent in the deepest slage of sleep but during the re-
mainder of the night (with 4 booms) the duration of deep sleep was
comparable with the nightly fotal before and after the noise test
sories (Jansen & Grifahn, 1074).

Motivatlon and dnstructions glven to subjects before sleep may
influenee the effeets of nolse on sleep, An abllity of sleeping sub-
jeets to diseriminate pmong various types of stimull haos been ob-
served in experiments where the discrimination was learned when
the subject was awake (Wilson & Zung, 1968), Rescarch workers
employing simulated sonie beoms to Investigate the effects on sleep
behaviour, moods, and performance insiructed thelr subjecis to
“ignore disturbinces and aitempt lo get the best night's sleep
possilile”, They found that the number of responses to booms were
lower than those in similar studies where instructions had not been
given (Colling & Iampiatro, 1974).

It hos been observed that effects of motivation on slecp dis-
turbance depend {o o certain extent upen the stage of sleep (Miller,
1971h}, Instructions and flnnncial incentives produced an increase
in the [requency of stage shifts and awnkening {ollowing exposure
to moderate sound stimuli of different kinds (Wilson & Zung, 1066).

3.4.5 Long-ferm elfects of steep dislurhance by noise

The long-term physiologiceal and psychologienal cffeets of nolse-
induced sleep disturbanee are practleally unknown (Lukas, 1972b),
Some Inslghi into pogsible consequences may be obtained from
experiments studying behaviour and performance sfler nolse-in-
duced sleep deprivation. A review of the influence of neise exposure
on tusk performance is glven in section 3.8,

Some experiments have demonstrated that intense nolse may
improve performance in persons who have been without sleep and
are tired, even when they are performing a tosk that would be highly
affected by noise, i sleep had been normal (Corcoran, 1062; ‘Wilkin-
son, 1964). On the other hand, LeVere et al, (1972) found decreased
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performance in a task involving a memory component after nightly
exposure to 80 dB{A) aireraft noise

Tasks involving monitoring, mental arithmetic, and patlern
diserimination were not influenced fallowing nightly exposure of 24
male subjeets 1o 8 simulated sonie booms {100 Pa ot 1-h intervals for
12 nights) {Chiles & Wesl, 1072). Cantrell (1374} expased 20 moen to
80, 85, and 90 4B(A) tonsl pulses with o 2%gocond  interval
throughout 24 h for 10 days, EEG rccordings showed cvoked
response activity during sleep but clearcut effvets on varlous ask
performance tests were not ohserved. Exposure of § male subjeels
to a 15-serond, 80 dB(A) nolse, 24 times per night resulled in a slg-
nificant deterioration In the perfermance of a chelee reaction/
memaory time test (LeVere et al,, 1975).

The resulis of studies reported so far suggest that the type of
noise accurring during sleep as well as the type of performance test
applied determine whether ecffects ean be found or nat, No ob-
servations have been reported concerning possible elfeels alter
repeated disturbance over a prolonged period of time or on the
effegts on popujations exposed under real-life conditions,

2.5 Nouspeciflle Lffcety

3.5.1 The siress response

Exposure ta nolse may evoke several kinds of reflex responses,
particularly when the nelses are of an unknown charaeler or
unexpecied, These rellex responses are medinted through the vegeta-
tive nervous sysiem ond represent & part of the reactlon pattern
that has commonly been named ihe stress renctlon, This response
generally reflects primitive defence responses of the body and may
alsa deveolop after exposure 1o other stimuli,

If the exposure is temporary, the system usually returns to a
normal or pro-exposure stale within minutes, If the noise stimula-
tlon is sustained ov consistentily repeaied, [t has been postulated
that persistent changes may develep in the neyrosensory, clreuln-
tory, endocrine, sensory, and digestive systems. Howover, maost
available information on such effects has been ebtained from animal
expariments in which high levels of nolse were used.

Neurophysialogically, noise is a potent stimulus for the estab-
lishment of a reflex gre incorporated in the syndrome of general
adaptation te chrenieally maintalned stress (Selye, 1053, 1946). The
rveticular and hypothalamie portions of the brain represent the
cenire of the reflex are, the acoustic pathways represent the afferent
hranches and the ascendlng/descending nervous  projections
represent the efferent branches. Target organs inelude the visceral

organs (heart, blood vessels, Intestines, endoerine glands ete)) which
are innervated by the autonomje nervous system and the hype-
thalame-diencephalic condres thal regulate the slternating rhythms
of sleep-irousal, endocrine secretlon, and other funciions {Bergamini
et al., 1976}, The actien of nolse on the retleulur formetion depends
not only upon its level and duration, but also upon its temporal
characteristics, While impulse nelse produced a stable and prolonged
excitation of the reticular formatlen of the midbrain and of the
tomporal eorlex in rabbils, resulis of one study showed that similar
effcets due to continuous nalse exposure became insignilicant after
one bour {Suverav, 1071}

The reflex renctions also Jnelude ehanges in the functionlng of
the adrenal glands. In siudies by Henkin & Knigge (1983), exposure
of rats 1o continuous, high intensity sound (130 dB, 220 Hz) resulted
in an Initial high rate of hormone secretion followed by a depression
of carticosterone output and n return to normal or high levels. In
another experiment, an increased urinary excretion of epinephrine
wag found in 9 normal rats as an after-response to repeated 2-
second exposures 1o high frequeney sound (20 kHz) at 100 dB (Ogle &
Lockeit, 1968)., Temporary cesinopenin and temporary changes in
the adrenal gland oceurred in mice exposed daily to a single, 15 or
45-min perjod or intermittant periods (alternating 100-min periods)
of noise at a level of 110 dB, 1020 kilz (Anthony & Ackermann,
1855), However, in studies by Oslntseva (1969), pathological changes
could not be demonstrated in the adrenal glands of rats, one month
iiftee exposure to a nolse level of 00 dB for periods ranging from 18
to 26 days, Horio et al, (1972) suggested that discrepancles in the
reported results might be due to differences in the intensily and
duration of noisc exposure. As an example, they reported a study
on 4 groups of rats (number pre group not stated) that were ex-
posed for B h to noise of G0, 80, and 100 phons, Compared with
control animals, the blood conceniration of adrenal li-hydroxy
corticosterold rosc rapidly at the beginning of exposure reaching
a maximum level within 15 min that was directly proportionnl to
the intensily of the nolse. Levels iell to those ol the conirel group
within 1—4 h, The results of a study by Anthony et al. (1059)
showed that exposure 1o white nolse (150—4800 Hz, 140 4B SPL)
produced different acute eflects in the mouse, rat, and guineapig.
The aulhors concluded that the noise exposure was not harmlul to
the animal except In terms of hearlng, Exposure was for 16 min
per day over a d-week period. There was a reductlon in aclivity
{(exploratory), which was most obvious in the gulneapig. Some of
the mice and rais exhibited a [rcezing reaction. There were no
apparent changes in the weight of the adrenals, but the widih of the
fosciculate zone in rals and mice was greater in exposed animals.
This 15 a sign of Increased adrenocortlenl activity, No changes were
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seen in serum ions or blood sugar. Thus, the authors coneluded that
short-term noise exposure did not give rise to excessive adreno-
cortical activity.

In a study by Rosccrans et al, {1966), groups of 12 rats were
exposed to variable stress (sound, flashing lights, and cage oscilla-
tian) for 3, 5, or 7, four-hour periods per week, for 16 weeks, The
noises were 100 dB compressed air blusis, bells, buzzers, and tuning
fork impulses for periods of 30 scconds at 5 min Intervals. All the
stress programmes produced significant increases in plasma eerti-
costerone levels compared with unexposed controls, Furithermore,
levels were significantly higher in lsolated rats than in osnimals
housed In pairs, indicating that isolation should also be considered
as a stress.

In human studies, increased urinary exeretion of epinephrine and
norepinephrine alter exposure te 90 dB (2000 Iiz) for 30 min was
a constant finding in 5 healthy subjects and in 3 groups of 12 patients
who, (a) had high blood pressure without known eause; (b} were
recovering {rem a heart attack; or (e} were psychulic (Arguctles
et al, 1970). Exposure of 5 healthy male sludents, twice a day for
J0 min to noise levels of 55, 70, or 856 phons resulted in changes
in the levels of leukocytes, cosinophils, and basephils, ay well as in
urinary 17-hydroxycorticosteroid, compared with contirols exposed
to levels of 30-—i5 phons (T'aial et al, 1965, 1967). In another study,
8 subjects were exposed for 2 or 6 h for several days to noise levels
of 40, 50, and 60 dB(A), Urinary exeretions of 17-hydroxycorti-
costeroids and noradrenaline inercased signifieanily during the
period of exposure (Osada ot ol, 1973),

3.45.2  Clrculatory system responses

Vasoeonsiriction or vasodilation of blood vesscls can be induced
by high levels of nolse durlng ncute exposurcs, Several studles
in animals have demonsirated that prolonged exposure to high
levels of noise eun cawse p persistent inerease in blood prossure,
In the study by Rosecrans et al. (1966), the siress inereased the
average blood pressure of rats by approximately 3.9 kPa (30 mmHp)
compared with that of control animals, 1t has also been reporied
that the absence of sound can eause hyperiension in rats (Lockett &
Marwaad, 1973),

Other animal siudies have shown that the cerchral blood supply
can be influenced by high levels of noise, Alternating spasms and
dilation of the arterial blood vessels were ohserved In vals exposed
to a continuous noise level of 100 dAB (Alckscev et al., 1972), At
levels up 1o 100 dB, the constiriction was proportional to the amount
by which the overall SPL exceeded 70 dB, reaching wvalues as
much as 40% higher than resting values, As well as creating a
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condition of generalized vasoconsirletion, continuous exposure of
rats to a noise level of 110 dB SPL, for 48 h, resulled in an
inadequate supply of bloed to the cochlear cells (Lawrence, 1966;
Lipscomb & Raeltger, 1973}, These reporls suggest that damage
to the cochlear tissue may result from an insufficlent supply of
axygen and other nutrients (section 3,1.2),

As a result of observations made in anlmal experlments, the
relationship belween noise exposure and chronie cireulatary disense
has been investigated in man. Ten subjects were exposed to 80 dB
white noise for 28 min. No effects were observed on eardiae oulpuf,
eardiac rate, eardiag streke volume, or pulmonary arlery pressure
(Etholm & Egenborg, 1064), Klein & Griibl (1069) found an appro-
ximately equal distribution of increases and deereases in the pulse
rate of the internal carotld avtery among 40 persons expused io
9286 dB noise for 10 sceonds,

- Differences belween the sexes have been demonstrated in an
esperiment involving exposure to jet alreraft and to railway and
pile-driver noise of 70—B8% dB(A) (Osada et al, 1872b), Pulse rate
fluctuations, vascular constriction, and inercase In urinary nor-
adrenaline levels were greater in female subjects than in males,
From studies by Jansen (1970) and Lehmann & Tamm (1966), it
can be concluded that meoningless nolse enuses an ergotropie
reaction in the eireulatery syslem with peripheral vasoconstriclon
and reduction of heart stroke value without change of pulse rate and
blood pressure,

Certain authors have found evidence in man of an asseciation
Letween conlinuous noise exposure and consiriction of blood vessels
that is primarily manifested In the peripheral reglons of the bedy
such ns {ingers, toes, and carlobes (Lehmann & Tamm, 1858; Grand-
jean, 1960),

Some workers have reporied that vasoconsirletion does not
completely adapt with time, cither on o shori-time or long-term
hasis, and that effecls offen persist for a copsiderable time alter
cessation of the nolze. Peripheral vessel consiriciion has been found
to ocenr cqually in nolsc-sensitive and selse-insensitive subjects
(Valgie, 1974). It has been suggesied that vasoconsiviction, with ils
concomitant eoffect on the circulatory system in general, will
eventually lead to heart dlsease (Fansen, 1969). A higher incldence of
circulalory problems, peripheral blood flow  disturbances, and
irregularities of heart rate have been reporied among steel workers
oxposed te o noise level of 05 dB (Jansen, 1961},

Significantly inercased Dblood pressure levels compared with
thase of control groups have been reported from studies on machine-
shop aperators {(Andriukin, 1961) and wenvers (Parvizpoor, 1876).
According to Jonsson & Flansson (1877), differences in blood pres-
sure levels were also found in a noisy factory, between a group
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of workers with hearing losses and another group with no loss of
hearing.

In view of some cpidemiolegical shortcomings in the previeus
studies, particularly with reference to the selection of population
segments, further studies in the industrinl environment ave required
to elueidate the association between exposure to nolse and increased
blood pressure. Communily studies are scarce and should Dbe ex-
tended, since tendencies similar to these found in industriel popula-
tions have been observed. In a survey Involving restdents around an
airport, psychophysiological and medical tests showed that experi-
mental exposure to aireraft neise eaused constrletion of bleod
vessels, and inereases in heart rate and cleetrieal muscular activity.
However, a tendancy for blood pressure to be higher among persans
living in the noisier areas was not statistically significant (Deutsche
Forschungsgemeinschaft, 1974),

3.5.3 The startle reflex and orienting response

Certain noises, cspecinlly those of an {mpulsive nature, may
cause o startle reflex, even at low levels, The startle (Molinie, 1116)
occurs primerily in order to prepare for action appropriate {o a
possible dangerous situation signalled by the sound. It consisis of
contraction of the flexor muscles of the limbs and the spine and
a contraction of the orbitnl museles that ean be reeorded as an
eye blink. It may be followed by an orlentlng reflex that causes the
head and eyes to turn towords ihe source of a sudden sound in
order to Identi{y {ts origin (Thackray, 1972), The starle reflex can
sometimes be followed by a [right reactlon, in which case the effects
on the circulatory system become more pronounced, Skin con-
duetance {s also influenced due to alterations in persplration, A dose-
related depression of the galvanic skin response was found alter
exposure to a 15-second white noise (Klosterkbtier, 1074).

The presence of these rellexes is detecled clther by noting be-
havioural reactions or by the electrophysiological study of muscle
tension and activity (Galambos et al, 1953; Davis et al, 1856).
Although low level sound stimulatlon may be sufficient in abrupt-
ness and information to {nduce a startle reflex, the fact that a person
has experienced some degree of startle, may olten only be recorded
clectrlcally.

For meaningless noise of various types, it has been observed that
orienting reflexes are eliciled at the very beginning of a series of
stimull; but that hubiiuation oceurs, At higher neise levels, habitua-
tion is less marked,

Experiments invelving sonie booms (outdeor levels ranging from
60 to 640 Pa and corresponding indoor Jevels ranging from 20 to
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139 Pa) demanstrated that startle reactions in 56 female volunteers
increased with the intensity of the boom. The reactions of the
subjeets were cvaleated using two different steadlness tests and a
tracking test (Rylander et al., 1974b), A tendency to habituation
and o masking effect of background noise was also found. The
passible long-lerm effects on human subjects of sustained repetition
of acute startle reactions are not known,

154  Effects on equilibrium

A high level of nolse may influence equilibrium heeause of the
stimulation of the vestibular sense organ, However, available data
concerning this subject are both inconclusive and inadequate. Com-
plaints of nystngmus (rapld involuntary side-to-side cye movements),
vertigo (dizziness), and balanee problems have heen reported after
nolse exposura in the lnboratery, as well as in field situations. How-
ever, the levels needed to cause such cffects In personnel werking
on jot englnes wore quite high, typiecally, 130 dB SPL or more
{Dicleson & Chadwieck, 1051), Less intense nolse levels ranging from
95 to 120 dB SPL also disturb the sense of balance, if there is
uncqual stimulatlen of the two cars. This was demonstrated in
laboratory studies In which subjects wearing varlous combinations
ol car protectars and balancing on rails of different widihs were
exposed to various noise levels (Nixen et al, 1966; Harris, 1974),

355 Foligue

Additiona! sirain on the body, induced by nolse, may cause the
development of fatigue cither direetly, or indirectly through inter-
ferenee with sleep, A variety of environmental sgents as well as
conditions within the Individual maoy cause symptoms of Iatigue
— thus the role of noise as a causal factor is difficult to establish,

In one study, symptoms of extreme fatigue were reported hy
subjecls exposed 1o high Ievels of infrasound; this was interpreted
as evidence of a dircet link between fatigue and high intensity noise
(Mohr et al, 1085), In another study, workers from workshops with
§ different levels of nolse intensity ranging from 80 to 125 dB were
investigated. In this case, no simple relationship was found between
nolse levels and feelings of fatigue, The authors suggested that
soginl as well as cultural factors should be taken into account to
ebiain a betler understanding of the way exposed persons feel ahout
noise (Matsui & Sakamoto, 1071),

The influcnce of neise on fatigue can also be related to perform-
ance. As will be discussed in scetlen 3.8, noise may interfere with
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- performance as well as Jeave it unchanged or cven improved. Since
many studies on performance have not taken fatigue inle considera-
tion, the questlon arises as to whether the strain ef overcoming noise
disturbance In order tfo maintain perfermance might not lend to
fatigue,

Questions concerning fatigue are usually included in social
survey studies on annoyance (section 3.7) but, so far, no extensive
evaluation of these datn in relalion to noise exposure levels has been
presented.

3.6 Clinical Henlth Effects

3.61 Background

Farlier in the document, it has been shown that exposure to nolse
may result in a varlely of biological reflexes and responses, Most of
the infarmation has been derived from short-term studics on animals
and human subjeets, but it has been postulaied that, if proveked
continuously, such responses would ultimately lead to the develop-
ment of clinically recognizable physical or mental discase in man,

Numerous clinlcal symploms and signs have been attributed 1o
noise exposure Including nausea, headache, [rritability, instability,
argumentallveness, reduction in sexual drive, anxiety, nervousness,
insomnia, abnormal somnolence, and loss of appetite (JYirkova &
Kromarova, 1065),

Prom a theoretleal point of view, an assessment of the eausal
relationship between nofse exposure and such nonspecific health
effects presents difflculties, Increases in blood pressure level, heart
disense, gasirie ulcers, and other stress-related syndromes have a
mullifactorial origin, It is difficult to exercise sullicient control
over all relevant risk factors In epidemiclogleal studies, particularly
as several of the risk factors such as social class, personal habits, and
personality characteristies are difficult to define.

The study of aelected population segments exposed to high levels
of noise in indusiry has been suggested as an epldemiologienl model
io overcome some of these difficulties.

3.0.2  General healih

In one study, medical records of 869 workers exposed lo noise
levels of 05—115 dB were compared with those of workers in arcas
where levels were 70 dB or less (Jirkova & Kromnrova, 1965). In
addition. to a higher incidence of hearing loss, the noise-oxposed
group wasg found to have o higher prevalence of peptic uleers and

64

hypertension. In a previously cited study (fansen, 1062) on workers
exposced 1o high intensity noise, there was evidence of a higher
frequency of circulatory problems and a higher ineidence of fatique
and irritebility in the exposed group compared with the controls.
Cohen (1973) studied the medical records of 500 workers working in
naisy areas (85 dB({A) or more} and those of & group maiched for age
and length of plant experience, working in quieter arcas (80 dB(A)
or less), The neisc-cxposed workers tended 1o have more symplo-
matie complaints and more diagnosed medical probloms. It is dif-
ficult, howaver, to relate these findings to noise only, since nelsy
work places are, presumably, also work places with other health
hazards, Benko (1959, 1062} exnmined workers exposed fo nolse
levels of 110124 dB and found a persistent narvowing of the visual
field as well ns a decrease In colour-pereeption, The second {inding
could not be varified in stutlies reported by Kitte & Kicroff (1971),

Methods of studying industrial populations have shortcomings
that make it difficult to draw concluslons cancerning the different
pepulations, The group is always scleeted, ie, those not able to
tolerate the exposure and those developing medical symptoms may
have left, The group usunlly consists of males in good physieal
conditien and older age groups are under-represented,

Only 2 few studies of the relationships between general health
in the popelation and noise expasure arce available. In a study by
Karazodinn et al,, (1064), 140 000 patients registered at the outpationl
departments of different hospitals were divided inte those lving
6~—10 km from large airports and those lving in quiet areas, A
2—4 fold inercase In hyperiension, nervous disordess, gastritls,
gastric utcers, and auditory disease was Jound in the noise-exposed
group. As an Increase was also found in respiratory discase, fnctors
other than nolse pollution may have been responsible for the dif-
ferences between the twe groups,

In o study on aireraft nolse around Munich, Federa! Republic of
Germany, no signs of discase were found in o thoroughly examined
sample of the population cxpesed to 82—100 dB(A) alrcraft noise
(Deutsche Forschungsgemelnseliafy, 1974),

-
W63 Mentnl healih

An assaciation between exposure 1o high levels of oeccupational
noise and the development of neurosis and irritability ‘and alse
belween covironmental noise and mental health has beon proposed
by several workers, Herridge (1972) suggested that noise was not
a direet cause of mental illness bul that it might accelerate and
intensify the development of a lalent neurasis, B

Studies of the records of some 124 003 persons living in a nolsy
area around London Heathrow airport and in a quieter arca nearby




revealed a higher rate of admitlance tn montal hospitals in the
nolsy area {Abey-Wickrama et al,, 196). However, the design of the
epidemiological sfudy was questioned by other workers fChowns,
1970} and the [Inding could not be verificd in a later {nvestigation
(Gationi & Tarnopolsky, 1073). The relationship between noise
exposure, the presence of meninl disorders, nnd annovance was
studied in a ficld investigation en 200 persons, hall of wham Nved
near London Heathrow alrpart. No asseciation was found belweon
noise exposure and meninl marbidity, but symploms of mental dis-
orders were more common among those who reported that they
were very annoyed by the nolse (Tarnopolsky ot al., 1978).

The consumption of tranquilizers and sleeping pills has Lecp
propesed as an indication of Iutent disease or menial disturbanee
in noisc-exposed communitics. Grandjean (1974} reported an in-
crease in the eonsumption of such drugs among persons exposed to
alreraft noise. Findings to the contrary were reporied from a study
of subjects living in the neighbourhood of Munieh mirport (Deutsclie
Forschungsgemeinschalt, 1974, A possible explanation for the
diserepancy between the iwo studies is the manner in which the
questions concerning drug consumptlon were posed and related o
aireraft nolse exposure.

3.7 Annoyance

L2 Definitlon and measurement

Annoyance may be defined as a fecling of displeasure assoeinied
wlith any agent or condition known or believed by an individual or
a group to be adversely affecting them, While it is oflten useful or
necessary from a practical point of view 1o foeus altentlon on &
s_inglf: agent, in this ease nolse, it should be recognized that, In real
life, it is only one of a combination of environmental strosses.

Annoyance is gencrally related to the direct effeets of noise on
various activities, such as inierference with conversation, mental
concentration, rest, or recreation. The degree of physical exposure
as well as inlervening psyehosoclal variables determine the ocour-
rence and extent of the annoyance response, All these varinbles
must be neasured In experimental or epidemiologicnl studies, in
order to arrive at an appropriate judgement concerning annoyance
effects (Rorsky, 1072),

N_umcrous techniques have been devised Lo measure annoyanee
(seclion 3.74). A subject ean classify the degree of annoynneo
verbally (from “not annoyed” io ‘very annoyed”) or with the ald
of a numnber seale (o, 1—7 or 1—10). The annoyance can then be
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assessed using these responses, or by different seallng techniques
based en several other questions relating {o disturbance and activity
interference (Kryter, 1970).

Studles on anhoyance have been made in both laboratory and
field experlments, Different degrees of annoyance can be described
with velatively high precision, and the results seem o be repro-
ducible between different studies, although it has been questioned
whether there i5 a consistent relationship between annoyance
measurements (Berglund et al, 1974).

Labaratory studics on annoyance invelve judgements of indivi-
dual nolse events in controlled environments, Such studles have
isolated some of the acoustic and soclopsychological factors contri-
butlng to annoyance, Examples of such factors are the level of noise,
its speetral, temporal, and Impulsive charncteristies, information
conveyed by the noise, the sex, age, and occupation of the re-
spondent, and attitudes towerds the source of the noise,

A number of surveys have been performed to determine how
annoyance reactions ave affecled by, and related to noise (McKen-
nell, 1961; Cedarlif ¢t al., 1063, 1967; Auzou & Lamure, 1966; Bruck-
mayer & Lang, 1967; Coblenz ¢t al,, 1967; Lamure & Bacclon, 1947;
Griffiths & Langdon, 1968; TRACOR, 1071; Deutsche Forschungs-
gemeinsehaft, 1974; Grandjeon, 1974; Rylander ot al, 1874a; Nishi-
nomiya, 1976). Methods that allow the prediction of annoyance
from measuremenis of the physieal choracleristics of the noise have
been suggested. These studies have nlso served as a basls for the
development of noise eriterin and standards, Few studles have
included an analysis of the incidence of annoyance in relation to
the speeific henlth effects deseribed previously.

The following scctions describe present knowledge concerning
the rclationships hetween annoyance and different kinds of noises,

3.7.2  Instuntoncous noise dose

It is generally assumed that the annoyance effects of short-term
exposure to nolse are o functlon of loudness, i.e, the louder of two
sounds will cause the more annoyance. There are many dala in the
literalure on the measurement of loudness, defined as the perceived
magnitude of souind, and numerous technlques exist {ar estimating
loudness from the spectral analysis of the sound. The most complex
(Stuvens, 1856; Zwicker, 10589; Kryter & Penrsons, 1963) are based
upon accepted auditory function theory and give loudness estima-
tions in phons. More praclical alternnilves to these are available
based on standard sound level meters In the form of A, B, and C
frequeney weighling filters that simply weight the sound cnergy in
accordance with various auditory frequency response functlons
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(section 2.2). The A-welghted SPL has gained widespread aceeptance
ns a suitable noise level seale for general use. Other unils have been
developed for particular nolses e.g, the perceived noise level (PNL)
for alrcralt noise (section 2.2.6),

3.7.3 Long-icrm noise dose

Characteristics related to the disturbance and annoyance-
inducing potential of leng-lerm nelse exposure include the manner
in which the loudness level (instanianeous noise dosc) varles with
time (e.g., the distribution of nolse events over a 24-h periad). Cen-
siderable effort has been devoted to the search for an acoustic index
of chronic noise exposure, The major requirements of such an index
are that it should be well correlated with human reactions and that
it should be convenlent io measure, Thus, for airport noise, which
is characterized by infrequent but very inlense abreraft sounds
superimposed on relatively low background levels, indices have
emerged that are based upon mensurements or estimates ol the
individua! aircraft sound levels, For road traffic noise, usually
involving much greater vehiele movement frequencles, it would be
quite impractical 1o record or estimate the level of each individual
vehicle. In this ense, noise varlables are bosed on automatically
integrated noise analysis, For cerlain industrinl noise environments,
tndices are calculated from sound level meter readings of a set of
relatively steady levels, Most Indlees include a surnmation process
that accounts for the repetliive or continuous nature of the sound.

3.9.3,1 Aircraft noise

An early general noise exposure index was the composite nolse
rating (CNR) devlsed by Rosenblilh & Stevens (1953) for nssessing
environmental noise nuisance, Initially, this index was quite elabo-
rale, nccounting in a semiquantitative way for average noise level,
discrete frequencies, impulsiveness, repetillveness, and brekground
noise. Some psychosaeial factors were also taken jnto aceount by
considering lime of day (on the assumptlon that people are more
noise-sensitive at night) and the history of the previous noise expo-
sure of the community. It was later medifled in the light of new
experience (Stevens et al., 1055) and a special version wis developed
for application to airport noise (Stevens & Plelrasants, 1057). The
alreroft noise model was modificd to its currently existing form
{Gnlloway & Pietrasantia, 1967) largely to simplify it and to incor-
porate the PNL., Essentially, CNR has the form:

CNR = Lyy -+ 10 log,y N 4 C
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where N is the number of aircraft sounds during a particular time
interval, Lyy is their mean peak FNL and C is the sum of a collec-
tion of weighting incters that account for time of day, season of
the year, and ground cngine test runs, to which the communily is
particularly sensitive. The procedure provides guldance on the
communily reaction to he expected as a function of nolse Jevel.

Later developmenis of the CNR were the noise exposure fore-
enst (NEF), (Bishop & Horonjelf, 1967) and the total noise exposure
level (TNEL) reeommended by the International Civil Aviatien
Qrpanizatien (ICAO, 1071).

On the basis of n social survey at London Heathrow Airport by
McXennell, (19681), it was deduced that airport nolse exposure should
be expressed as o noise and number index (NNI} (Wilson, 1873),

NNI = Ly -+ 15 logy, N —80

The main difference between CNR and NNI is the use of a
“number” coefficlent of 15 rather than 10, Robinson (1969) later
remarked that this difference really represented an “Intermittency”
correciion in the case of NNI, Implying that community annoyance
grows with the frequency of event more rapidly than s indleated
by the cqual energy concept inherent in the CNR formula. Doubls
arase coheerning the validity of the faclor 15 following a later
survey around London Ileathrow (MIL Research Limited, 1971) und
a Swiss study by Grandjean (1974). .

The relative influence of the noise and number terms is still a
hasle issue and o number of subsequent studies (Connor & Palter-
son, 1972; Deutsche Forschungsgemeinschaft, 1974; TRACOR, 1871;
1976) have not provided any clear answer lo the problem,

A number of varintions of the basic formula:

Noise Index = L+ K logy N+ C

have been adopled for use in various counirles, and the effective
values of K are given for some of these in Table 3. Other suggested
values of K range up to 24 (McKennell, 1861; Deutsche Forschungs-
gemeinschaft, 1974). It is cvident from the table that, for K, the
valug 10 is commonly In use, probably beeause of Iis compatibility
with the equal energy principle,

All indices have o great deal in commen with cach other as well
as other similar indices not included in the table, All Involve mea-
surements of average alreraft noise levels expressed in dB(A),
(dB(PN), or dB(EPN). Some take Into account the durntion of the
sound, others do not, In most cases, the influence of some psycho-
socinl faclors is accounied for, dircctly or indirectly. Basically, the
differences in vartous Indices for the estimntion of mean percelved
magnitude are small {Bolsford, 1989; Young & Petersen, 1969; Oller-
head, 1973).



Table 3. Exampies of aircralt nofse oxposuro Indices

Ceuntry/Organlzation Index K Reforoneos
Franco lsopaophic Indox 10 Franch Gavommom {1974)
Germany, Federal Stérindox Q (and L) 124 Keppt ¢t al, (1600}

Republic al
Japan WECPNL* 1h il]l;gg;wau Enrviraamont Agoncy

Nothorlands "Tatnl Nolso Load™ B 15 Keston ot n), {1967)

South Africa Nolsinoss Index NI 1¢  South Afrlcan Buroau of
Slandasds (1673)

United Klagdom NNt 15 Witsen {1073}
Uniled Stales of Amerlca CNR/NEF, kg 1% Gallowny & Plefrasonta {1967),
Bishop & Horonjet {1967),
Von Glerka (1975)
Callfarnln Communlty Nolso Equive 10 Stoto of Calllornla (1970
atant Leve| {CNEL) tor)
ICAC TNEL 10 ICAD (1971}
150 Alttralt Exposere 10 1SO (1970}
Lovel Ly

4 A spoclal varslon for olreraft natso.

Other concepts concerning the relationship belween aircraft
noise exposure and conscquent annoyance reaclions have been sug-
gested which contrast with the rather uniform approach 1o alreraft
nolse assessment just discussed.

In studles In Scand!mavia (Rylander et al, 1072a) and in an
analysis of earler studies (Rylander et al, 1974b), the extent of
annoyance was found to be related {o the A-weighted SPL of ihe
nolsiest type of airerait. An increasing number of averilighis
increased the extent of annoyance at the same QB(A) level up to
a eertain threshold, beyend which a further Inerease in the number
of events did not influence the annoyance, The second finding was
also present In the second London Heathrow study (MIL Research
Limited, 1971) and a reanalysis of aircraft nolse survey dnia from
the USA (TRACOR, 1076),

3.7.3.2 Road traffic noise

The traffle notse Index (TNI) was develeped from the resully of
a social survey in London (Griffiths & Langdon, 1968). It was based
on the weighted combination of the sound levels fin dB{A)} exceeded
for 10 %o, 50 %o, and 90 oy of the time necording to the formula;

TNI = Ly + 4 (Lyg — L),
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This Index reflects the conclusion that traffic nolse annoyance
depends not anly upen the aversge or typleal nolse level {Lsy) but
also upon the magnitude of the {luctwation (Ljg—Lm). However,
further investigation revealed thai, because of ihe practical diffi-
culties of piredieting Lg, with an adequate degree of eonfidenee, the
value of TNI was susceptible to large errors. Thus, TNI was sub-
seqquently rejected in favour of Ly, for treffic nolse compensation
regulations (UK Statutery Insirument, 1075), even though its corre-
lution with annoyanece was shown 1o be inferior to that of TNY in
the original survey.

Beeause of o very high correlation beiween different indices that
are sengitive to peal lovels in the nolse-time history, it may safely
be assumed thal any such index will predict traffic noise annoyance
reactions with eqgual rellability. Evidence of the Importance of peak
noise levels comes {rom Investigntions in England (Langdon, 1976)
and Sweden (Rylander et al,, 1876) in which the extent of annoyance
was found to be well-correlated with noise levels generated by
heavy vchicles. The correlation between Ly, and annoyance was
relatively tow in the second of these studies,

A high corretation was lound between L, for urban traflic noise
and the extent of annoyance in the exposed population in studles
by Lang (1965).

A detailed re-evaluation of available data on traffie-noise expo-
surc and annoyance has recently been carried aut by a working
group of the International Organization [or Standardization. Several
existing nnd newly-proposed indices, mostly derived from L,, were
correlated with subjective response and though it was recognized
that {osulficient daia were avallable 1o draw a firm conclusion, it
was reeommended, that, at present, I, {os deseribed In ISQ, 1971)
should be used for tho assessment of rond Araffic neise.

3.7.3.3 Gencrul environmental noise

On severn] oceasions, single noise exposure indices that could be
used 1o predlet the annoyance caused by all kinds of envirenmental
noise have been proposed, recognizing that different psychosoelal
influences might alter the dose-response funciion for dlfferent kinds
of neise,

In g senrch for such a general nolie index, Robinson (1969) modi-
fied the tralfic noise index to form the noise polluilon level (NPL)
given by

NPL =L, ' 256 &

where L, Is the equivalent continuous sound level nnd § 1s the stan-
dard deviation of the tempornl fluctuations of the level. The naise
pollulion level concept has been given considerable attenilon by
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research workers in various countries, It was rejected by the British
Noise Advisory Council as a recommended “unified” noise index
(Noise Advisory Council, 1975), in [avour of Ly on the grounds that
further research info the utility and valldity of NPL was desirable,
Meanwhile, Robinson (1972) and others have considered refinements
of NPL, effectively making the coefficient of § a funclion of level
fluctuation rate,

In the USA, after an exhaustive review of availuble naoise impaet
research, on interageney task force coneluded that g modified
cquivalent conlinuous sound level, taken over a 24.) period, with
a 10-dB penalty applied to night-time sound levels, was the nojse
Index that combined case of measurement and high correlation with
annoyance, cemplaint behavieur, and overt community reaction
caused by noise of ail kinds {US Envirenmental Protection Agency,
1973a). This index, which was named the day-night average sound
level {L,,), was based upon the use of the A-weighted SPL scale
{von Gierke, 1875),

Over the past few years, thers has been a widespread tendeney
to use L,, for general nolse assessment purposes beeause of its
simplicity. L. is normally computed for specific portions of the
24-h day or, alternatively, a welghted average, such ns L. is com-
puted afler emphasizing noise that cecurs during noise-sensitive
periods,

474 Corrclation helween noise exposure and anneyance

The direct correlation between long-term holse exposure and
annoyance has been studied for vorious kinds of nolse exposure.
The numerous compasite noise Indices that have emerged from these
sludles have been altempts to Improve this correlation, by taking
into aecount various factors including: time of day (doy, evening,
night), neoige source (e.g., alrveraft, rond {raffle, Industrial S0UrCe)
and type of neighbourhood {e.g, rural, suburban, commereial). The
choice of appropriate nolse index (L. NEF, etc.) normally deponded
on the source whereas the type of neighbourhood was usually con-
sidered in the interpretation of seale values concerning the likely
response {e.g., for lapd use planning purposes).

Regardless of how the dose seale was derlved, the main technigue
{or evaluating its validity was through use of the soclal survey and
the annoyance measuring techniques already mentioned. Such
surveys (v.g., McKennell, 1961; TRACOR, 1971} have shown that the
correlation coefficient between noise exposure and average response
(e.g. the average response of all respondents exposed to a given
noise} is relatively high (> 0.8) implying that the nolse sealos are
useful predictors of average reaction, However intersubjeet varia-

bility is high, and the correlation coefficient between noise exposure
and individual annoyance is low (< 0.5). That Individuals vary in
their susceptibility to a particular level of exposure is a biolopical
phenomenoh common to all environmental influences. Far all kinds
of agents including chemical substaneces and physical faclors, an
inereasing dose will gradually lead to an inereasing number of
persons being affected in any type of population. Thus, for the
setting of standards, the relationship between the exposure ta an
environmental agent and the reaction has 1o be based upon the
average reaction among o group of individuals, This group may be
defined as a representative sample of the population or a partieular-
ly sensitive group. The varfation belween individuals ean he attri-
buted to soctopsychological faclers, In one study of alreralt nolse
(TRACOR, 1971), the most important of the Inctors were fear of
crashes, gencral noise susceptibility, ability to adapt 1o noi:sc.
opinions ubout the importance of the aircraft operations, and belief
that the noise could be better controlled, The Inlerrelutionship
belween these faetors is very complex. Even the direction of the
causaiily Is not elear: doos fear of crushes increase noise annoyance
or viee versa? The multivariate statistical nnalyses performed in
some studies are not sdequate to resolve such questions and further
investigalions are necded,
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By comparing results of nolse annoyance surveys around major
airports, it has been found that varlation between the reactlons of
individuals is very simllar from place {o place and from time to time
(Alexandre, 1870; Ollerhend, 1073; Rylander & Srensen, 1974).
Regardless of how the reaction i3 measured, people express
similar degrees of annoyance in relation to similar ranges of nolse
exposure, However the total range is considerable, Fig. 9 shows the
cumulative distribution of snnoyed people at Lendon Heathrow
alrport as a function of noise exposure mensured in NNI (Ollerhead,
1993). The different curves represent different annoyance levels,
and each is a cumulative normal {(Gaussian) disiribution with a
standard deviation of 20 NNI, Comparison of these curves with
similar data from other surveys suggests that they would be valid
for any major International airport with sbout 20°% of its alreraft
movermnents oceurring at night.

Attempts have been made to combine survey data from various
sources, Fig. 10 shows two typical results (US Environmental Pro-
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Fig. 10, Perconlnge of people “highly” annoyed ns o funcllon of outdoor
nolse level. Curves filted to resulis from several soclnl surveys In
_different countrles {Schultz et al., 1978; US Environmentnl Prolecs
tlon Agency, 1873a),
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tection Ageney, 1973a; Schuliz et al, 1976), The differences between
these two curves reflect different Inferpretations of the type of
reaction that constitutes "high” annoyanee. The nelse exposure
seale in Fig. 19 is L, (day time) or Ly, (expressed In dB(A)), since
these wariables tend {o be roupghly equal for typleal 24-h work
exposure, Interpretation of Tig, 10 for nen-typleal night-time noise
exposure would depend upon the night-lime weighting selecied on
the basis of loenl cireumstances, In the USA, thls is taken to be
+- 10 dB (incorporated in L,,}. Despite the disparily assceiated with
the meaning of "highly” annoyed, Fig. 10 indicates that a level of
Ly, (day-time) ar Ly, < 55 dB(A) will cause relatively litle annoy-
ance and may be considered as an ultimate goal for general environ-
mental nelse exposure.

375 Overt reaction

Complaints and other forms of community overt reaction to noise
provide important indicators of the existence of a noise problem,
On the other hand, because of the grenter Influence of psychosoelal
factors, the number of complalnts is very poorly correlated with the
nojse exposure level {McKennell, 1861; TRACOR, 1971},

Several procedures have been suggested for predieting the lkeli-
hood of overt reaction to noise expasure laking Into account some
sociopsycholagical factors, These include the CNR method already
referred to (Stevens et al., 1055) and the British (BSI, 1867) and IS0
(180, 1971) recommendations. However, In some ways the British
and ISO proctices may be considered as developments of CNR, In
the ISO procedure, the expected community response is divided into
five categories ranging from “none" to “very strong” with the
descriptions; no ohserved reaction; sporadle complaints; widespread
complainis; threals of communlty action; and vigorous community
action. The likely reaction is specifled as a function of the amount
by which the rating level excceds the eriterlon value,

Caution must be cxercised in the use of such standards, sinee the
evidence upon which they are based ls fragmentary; indeed the ISO
recommendation admits to only a “rough connexlon' between public
reactlon and nolse,

3.8 Elfcets on Task Performance

The effect of nolse on the performance of tasks has mainly been
siudied in the laboratory but also to some extent, In work situations,
Comprehensive reviews of these studies are avallable (Broadbent,
1057, 1071; Cohen, 1568; Kryler, 1070; Glass & Singer, 1972; Burns,

75




1973), There have been few detailed studies of noise offects on
human productivity under nermal living conditions,

In general, when a taslk involves auditory signals, whether speech
or nonspecch, noise at any intensity suffleient to mask or interfere
with the perception of these signals may Interfere with the per-
formance of the fask., When the task does not invelve auditory
signals, the effects of nolse on performanee nre more difficull to
ossess. The literature shows thal nolse ean interfere with or enhance
performance but that often it does not cause nny signifieant change.
A possible explanation of this seems to be the different uses of the
term performance. As already mentioned, the most varied forms of
reaction (e.m., control activily, rapidity of reaction, learning per-
formance, memory tralning, intellizence tests) are all defined as
performance,

Basically, all performnnce, whether mental or metor ean be
adversely affected by nolse. This effect is likely to be mare severe
as the task becomes more difficult and complex and as the duration
of the nolse exposure increases.

3.8.1  Nalse ns a disteacting stimulus

Noise can act as n distracting stimulus, depending on the
meaningfulness of the stimulus and the psychophyslological stale of
the individual, Acecording to a widely accepted theory in psychology,
the human sensory syslem receives more information than can be
analysed by the higher centres. In order to sereen out useless infor-
mation such as noise, the concept of a mental “filter” has been de-
veloped (Breadbent 1972}, This “filter”, however, has the following
limitations:

{a) it tends to reject or ignore unchanging signals aver a period
of time, even though they may be important, as in vigilance tasks;

{b) an individual's statc of arousal, siress, or fatigue may hinder
the mental filter's ability to diseriminate; and

(e) the filter ean be overridden by irrelevant stimuli that demand
attention because of novelly, intensily, unpredietability, or learned
importance,

Thus a novel event, such ns the start of an unfamiliar nolse, will
couse distraction and interfere with many kinds of tnsk, This will
be equally true, however, of the sudden stopping of a familiar noise;
and, in each case, the eifect will disappenr onee the novelly has
worn off. These reactlon patterns arc well established experi-
mentally (Kryter, 1970; Glass & Singer, 1972),

In 1055, Hebb suggested that changes in stimulation not only
iniliate appropriate cortical responses but also activate or arouse
areas of the cerchral cortex other than those invelved in ihe

76

response, This wider arousal activily originates in the reficular
formation, a portion of the eentral nervous system, and affeets the
persan's psychological state as well ns physislogical systems.

Too low a level of arousa! ean menn complete absence of activity
anct therefere poor performance. On the other hand, too high a level
may couse inefficiency through over-reaction to distraction, leading
to incorrect responses, Thus, loud nolse might incroase or decrease
task performance depending on the previous stale of arousal.

3.8.2, Effecls on tasks invelving motor or monolonous activitles

it appears that steady noise has little, if any, effect upon many
tasks, onee 1t has become familiar. Such tasks inelude tracking or
eonirolling tasks where noise levels are fairly continuous and where
avernge, rather than instantaneous, levels of perlormance are im-
portant (Broadbent, 1957; Kryler, 1970), Many mechanical or repeli-
tive tasks found in factory work would fall into this categery.
Generally it can be concluded that neise is likely to reduece the
accuracy rather than the iotal quantity of worle (Broadbent, 1971).

However, it appears that moderale levels of noise increase
arousal during monotonous tasks, MeGrath (1963 found that varlous
audilory stimull at 72 4B improved visual vigilance performance.

B8 Llfects ou tosks involving mental activities

Studies have oceasionally been reperled where noise exposure
produces a mixture of positive and negative effecls on task per-
formanecc. Woodhead (1064) showed that nolse adversely affected
tasks invalving a combination of memerizing and problem solving.
Howover, when noise wes introduced into the calculation phase
only, performunce was improved. Other studies by Hockey (1970}
showed that, sometimes, performance on high-prierity aspeets of a
task could be enhaneed while performance on low-priority aspeets
was diminished by noise, The author found that by introduclng a
noise s{imulus 1o a visual perception task, centrally-localed visual
signals were more coffcetively percelved, whereas peripherally-
located signnls tended to be ignored. The theory derlved from these
studies is that noise can incrcase the tendency 1o be selectively
pereeptive, Tf distraction oceurs, this may be particularly harmful,
hut if atiention Is concenirated on the task, it may be helpful,

Experiments involying complex mental tasks have shown that
there is an increase in mistakes in the presence of intermitient nolse
stimuli (Glass et nl, 1971; Glass & Singer, 1972).

The effeets of nolse on performance have been reported to
depend upon intelligenee (Bryan & Colyer, 1673). Under nolsy con-
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ditions, people with high Intelligence showed a decrease in the
qualily of test performance whereas people with average intelligence
showed constant or slightly better performance,

Tasks that have been described In the literature as belng par-
tictlarly aifected by noise, even when it hos become famiiiar,
include tasks of vigilance, information gathering, and annlytical
processes, Vigllance actlvities are not ropetitive, do not allow for
self-pacing, and demand rapld and accurate declslons, Thus, they
are more adversely affeeted by dislraetion than many other
activities,

There s also some evidence thet an individual performing the
same task becomes less sensitive {o nolse, i the rate of atrival of the
signals is low, If motivation is redueed, if the individual tested
has a low level of anxiety, or if the noise {g felt to be under the
person’s own control rather than imposed upon him. Basieally these
are "unarcusing” conditions (Broadbent, 1871).

Beeause of the elfects on vigilance tasks, and on the accuracy
of continuous serial reaction, it has been suggesied that aceidents
would be the most likely indleators of molse effeels in industry.
Data on thls subject are scarce; one study showed a higher accident
rate in noisy places (Raytheon Serviee Co, 1992), and an earlier
study showed an inerease in errors (Broadbent & Lilile, 1060).

Varlous experiments have demonsirated a disruptive eflect of
nolse on learning or information gathering, Wakely (1970) pointed
out that nolse may interfere by competlng for the Hmited number
of channels available for informatlon input, If the system is already
overloaded, an individual must take more time 1o cvaluate the use-
fulness of the intruding stimulus or run the risk of making crrors.
When tasks are not self-paced, inereased errors will result,

It has also been found that high levels of noise inferfere with
short-term memery tasks (Jerlson, 1954). Nolse from sonle booms at
120 Pa could interfere with the learning of an eye/hand coordination
sledll without impairing the aceuracy of the task (Lukas, ot al,, 1970}

These [indings are important in relation to the specilication of
noise limits for classrooms or offices, where meninl work pre-
dominates, It is important lo differentiate belween communieation
masking effects on the one hand, and the disturbance of concentra-
tion ecaused by nolse on the other, In general, students in classrooms
designed to meet the speech crilerla discussed earlier weuld not
have prohlems with interference in learning and ather mental worl.
Although it may be tentatively cencluded that complex tasks in-
volving mental activity such as concentration, pereeption, or the in-
take of Important informatien are more likely to be affeeted than
thase that-only require predictable motor acllons, addltional ex-
perimenial and field datn are required.

i

Nolse of short or variable duration and impulsive noise tend to
produce short residual effects on nolse-sensitive tasks, Woodhead
{1059) found that n one-second noise burst could have residual effects
on performance of from 15 to 30 seconds. She also found that
simulated sonic booms of 00—250 Pa produced residual disruptive
effcels (Woodhead 1969), Similar results were reported from an
experiment with real sonle booms ranging from 40—260 Pa (Ry-
Innder et al,, 1972k). The distuptive effects seen in these experiments
could be the resubt of a starile vesponse {as opposed to the orienting
response). ‘These startle effects differ from the distraction effect
mentloned earlicr, by being more resistant 1o habituntion,

i, EVALUATION OF HEALTIl RISKS TO MAN
FIIOM EXPOSURE T0 NOISE

1.1 Environmeninl Noise

Peaple are exposed to mony kinds of environmental noise that
can be dlstinguished according to the source of the nofse er to its
physienl characteristics such as intensity, frequency speetrum, and
variations In time, There |s wide agreement on both the instru-
mentation requirements and the procedures for the physical mea-
surement and description of such noise. International organizations
have provided standards for measurement, which eontinue io he
revised and supplemented as knowledpe Improves. These slandards
and up to date technical publications con be used as a basls for
reliable predictions of likely environmental noise in various clr-
cumsinnees,

Deseription of noise sourees, characterization of nolse emissions,
ond understanding of basie noise generation mechanisms oare also
relatively satisfactory.

Difliculties arise in deseribing the human noise dose, There are
two major problems assoclated with the deseription of a porson’s
cumtiniive nolse exposure over a perlod of time. During each day,
o person i exposed to a variety of environmental nolses at home,
in the general environment, and at work. This pattern might change
fram day to day or year to year, The noise exposurce pattern and
dose change with age, lifestyle, occupation, and many other faclors.
Thus, csiimnaies of total nolse exposure are always very crude
approximations,

Trom 1 practical peint of view, cven if the nolse exposure his-
tory of an individual could he recorded, the data would have to be
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reduced to a few exposure variables that could be corvelated with
the subjective effeets caused by that exposure,

Much noise-related research is focused upon the establishment
of valid dose deseription. Because of the impaortance of correlating
the various biological effents of noise with the appropriate phiysieal
characteristics of the environmental noise, many attempts to con-
dense the exposure history into single numerical descriptors have
been made and alternative techniques will continue to be explored.
The incrcasing use of personal neise dosimeters In industry might
provide valuable information on the integrated noise dose ex-
perienced by people over long perlods. However, the, problem
remalns as to which voriables of the cnvironmental noise are
important and can be sultably reduced to a single number.

It is important to keep these hasic concepis in mind, when the
dase-response relationships required for the specification of practical
exposure guidelines or noise limits are construcled, These rela-
tionships are complex and in some instances con only be deduced
from data gathered over a number of deeades. Thus, characteriza-
tlons of the exposure varlables as well as of the respenses, are
frequently rough approximuetions, Although it is possible and necoess-
ary for the solution of speelfic problems to refine theso relation-
ships, the consequent complications might hinder the development
of a noise abatement programme or the achievement of environ-
mental health gonls, For this reasen, the refatively simple and
convenient equivalent continuous seund level, Ly, in dB{A), cun
be used as o basic, common measure of environmenial noise, and
health criteria should be related to this index, whenever possible,

The peried aver which L, is averaged will depend upon speeifie
applications. For deseribing the 24-h general noise environment, a
weighted average such as the day-night avernge sound level (L)
mpy be used to lake account of sensilive periods of the day or
night,

The convenience of combining different acoustic characleristics
of various noises into a single index is eviden!, This principle
has, howeover, been questioned both for industrial and environmental
noises, particularly when the number of evenls is low and there
are large dilforences between peak and background noise levels,
The individual, ideniifinble influences of different acoustic com-
ponents in the causc-and-elfect chain should be reeognized, par-
tieularly in rescarch, and the limitations of the equal energy prin-
ciple should be borne in mind when guidelines are established,

4,2 Population Alfected

High noise levels are a {eatura of several work environmenls
and extensive cfforts are necessarvy to reduee the ineldence of oc-
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cupational dealness. Noise-induced hearing loss aoccupies n leading
plice among occupational diseases, and, in all natlons, industrial
noise abatement and hearing protection programmes should be a
matter of priority for bodies that are vesponsible for the health of
the working 'population.

People who work in less noisy places may run n nepligible risk
of hearing impairment but could suffer from other nolse-induced
ailments derived from stress or chropie fatigue, Noise causes dli-
ficulties in communication ancl in work conditions in a wide variety
of eccupations.

People are exposed to nonoccupational nolse during lelsure and
rest hours, Environmental noise may interfere with, and affect the
performance of leisure-time activitles, eausing general annoyance,
Leisure activitles may also introduce a hearing hazard, eg., rifle
shootlng, leud music in discothegues ote.  Nonoceapallona]l nolse
ity prevent normal performance ol work and may, over o period
of time, lead to health impairment, For the sume reason, people with
reduced adaptability or reserve capacity such ns the sick, the aged,
people with impaired sleeping functlons, or those who are subject
to nther environmental strains may be particularly vulnerable and
in need of specinl protection apatnst excessive nolse,

4.3 Specific Health Criterin

4.0,1  Physical injury

Exposure lo SPLs exceeding 140 dB, even for short periods,
invalves a risk of morphulogical damage to the ear, usually con-
sisting of rupture of the tympanic membrane.

Aural discomfort is experienced nt SPLs above 100—110 dB
and acute pain heging at SPLs above approximately 130 dB. This
must be consldered as a warning signal of incipient damage and
an urgent requirement for preventive or protective measures, Fain-
ful sound intensities pre far above those that eause hearing loss,
when regularly experlenced for severnl hours per day, and even
briel exposure to such levels should be avoided.

4.3.2  Tearing loss

Long-term occupational exposure to high level neise can result
in a gradual loss of hearing, The time seale af this pracess varies
considernbly depending on individual susceptibilily, nolse intensity,
speetrum, and exposure pattern, and many other faclors not yet
fully understoed, In some people, severe damage may be caused in
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the first fow months; in others, hearing loss can develop gradually
over the whele period of a working life. Combined with presby-
acusls, it can lead to severe handicap and disabilily that is not
amenable to treatment.

In spite of considerable rescarch, no method has yel been found
to identify indlviduals who may be particularly susceptible to noise-
induced hearing loss, For this reason, it is extremely important to
avold exposure of warkers to noise Ievels that are known to Involve
a risk of permanent hearing loss, This should be achieved by ef-
Iective nolse-control measures. If this Is not possible, then workers
should be protected by n hearing conservation programme following
recognized oceupational health standards, Early detection of in-
clpient hearlng impairment is most important in the prevention of
progressive deafness.  Since the enrliest loss of auditory acuity
usually oceurs al frequencivs in the region of 4000 Iz, loss at this
frequency is the most sensitive indicator of incipient damage. Losses
at lower froquencies usually indicate progressive damapge. NITTS
is oceasionally used to prediet NIPTS, but there s little agreement
on the validity of tlis practice.

Recent research and analysis of most of the available data has
provided a statlstical busis for predicting the degree of hearing Ioss
Hkely to be experienced by people exposed to sieady noise during
an 8-h working day, for periods up to 1 years. The risk is negligible
for L., (8 h} = 75 dB(A). Above this limit, the risk of nolsc-induced
permanent hearing loss incereases with inerense In noise level, 11 the
significant noise exposures are concentrated aver shorter periods
during the day, this basic erilerion implies that the risk would also
be negligible with a 4-h exposurc to 78 dB3(A), a 2-h exposure o
81 dB(A), or a !-h exposure {o I4 dB(A). Conversely, if additional
exposure oceurs outside the 8 working hours, for example as a
result of commuling to work or lelsure activities, the limil of sale
exposure would be more adequately expressed as an L., of 70 dB(A)
averaged over a 24-h day.

Any comparlson of nolse exposures with recommended exposure
limits should be based on measurements token at 1he worker's car
under actual working conditions. Nolse levels should be monitored
at periodie intervals, For fluciualing exposures, tho L., for the total
workday should be determined. If the neise coniains impulsive
components, the peak pressure, duration, and repetition rate of ihe
impulses must be compared with separale limits, in addition 1o thase
just stated, in order to assure a safe level of noise in an environ-
ment.,

Based on available risk tables, legislalive provisions or recom-
mended practices adopled by several countries speecify oecupational
exposure limits In the range of L., (B-h) = 85 dB(A) £ 5 dB(A), with
an inereasing tendency to aim at lower limits, Ly, (8 h) = 75 dB(A)
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ean probably be considered as the limit below which there is little
ot no risk of permanent hearing damage and no necessity for pro-
teetlve measures.  Hearing conservallon programmes should be
adopted in the case of routine occupational exposure to higher levels.

4,23  Nenspecific health effects

The nonauditory health effects of nolse are complex and not yet
fully understood, Laboratory and field studies hinve revealed a varl-
ety of physiological reactions such as changes {n heart rate, blood
pressure and peripheral resistance, and vestibular reactions, Many
of these noise-induced reactlons are nonspecific and are usually
referred to as stress reactions.

Much of the Information is based upon animal experiments, many
of which have been performed on rodents. These animals differ
considerably from man in thelr reactions to noise. Thus, it is vary
difficult to assess the significance of such experimenis for human
health and wellbeing,

The possibilily cannot be {gnored that short-ierm, and long-term,
nolse-induced siress, particularly with insufficlent time for recovery
between periods of worlk, could Inerease susceptibility to other work-
related discases, degenerative diseases, and nonspecilic dlseases that
are regarded as consequences of chronle general stross.  People
normally exposed to hazardous stress during work and sensitlve
proups such as the sick, the clderly, pregnant women, and children
may be particularly ot risk. However, although the reported ob-
servntions are considered by many to be indications of potential
danger to health and have been suspeeted as predecessers of patho-
logicul changes, researeh on this subjeet has not yielded any positive
evidence, so for, thal discase ts eaused or oggravated by noise
oxpasure, insufficient fo causc hearing impairment, More cpidemia-
logical and animul studies are required to eclarify the nature of
nonauditory health risles nssociaied with noise.

434 Interference ellects

Irequent or severe interruption of varlous human netivities by
neise musl affeet human health and well-being {o various degrees,
The main interference effcels studied have been those assoclated
wilh sleep, communieation, and with task performance,

The prabability that sleep will be disturbed by a partleular noise
depends an o number of factors including the interference eriterion
used (.., awakening or EEG changes), the singe of sleep, the time
of night, the nolse stimulus, and adaptoiion to the nolse. Individual
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differences in sensitivity are marked, Although systematically col-
lected field data on sleep disturbance are limited, there is some
consensus of opinion that night-time noisc levels of 35 dB(A) Ly,
or less will not interfere with the restorative process of sleop,

The masking cffect of noise on spoech communication is well
understood and methods are available to enlculate woerd, message,
and sentence intelligibility as a funciion of 1he characierstics of the
masking noise. These methads are widely wsed in the design of
rooms and the specification of background noise from external and
internal nolse sources to satlsfy communieation requirements,
Varlous acoustic enginecring reference works give background noise
limits for various types of rooms such as offices, conference rooms,
classrooms, and auditoria. However, it has been noted that com-
munication requiremenis in industrial siiuations frequently do not
recelve adequate attention, particularly with reference to the acei-
dent risk, To guarantee satisfactory (100%) speech intelligibility in
private homes, indoor noise levels of less than 45 dB({A) L, are
generally requlred,

Task perlormance intérlerehee Is ¢canpiex and depands to a large
extent on the nature of the task, It is primarily an occupational
problem and there is little evidence that it is signifleant in sliuations
where nolse does not interfere with communlication or does not pose
a risk of hearing impairment,

Concentration and mental wark of all kinds are ofien assumed
to require a qulet environment, However, there are no relinble ficld
data to confirm this and it scems likely that the disrupiiveness of
neise depends more upon the informatlon it conveys than upon its
level. No gencralized criterin relating lask efficiency and nolse
level or duratlon can be stated.

4.4 General ealth, Weliare, and Anneyance Criterin

The health eriteria and exposure limits deseribed in section
4.3 provide guidance for the reduction or avoidance of noise-
induced eilects under specifie cireumstances, Mowever, they are of
limited use for decisions roncerning the environment of the gencral
population,

The resulty of social surveys on the extent of annoyance can be
used as guidanee coneerning the relatlon between different types of
outdoor noise and the extent of dissatisfaction er annoyance in the
community. Avallable data indicate that daylime noise levels of
less than 50 dB(A) L,, cause llttle or no serious annoyance in the
community. With noise at this level, other factors such as transport
needs, road safety, and the avallability of schools are likely to couse
more concern than occasional noise disturbances. Based on this lkeli-
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hood, daytime noise limits in the region of 55 dB{A} L, might be
considered as a general environmental health goal for outdeor noise
levels in residential areas, However, iechnological and cconomie
limilations may malke this goal impracticable, at present, for many

existing urban nreas.

5. NOISE CONTROL AND IIEALTH PROTECTION

Noise levels in the environment can be reduced or limited by
emission control, which should be almed ot nolse sources contirl-
buting most to the cffecis experienced by man. The relevant sources
are not always those that contribute most to the fotal dese from an
acoustie point of view, Environmental noise control can be imple-
mented by the use of environmental nofse standards. These stan-
dards can be met by control at the souree, by lmitlng the number
of sourees, by the physical separation of noisc sources and people,
and by changes in work methods, The technological hackground
and information on dosc-response relationships for both enviren-
mental and industrinl noise are sulficient to allow appropriate
aclion io he taken and to predict the cffectiveness of noise abate-~
ment programines,

The control of environmental nelse requires the participation of
loen] health authoritios and inlerested organisations. As problems
caused by envirenmental nolse, stich as aireraft and traffic nolse,
are mostly due to mistakes in planning policies, it may be difficult
to put a sulficienlly stringent noise abatement programme into
actlon in bullt-up arcas, Care should lherefore he token that
planning programmes include all long-term nolse conirel measures
which may be necessary.

Action concerning specifie sources of nolse such as cars or
aireraft, oflen has in be taken at an Inlernational level using long-
term planning strategy as a background,

5.1 Noise Control at Source

The most cfficlent aclion ngainst excessive nolse is the reduetion
of the noise at souree. In induslry, nolse control technology is
avallable for solving many typieal nolse problems arlsing {rem the
use of machinery. Usunlly the mest elfective npproach ls to
redesign or replace noisy equipment. If this is not possible, signifi-



cant reductions in noise levels can be achieved by structural and
mechanical modl!{culions, or the use of mufflers, vibration isolators,
and noise prolection enclosures (Beranek, 1971; Mags, 1978}

5.2 Conirel of Sound Transmission

A Iurther reduction In roise ean he obtained by Increasing the
distanee between people and the noise source. For cexample, this
can be a?l‘tlgvcd in the communily by planning the location of trans-
port freilities and, in Indusiry, by the careful selection of work
sites, Sound transmission can also be controlled by the use of parli-
tions or barr_icrs, e.g., for irallie noise along sireets or, in indusiry,
around particularly nolsy or disturbing machinery. Reverberent
noise']cvels can be reduced by sound-absorbing materials, The
techniques for the control of sound propagation and fransmission
are well developed (Beranck 1971).

5.3 Reduction in Lenglh of Exposure

A reduction in the length of exposure can be used in industry
to supplement {he previous measures, if necossary. This may be
accomplished by job rolation or by rostricting ihe operation of the
nolse source.

54 Education of Workers

- It is vitally important that persons who face o risk of exposure
to pptential!y hazardeus nolse Jevels should be cduented in; (o) the
possible consequences of excessive nolse exposure; (b) the means of
protectlon; and (c) the limltations of these means (e.g. Improper use
of ear-mulls).

5.5 Ear Prolection

If It is absolutely impossible to reduce noise to a harmless level
then some form of car proiection, i.e, car-plugs, car-muffls, nnd/or
helniets, should be used, They should also be used during infrequent
exposures that may not be part of a worker’s normal routine, When
il}e use of personul ear profeciion is neeessary, atientlon must be
given to: the cifectiveness of specific types and models of protec-
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tors; instruction in their proper use; hygiene, discomfart, allergic
reactions, and olher medical problems that moy arise through their
use; and the means for ensuring proper, diligent, and coffeective use.
In this connexian, it is imporiant to provide qulet facilities and the
apportunity for the temporary remaovnl of car protectors by those
working in high neise levels, It should he noted that the commonly
held view that ecar protectors inlerfere with communlcation is
incorrect, at least in continuous, high level noise — indeed, the
reverse is often found to he the case.

5.6 Auwdiomelry

Pre-employment and follow-up audiometric examinations should
be included in n hearing conservation programme. They provide
oppertunities for the detection of persons threatened by the devel-
opment of NIPTS in order to take preventive aetlon, Audiometric
tests are also helpful in monitoring the effectiveness of car protec-
tion and of noise abaiementl programmes. Tha examinations should
he performed by qualified techniclans under the supervision of
physicians or heallh officlals. Tt Is usually accepted that the men-
surcment of purc-lone air conduction thresholds is sufficlent for
this purpose, However, it should be siressed that periodical checks
on equipment calibration, background noise levels In testing rooms,
and audiometric procedures are necessary te minimize measure-
ment crrors. The [requency of [ollow-up audiometrie tests is, in
principle, dictated by the lype and level of nolse exposure. A gen-
ernl rule for sudiometric testing is te wall at least 16 h after the
lasl noise exposure to allow recovery fram NITTS.

Whenever noise exposures are such that an unavoldable risk ol
permanent hearing loss exists, occupational health services should
provide for a hearing conservallon programme. Such programmes,
for which detailed guidelines exist, contain 3 clements: education
goncerning the hazurds of noise; cducation in the proper use and
supervision of the wearing of ear prolection; and monitoring audio-
melry including periodical mredical examinaiion, when necessary.
Monitoring audiomelry, if properly planned and executed, will
identify workers at risk from inciplent hearing impairment, so that
they can be removed from the nolsy workplace before irreversible
damage is caused,

Since present accupolional noise standords in most countries
allow a cevlain risk of permanent hearing loss, o hearing conscrva-
tion programme is usually highly advisable in addition to the
specifiention of maximum exposure levels, Hearing conservation
programmes arc considered desirable when B-h dally cxposurcs
exceed 75 dB{A). Present concepls of acceptable risk and economic
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constraints limit their practical applieation in most countries to
levels around 85 dB(A),

.There are data which suggest that exposurc to noise during
leisure time in certain cascs may constijute a risk to hearing in some
segments of the gencral populutlon. Noise from clecironic musie,
d{sc'otheques, home power tools, guns, and certain olher sports
L-qummo:_lt might ecause hearing impairment. These henring losses
oceur primarily In young people, frequenily prior to thelr cccu-
pational exposure, Hazardous noise exposures durlng leisure time
should be controlled through consumer product conirol, noise
labelling of products, environmental noise limits, and puble odu-
cation, Ear protection should be recommended in conjunclion with
equipment producing hazardous noise Jovels,

i
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