Sources and effects of low-frequency noise
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The sources of human exposure to low-frequency noise and its effects are reviewed. Low-frequency
noise is common as background noise in urban environments, and as an emission from many
artificial sources: road vehicles, aircraft, industrial machinery, artillery and mining explosions, and
air movement machinery including wind turbines, compressors, and ventilation or air-conditioning
units. The effects of low-frequency noise are of particular concern because of its pervasiveness due
to numerous sources, efficient propagation, and reduced efficacy of many strudinetings,

walls, and hearing protectiprin attenuating low-frequency noise compared with other noise.
Intense low-frequency noise appears to produce clear symptoms including respiratory impairment
and aural pain. Although the effects of lower intensities of low-frequency noise are difficult to
establish for methodological reasons, evidence suggests that a number of adverse effects of noise in
general arise from exposure to low-frequency noise: Loudness judgments and annoyance reactions
are sometimes reported to be greater for low-frequency noise than other noises for equal
sound-pressure level; annoyance is exacerbated by rattle or vibration induced by low-frequency
noise; speech intelligibility may be reduced more by low-frequency noise than other noises except
those in the frequency range of speech itself, because of the upward spread of masking. On the other
hand, it is also possible that low-frequency noise provides some protection against the effects of
simultaneous higher frequency noise on hearing. Research needs and policy decisions, based on
what is currently known, are considered. 196 Acoustical Society of America.

PACS numbers: 43.50.Qp, 43.28.Dm

SOURCES AND EFFECTS OF LOW-FREQUENCY laboratory and in the community studjemnd to some extent
NOISE physiological reactions in humans than mid- and high fre-
quencies. These features dictate that the effects of low-

The industrialization and mobilization of human en'LEéequency noise deserve independent attention. The present

deavor have led to increased noise production across the f
range of noise frequencies, leading to a global problem o
reduced human well-being due to noisee, e.g., Hede and
Bullen, 1982; Kihiman, 1993; Schultz, 1978; WHO, 1980
The effects of noise on humans have been extensively re-
viewed, but apart from hearing los&King etal, 1992;

view considers low-frequency noise exposures and their
hysical, physiological, and psychological effects on hu-
mans.

Kryter, 1985, 1994; Ward, 1993and annoyanceFidell | DEFINITION OF LOW-FREQUENCY NOISE
etal, 1991; Job, 1988 are not uniformly agreed upon
(Andersson and Lindvall, 1988; Berglured al, 1986; Ber- The range of human hearing is generally considered to

glundet al, 1990. Low-frequency noise is a common com- be 20—20 000 Hz for young individuals, the upper limit de-
ponent of occupational and residential noise which has reelining with increasing age. Frequencies above 20 ktiz
ceived less attention. However, low-frequency noise hagrasound are generally considered to be inaudible by con-
features not shared with noises of higher pitch. Low-vention(see Kryter, 1985, p. 456even though frequencies
frequency noisdinfrasound includedis the superpower of up to 30 kHz have been “heard” through bone conduction
the frequency range: It is attenuated less by walls and othdgs cited by Yeowart, 1976The focus of the present review
structures; it can rattle walls and objects; it masks higheis on the lower end of the frequency spectrum. In selecting
frequencies more than it is masked by them; it crosses gre#fte frequency range, we decided to treat low-frequency noise
distances with little energy loss due to atmospheric andis including what is normally taken to be infrasou(sette
ground attenuation; ear protection devices are much less efig. 1).
fective against it; it is able to produce resonance in the hu-  There are three reasons for this decision. First, sound
man body; and it causes great subjective reactiamghe  below 20 Hz is generally termed infrasound and not included
in low-frequency noise on the grounds that it is inaudible
dCorrespondence to: Professor Birgitta Berglund, Ph.D., Department of Psy(-see’ €g., Bathem,eet al, 19833. However_’ so'und'be.IO.W
chology, Stockholm University, S-106 91 Stockholm, Sweden. 20 HZ can be perceived by humans, reflecting interindividual
Fax: +46-8-16 55 22; E-mail: bb@psychology.su.se differences in hearing threshold. This is shown in Fig. 2,
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Frequency ( Hz) conduction in the middle and inner ear which generate har-
0 - I I l monic distortion in the higher, more easily audible frequency
range(von Gierke and Nixon, 1976 This account does not

0 10 20 100/250 20.000 . L

/ o dictate that the noise is not heard, but rather that the method
:3:&52‘;’;‘; ot ;f:;uency Non-low frequency audible noise |Ultrasound of hearing is indirect, as indeed is the mechanical method of
resonance) Noise all hearing(i.e., the relevant nerves are fired by changes in

other biological structures in the ear, not directly by noise
itself).
Second, regardless of the process by which a sound
wave is detected, it is critical to consider waves which are
] o ] detected through skeletal bones, the ear, harmonics, tactile
v_vh|ch pr.esents a compilation of hearing thresholds as afu”%‘enses, or resonance in body organs. Detection raises the
tion of signal frequency. - o ~ possibility of subjective reactions such as annoyance, and
The setting of the arbitrary lower limit of human hearing 5nnoyance may contribute in complex ways to other biologi-
determines the lower limit of low-frequency noise and the.g and psychological effects of the sigiiabb, 1993; Stans-
upper bound of infrasound. Such a setting is not a matter OIfeId, 1992.
absolutes. The threshold of hearing for tones and frequency Third, determination of health and other effects of low-

bands depends on the loudness as well as the frequency apdquency noise must consider field data. Real occurrences of
duration. In this sense, logically, human hearing capacity eXjoyy.-frequency noise will often include considerable energy
tends well below the 20-Hz range if one considers a signahe|ow 20 Hz as well as energy in what is usually considered
that is sufficiently loud(see Fig. 2 Thus the threshold of ¢ |ow-frequency noise range. Thus the arbitrary setting of a

absolute hearing extends well into the nominal infrasoung,ioff at 20 Hz is not conducive to analysis of such data.
range. It has been suggested that at very low frequencies The determination of precisely what constitutiesv-

human detection does not occur through hearing in the nofyequencysound is also not perfectly clear in terms of its
mal sense. Rather, detection results from nonlinearities Otﬁpper limit. Sound up to 250 Hz are sometimes referred to as
low-frequency sound although others have set the upper limit
of the range to 100 Hze.g., Backtemart al., 1983a. In-
evitably, the same problems of setting an arbitrary limit on a
continuum apply to the upper limit of low-frequency noise as
- to the lower limit. However, given that there is no suggestion
that the upper limit is in fact marked by a qualitative shift
- such as audibility to inaudibility, this cut point is not as
critical. In the present review noise below 250 Hz is consid-
7 ered to constitute low-frequency noise.

As implied by the word “noise,” low-frequency noise is
defined as an unwanted sound containing major components
within a specified frequency range. Thus it depends, among
other things, upon the complex temporal pattern and inten-
- sity of the sound, which determine whether the sound will be
labeled as noise or as “meaningful” sound such as music or
. speech. Such classification also depends on cultural factors
(Kuwanoet al,, 1991, the individual(what one person hears
as music another may consider unwanted sguadd on
time and circumstancdg Mozart symphony may be music
at dinner time but noise in the middle of the night when one
_ is awakened from sleep: see Job, 1993

LFN? e« LFN?e=

FIG. 1. The frequency spectrum of sound and its nomenclature.
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_ origin, such as air turbulendsvind), thunder, ocean waves,
L : LW"';”:f' °:" ’f”,;g TW . | volcanic eruptions, and earthquakesn Gierke and Parker,
anastrom et ab, =8 W 1976; Backtemaret al, 19833, or of human origin such as
o+l L1 L heating, ventilation, air-conditioning systems, machinery,
] 10 100 1k . .
cars, trucks, airplanes, and loudspeaker systéiazier,
Frequency (Hz) 1981; Backtemaret al, 1983a, 1983pb In terms of effects
on humans, artificial noises are more important because
FIG. 2. Hearing thresholds as a function of signal frequency in variouspeoF)Ie react more to th?mon Gierke and Parker, 19%6
studies (M=monaural; B-binaural; W=whole body; T=tone; N=noise  Probably because of their attitude to the SOL(l.’JIGi), 1988.
band. The extent of exposure to low-frequency noise from trans-
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II. SOURCES AND TRANSMISSION OF PROPERTIES
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FIG. 3. Passenger noise exposure in road transportation vehicles as a fu

nc- . . . . .
tion of frequency. IglG. 4. Community noise exposure for impulsive sources as a function of

frequency.

portation vehicles is shown in Fig. 3. The data presented in

this figure indicate the extensive production of low- many impulsive sounds are fluctuating over time. Thus the
frequency noise by machinery, and especially transport Mayesent data analysis identifies a coincidence of impulsive-
chinery to which much of the population is exposed bothyess ang low-frequency noise in community sources rather
inside the vehicles and while in proximity to the transporta-y, o4 4 physical necessity. Finally, the data on wind turbines

tion _(r:ﬁmgotr' : Isi . ; v b indicate that the predominance of low-frequency noise is of
€ data on ImpulSIve NOISe Sources are Noewortny b€ ey jar concern for communities living close to wind tur-

cause impulsive noise generates greater levels of subjecti Bhes (Fig. 5. However, at distances of a few hundred

reac_nons fSUCh as annoyance and dissatisfaction than do ieters the low-frequency noise is theoretically below hear-
nonimpulsive noise of the same energy le{®ullen et al,

. ) : ing threshold.
1991; Job, 1988; Schomer, 1981; Vos and Smoorenburg, The pervasive extent of low-frequency noise originating

1985. The impulsive noise sources typically studied mcludefrom machinery may result in it being experienced as a con-

quarry blasting (Fidell et al, 1983; Murray and Avery, . . .

1984, sonic boomsKamperman, 1980; McKennel, 1978 stant background noiger so-called ambient noigeoften at

explo’sions(PepIoeet al, 1993, ar’1d artil]ery(BuIIen :,_}t al.: least partly masked by noise of higher frequencies. Figure 6
m Presents data on the spectrum of ambient noise in residential

1991; Schomer, 1981Low-frequency noise exposures fro ) . i s
various impulsive sources are presented in Fig. 4. areas, in particular showing the magnitude of low-frequency

These data show that impulsive noise sources tend tB0iS€ in residential areas of Sydney, Australia. _
differ from other community noise sources studied not only ~ Again, much but not all of the low-frequency energy is
in their impulsiveness but also in their greater proportion of?€low hearing thresholdcf. Fig. 2. At times when the
low-frequency noise. For example, the profiles of blast noisén@sking effect is reduced, due to, for example, the damping
or artillery noise in Fig. 4 may be compared with the corre-€&ffect of walls in a building, which predominantly affects the
sponding profile for road traffic nois@ commonly studied higher frequencies, or during night time when surrounding
community noisgin Fig. 3. noise is reduced, low frequencies will dominate the spectrum

A great proportion of low-frequency components of im- of perceived nois¢Persson and Bjgman, 1988. This is of
pulsive noises may, in part, account for a greater communitparticular concern because of the high proportion of the
reaction to some impulsive sources. The greater impact gpopulation who sleep at such times, and because of the evi-
impulsive noises with major components of low frequenciesdence that sleep disturbance is of particular concern as an
seems paradoxical, in that low frequencies themselves ca®ffect on human wellbeingBerglundet al., 1984.
not be truly impulsive due to their long wavelengths. How- Aircraft noise, a major source of community noise, also
ever, impulsive noise is a complex noise for which the timecontains significant amounts of energy in the low-frequency
window for spectrum analysis is critical, and in addition, range, as shown in Fig. 7. These data indicate that much of
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FIG. 5. Community noise exposure from wind turbines as a function of
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the low-frequency noise emanating from each of the aircraft- Frequency (Hz)

types recorded is audible.
In addition to general exposure to low-frequency NoiSerIG. 6. Ambient noise levels as a function of frequency. The data were
(in the Community and for passengers in many vehjcles collected in residential aredsutdoor$ around Sydney, as part of a study
substantial low-frequency noise exposure may occur at Worl{eported by Bulleret al. (1991). The two curves represent the background
- ; a y_ p . y evels averaged over different measurement times at two different sites.
Figure 8 illustrates the noise spectra of air movement plants
in various work environments, and identifies a predominance _. o
. . ) P . noise at 18 and 46 m from the source. Noise in the 31-, 63-,
of low-frequency noise. Such machinery is common in many .
) . . ’and 125-Hz ranges in net suffered no detectable loss of en-
work environments other than those of heavy industry which ; . o
. 4 ; ergy between these two distances while noise in the 2-, 4-,
are generally recognized to produce occupational noise proh- .
. .— and 8-kHz ranges each lost between 6 and 7 dB in propaga-
lems. Thus occupational exposure to low-frequency noise .
A ! ion over the same distance.
may be more ubiquitous than first thought. : S .
o 2 The mismatch between the acoustical impedance of air
Transmission of low-frequency noise is noteworthy for : . .
. . : and most objects, including the human body, prevents much
several features which arise from its extremely long wave- .
of the sound energy from entering the ear. As the frequency

lengths. Low-frequency noise travels extended d|stancecs)f the wave is lowered, more of the energy enters the ear, the

with very little energy loss. Dramatic examples attest to thisbody and other objecton Gierke and Nixon, 1976 Thus

claim: the sonic booms of supersonic aircraft flying betweerl . - . .
. ow-frequency noise transmission extends into many objects
Europe and New York produce low-frequency noise levels as

strong as 75 dBLin) as far away as the North of Sweden allowing it to_set up resonant vibration in our dwel!ings and

. o : . our possessions as well as our chest cavities, sinuses, and
(Liszka, 1978; noise at 2 Hz apparently emanating from oil throat
rigs in the North Sea also has been detected in Sweden '
(Liszka, 1974; low-frequency sound waves were recorded to
travel around the earth several times after the volcanic eru
tion of Mt. Krakatoa; and a soundwave of 0.1 Hz will loose
only 5% of its energy in traveling around the eartgee The relationship between frequency and sound-pressure
Backtemaret al,, 1983a. The consequence of this feature is level (SPL) is such that a sound with a frequency of 20 Hz
that even sources which produce noise energy evenly distridfias to exceed an SPL of approximately 84 @& 20 uPa,
uted across the frequency spectrum will result in relativelyi.e., relative to the international standard reference quantity,
more and more of the energy of the noise occurring in thdSO R131, 1959; ISO 131, 19Y% be detected. For lower
lower frequency range as the distance from the source irfrequencies the SPL for detection must be higher. Figure 2
creases. For example, Bry@h976 recorded factory boiler presented the results of a number of studies of hearing

Il. PERCEPTION OF LOW-FREQUENCY NOISE AND
IBRATION

2988 J. Acoust. Soc. Am., Vol. 99, No. 5, May 1996 Berglund et al.: Effects of low-frequency noise 2988



140 Second, considerably more energy is required for detection

' L o b L in the low-frequency ranges. Finally, it should be noted that
B 7] the absence of consciogauditory detection does not auto-
120k 4 matically mean that the noise has no other effects on the
human body.
L 4
% ook | A. Vibration
- Humans are sensitive to vibration from a region below
v i T 0.5 Hz to at least 100 kHz, even though it is the region
% 80} . between 0.5 and 200 Hz that seems to cause most concern
o i i (Rao and Ashley, 1976 While most noise within the low-
a frequency range is perceived by the normal hearing system,
§ 60 | - vibration of the body also results from low-frequency noise
o B _ and the surrounding area. This is an important source of
g O Fokker 28 (99dBA) stimulation which influences the human perception of, and
A “r ? g:/aab(s;:z:fdm) 7] reaction to, low-frequency noise. The consequences of these
~ @ Mystere (88 dBA) . effects are considered further in relation to annoyance, be-
20k & Boeing 727 (107 dBA) N low.
O Boeing 737 ( 89 dBA)
- @ Boeing 747 ( 101dBA) . IV. MEASUREMENT OF LOW-FREQUENCY NOISE
@ Boeing 767 ( 87 dBA)
0— : ]IO ' ‘(')0 = ' ok A. Instrumentation

The physical means by which low-frequency noise is
detected and calibrated have advanced considerably over the
. . . _ course of research interest in low-frequency noise, with the
FIG. 7. Noise exposure as a function of frequency, for various aircraft types. . .

These data are from recordings of aircraft movements taken outside, on thceonsequenc_e_ that many of the ear_“er studies ma}{ be sus-
ground directly underneath the flight path, at Sydney Airport, Australia. pected of failing to control for a variety of confounding ef-

fects on the data reported. In particular, insufficient measure-

threshold for low-frequency noise and other noises. Thesgent and control of the frequency range and harmonics may
research data show good agreement in supporting the followR€ identified as potential problems in both field recordings
ing conclusions. First, low-frequency noise, including infra-and experimental generation of low-frequency noise. The

sound, is clearly detectable by the human auditory apparatugigital technique that has revolutionized acoustic recordings
of complex sound and their reproductions has contributed to

the resolution of these difficulties.

Frequency (Hz)

1460 — T | — T L .
B. Units of measurement

Sound-pressure levels are usually measured on a decibel
scale(dB). Due to the complex function of the human audi-
i tory system, and the need to be able to assess sound-pressure
level (the physical correlate of loudnegssbjectively and rap-
idly, different filters are therefore often used to weight
- sound-pressure values as a function of frequency. The filters
were developed to approximate the supraliminal response
characteristics of the human auditory system as determined
1 from psychophysical experiments. The frequency weighting
filters of sound-level meters are not based on the curve for
the hearing threshold, but on equal-loudness or equal-
annoyance contours. Such filters are standardized but it
i should be kept in mind that they are approximating the con-

120

100 |

@
o
T

[<2]
o
T

&
o
T

Sound Pressure Level {dB)

O compressor noise in factory

(Leventhall & Kyriakides, 1976 ) tours, and particularly so for low frequencies. Hence, the
@ clectronics factory, air conditioning (Bryan,1976) forms of the contours are uncertain due to lack of agreement
20+ & radiochemistry lab, extractor fan (8ryan,1976) . in empirical data(e.g., Mgller, 1987; Mgller and Andresen,
O piston-compressor room (Augustynska, 1987) 1984. Thus in these filters, typically the midfrequencies are
A conference room ventilation system(Augustynska, 1987) amplified in contrast to the low and high frequencies which

0 ; ! 1'0 . ]60 . l'k . l(llk are deemphasized. The presently used A, B, and C filters in
sound-level meters were aimed at mimicking isoloudness
Frequency (Hz) curves over frequency under different conditions of sound
intensities(Fletcher and Munson, 1983that is, for sounds
FIG. 8. Occupational exposure to noise from air movement plants. ~ of low, medium, and high loudness level, respectively.
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The reason for this is that the shape of these isoloudnegzure tone at 1 kHz grows as a power function with sound
contours varies with loudness level. An approximation of thepressure with an exponent of about (Sevens, 1975 Ex-
Fletcher—Munson pure-tone pressure-field equal-loudneg®onents of the same magnitude have also been established
contour at 40 Phon is used in the A filter, at 70 Phon in thefor pure tones above 300—-400 Kiglarks, 1978. However,

B filter, and at 100 Phon in the C filter. The measuremenfor a low-frequency tone of 20 Hz, the exponent is approxi-
unit Phon is an equal-loudness metric that corresponds to dBately twice as high, i.e., 1.&5oldstein, 1994 This indi-
SPL units for a pure tone centered at 1 kHz. The reason fotates that a doubling in perceived loudness is achieved with
introducing this unit is that the exponent of the underlyingonly an increase of 4-5 dB for a low-frequency tone whereas
psychophysical power function relatifgerceived loudness a tone with higher frequency needs to be increased by 9-10
to sound pressure varies with frequency. Unfortunately, mogtiB to elicit the same perception of a doubling in loudness
of the equal-loudness contours covering the low-frequencysee Stevens, 1972; Whittét al, 1972.

range(<70 Hz) are based either on nonempirical theoretical ~ An alternative approach to the determination of the ap-
extrapolations and/or on sparse data that rely on uncertaipropriate measure of noise exposure is to examine the ability
methodology for comparisons over frequenci@oldstein, of various measures of noise to predict community reactions
1994. As a special condition, the D filter was developed to(dissatisfaction, and other factors in addition to annoyance:
account for aircraft noislEC 537, 1976. It is based on a Job, 1993. Such different measures or indices take into ac-
new 40-Noy diffuse free-field contour obtained only for the count not only the frequency weighting but also special
frequency band range 50-11 200 Hz. At low frequencies itveighting for the event with maximum SPL, the number of
weights sound pressure similar to the B filter but amplifies ithoise events, time of the day, ete.g., Goldstein, 1994For

at high frequencies. The unit Noy was assigned to the pelexample, Bulleret al. (1985; Jobet al, 1991 examined 88
ceived noisiness of a white noise band from 0.9 to 1.09 kH#lifferent indices of aircraft noise exposure. Such studies of
at 40 dB SPL(Kryter, 1985, 1994 Within “normal” fre- noise with a substantial low-frequency component have pro-
quencies, the A filter appears to provide acceptable correlgduced conflicting results. C weighting is recommended and
tions between physical measures of noise and their correommonly employed for artillery noise.g., Schomer, 1981
sponding subjective evaluationge.g., Goldstein, 1994; Whereas Bulleret al. (1991 found that the unweighted level
Scharf and Hellman, 1980 [24 h Leq dBLin)] provided slightly better prediction of

One major drawback with the scale of A-weighted SPLreaction that did C weighting. The value of Zwicker's
is, however, that it in fact underestimates the importance ofethod of loudness calculation for noises of various spectral
frequencies below approximately 100 Hijellberg et al, ~ COmposition has been empirically confirmeg., Berglund,
1984; Kjellberg and Goldstein, 1985; Kuwaeoal, 1989.  1990. In predicting reaction to blast noise from mining, Fi-
For example, loudness of noise which contains a substanti&e!! et al. (1983 suggested that a complex measure based on
low-frequency component is underestimated by as much agentiles of the probability of ground vibration plus 10 Log
the equivalent of 9 dB within the range 52—70(@8 (Gam-  (number of eventswas a better predictor of reaction that
beraleet al, 1982 or 6 Phon for 63 Hz and beloyBer- €dual energy units. However, subsequent reanalysis sup-
glund, 1990; Berglund and Berglund, 1986n fact, for Ported an equal energy unit as an effective preditBaidlen
sounds exceeding an SPL of 60 dB, regardless of frequenc@nd Job, 1986 While equal energy units have often proven
the reliability of the A-weighting diminishegBerglund, he most effective predictor of community reactiullen
1990. Vercammen(1992 has suggested that an additional €t @l» 1985; Bullenet al, 1991; Jobet al, 1993, among
limit be set to the lower frequency part of the A-weighted presently av_aﬂgble prec_hctors, th_e issue of the best noise in-
spectrum(10—160 Hz which lies 5-10 dB lower than the dex for predicting reaction remains to be settled.
present one. The inability of A weightings to handle low-
frequency noise is perhaps not surprising given that the iso*- EFFECTS OF LOW-FREQUENCY NOISE ON
loudness functions employed in the weighting were hand exHUNIANS
trapolations into the lower frequencies rather than being  The lack of attenuation of low-frequency noise by walls
based on empirical low-frequency dai@ee Goldstein, and other structures and its pervasive ambient levels make
1994. For example, in the absence of empirical data botHow-frequency noise a factor of critical importance to health
Steveng1975 and Kryter(1985, 1994 chose to extrapolate (Mgller, 1984. Because low-frequency noise is a major
the equal-loudness and equal-noisiness contours into tt@dmponent of many occupational and community noises the
low-frequency range. effects of such noises may be viewed as, in part, the effects

Different procedures developed for predictifger- of low-frequency noise. The pervasively wide frequency
ceived loudness or annoyance of complex sounds from fremmixture of real world noises renders the determination of
guency weightings, or from various calculation proceduregure low-frequency noise effects tenuous. The task is com-
(e.g., Kryter, 1985, 1994; Zwicker and Fastl, 1990; Stevensplicated by the more effective propagation of low-frequency
1975, have been less successful for low-frequency noisenoise which results in a changing mix of frequencies with
Bryan (1976 in his “slope hypothesis” suggested that spec- distance from the source, and the more effective masking of
trum shape, especially in the low-frequency range, should bhigher frequency noises by low-frequency noise than vice
considered. However, this hypothesis was later firmly refutedrersa(Wegel and Lane, 1924; Zwicker, 1963onetheless,
(Goldstein and Kjellberg, 1985 relevant data exist from two basic methodologies: laboratory

In psychophysical terms, the perceived loudness of &tudies of the effects of explicitly controlled noise exposures
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TABLE I. Exposure parameters and results of TTS studies after exposure to low-frequency noise.

Reference Exposure TTS Recovery
Alford et al. 119-133 dB 11 of 21 Ss had TT$3-8 kH2
(1966; in 2-12 Hz >10 dB(11-22 dB
Backtemaret al,, 3 min
19833
Englundet al. 125 dB TTS in 16-Hz condition for
(1978 14 and 16 Hz freq. between 125 and 1k Hz
2h TTS max. 10 dB(250 H2
No sign. TTS in 14-Hz cond.
Jergeret al. 119-144 dB 11 of 19 Ss had TT$3-6 kH2, Within 30 min
(1966 7-12 Hz TTS 10-22 dB
3 min
Johnson(1973; 126-171 dB TTS in 140 dB; 4, 7, 12 Hz; Within 30 min
in von Gierke 0.6-12 Hz 30-min condition(1 subject
and Parker, 1976 26 s—30 min TTS 14-17 dB
TTS for 1 of 8 Ss in 140 dB; Within 30 min
4, 7, 12 Hz; 5-min condition
TTS 8 dB
Mills et al. octave band noise TTS in 84 dB; 63, 125, 250 Hz; Up to 48 h
(1983 84 and 90 dB 24-h condition 12-24 h
63, 125, 250 Hz TTS 7-15 dB
24 and 8 h TTS in 90 dB; 63, 125, 250 Hz;
8-h condition
TTS 13-18 dB
Mohr et al. discrete tones No TTS after 1 h
(1965 narrow-band noise
150-154 dB
10-20 Hz
2 min
Nixon, 1973(in 135 dB Average TTS of 0-15 after Within 30 min
von Gierke and 18 Hz 30-min exposure
Parker, 197p 5-min exposure in
rapid succession
Nixon (1973 140 dB TTSin 1 of 3 Ss. Within 30 min
14 Hz TTS 20-25 dB
5-30 min
Tonndorf(in Submarine diesel Depression of upper limits In few hours
von Gierke room of hearing as measured by outside of
and Parker, 1976 10-20 Hz, number of seconds a tuning diesel room

no level given fork was heard

and field studies of the effects of naturally occurring noisegood auditory acuity TTS may be viewed as the best aver-
events. In addition, some studies have employed a combinage predictor of PT$Ward, 1993. TTS is effective in pre-
tion of these methods, for example, by combining the homalicting what noise sources will produce more PTS although
situation with controlled noise exposurd®eploe et al, it is not especially useful in predicting individual listener’'s
1993. losses(Ward, 1993. Thus, in considering losses induced by
Reviews of the health effects of noise in general exista source, such as low-frequency noise, TTS is of value. This
(e.g., WHO, 1998 and are not repeated here. The reviewpredictor is a critical research tool because of the obvious
which follows is focused on laboratory studies which employproblems involved in inducing PTS in research involving
low-frequency noise, and on field studies of noise sourceBuman beings.
with a large low-frequency noise component.

1. Temporary threshold shifts (TTS)

A number of studies have examined TTS as a function
Effects of low-frequency noise on hearing have beerof frequency of tones or narrow bands of noise. A compila-
examined in terms of permanent loss of auditory ac(pr-  tion of results and exposure parameters of such studies con-
manent threshold shifts, PT&nd in terms of temporary cerned with low-frequency noise are summarized in Table I.
threshold shift(TTS). While TTS is of less importance in These studies consistently show that TTS does occur with
itself (except for immediate performance which requiresexposure to low-frequency noise, and the recovery period

A. Effects on hearing
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may be longer for sounds of higher pitoiNixon and servations were made under exposure to intense stimulation
Johnson, 1973 However, the clinical significance of TTS is (up to 172 dB. Overall the threshold of nystagmus was
not clear since the exposure parameters employed are mol@ver for higher frequencies, but still required intensities of
extreme than those likely to actually be experienced in com140 dB and above. This relationship between vestibular ef-
munity noise. Nonetheless, these empirical data suggest thiects and frequency is consistent with the pattern for human
possibility of PTS resulting from occupational exposures,subjects, and the absence of nystagmus in response to intense
and leave open the possibility of PTS from sufficiently long (up to 155 dB low-frequency nois€0.6—12 Hz: see further
durations of exposure in community settings. von Gierke and Nixon, 1976 Thus vestibular effects appear

to be greater for noise in the frequency range above 250 Hz.
B. Permanent threshold shifts (PTS)

For obvious reasons, data on PTS come from field stud-
ies of occupational exposure. Whereas such data focused &h Respiratory effects
low-frequency noise are rare, a few studies of occupational Respiratory effectgsuspended or reduced respiration,
noise sources with a large component of low-frequency nOiS@agging, and coughingof low-frequency noise have been
exist. In addition, some early laboratory studies have emgyocymented in laboratory animals and human beifvgs
ployed exposures which would be unlikely to pass today'sgierke and Nixon, 1976 However, the intensity of stimula-
ethics committee’s screenings of research: e.g., Mafal.  tion required to produce such effe¢is50—154 dB suggests
(1969. Noise exposure in a submarine diesel room with &t these effects are unlikely to be of practical importance
dominant frequency around 10-20 Hz produced TTS withgycept in extreme occupational exposure, such as might oc-
recovery in a few hour¢von Gierke and Nixon, 1996EX- ¢y in rocket launches. Human accident data and animal data
posure to sonic booms resulted in no adverse effects on heaéUggest a more extreme pressure limit for lung damage

ing even when exposure levels were intefige to 6.9<10° (1.05<10° N/m?, according to von Gierke and Nixon, 1976
N/m?) or when continued for as much as 30 booms per day

for two 30-day period<for a review see von Gierke and
Nixon, 1976. At extreme pressuré4.15><104 N/m?) pro-
duced by very low-frequency noise, tympanic membran
damage may occur along with some inner ear dantage The primary, and most frequently reported, perceived
Gierke and Nixon, 1976 effect of low-frequency noise is not that of loudness or noisi-
Given the common mix of frequencies in real world ness, but that of annoyan€Broner, 1978 The concept of
noises, the influence of low-frequency noise on the effects ohnnoyance is operationalized in various ways. It may refer to
energy in higher frequency bands should be considered. Cottuman response to noise events measured in laboratories,
sistent with the evidence that low-frequency noise is particucommunity studies of self-reported annoyance reactions, or
larly effective in masking noise at higher frequencies, low-the confusion of annoyance with disturbance of various ac-
frequency noise may also ameliorate the hearing damage tit/ities such as conversation or sleep. The concept of noisi-
higher frequency noise. Evidence for such an effect comesess has been used sometimes synonymously with annoy-
from Nixon’s study of vehicle air bag inflation, in which ance (Kryter, 1985, 1994 and sometimes as a quality
reduced TTS occurred when low-frequency noise was addecharacteristic of sound8erglundet al,, 1975.
to a noise burstsee von Gierke and Nixon, 1976, pp. 130— The degree of annoyance or disturbance generated by a
131). specific noise, regardless of frequency, is difficult to predict
accurately for individuals(Haslegrave, 1990; Job, 1988
The same noise may for different people result in totally
different responses depending on cultural factéswano
t al, 1991), activity at the time of exposurd@orsky, 1980,
attitude to the noise sourd€ields, 1992, 1993; Job, 1988
noise sensitivityJob, 1988; Stansfeld, 199Zontrollability
of the stressofEvans, 1989 and other individual differ-
ences(see Job, 1993 Prediction of individual reactions is
Intense energy in the very low-frequency ranges mayalso slightly limited by the reliability of the reaction and
affect the vestibular system. Because of ethical considemoise measure§lob, 1991 Nonetheless, prediction of the
ations and invasive measurement techniques much of the raveraged reactions of groups of subjects in socioacoustic sur-
search on low-frequency noise and the vestibular system hagys is goodJob, 1983.
been carried out on animal models, mainly monkeys and Scales of the perceived loudness, noisiness, and annoy-
guinea pigs. Both species show evidence of vestibular effec@nce of noises generally show strong correlati@esrglund
of low-frequency noise in perilymph pressyfearker, 1976 et al, 1986; Peploeet al, 1993; Stevens, 1961, 1972al-
However, the behavioral significance of these responses ihough the three scales do dissociate with more complex
small given the absence of eye movement response assosbunds or examination of stimuli which differ on a number
ated with vestibular stimulationnystagmus or counter- of characteristics such as rise time, sharpness, spectral con-
rolling) to intense low-frequency nois@below 20 Hz in  tent, information contentBerglundet al,, 1975, 1976; Ber-
both guinea pigs and monkeyBarker, 1978 Parker's ob- glund et al, 1994a; Bergluncet al, 1994b; Hellman, 1984;

eE. Annoyance, loudness, and noisiness

1. Aural pain

The threshold of aural pain is approximately 135 dB for
sound energy around 50 Hz with a steady increase in thres
old to around 155 dB at 5 Hwon Bekesy, 1960; von Gierke
and Nixon, 1978

C. Balance and the vestibular system
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Preis and Berglund, 1993or contextual effects such as the ing, etc) combined(Bullen et al, 1991). The effects of vi-

task being undertaken at the tinfeindvall and Radford, bration of the human body on reaction are complicated by

1973. tendency to confuse vibration emission with noise alone,
Low-frequency noise differentiates itself from noise thatwhereby people “hear” more noise than is actually present

consists of a broader frequency spectrum in that it seemg.g., Griffin, 1990; Howarth and Griffin, 1990; Kastka and

more difficult to predict both loudness and annoyance accuPaulsen, 1991; Kryter, 1985, 1994 he opposite is also pos-

rately. Even though the A filter has proven itself useful as arsible: Motion sickness has been linked to low-frequency

approximate estimation of annoyance for mid- to high-noise even without accompanying vibratibviamadaet al,

frequency stationery noise, it severely underestimates annoy-991).

ance as well afperceived loudness when the noise contains Another particular feature of low-frequency noise is that

low-frequency components. Brya971, 1978 for ex- it is often accompanied by a throbbing characteristic which

ample, found that noise containing high levels of low-may increase the annoyance reactigBsoner and Lev-

frequency noise, and low levels of high-frequency noisegenthall, 1983; Vasudevan and Gordon, 1977; Vasudevan and

gave rise to vigorous complaints even though the exposurkeventhall, 1982, 1989

level was only around 55 dB.). Tempes{1973, investigat-

ing low-frequency noise present in a car, a diesel train, fromg Nonauditory physiological effects

traffic noise indoors, an oil furnace, and from a ventilation

installation, found that the number of complaints were farl. Cardiovascular effects

larger than could be predicted from the sound-pressure levels | gporatory studies of noise at various frequencies show
of the noises as judged by the @8 level. Similarly, Pers-  nojse-induced changes in blood pressure with vasoconstric-
son and Bjokman (1988 compared four broadband fan tion or vasodilation, and heart rate chan@eg., Andfe,
noises centered at 80, 250, 500, and 1000 Hz and found thabgo: Andre et al, 1988: Andf@ and Hanson, 1983: Carter
the 80-Hz band was perceived to be significantly more angng Beh, 1989: Osadat al, 1972: Parrotet al, 1992:
noying than the other noises at equal A-weighted levels. ARovekamp, 1983; Vallegt al, 1983. However, these effects
considerable body of research has produced similar findinggteract with task demanddafalla and Evans, 1993they
(e.g., Broner and Leventhall, 1978, 1982; Gambesdlal,  are not uniformly observe¢Etholm and Engenberg, 1964
1982; Goldstein and Kjellberg, 1985; Kjellbeeg al, 1984;  and are of unclear clinical significance. Nonetheless, the ob-
Perssonet al, 1985, 1990; Persson and Rylander, 1988;servation that those with a family history of hypertension
Scharfet al, 1977; Vasudevan and Leventhall, 1982, 1989;show more pronounced cardiac reaction to noise is indicative
Akerlundet al, 1990. of concern(von Eiff et al, 1981). The finding that men show
Comparison of socioacoustic survey results from differ-more reaction than womehoebet al, 1982; Yamadat al.,
ent noise sources also supports a greater reatioorequal 1986 also adds weight to the clinical relevance of the reac-
loudness to sources with more low-frequency components.tions given that men, on average, suffer cardiac infarction
Reaction to aircraft noise is generally higher than reaction t@arlier than women.
road noise, and this difference has been identified in direct  Studies of low-frequency noise specifically have shown
comparison within a single studydall et al, 1981. changes in heart rate in subjects who suffer from low-
Low-frequency noise also differs from other noise infrequency noise, but not in other subjedesg., Yamada
producing vibrations of the human body and other objectset al, 1986. This pattern of results suggests that reactions to
This is of practical significance to human reactions to thdow-frequency noise may not have habituated in these sub-
noise. For example, the extremely intense low-frequencyects or that the habituation is specific to the environment in
noise produced by aircraft during takedffee Fig. 7 may  which the noise exposure occurs, consistent with a classical
rattle doors, windows, and other household objects, therebyonditioning theory of habituatiofHall and Honey, 1989;
causing discomfort and annoyance reactions. Rattle and vi-ovibond et al, 1984. Extending the lack of habituation,
bration magnify reaction to the noigBerglundet al, 1975;  Michalak et al. (1990 showed a sensitization effect in re-
Bullenet al, 1991; Howarth and Griffin, 1991; Schomer and sponse to aircraft noise.
Neathammen, 1987; WHO, 19093This effect is of signifi- Long-term exposure appears to produce peripheral vaso-
cant size. Schomer and Averbu989, investigating noise constriction with occupationalzhao et al, 1991 or other
from helicopters and artillery which produce blast soundsxposurgNeuset al, 1983. Children living under the flight
containing little energy above 200 Hz, found that no com-paths in Los Angeles also show elevated blood pressime
monly used environmental noise measure could adequatelenet al, 1986. Adults living in highly exposed road noise
describe the indoor environment in cases when the blast exareas showed slight increases in heart diseaseBiakisch
cited rattles. Even though extremely smalinder 1 dB et al, 1993 while those in highly exposed aircraft noise ar-
changes in both A- and C-weighted SPL were registeredeas showed elevated blood pressure, greater use of blood
subjective response changes equal to noise of up to 13 dBressure medication and greater prevalence of cardiovascular
occurred when the blast excited rattles. Finally, in a multipledisease(Knipschild, 1977a, 1977b, 1980; Knipschild and
regression application to predict overall reactidissatisfac- Oudshoorn, 1977 The latter studies included tracking
tion) to artillery noise, reaction to the shaking and vibrationacross time to show that with a change in the aircraft opera-
was found to be a better predictor than all the disturbances dfons blood pressure medication changed accordingly. The
activities (conversation, watching television, reading, relax-latter result suggests that these effects may be attributed to

2993 J. Acoust. Soc. Am., Vol. 99, No. 5, May 1996 Berglund et al.: Effects of low-frequency noise 2993



the noise rather than self-selection of the relevant populatangdon and Buller, 197 7and through laboratory studies in
tions or other differences between the areas under comparivhich noise of various SPLs have been alternated with quiet
son. Clearly, long-term high blood pressure may be of clini-nights (Carter et al,, 1993a; Jurrien®t al, 1983; Thiessen
cal significancgJansen, 1969; Hattist al., 1980. and Lapointe, 1978, 1983; Wilkinsaat al, 1980; Qhrstram
Although health effects of noise have been extensivelyand Rylander, 1982 It should be noted that sleep distur-
researchedsee, e.g., Berglund and Lindvall, 1990; Berglund bance is also an effect of ongoing concern in daytime noise,
et al, 1990; Vallet, 1998 no study has specifically com- because of shift workerésee Cartert al, 1993b; Knauth
pared complex low-frequency noise with other complexand Ruthtranz, 19735
noises to determine if there is differential reaction. However,  Noise produces cardiovascular effects during sleep
circulatory system effects of low-frequency noise have beerfMuzet and Ehrhardt, 1978; Muzet al,, 1981); changes in
identified in the laboratory and the studies of aircraft noisesleep patterite.g., Wilkinson and Campbell, 1984nd sleep
are of particular relevance by virtue of their high proportionloss appear to cause compromised immufgByown, 1991;
of low-frequency noise. For this reason, particular healthBrown et al, 1989; Palmblacet al, 1976; Palmblackt al,,
concern should be given low-level military aircraft which 1979. Thus it is of significance not only because of the
will produce intense exposure. It would appear on balance ofisturbance at the time but also because of health-related
probability that low-frequency noise produce cardiovasculachanges.

effects. Although the effects of noise on sleep are well docu-
mented (see Qrstran, 19933, studies of low-frequency
2. Endocrine effects noise are again rare. A relevant exceptional study is that by

Laboratory studies show increased catacholamines ariy292i €t al- (1989. They described how inhabitants living
cortisol in response to noide.g., Cantrell, 1974; Cavatorta along a superhighway initially complained of the shaking

et al, 1987; Welch and Welch, 1970As with other stres- and rattling of windows, then became chronically insomniac

sors, the effects of controllability may affect endocrine reac2Nd excessively tired from the continuing low-frequency
tions to noise(Averill, 1973; Job, 1993; Lundberg and Fran- N0iSe€ reaching levels between 72 and 83AiB It is appar-
kenhaeuser, 1978These hormonal changes, if prolonged,em that Iow—freque'ncy noise disturbs slleep,.and Whenllt pro-
may produce significant health-related effelctscreased im- duces rattle |_t is likely to be more disturbing than higher
munity, increased heart rate and blood pressure, and cardi§€duency noise.
arrhythmias. A review by Bly et al. (1993 suggested that
there is evidence of immunomodulation by noise stress. The L )
effects of frequency spectrum of the sound are not known. I. Effects on communication and psychosocial effects

There can be no doubt that noise can mask speech. How-
G. Effects on performance and cognition ever, the degree depends on a number of factors of the

Effects of noise on performance have been intensiVelyc,peech and the masking noise. In principle, noises around the

investigated and reviewe@bel, 1990; Broadbent, 1957; same frequency as spee(rhamly b_etween_o.l and 6 kHZ.
Davies and Jones, 1985: Jones, 1984: Loeb, 198/Mile will mask more effectively than noise at higher frequencies.

. . However, given the upward spread of masking which makes
noise clearly affects performance on a variety of tasks, esp

cially divided attention tasks, the effects often interact irﬁow-frequency NOISE an efﬁcu?nt masker of noises of higher
X X o frequency, low-frequency noise can be expected to mask
complex and inconsistent ways with time of day, arousal,

and gende(Frankenhaeuser and Lundberg, 1977; HamiltonSpeeCh rather well. In support of this supposition, intense

. . noise of frequencies as low as 20 Hz has been found to affect
and Hockey, 1970; Holdingt al,, 1983; Salamel1988, and . L : :
with task s>|cl)eed and accu?a@roadbent 1954; Ca%ter and speech |ntell|g|b|l|ty at_:lversel;(Plckett, 1959. This effec'F_
Beh, 1987. Importantly, the learning of children is also af- appears to be ignored in the development of methods utilized

fected by noisdEvans, 1990: Hygge, 1993 to predict speech intelligibility. For example, the articulation

. . . - .. index(French and Steinberg, 1947; Kryter, 196he speech
Despite this extensive and sophisticated research “ter%terference levelBeranek, 1947: see also ANSI, 196the
ture, studies of the effects of low-frequency noise are sur}a ‘d speech transmiséion i'ndeJ(<see Hout,ast and
prisingly rare and inferences can only be drawn from pre- P P 9

dominantly low-frequency noise. For example, drivers OfSteeneken, 19g3and direct measurements of SPL, in(Ag
y q y Lo pie, — (Klump and Webster, 1963; Kryter, 1985, 1994; Loeb,
heavy lorries experience a reduction in wakefulness whic . :
; : .. 986, have been used to predict speech interference level.
can be attributed to low-frequency noifleandstran et al,

1988. Thus, to date, there is no clear evidence to sugges-{h.ese measures cover the region between 250 and 7090 Hz
which, admittedly, covers the range for the human voice.

that Iow—freque_n Ccy noise has differential effects on pencor_Common to all these methods is that they do not consider the
mance or cognition. . :
upward spread of masking by low-frequency noise.

The factors of annoyance with speech interference are
more complex than those of the interference itself, and en-

Sleep disturbances and poorer performance due to sle@mmpass cognitive factors apparently unrelated to low-
loss have been reported when either continuous or intermifrequency noisé€see Bergman, 1980; Miller and Licklider,
tent noises were presefiEberhardtet al, 1987; Thiessen, 1950; Preis and Terhardt, 198%However, noise may under
1970, 1978 This has been verified by questionnaifesy.,  certain exposure conditions result in better speech intelligi-

H. Sleep disturbance
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bility due to the process of auditory inclusion and thus alscsequential order effedtare relevant to laboratory studies of
reduce its effect on annoyance reacti@erglund et al, noise in general and of low-frequency noise in particular.
19943. These effects have been critically reviewed elsewk@d-

A number of nondesirable social effects have beerstein, 1994; Poulton, 1989The impact of these effects may
found in connectiop with living in noisy neighborhoods,lsucl:h be reduced by master scaling which is a procedure by which
as an increased crime rate and decreased casual social intpfgiyiqual differences in perceptual scaling are utilized for

action (Appleyard and Lintell, 1_97)2 The latter effect may, obtaining calibrated scales, independent of exposure context
however, be more a result of impaired speech communlca(-Berglund 1991

tion due to masking than from noiger se Noise may also S L
affect the act of helping. Specifically, subjects have been (2) Examination of low-frequency noise in the labora-

shown to offer less help with various tasks in the presence dPry requires its generation or reproduction and presentation
noise as compared to the same situation without the noist® the subjects. Problems have, for example, included impure

(Boles and Hayward, 1978; Page, 197@enerally, broad- Signal, insufficient air space in headphones, and the genera-
band community noise, including low-frequency noise, maytion of harmonics(see von BE&)’,_ 1960; Yeowart, 1976
even at low levels constitute a risk for certain groups such aghese problems have been steadily reduced with advances in
the elderly, the hearing impaired, and children at the stagéechnology and knowledge.

when they acquire languag&/HO, 1993. (3) Measurement of low-frequency noise has also
proven difficult. Tolerances in sound-level meters have been
J. Mental health much more lenient for low-frequency noige.g., Briel &

Like so many outcomes, the effects of noise on menta|<jaer’ type 2209.3: IEC, 1979Technical concemns with the
: capture of low-frequency noise have been review@dld-

health are difficult to establish because of confounding dif-""". . i
ferences between populations exposed or not exposed gein, 1994 and measurement unit problems were considered

noise. For example, studies of populations near versus n&@rlier.

near Los Angeles Airport were confounded by differences in ~ (4) Doubts about the generalizability of laboratory find-
racial composition among other facto®leecham and ings to real world situations apply particularly to research on
Shaw, 1979; Meecham and Smith, 197However, long- low-frequency noise. For example, the effects of the unfa-
term studies suggest a complex relationship between mentaiiliar laboratory environment on noise-induced sleep loss
health effects such as depression, noise sensitivity, and noisee difficult to establish. Even studies which allow some
exposure (Stansfeld, 1992; Stansfeldtal, 1985. Other nights of familiarization to the sleeping laboratory may not
long-term studies have identified the possible effects of noisgeplicate the effects of years of sleeping in the same room.
on psychosocial well-beingDhrstran, 1993. Furthermore,  The observations may also involve classic Hawthorne effects
Kryter's (1990 reanalysis of psychiatric hospital admission (¢f, Dickson and Roethlisberger, 196&imilarly, studies of
rates !dentlfled an effect of alrcraf_t noise mdepend_ent of Conannoyance in the laboratory may overlook the effects of
founding factors which were statistically or selectively Con'ameliorating actions in one’s home, such as turning up the

trolled. volume of the television or radio sets. Another reaction of

Examination of mental health effects of pure low- . : L : o
. . . importance here is habituation which may be specific to the
frequency noise is not feasible since pure sources occur

rarely in the real world. However, the effects of aircraft noiseenvwonme_nt in which the n0|s_e IS _heafHaII_ and Honey,
(which contains much low-frequency energy; see Figut- 1989; Lovibondet al., 1984, which will result in an absence
lined above are consistent with a role of low-frequency noiséf habituation in the laboratory. Related research on the cre-
in mental health effects. The possibility that mental healtr@tion of positive SPU“d environments may provide answers
effects grow in part from annoyance and feelings of helplessbere. Studies which combine the experimental and field
ness(Job, 1993; Job and Barnes, 1995; Overmier and Hellmethods in examining, for example, sleep disturbance in the
hamer, 1988; Seligman, 199And the greater annoyance home and annoyance from controlled exposures in the home
occasioned by low-frequency noise are suggestive of greatéPeploeet al, 1993 are helpful in this regard.

effects from low-frequency noise than from other noises. (5) Generalization from temporary effects to clinical
significance is uncertain for many effects, although in the
VI. METHODOLOGICAL ISSUES cases of TTS, mental illness, and blood pressure, there is

In determining the effects of low-f . somewhat more reason for confidence.
n determining the efiects of low-lrequency noise on (6) The earliest studies employed exposure levels which
human well-being a myriad of methodological issues arise.

Because the problems differ between the various basic revyOUId almost certainly not be allowed today. While these

search methods, these are listed below separately for ﬂ%ata arg therefore of value, t'hese. S,tUd'eS_ .apparently em-
laboratory and field studies. ployed inadequate data collection via insufficient self-report

(Mohr et al,, 1965.
(7) The early experiments were often conducted on
(1) The standard methodological issues to do with semilitary subjects who had participated in many experiments
lection of subjects, experimenter bias and all the complexand so received much noise exposure. The effects of this
effects of contex{including stimulus range, regression, and prior experience are unknown.

A. Laboratory studies
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B. Field studies If earplugs are used in combination with earmuffs, a reduc-

tion of up to 60 dB can be obtained. The same protectors
ay, however, only reduce the low-frequency ndiaghin

the range 20—100 Hby about 5-25 dBHarris, 1979. This

(1) Field studies of the effects of noise including low-
frequency noise run the same risks in methodology as fiel

studies in generdk.g., Last, 1988 These include problems ; .
g de.g g P form of local protection also fails to address effects of low-

with drawing causal inferences from correlational data ob ; th ts of the body. Th |
tained in cross-sectional studies or from one aggregate Iev%equency noise on other parts of the body. Thus persona

to another(ecological fallacy, the use of self-report data earng protgctors are not the ideal solution for low-
from respondents who may be motivated to exaggerate theﬂ:equency noise. .
Transmission loss through walls and windows are lower

reactions, confounding differences between populations ex- . . ; ) :

posed or not exposed to noise, biases from certain types W'thm _the Iow-frgque_ncy region than for noise (.)f h_|gher_ fre-

people agreeing to participate versus those who refuse or a encies, especially if the room resonances coincide with the
ow-frequency noise(Leventhall, 1988 However, with

not home when the study is done, interviewer bias, and que ) . . .
rgouble glazing, attenuation can be achieved, as shown in the

tion wording bias. Some of these problems are relieved in ; e : .
studies of noise by multiple calls back to residences producr—’nlddle panel of Fig. 9. The general difficulty of insulating

ing high response rate®.g., Hede and Bullen, 1982r by against low-frequency noise highlights the value of attenua-
group questionnaire admi’nistratidre.g. Job ,and Bullen tion of the noise at the source, as suggested, for example, by
1987, or by other meanésee Job and I5:u||en 1985None- " Backtemanet al. (1983a, 1983) rather than allowing the

theless, problems remain to be resolved. noise to spread.

(2) The extrapolation from observed effects to clinical l_:|gure_9 ShOW_S the results of three sou_nd abat_eme_nt
studies which considered a range of frequencies of noise in-

significance is not as critical a problem as in laboratory stud- dina low-frequency noise. The left panel Shows a SUCCesS
ies, but remains a problem nonetheless for some measurelcéu Ing low-frequency noise. P W u
ul source reduction. Another successful case is described by

Although of significance in itself, it is not clear whether an- li 1991 in which a | Ki hi
noyance created by low-frequency noise leads to other me,lf: ison ( . D in which a large rope-making machine to-
gether with a number of smaller machines were found to

tal health problems, nor whether reduced psychosocial well . . .
P psy ause what the complainant described as a “throbbing

being in high noise areas is a predictor of more seriou$®" "y N thi the disturbi .
mental disorders. noise.” However, in this case, the disturbing noise was

(3) Respondents may have difficulty identifying the propagated through ground-borne vibrations in the range

source of low-frequency noise and so may misattribute th(?h_13 Hf]'_ The "?](_)IL;]UIOZ \t/vas to dlmtprovef ths rrt]_amtenadnce_of
noise to another source in reporting their reacti@fs Ber- € machines which fed to a reduction of vibrations and noise

glund, 1991; Berglunat al, 1980 in the range 15-20 dB. This reduction satisfied the com-

(4) Perhaps the most serious problem specific to ﬁelGolainant, and as a side effect improved the serviceability of

studies of low-frequency noise is that pure Iow—frequencythe machines in question.

noise is rare. Thus most such studies are of broadband noise ACt'\./e noise pontro! Is a viable aIter_nat.lve to passive
with a predominant or significant low-frequency component aftenuation especially with respect to ventilation and exhaust

Thus the effects of low-frequency noiper seare difficult to fan noise(Wise et al, 1992. Active attenuation preserves

identify. Comparison of different noise sources with differ- the unobstructed airflow by injecting canceling noise into the

ing components of low-frequency noise is only a partial SO_duct. The technique is particularly efficient for low-

lution to this problem. The different noise sources differ Onfrequer;cy noise which m&.?./ be redutf]eﬂ l?[y ?—fggdB:gpend-
many variables in addition to their low-frequency compo—Ing on frequency compositiofLeventhallet al, 4. Ad-
nents. For example, attitudes to the noise source, time of da

jtional advantages of active control are that external lagging
of noise, proximity, and visibility of the source may all vary f ducts is not necessary, a thinner sound absorptive lining
and may all affect reaction.

may be used inside for attenuation of high-frequency noise,
and the running costs of the active system may be as low as

1% of the energy saved by reduced airflow resistance com-
VII. ABATEMENT OF LOW-FREQUENCY NOISE pared to a corresponding passive attenuation system.

With the automation of technological processes in indus-
try, an increasing number of workers are moved from they|||. RECOMMENDATIONS
immediate vicinity of the machinery to control cabins of A Research needs
some sort. These cabins offer the opportunity to reduce noise’
hazards, vibration, and other harmful agents in the working  Further research is needed in relation to a number of
environment. The sound insulation ability of “soundproof”’ features and outcomes of low-frequency noise. These needs
cabins averages typically 30—50 dB for frequencies abovénclude the following.
500 Hz, but only 0-19 dB for frequencies below 500 Hz (1) In general, there has been too little research on the
(Kaczmarska and Augustynska, 199Zhus their ability to  role of different frequency spectra of noise in the production
reduce low-frequency noise is less than adequate. Likewis@f effects on humans. Greater consideration of this factor in
the use of personal hearing protectors is less effective in thmany studies of noise is desirable.
low-frequency range. For example, Harti®979 has shown (2) Most of the research of adverse effects of low-
that the use of earplugs alone may reduce the noise level Hyequency noise in humans has used short durations of expo-
as much as 40 dB within the frequency range 800—8000 Hzure. It is of great importance to research prolonged expo-
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FIG. 9. The results of three low-frequency noise abatement studies.

sures, extending at least over 15—30 min, so that the effectse invaluable in intervening to prevent the adverse effects of
may be generalized from laboratory studies to field situaiow-frequency noise.
tions. (7) The impact of environmental noise with low-

(3) Longitudinal studies of the effects of low-frequency frequency components should be researched for various risk
noise sources are needed in order to examine the long-tergroups such as persons with impaired hearing, noise sensi-
pattern of effectgsee also Berglunat al, 1984. At this tive individuals, children who develop learning disabilities,
stage the pattern of development of and possible predictorthie elderly(with presbyacusjs etc. Knowledge of effects on
of problems of clinical significance are unclear. Predictors ofsuch populations is of particular concern because of the
later problems would be of value in providing prophylactic prevalence of low-frequency noise in indoor sources such as
interventions instead of treatment after the problem is estabentilation systems.
lished. (8) The development of standardized techniques to

(4) Noise sources sometimes change substantially, sudmeasure low-frequency noise in the laboratory, in housing,
as in changes to road traffic with openings of new freewaysind at work sites is desirable. The inadequacy of weighting
or aircraft traffic with new airports or runways. Such occa-filters in sound-level meters has been identified.
sions provide relatively rare opportunities to assess the ef- (9) Laboratory studies of the effects of the various fea-
fects of noise to a large extent independent of the effects dures of(real and artificigl noise signals are needed.
population differences arising from selection of living loca-  (10) The relative contributions of low-frequency and
tion in quiet or noisy areas. Such opportunities should not bémpulsiveness and tonal aspects of noise require further ex-
missed, and in such studies the frequency spectrum of th@mination in laboratory and field studies.
noise should be assessed. (11) Detailed assessment is needed of the relative im-

(5) Given the impure examples of low-frequency noiseportance of vibration and rattle versus the low-frequency
which exist for field studies, comparison of different sourceshoise itself in producing reactions. This would involve both
is necessary to provide a guide as to the contribution of low}aboratory and field research.
frequency noise to the reactions observed. However, such (12) Continued development of methods for low-
comparisons are confounded by other differences betweeifequency noise attenuation and control measurement tech-
the sources. These differences could largely be handled byology are needed.
measurement of these factors and statistical control of them.

(6) The mechanisms of individual differences in the ef-
fects of noise are of critical concern. Examination of which
individuals are most affected and what features they share is The effects of low-frequency noigand many other en-
needed. Knowledge of the mechanisms of these effects magronmental pollutanfson human beings are difficult to es-

B. Action on the basis of current knowledge
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