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FOREWORD

This document has been prepared for the US Coast Guard, Office of Research and
Development, and for Naval Sea Systems Command (NAVSEA 05H) foi general guidance in
the development of noise standards for US merchant ships. It is one of several dealing with
various aspects of noise as related to habitability and the safety of personnel aboard merchant
ships.

This compilation and summary of data was prepared by the Airborne Acoustics
Branch. NOSC Code 5 1 21. with contractual assistance from the San Diego State University
Foundation.

The support provided by the NOSC Technical Library in conducting the literature
search is gratefully acknowledged.
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I EFFECTS OF NOISE ON HEARING

INTROD)UCTION

'IlE nvironmentail Protection Agenicy (EPA) est imates that 2-0 million people iii thleI

United States arc exposed to noise levels t hat are hazardous tu hearing (t'f 1 ), Noise Wait
permaniently impair varioulsaspects of tile hecaring mlechianism. aInd thle Itell "lflearing conlsei-A
vation" could refer to thle complete Ireneration o1'all Iearing. But [lhe relationi hetmeen
noi1se exposuire and hearing daninage is Coimplex\ and not 1`IN ii uderstood, and p'larameters
representing ",all hearing capability''are neither well established not commnonly measuired.
Furthermore, hearing normially deteriorates with age inl ourl ';ocict\y

F-oralm individunal ill today's wor'ld , the mlost importanit practical effect of' hearing
damlage occurs. When thle abI!ility to hear speech is inipaiied. Conlsetiuenltly. hearing conserva-
lionl has focuised onl t lus aspect, and present damage claillis are ei aluated onl the basis of' loss
of thle ability to hear 5speei'li.

The sound pressur'e level of evel'vday speech for peop~le I to 6 feet apart is roughily

55 to 65 tl (A), which corresponds to a hecaring le~el w~rilthmetic n~eragc of' 500 Ili, I k~liz
and 2 k1iz) of about 45 till. Particular syllables may %arv about this Ie~ el by + I5 till. For
practical purposes, a peirson begins to hiaW difficulty ' it h speech N\ henl hie has a1 hearing loss
(arithmetic avera-ge of' loss at 500 i-It. I k I 1,. and 2klizI) o1' reater thanl 25 dIB. His hiearn
is thenl Considered to be handicapped (r'ef2)

IHearing consvi-vat ion frequently ieiers only to the preservation of tile aolilitv of'a
stated percentage' of' tile Population to lieai' speech inl quiet. But it is 1o~ssit~e to lose a Conl-
;idlerable amount of hearing capability before oixe is ntot iceabl~ handicappt-ed inl this regar'd,
Indeed, thle conlserv~ationl of'all hearing is impi'act icafl, partly becauise one cannot segregate
losses due to nonloccnpational Causes. In at emlpt in to Net criteria, it is important to recog-
Inize that thle amount of noise exposulre that :.an be tolerated depend'. ont thle suiscept ibiliti, I0
teidividulto heaing- uaniage and thle amlounlt of hlearing" loss dleenietl accepale.LIA
differences between various criter'ia e-, for S hours tlie OSI IA limitt of 00 dBl(A), the IDol)
recomimendation of' 84 dB(A) (ref' 31), the ISO R 190IC L)QQ eCoeLklat ion of SO LIB(A) rel' 4).
and tlie EPA i'ecommendation of' "5 diB(A) ai'e due laii'gel to tile amouint oif' hearing loss
considered acceptable and thle percentage of tile population one is \\ illing to af'fect . OSI lA
considers s-ome hearing loss outside I lie speech range to be acceptable and accep~ts a1 noise-
induced permanent thr'eshiold shift (NIH'S) at 500 Il. I k~li, and 2 klIIz upl to 25 LIB. ani
aniount which is not expected to interfere i~ th speech at n or mal levels.

HEARING IDAMAGE RISK

Table I 0fiomi'ef' 2) shows tilie pei'centa-ge of people expected to show a hecaring hiand-
icap as.-a function of' years of exposure at work to uarious le~els of continuotis noise. Age is

1. PA-550,11)-'78-I 100,'ru Abilil\ Of \tiIdLI 11011 e 1 rin lnipdud Inikliduads it) Iis mini~nae Speech Iin Noise,
lEnvironmental Protection Agenc\',\Vashington DX. 101)8.

2. Daniage-Risk Criteria for Hecaring. b\ A Glorig. Iii Noise and V'ibratioin Control. LL. Beranek ed, McGraw- -4
Hill. New York, 197 1.

3.DoD Instsruction 6055.'3. liearing Cmiservation, S June IQ 7 S
4. ISO -R 1091), Assessment o(f Occupatitonal Noise 1\postiri t'or I 1a Ileu ingm Csru I it'll Purpowe.. I n t01ri.1tionail

OrganitatIioin for Standardit at ion (ISO). Genova, IQ 7 I.

- ~ ~ ~ ~ ~ ~ ~ A ki.- 1 ~---~-



'Table 1. Percentage of people expected to show a hearing handicap as a function of years
of exposure at work to various levels of continuous noise. AVe is assumed equal to

exposure years plus 20 years. In each level, the lower row takes out the
"effects of aging (presbycusis). (From Glorig (ref 2).)

Age. years 20 25 30 35 .10 •15 50 55 60 65

Fxposure. \'ears
(Ye age 20) 0 5 10 15 20 25 30 35 40 .45

.81 -lotal o1.7 1.0 1.3 2.0 3. -4.9 7.7 13.5 2-1.0 -i0.MS5Doe to 110ise No increase" in iisk at this level 0f exposuire

T5taI 0.7 2.1 3.9 6.0 8.1 I 11.0 14.2 21.5 32.0 -16.5
Due to noise 0.0 1.0 2.6 .1.0 5.0 6. I 6.5 8.0 8.0 6.5

'1-

="'otl t)0.7 4I.0 7.9 12.0 15.0 18.3 2,3.3 31.0 -12.0 5.1.5
Due to loise |S0.0 3.0 6.6 10.0 11.9 13.1 15.6 17.5 18.0 1-1.5

-l Total 0.7 6.7 13.6 20.2 2-.15 29.0 3-..1 .1!.8 52.0 (6i- 0
q95

ouC .0 Ise - 0.0 5.7 !2..3 18.2 21.-I 2.i 26.7 28.3 28.0 2.0

"l'otal [1 0.7 10.0 22.0 32.0 39.0 .13 0 -18.5 55.0 6-1.0 75.0
Due to 10ise I 0.0 1 9.0 20.7 30.0 35 9 38.I 40.8 tl.5 -10.0 35.0

0.Total j .7 1-1.2 33.0) -16.) 53.(0 59.0 6 5.5 71.0 78.0 84.5
Due to noise 0.0 13.2 3L.7 .-1-.0 -19.9 54.1 57.8 !;7.5 5-5.1) .1-1.5

ITotalC 01.7 20.0 -17.5 63.0 71.5 78.0 81.5 85..0 88.0 91.5
10Due IC0 II0ise 0.1) 19.0 -16.2 6 1.1) 68.-I 73. 1 713.8 7 1.5 6-1.0 5I.5

ITal 11.7 27.0 62.5 81.0 87.0) 9!W.1 92.0 93.,1 9-1.1) 95.1)
I15 Due 1C) mi.,e (.0 26.0 61.2 79.0 83.9 86. I 8-1.3 89.5 70.0 55.0

assumed equal to exposure years plus 20 years. In the lower row of figures in each exposure

A-• .level, the effects of a going (presbycusis) have been taken out by removing the fraction of per-
sons expected to experience the hearing loss because of age alone, independent of noise
exposure.

NOISE-INDUCEI) PERMANENT THRESHOLD SHIFT (NIPTS)

The relationship between long-term noise exposure and noise-induced permanent
threshold shift (NIPTS) is well established, but simplifying assumptions tire made when these
parameters are defined and measured. In practice, it is impossible to control noise exposure
closely, and considerable variability of noise level with time is to be expected, along with a
wide variety of noise spectra. In many cases, however, noise exposure is treated as though it . Z1
were continuous at some s iecified level for 8 hours per day, 5 days per week. Its intensity is
frequently expressed as dB(A), the A-weighted sound pressure level in dB.

4
S2 -1
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Table 4. Soummary of thle perinanenm hearing d~amage effects expected for continuous
noise- exposure at various values of thle A-weighted average so-:vl level.

-9 Entries are the difference in decibels between pure-tone thresholds- of
noise-exposed and control populations matched for age.Am

(Fromi EPA "levels docu men t' (re f 1 2).)

75 dB for 8hrsIA

Max NIPTS 90th percentile I d8 2 dB 6 dBT

NIPTS at 10 yrs. 90mh percentile 0 1 5
Average NIPTS 0 0 S
Max NIPTS I 0th percentile 0 0 0

SdB qr lin

av.0-5.l. kIMz av.05 IA kjz 4 kHz-

Max NIPTS 90th percentile I dB 4 dB I I dB
NIPTS at 10 yrs. 90th percentile 1 3 9
Average NIPTS 0 1 4
Max NIPTS 10th percentile 0~ 01

85 dB for 8 lrs

av.0.S,1,2 kHz av.Q.&I ý2, kH-Z_ 4 z

Max NIPTS 90th percentile 4dB 7 UB 19 dB
NIPTS at 10 vrs. 90th percentile -6 16
Average NIPTS 1 3 9
Max NIPTS I 0th percentile 1 5

90 dB for 8 hrs

av.0.5.1.26kHz -,v.0SA HAlz 4

Max NIPTS 90th percentile 7 dB 12 dB 28 dB
NIPTS at 10 yrs. 90 percentile 492
Average NIPTS 3 6q1
Max N1IPTS I 0th percentile 41

- w~ouid be thesamte individuals as the 4%, who would normally develop at hearing loss w it~n
s"ignificant exposure to noise.

The nte-Indstr Nose Sudy(Yeg et al. ref I I) investigated licaring, damagle caused

by industrial noise exposure within the 82-102 dB(A) range, Minimum exp~osure duration was
3 years. median was 15 years. The noise exposure of the control population dlid nict exceed
75 JB(A). When the hearing levelis of the male population were compared wit h those of thle
control, difference-, were significant at 3, 4. and 6 kliz. To compare thle results of Yerg et al
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I Yerg et al concluded that hearing levels of wvorkers z~t the upper end of thle noise inten-
sity range were not different from the hearing levels of those at the lower end. However, one
should note that this failure to show a difference in hearing level due to noise intensity may
be a result of difficulties in defining precisely tile actual noise exposures. The authors them-
selves stated:

SA worker exposed to noise levels ranging from 82 to 88 dB(A) on tile first
test could well have been exposed to noise levels ranging from 86 to 92 dB(A)
on the second visit. Such variations over time demonstrated that it is unrealis-
tic to assume that a measured noise level can be applied retrospectively with
precision....

TIME/INTENSITY TRADE-OFF

The mdost direct measurements of hearing damage have been obtained empirically by
measuring permanent threshold shift in people who have been exposed to continuous noise
almost daily for many years. But noise is often not constant, and hearing damage risk varies •-

with the spectrunm, level. and duration of the noise.

The cone )t of noise exposure. as contrasted to noise level, is important because, as
table 1 shows z duration for wlhich one is exposed to noise is as important as the level.
Noise expos- .e may be expressed in terms of a noise exposure rating, or noise dose, which iss
considered acceptable when its value does not exceed unity. It is given by the formula

C1 C2  C3  Ci
Noise exposure rating = - + + - + . + -TI T21 T3 Ti

where

Ci = total duration of exposure at a particular level

Ti = maximum acceptable duration of exposure at that level

It is generally accepted that, within limits, one can compensate for higher levels by
reducing exposure time. But the exact intensity/duration trade-off relationship to be used is
an area of current debate. Rules of 5-. 4-, and 3-dB per time-halving are presently being used.
For example. OSHA specifies a 5-dB rule, the DoD specifies a 4-dB rule, and both the Inter-
national Standards Organization (ISO) Recommendation R 1999 and the EPA "levels docu-
ment" specify a 3-dB (equal energy) rule.

Two theories have been advanced for determining the relation between intensity and
duration: the equal temporary effect theory and the equal energy theory (ref 15). Botsford
(ref 16) states:

iThe equal temporal-y effect theory postulates that the hazard of noise
exposure increases with the average temporary loss of hearing it produces in

15. Temporary Threshold Shift from Octave Band Noise: Applications to Damage Risk Criteria, by A Glorig
and DL Sklar: J Acoust Soc Am. vol 31. 1959, p 5232-528.

16. Current Trends in Heating Damage Risk Criteria. by JH Botsford: J Soun! and Vib, vol 4 no 4, April
1970. p 16-19.

9
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•young normal ears .... This theory arises out of the observation that those
noise exposures that ultimately produce permanent hearing loss also produce
temporary hearing loss in young normal ears, and, conversely, I wI hile a
causal relation between temporary hearing loss and permanent hearing loss has
not been established, it is reasonable to assume that those noise exposures that
do not cause much temporary effect will not cause much permanent effect
either. On the basis of this assumption, results of temporary threshold shift
(ITS) studies have been used to define safe limits for all-day exposures to
steady noise which agree with those established by permanent threshold shift

z studies. Studies of I'TS also lead to reasonable limits for ver, short or indefi-
nitely long exposures.

The equal energy theory, on the other hand, is based on the hypothesis that hearing
A damage risk is determined by the total amount of' energy reaching the ear each day. It yields

a 3-dB per time-halving rule.

_ The 5-41b rule is supported by results of 'ITS studies using intermittent noise. Inter-
fi• ilmittent noise induces less TTS than continuous noise with the same total energy, Therefore,

assuming that the temporary effect of a given noise predicts the permanent effect, more total
energy is acceptable if the noise is intermittent (ref 1 7),

The equal temporary effects theory ascribes great value to rest periods, ie periods of

"effective quiet" during which recovery from TTS can occur. Ward, Cushing. and Burns
(ref 18) detenrined the highest noise level that will neither produce a significant TTS nor ii
retard recovery from a "ITS produced by prior high-level noise exposure. The value is about
76 dB for the 250- and 500-liz bands, and 68 dl3 for 1, 2, and 4 kllz. Applying the
A-weighting response to each gives respectively 67, 73. 68, 69 and 69 dB(A) for each of the
above bands. Thus 70 dB(A) is considered a reasonable though not conservative estimate of
tthe level of effective quiet.

Another school of thought on TI'S itudies supports the equal energy theory. There
appears to be general agreement that rest periods long enough to provide full recovery from
ITTS play an important role in reducing damage risk.

Johnson, Nixon, and Stephenson (ref 19) investigated TMS induced by 24 hours of
intermittent noise exposure. They found that (i) the growth of TTS clearly reached an
asymptote for all interrupted exposure conditions, even when the ITS was as small as 5 dB:
(2) interrupted exposures produced lower asymptotic levels than continuous exposure with
the same amount of energy: and (3) the TTS recovery patterns were essentially the same at
1 hour and beyond for all conditions - ie exposure to equal energies required the same

amount of time for recovery. The authors stated that the results lend support to the use of
the equal energy rule for estimating effects of acoustic energy on people.

17. A Comparison of the Effects of Continuous. Internittent, and impulbe Noise, by WD Ward: in Effects
of" Noise on Man, D Henderson et al. ed, Raven Press., New York. 1976.

I1. l.ftect-ve Quiet and Moderateý TTS: Implications for Noise Exlposure Standards, by EM Cushing and L
EIM Burns: J Acoust Soc Am. vol 59 no 1, 1976. p 160-165.

19. Long Duration E-posure to Intermittent Noises, by DL Johnson. CW Nixon, and MR Stephenson:
Aviation, Space and Environmental Medicine. September 1976 p 987-90.

to
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Nixon. Johnson, and Stephenson (ref 20) showed that TTS from long-duration noise
exposure reaches an asymptote after 8 to 16 hours and does not increase further during con-
tinued exposure for durations of at least 48 hours. They compared TTS growth and recovery
patterns during 24- and 48-hour exposures of humans to continuous pink noise at an
A-weighted level of 85 dB. Results indicate similar patterns of acquisition and relatively
equal amounts of TTS for the two exposure durations. At 4 kHz, however, recovery of pre-
exposure hearing levels following termination of the noise differed: twice as much time was
required following 48-hour exposure as following 24-hour exposure. This indicates that the

amount of TTS is not a good indicator of hearing damage risk for long-duration exposure.
But it also shows that TTS recoveiy time is predicted by the equal energy rule, since recovery
from the 48-hour exposure (which had twice the energy of the 24-hour exposure) took twice
as long.

Martin (ref 21) reviewed studies relating the equal energy rule to NIPTS and TTS and
concluded that the equal energy rule does accurately predict NIPTS for intermittent and
impulse noise at least to sound pressure level peaks of 150 dB. These findings also suggest
that the equal energy rule may in fact not be too conservative for predicting damage risk.

VALIDITY OF A-WEIGHTED SOUND PRESSURE LEVEL AS A MEASURE OF
HEARING DAMAGE RISK

A-weighted sound pressure level has been shown to correlate well with hearing damage
Q risk for noise spectra typicai of most industrial settings.

SWhen broad interest in noise induced hearing loss first began, noise level
measurements were usually made in octave bands. With more research, it
became apparent that the average of the sound-pressure levels in the higherbands only correlated well with noise induced hearing loss. The conclusion

was reached that a single number taken with a meter that discriminates against
energy content at low frequencies is adequate. Such a number is the A-weighted
sound pressure level in dB (sound level A: dB(A)).

f- Robinson concludes that the magnitude of error in hearing-loss calcula-
tions is on the order of ±2 dB when sound level A is used to specify the energy
even when rising and falling spectra are compared. Similar findings have been

--4 reported by Baughn in a study where over 600 spectra have been analyzed.
Consequently, sound level A has been accepted for measurements concerning
conservation criteria. (Glorig, ref 2.)

It seems advisable to use simple A-weighted sound level, with no further corrections.
to measure shipboard noise. It greatly simplifies the data taking and data analysis process,
thereby reducing costs. In doing so, however, it should be recognized that shipboard noise
spectra generally have much greater loA-frequency content than industrial spectra, and that

20. Asymptotic Behavior of Temporary Threshold Shift and Recovery from 24- and 48.hour Noise Expo-
sures, by CW Nixon, DL Johnson, and MR Stephenson: Aviation. Space, and Environmental Medicine.
April 1977. p 311-315.

21. The Equal Energy Concept Applied to Impulse Noise, by AM Martin; in Effects of Noise on Hearing.
D Henderson ct al, ed, Raven Press, New York, 1976.

11I:



as a result one occasionally may be applying A-weighting outside the domain it can handle
well. The following discussion may aid in identifying such situations.

One school of thought holds that the effects of low-frequency noise on people, though
still not well defined, may not be faithfully represented by A-level, especially when low fre-
quencies are present at high levels. Botsford (ref 16) proposed that the C-weighted sound level
be used to adjust the A-level in such cases. He concluded that the quantity C-A is a good
descriptor of the low-frequency content of noise, and that if C-A exceeds 5 dB, the A-level to
be used should be lower than the measured A-level by the amount given in tables 6 and 7.

Table 6. Acceptable exposures to dangerous noise. This table may be used to find the total
acceptable exposure duration for repeated noises of known A-level. To use the table, select
the column headed by the number of times the dangerous noise occurs per day, read down

to the average A-weighted sound level of the noise, and locate directly to the left in the
first column the total duration of dangerous noise for any 24-hour period. It is

permissible to interpolate if necessary. (From Botsford (ref 16).)

Total Numbei Af Time-; Noise Occur% Per Day

Duration
Per Day 1 3 7 15 35 75 160 up

(24 hours)

8 hrs, 89 89 89 89 89 89 89
6 90 92 95 97 96 94 93
4 91 94 98 101 10.3 101 99

72 93 98 102 105 108 1!3 117
1 96 102 106 109 114 125 125 (1%h)

30 Inin. 100 105 109 114 125

15 104 1h9 115 124
8 108 114 125 A-weighted
4 113 125 Sound Levels, dBA
2 123

Table 7. Deductions for noise types. The A-weighted sound pressure level may be corrected
for low-frequency content by using the difference between the C- and A-levels, and this table. A
To use the table, find the A-weighted sound level of the noise in the first column, and read

horizontally, in the column headed by the difference between C- and A-weighted sound
levels of the noise, the number of decibels to be subtracted from the A-weighted

sound level before determining the exposure limit from table 6. It is
permissible to interpolate if necessary. (From Botsford (ref 16).)

•- C--A
A-weighted

Sound Level, dBA 10 15 20 25

90 0 0 1 1 1 1
95 0 1 2 3 3 3

100 0 2 4 4 5 6

105 0 3 5 6 7 8
110 0 4 6 8 9 10
115 0 5 8 9 9

120 0 6 9 12
125 0 6 10 Deluctions
130 07

12iý



k A recent oxperiment, although dealing with noise with a spectrum unlike either ship-board or induhstrial spectra, has produced anl effect in thle opposite dlirection from Botsford's
findlings. Thtis may rekindle- ditmission of the effect of low frequiencies onl hearing damage
risk. Because anlimals were, used, caution is in order in ivpplying thle results to humans,
Burdick, Pattorson, Mozo, and Camp (ref 22) exposed two groups of chinchillas to octave
bands of tjolse of equal A-levels but unequal C-levels and noise rating (NR). One group heard
low-frequency noisse (63 liz)- the other, high-frequenicy noise (lklfz4 Trhe permianent hearing

~loss which resuilted is shown in table 8. Two main points should bie noted. First, lowv fre-
quencies produced 7 dBi more hearing damage than dlid hiighi frequencies - 1 6 dBi vs 9 dBi
NIPTS at 21 kliz, Second, A-level dlid not fa-ithfully predict hearing damage.

Note that when annoyance rather thtan hearing damage is the issue, some feel
A-wih Ing gie )to little influence- to low frequencies. PBuiten (ref 2-3) reports that, in his2

experience, (lie bridges of ships represent a worst case in this regard. lie reports ant engine
exhaust case onl a bridge wving in wvhichi noise treatment substantially reduced the annoyance

r ~subjectively, thle NR dropped fromt 86 to 76, but the A-level increasedI from 79 to 80 d111.
Above about 50 dBi NR. NR is more sensitive to low frequencies than A because thle NR
curves aire flatter.

22. Threshold SIft lin Cuthinilia Exposed to Octave Bands of Noise Centered at 63 and 1000u lt or Thiree
Days%, by CK tiurdicl-, J11 Patterson, IT Mozo, and RT Canip-,J Acoust Soc Am, Vol 64 nio 2,1978.
p 458-464.

23h Report 125S. A Proposal on Noise Criterit for Seagon Shp -Jy Buiiten- Netherland Ship Research~
Center TNO, 1969.

Table 8. The results of exposuire to octave bands of low- or high-frequency noise
of equal A-level. (Derived fromt Burdick et al, ref 2-2.)

Ihearing Loss
Group___ OctaveHand Leesof Three Consecutifve 11116 IIB

Number (Ceniter lFrim) 72I-lour Exposures a14kli at 2 II z

74 84 94 dtl(A)

g 9i 107 NR

Ifi1gb -I kllz) i5 8 95 LIB SPL- 69

75 85 95 S llI(A)

jN R
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VALIDITY OF THRESHOLD SHIFTr AS A MEASURE OF HEARING DAMAGE

Thireshiold dhift (NIPTS and T1TS) may not be anl accurate mecasure of noise-induced
hecaring damage. The hiuman ear contains about 9000 outer and 3000 inner hiair cells (ref 214).
Thle outer hair cells are thle elements of thie hecaring mnechianjsnl most susceptible to noise-Flinduced damage. Spoenidlin (ref 215) stated thiat damage of (lie mectabolic type induced by
noise inl the zone be-low 130 dil affects the outer hair cells rathler than the inner h~air cells,
whichl frequently renmain intact. Damage to thle outer hair cells does riot necessarily manifest -itsef . of icaing ll eperiien

-itsls a shift inl threshiold. According to Spoenidlin. the threshiold fhaigineprmn
tal animals does not seenm to be aipreciably affected even by thle selective complete loss of
oilter hair cells. Henderson and llaniernik (ref 26. P) vii) state: "Prelim~inary analysis of cellular
integrity has demonstrated thiat large losses o1' outer htair cells may not be manifested inl thle
results of lpur-tone audiotnitry: thierefore, it appears that more, powerful diagnostic proce-
dures are necessairy.-

Whiat is tile role otf thle outer liair Bellienivenue, Michael.and Violon-Singer
(ref 2-7) Itypotliesize thtat they inhibit thle output of the inner h~air cells inl a way which shiarp-
enls thle critical bands. In other words, thecy sharpen the tuning chiaracteristics of the car.
liienvenuec ct al pr~edict that damlage to thle outer hiair cells will increase thce sensitivity of thle
ear to loudness chianges. ic will cause recruitment. and wvill increase thie widthi of the critical
bands. They demonstrated thiat the effects of noise onl the ability to discriminate changes inl
intensity last muchi longer than does temporaly thrsold sit nices nciia ad
vidthi could impair speechl discrimination inl noise. Thle E:PA, inl ref I1. shows that such impair-
ments exist inl people wvith nonlu-i hearing according to threshiold mecasurement~s -2.5-0 fence).

SELECTED ANNOTATED BIBLIOGRAPHY: EFFECTS OF NOISE ON HEARING

RII Martin. MD Gibson. and BIS Lockingtuni, Occupational hecaring loss betwveen 85
and 90 dBA. J Oce Med. vol 17 no 1, 1975 1) 13-18

Thlis study (ref 28) investigated thle difference inl hearing risk- between S5 and 90
dB(A). Three areas of a steel mill w~ere. investigated. Thle results are given inl table 9. Thle
results o-f the 50- to 65-year age group were most striking. and they correlate better wvithi
linear sound pressure. level than with~ A-level. They also indicate that 90 dB(A) is more hiazar-
doits than 85 dlfl(A).

4.N-oise, atul Man, by WV Burs: JIl 1-pp1incot, P~hiladelph~ia, 1973, p 65.
25. Anatomical Cliangp Folnlowing Various Noise Eixposures. by It Sptniidliii. inl EXtets, of Noise oil Hear-

ing, 0 Itenderson et Al. ed. Riven Press, New York. 1976.
26. Effects of Noise onl Hearing. 1) tienderson. RP~ Ilanierik, DS Dosanjli. and 311 Mfills. ed. Raven Press,

New York.
217. The Eff~ect of High Level Sountd lixplosure onl the Loudness Difference fLown, by GR Ilienivenoc. PL

= ~Michael, and JR Violon-Singer: Anm Indust Ilyýgiene 3. vol 37, Niovmber 1976.1p 6284135.
28, Occupational Ilearinig L~oss Between 85 and 40f dBA. by RlI Miaritin. MDt Gibson. and BS5 Lockington:

J Occupat Mied. vol 170 - In . 1975, p 13-I1S.

14



Table 9. Hearing loss in a steel mill.

Sound Pressure Level Percent Impaired (normalized)

Work Areas dB(A) dB linear Age 18-29 Age 30-39 Age 40-49 Age 50-65

Cold mills 86 90 1.7 4.0* 5.0* 14.0

Slinger floor 86 95 4.6* 1.8 2.5 26.5

Electric furnaces 89 102 4.0 2.3 15.5 32.5*

*Average liepring level at 0.5 and 2 kliz was significantly different from that of tile control population.

All persons working in the above areas at the time of initiation of the study were con-
sidered eligible except those in any of the following three categories:

1. Those who had worked in some other noise for more than 3 years.

2. Those who had severe unilateral loss (greater than 40 dB difference) in ears at two
or more frequencies.

3. Those who had previously diagnosed bilateral nonsensorineural loss.

ou. All other variables such as nonoccupational noise effects were assumed to randomize
out.

The value of the results of this study is limited, for several reasons. More impact noise
was associated with electric furnaces than with o:her locations, but this was not quantified.
The duration of exposure was apparently not quantified. The sample size was so small that
statistically significant differences between the sample and control populations occurred for
only 33% of the exposure groups tested. Hearing loss at 4 kHz, the frequency most sensitive
to noise damage, was not considered.

D Henderson, RP Hamernik, DS Dosanjh, and JH Mills, Effects of Noise on Hearing,
Raven Press, New Xi ork, 1976

This book (ref 26), compiled by di .dnguished experts in their respective fields, is an
excellent summary of the effects of noise on people. It is the result of a symposium on the
effects of noise on hearing, sponsored by the National Institute for Occupational Safety and
Health (NIOSH) in 1975. Forty experts from the fields of acoustics, anatomy, physiology,
audiology, epidemiology, otolaryngology, and biochemistry were invited to write critical
essays on the specific issues underlying the effects of noise on hearing. The essays discuss the
following issues:

* Noise and Hearing: A Perspective on the Problem

A general overview of the problems involved in determining the relationship between
noise and hearing loss.

* Cochlear Anatomy and Biochemistry
Mechanisms of noise damage to the inner ear. It discusses the anatomical and bio-

chemical changes caused by noise damage.

15
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0 Mechanical and Electrophysiological Characteristics of the Ear

Outer ear and middle ear mechanisms that protect against noise, and tile effects of
noise olt the cochlear potentials, eighth nerve responses, and temporary threshold shift.

* Experimental Studies of Noise-Induced Hearing Loss

Experimental studies dealing with temporary threshold shift in humans and perma-
nent and temporary threshold shift in animals.

* Epidemiological and Analytical Studies of Noise-Induced Ilearing Loss

Models for noise-induced hearing loss, characteristics of noise-induced hearing loss,
and the relations between continuous, intermittent, and impulse noise.

* Scientific, Medical, and Legal Considerations for E'stablishing Damage Risk Criteria.

The following three essays from ref 20 are particularly pertinent to this survey and
are separately annotated.

BA Bohne, Mechanisms of Noise D)amage in the Inner Ear

lit this essay, the four hypothesized mechanisms of noise damage to the inner ear are
as follows:

• Mechanical

The cells in the inner ear are directly damaged by mechanical action.

* Metabolic exhaustion

Key ezniymes and~or metabolit-s in the cells are damaged by prolonged noise exposure.

* Vascular changes

Blood circulation in the cochlear vessels is impaired by prolonged noise exposure,
causing a lack of oxygen and nutrients for cells in the inner ear.

9 Ionic changes

The continuity of teie reticular laminta may be interrupted, allowing endolymph con-
taining a high concentration of potassium ions to enter the fluid space of the organ of corti.
This damages the cell membranes, which are not normally in contact with such ionic
concentrations.

HE Von Gierke and DL Johnson, Summary of Present I)amage Risk Criteria-

The authors state in this essay that in spite of uncertainties and open scientific ques-
tions, the available data base is consistent enough to predict for preventive and protective
purposes the amount of noise-induced permanent threshold shift (NIPTS) to be expected in a
population as a result of habitual noise exposure. They discuss the compilation of the EPA
"-levels document" and thie levels of NIPTS to be expecied from different noise exposure
levels and for various percentiles of the population.

16



The exposure time-intensity trade-off is then discussed. The authors state that TTS
data accumulated in laboratory experiments clearly indicate that no simply TTS-vs-time rela-
tionship fits the data perfectly. However, the TTS-vs-exposure time data for 4 kHz are fitted
better by the equal energy rule than by the 5-dB increase of level per halving of time relation-
ship. However, the data for frequencies in the conventional speech range might be better
the 3-dB (equal energy) rule is the best.

The authors state that the establishment of noise exposure limits short of levels com-
pletely safe for 100% of the population is a social, economical, legal, and, in short, adminis..
trative decision. They point out that the damage risk of noise is constant: it does not chanke
with legal interpretation, the economic situation, social changes, and so on. However, the
criteria for noise exposure set forth by various institutions may vary on the basis of how much
hearing damage is acceptable in view of the above considerations.

AM Martin, The Equal Energy Concept Applied to Impulse Noise

Martin reviews, in the light of the equal energy concept, studies that examine
the effects of impulse noise on noise-induced permanent threshold shift (NIPTS) and noise-
induced temporary threshold shift (NITTS). He concluded that the equal energy concept
relates well to NIPTS, but that it does not adequately predict NITTS.

Martin summarizes the equal energy concept in three points: (1) Equal amounts of
A-weighted sound energy damage hearing equally. (2) The damage is a function (not neces-
sarily linear) of the acoustical energy received. (3) A trading relationship exists between
exposure time and noise level, the product of the two being a measure of the total acoustical

-energy received.

In support of the equal energy concept as applied to steady-state noise, Martin cites
the study by Burns and Robinson (ref 29) as the most convincing evidence. They found
empirically that hearing loss is related to LA + 10 log T/TO, an expression of total sound
energy, where LA is the steady-state A-weighted sound pressure level over exposure time T,
and TO is a reference duration.

For dealing with fluctuating levels, one may define the quantity A as follows:

EA Leq + 10 log T/T0 .

in which

Leq 10log f 1 " , {dt,

29. -Hearing and Noise in Industry, by W Bums and DW Robinson, Her Majesty's Stationery Office, London
England, 1970.
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wvhere TR is the duration of the nominal working day, ts is the total daily exposure, time,

11A is the instantaneous A-weighted soundt pressure in pascals (N/m i), and P0O is the reference i
Martin derives and Plots EA for impulse noises of 85 dB(A) and 95 dII(A) and conm-

pares themn with various damage risk criteria for impulse noise. lie then examines experimen-

tal evidence and conlcludes, "..the equal energy concept should be extended from steady-

150 dB(P). Circumstantial evidence exists to show that it may also be applied to higher pleak
sound levels, gunfire, and explosive noises","

That equal energy accurately predicts NIPTS caused by impact noise is shown by
studlies by AMI Martin (ref 30), Guberan et al (ref 11), Ceypek et a!t (ref 32), and others.,

EPA-5SO/9-76-007. Some Considerations in Choosting anl Occupational Noise Exposure
Regulation, February 1976

'This (document (ref 33)) reviewvs the effects- ot noise Onl People and discusses the Conl-
siderations to be made when choosing an occupational noise exposure regulation,

It dist tisses blow much hearing damnage is- to be expected from various noise exposures
and how mu&ic. at population wvill benefit from various noise exposure criteria. The diffeicences
in hearing damage expected fromt noise exposures of 85 and 90 dH are showvn in taie1an
are based onl data fromt Baughin (ref 10) and the National Institute for Occupational Safety
and Health (NIOSH) (ref 34). it appears that for any given hearing threshold fence. about
twvice as manly people exceed thiat fence when exposed to 00 dB(A) as when exposed to
85 (1B(A).

The auithors discuss the data and calculations used to estimatte the damage risk of'
various noise criteria. They present tables that give thte number of workers impaired dute to
noise 10 and 40 years after compliance wvith given criteria, They state that no mat ter what
definition of material impairment is used, none of the presently proposed standards would
assure that no employee suffers impairment.

Information is presentedl onl other health effects of noise, including cardiovascular
effects (reviewved elsewhere in this reptort).

3 0. Industrial Impact Noise and 1-earing, by AM Martin; Pht D thesis, Department of Pure and Applied
Physics, University of Salford, England, 11)70,

31. H~azardous Exposure to Industrial Impact Noisc: Persistent Effect on Hearing, by F Guberan, J
Fernandez.J Garainer, and 6 Terrier-, Ann Occup hlyg, v'ol 14, 1971, p '545-150.

332. US EPA Report, hlearing Loss Due ito Impulse Noise: A Field Study, by T Cevpek, 31 Kntniarz, And
A Lipowvczan. Proc of the International Congress onl Noise as a Public lie iltlh Problem, Dobrovnik,
Yugoslavia, 1973.

33 'PA -f)()6.07, Somne Considlertit ons in Choosing an Qccupatioon'd Noise IExposure Regltin
Environmental Protection Agency, WVashington MC, February 1976.

34. NIOSII Report TROOS-72. Criteria for a Reconmmended Standard, Occupational Exposure to Noise,
National Institutc for Occupational Safety and Heatlth; Superintendent of Dcumenints, US Gtovertiment
Printing Office, Waslhington DC, 1972.
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Table 10. Percent of people exceeding various hearing threshold fences, according to
data from Baughn (ref 10) and NIOSH (ref 34). Note that exposure to 90 dB(A)

causes about twice as many people to be hearing impaired as does exp6sure
to 85 dB(A), regardless of the fence selected.

(From EPA 550/9-76-007 (ref 33).)

Baughn Data NIOSH Data

Age: 46-54* 46-54*

Exposure Level: 85 90 85 90

Fence:

15 dB (.5, 1, 2 kHz)
Total 83 89
Presbycusis 75 75

Net 8 14
20 dB (.5, 1 2 kHz)

Total 50 61
Presbycusis 39 39
Net 1! 2

25 dB (.5, 1,2 kHz)

Total 26 36 19 31
Presbycusis 17 17 10 10
Not 9 19 9 21

25 dB (1,2, 3kHz)
Total 30 43
Presbycusis 18 18

Net 1

50 dB (5, 1,. 2 kHz)

Total 1.5 2

Presbycusis I i

._1 *Between 31 and 32 years average exposure.

• ii
The authors discus, ihe immunological effects of noise and conclude that available

information is far from adequate to assess their magnitude. They also discuss the effect of f
noise on fetal abnormalities and conclude that more research is necessary in thii, area.

The remainder of the report covers benefits and costs of protective standards, which
include hearing conservation, savings in workers' compensation costs, social costs of absentee-
ism, annoyance as a social cost, innovation and regulat-on, and quantification of net costs.
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It also covers regUlatory alternatives, including industry specific standards, compliance sce-narios, new plant standaids, administrative con trots, personal protective equipmnen t, varn-a nces, and abatement agreements,
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2 OTHER EFFECTS OF NOISE

INTRODUCTION

The most significant effect of noise on people is that it causes hearing damage, as
reviewed in section 1. This section reviews available literature on other effects of noise on
people. Noise causes annoyance, stress, and other health-related phenomena. It interferes
with the hearing of speech, warning signals. and other desirable sounds. It interferes with
work performance and safety, relaxation, and sleep.

The "nonauditory" effezts of noise (those effects on body functions other than those
involving hearing directly) are generally considered to be of less import than hearing damage.
People can successfully adapt to noise in many instances. However, many of these effects
have not yet been adequately explored, and some may be important to health under appro-
priate circumstances. It has been suggested, for example, that the cardiovascular system may
never adapt to noise.

HEALTH (EXCLUDING HEARING DAMAGE)

According to EPA 550/9-76-007 (ref 33), the scientific evidence for nonauditory
effects of noise is far from conclusive for daily exposures of 8 hours to 85 to 90 dBA,

... although there is a substantial body of data that suggests a wide variety of noise-
induced health effects of potentially great significance in social terms."

Other than hearing loss, noise is not suspected of producing any single health problem
unique to itself. The major concern over nonauditory health effects from noise arises from
the ability of noise under some circumstances to act as a general, nonspecific biological
stressor. Biological stress is the nonspecific response of the body which prepares it for phys-
ical activity, eg, fight or flight. Sudden, unexpected, or annoying noise historically has often
been a signal of danger or other condition requiring the body to prepare itself for activity.
Because of man's genetically determined characteristics, such noises automatically produce
stress. In today's industr" il societies, noise is often present, and it still produces stress even
though the "fight or flight' reaction is usually not necessary.

Kryter (ref 35) discusses the effects of noise on several systems of the body which
are controlled by the autonomic nervous system. These include the cardiovascular, vege-
tative, glandular, and certain muscular systems. He also discusses the effects of noise on
mental and mpoor behavior, and concludes:

In spite of the very large gaps in our knowledge and the existence of
some apparently conflicting research results, the following conclusions are
put forth, with, of course, the usual admonition that more research is needed
before they can be accepted with great confidence.

I. There is no likely damage risk to a person from the possible uncon-
ditioned stress responses to noise that are mediated by the autonomic system.

35. Extra-Auditory Effects of No.se, by KD Kryter: in Effects of Noise on Hearing, D Henderson et al, ed,
Raven Press, New York, 1976. 1
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2. Noise may often be concomitant with danger and adverse social-
environmental factors that are more important than the noise itself as a
cause of apparent greater incidences of various physical and psychological
disease and accidents in industry.

3. Autonomic system stress responses could conceivably be a contribut-
ing factor to ill health in some persons as the result of noise in their living en-
vironment directly interfering with auditory communications and sleep, and,
thereby. creating the feelings of annoyance and anger that serve as the direct
cause of the stress responses.

4. It would appear that controlling meaningless noise to levels that per-
mit auditory communication and sleep behavior adequate for a given work or
living environment would obviate the occurrence of any extraauditory responses
in the body of a stressful nature.

CARDIOVASCULAR SYSTEM

Noise-induced stress can affect the cardiovascular system. Figure 2 shows possible
pathways of cardiovascular damage from noise. No single study documents this entire series
of events. Synopses of the papers'felt by the authors of EPA 550/9-76-007 to be the most
important to consider when making judgments on the significance of figure 2 are given in
table 11. The authors state, "In summary, one might say that although a great deal more
scientific work will be needed before it can be said that workplace noise definitely contrib-
utes to cardiovascular disease, a relationship between the two is entirely plausible."

The document also concludes that no adequate assessment is vet available of the

effects of noise on the immunological system or on fetal abnormalities.

SLEEP

It is well known that when sleep, especially rapid eye movement (REM) sleep, is
disturbed by noise, work efficiency and health may suffer (EPA (ref 36)), although the
effects of loss of REM sleep are not yet completely known. Kryter (ref 35) describes inter-
ference with sleep and speech communication as major factors contributing to the non-
auditory health effects of noise. The effects of noise on sleep are discussed in Williams
(ref 37). This review covers the subject well, and is recommended reading. Translations of
a very comprehensive review in German (de Camp (ref 38)) and a review in French (Muzet
and Naitoh (ref 39)) were not available in time to be reviewed in this document.

36. EPA booklet, Noise: A Health Problem, Environmental Protection Agency, Washington DC,
August 1978.

37. Effects of Noise on Sleep: A Review, by XL Williams, in Proc of the International Congress on Noise
as a Public Health Problem, Dubrovnik, Yugoslavia, 1973.

38. Schlafbeeinflussung durch Geriusche: Eine LiteraturUbersicht (The Effects of Noise on Sleep: A
Literature Review), by U de Camp; Applied Acoustics, vou 10 no 4, 1977 (German), p 263.

39. AD-A 052343/IWP, Sommeil et Bruit (Sleep and Noise), by A Muzet and P Naitoh, Naval Health
Research Center. San Diego, 1975, 23 p.
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Figure 2. Possible pathways of cardiovascular damage from noise. (From

EPA 550/9-76-007 (ref 33)).
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References for table 11
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ologkL-. Effects of Noise. Plenum Press, New York, N.Y. (1970) pp. 43-55.

c. Carlestam, G., et al. Stress and Disease in Response to Exposure to Noise, in Proceed-
ings of the International Congress on Noise as a Public Health Problem, Dubrovnik.
Yugoslavia. May 13-18. 1973. EPA, Office of Noise Abatement and Control, Washing-
ton, D.C., pp. 479-86.

d. Carlson, L.A., et al. Stressor-Induced Changes in Plasma Lipids and Urinary Excretion
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Response to Psychosocial Stimuli, ea. by Lennart Levi. Acta Medica Scandinavica
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k. Andriukin. A.A. Influence of Sound Stimulation on the Development of Hypertension,
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I. Janen, G. Effects of Noise on Physiological State, in Noise as a Public Health Hazard,
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According to the EPA (ief 36).

Noise may arouse a peirson from sleep and/or prevent the person from
falling asleep. At sub-arousal levels, noise may shift a person's sleep from a deep
stage of sleep to lighter stages of sleep. Thie more frequent tile noise is, tile
less likely a sleeper is to respond. Noises especially important to the sleeper
can be a more effective arousing stimulus than the acoustic parameters of the
noise would indicate. Adaptation to noise during sleep appears to be absent
or slight.

Steady or regular periodic noises appear to affect sleep very little, although this
finding appears not to have been well documented in the literature. Steady noise
appears to be less disturbing to sleep than nonsteady noise of substantially lower level.
According to Williams' review, Schieber, et al. (ref 40) found that relatively frequent high-
density traffic sounds averaging 70 d1 were less disruptive of s'",ep than were relatively
infrequent (1 or 2 per minute) lowd,:-nsity traffic sounds averaging 61 (13. Using a steady
noise level of 93 dB(A), which is normally unacceptably high due to hearing damage risk,
Scott (ref 41) found a loss of REM sleep for the first night. although non-REM sleep states
and other measures of sleep disruption were substantially unaffected. Although his data
fbr subsequent noise nights are minimal, Scott intLrrpreted them as suggesting that REM
sleep was beginning to return to normal baseline levels.

Johnson et al (ref 42) studied the effects of long duration intermittent noise exposure
oon sleep. The aulthors summnary states:

In one I 5-day and one 55-day laboratory study and one operational 7-day
training cruise, the effect on sleep of 24-hour-a-day exposure to pings of inten-
sities ranging from 80 to 90 dB1 SPL was examined. The pings were less than
-a second in duration with an interstimulus interval of 45 or 22 seconds. M. xi-
mum duration of ping exposure was 30 days. In this yotng adult sample. ex-
posure to the noise did not produce a decrease in sleep duration or an increase
in number of awakenings. There were, however, reports of sleep onset diffi-
culty and a decrease in percent of sleep stage 4 during ping exposure. No
significant changes in waking performance or behavior were found as a result
of the ping exposure during any of the three studies.

Note that this type o::noise exposure is not typical of conmnercial shipping. However, gen-
eralization might be made to predict that repeated intermittent noise would have only mini-
mal effects on sleep. Lukas (ref 43) states that sleep interference due to intermittent noise
increases with tile age o" the sutbject and the intensity of the noise.

40, Etude Analytique en Laboratoire de I'lnfluence di Bruit sit le Sonineil. by JP Schieber. J Mery. and
A Muzet: report of Centre d'Etudes Bioclimatique du CNRS, Strasbourg, France: reviewed in
Williams (ref 39 above).

41. The Effects of Continuous. hligh Intensity While N,.se on lhe hiuman Sleep Cycle, by TD Scott; -

Psychophysiology. vol 9, 1972, p 227-232.
42. Prolonged F\posure to Noise as a Sleep Problem, by LC Johnson, RE Townsend. P Naitoh, and AG

Muzet; in Proc of the International Congress on Noise as a Phblic Health Problem, Dubrovnik,
Yugoslavia, 1973.

43. Noise and Sleep: A Literature Review and a Proposed Criterion for Assessing Effect, by JA Lukas;
J Acoust Soc Am, vol 58 no 6. 1975. p 1232-1242.
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*Thiessen and Lapointe (ref 44) discuss the effect ot" intermittent truck noise oil per-
centage of deep sleep. TI'Al.ir results suggest that adaptation to noise may take place, since
both the probability of waking and the probability of a shift in sleep level decrease with con-
tinued exposure (fig 3)" They subjected 17 subjects to 8 to 20 truck noises per night at a
peak A-weighted level of 65 dB. Each subject was used for 24 nights, in 12 of which noise
was presented. Stage 1, waking and dreaming (REM), was classified as light sleep, while
stages 2, 3, and 4 were classitied as deep sle,-p. The results indicated an average reduction of
about 35- in tile amount of deep sleep when noise was present, with great diffe.-ene's between
subjects. The total sleep time tor the noise-exposed and quiet nights was not significantly
different. It was suggested that lost deep sleep could be made up tor (1) in quiet intervals.
(2) on subsequent quiet nights. or (3) by increasing total sleep time. The authors stated that
the third suggestion was not suipported by their data.

However, a recent study by Muzet and Ehrhart (ref 45) indicate% that during steel-.[

the cardiovascular system may not adapt as readily to noise cxposure. This very recent
paper dtemon~strates that low-level intermittent noise may have detrimental effects on tihe

• cardiovascular syst~en. Also it demonstrates that cardiovascular effects of noise may be
®: ~resistant to adaptation, TIhe auithors show that under laboratory conditions there appears _

to be no habituation of the heart rate response (H-IRR) to intermittent taff'ic noise with a
peak level of 65 d13 for 15 consecutive nights. T'ie same nonhabituation features were found
in the all-nighl average IIRR to 45 and 55 dB(A) peak intensity noises. but with lower magni-
tude. The authors pose the question: What are the long term effects on the cardiovascular
system of low intensity and even unnoticed noises that occur during sleep?

U
C
o *Ref 44a shows that the piobability of waking decreases by one-half in 15 days. After 24 days the
S0.8- decrease in probability of a shift to a shallower sleep level is still only slight and nionsignificant.

0.6 O- --.. --

x x

-0 0.2
-0
0i•0, 2 4 6 0 1

Night Number 1
Figure 3. Adaptation to noise during sleep. The top set of points shows the probability of shiff, in sleept
level due to truck noises wvith peak A-weighted levels of 65 dBi presented 8.20 thimes per night, ever), other
night for 12 nights for all 17 subjects. The lower set of points shows the corresponding probability of
"waking. The lines are linear regression lines. (From Thiessen and Lapointe (ref 44)).

44. Effect of Intenuittent Truck Noise on Percentage of Deep Sleep. by GJ Thiesen and AC Lapointe:

J Acoust Soc Am, vol 64 no 4. 1978, p 1078-1080.

44a. Disturbance of Sleep by Noise, by G J Thiessen, J Acoust Soc Ani, vol 64 no I, 1978, p 216-222.
45. Habituation of tleartrate and Finger Pulse Responses to Noise in Sleep, by A Muzet and J Ehrhart,

paper presented at the 3rd International Congress on Noise as a Public Health Problem, Freiburg,
Germany, 25-29 September 1978.
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SPEECH INTELLIGIBILITY

Thie effect of noise on speech intelligibility has been best described by Webster
(ref 46). lie has deterinind speech intelligibility as a function of distance and intensity.
Figure 4 shows this relationship.

Figure 4 should be adequate to determine the speech interference to be expected
from a given A-weighted sound pressure level aboard ships. Various other more accurate
but more complicated measumes of expected speech intelligibility in noise can also be found
in Webster (ref 47).

WORK PERFORMANCE

Noise usually causcs no change in work performance. But sometimes it interferes
with it. and sometimes it even improves it. Consequently this area is p,'rhaps the most diffi-
cult to assess for purposes of social decision-making.

The human system is very flexible with respect to work performance. It can generally

adapt to noise quite well, ignoring steady or periodic stimuli and using reserve processing
capacity to provide constant performance. As a result. noise often has no measureable effect
ol work performance, even when it is annoying. After comprehensively reviewing the effects
of noise on human task performance, Glass and Sihager (ref 48) concluded that with three
exceptions (included below) there is no compelling evidence that high-intensity noise per se

has an adverse effect on task performance.

EPA criteria document 550/9-73-002 (ref 49) summarizes a large volume of experi-
mental literature and presents a number of general conclusions (included beluwv) which have
been reaffinred by the atuthors of EPA ref 50. The first general conclusion is that steady,
meaningless noise does not seem to interfere with human perfornance unless the level
exceeds about 90 dB(A). Even above this level, it does not interfere consistently. Glass
and Singer attribute the lack of adverse effects of noise on performance to the lhman
potential to adapt. Physiological measures such as galvanic skin response, vasoconstriction
of peripheral blood vessels, and muscle action potentials indicate that there is a general-
ized stress response to noise that habituates with repeated stimulation.

46. Updating and Interpreting the Speech Interference Level (SIL), by JD Webster: J Audio Engineering
Soc. April 1970, p 114 -118.

47. EPA-550/9-73-008. The Effects of Noise on the Hearing of Speech, by JD Webster- in Proc on the
International Congress on Noise as a Public lHealth Problem, Dubrovnik, Yugoslavia, 13-18 May 1973.

48. Effects of Noise on Human Performance, by DC Glass and JE Singer: in Physiological Anthropology,
4 .A DEamon, ed, Oxford University Press, New York. 1975.

49. EPA550/9-73-002, Public Health and NWelfare Criteria for Noise. Environmental Protection Agency,
Washington DC, July 1973.

50. EPA-550/9-76-007, Some Considerations in Choosing an Occupational Noise Exposure Regulation,
Environmental Protection Agency, Washington DC, February 1976.
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Under some conditions, however, noise can indeed affect work performance. Steady
noise levels above 90 dB(A) can sometimes affect performance (EPA ref 50). When a person
is performing at the limits of his processing capacity, as in a complex or demanding task.
noise may overload the system and cause a performance decrement. Performance decrements
due to noise also occur in long-term vigilance tasks (Glass and Singer (ref 48)). Glass and
Singer also conclude that although people adapt to noise. they may show behavioral deficits
after its termination. They concluded that cognitive factors, not simply physical paranmetes

of noise. are the important elements in the production of such aftereffects. Predictability is
an important parameter. The adverse aftereffects of unpredictable noise are a function of a
person's ability to ptedict and/or control the onset and termination of the noise. This is
probably true because stressors which are unpredictable have a more aversive impact than
predictable ones (Glass and Singer (ref 48)). Glass and Singer suggest that there is a tendency
toward reduced physiological reactions when a person believes he can control the noise.
Aperiodic noise bursts may interfere with performance, even at levels below 90 dB(A) (Glass
and Singer (ref 48): EPA (ref 50)). Intermittent and impulsive noises interfere more than do
steady noises (EPA ref 50). Noise components above about 2 kliz usually produce more
interferenice than low-frequency components (EPA (ref 50)).

Noise is more likely to reduce the accuracy of work than the quantity of work. It
usually does not influence overall rate of work. But high levels may increase variability in work
rate by causing pauses which may be followed by compensating increases in work rate (EPA
(ref 50)).

ABSENTEEISM. ACCIDENT. AND INJURY RATES

Increased absenteeism may be caused by psychological aversion to noise and/or a
general lowering of immunological resistance to infection. Increased accident and injury
rates may be caused by perfornmilce decrease due to noise or masking of warning signals.

A joint study by Raytheon and NIOSH found suggestively higher incidence of
absenteeism, illnesses, and accidents when workers were subjected to greater effective noise
exposure.

6i
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