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702  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

10-1 INTRODUCTION

Noise, commonly defined as unwanted sound, is an environmental phenomenon to 
which we are exposed before birth and throughout life. Noise is an environmental 
 pollutant, a waste product generated in conjunction with various anthropogenic 
 activities. Under the latter definition, noise is any sound—independent of loudness—
that can produce an undesired physiological or psychological effect in an individual, 
and that may interfere with the social ends of an individual or group. These social ends 
include all of our activities—communication, work, rest, recreation, and sleep.
 As waste products of our way of life, we produce two general types of pollutants. 
The general public has become well aware of the first type—the mass resid uals associ-
ated with air and water pollution—that remain in the environment for extended periods 
of time. However, only recently has attention been focused on the second general type 
of pollution, the energy residuals such as the waste heat from manufacturing processes 
that creates thermal pollution of our streams. Energy in the form of sound waves con-
stitutes yet another kind of energy residual, but, fortunately, one that does not remain 
in the environment for extended periods of time. The total amount of energy dissipated 
as sound throughout the earth is not large when compared with other forms of energy; 
it is only the extraordinary sensitivity of the ear that permits such a relatively small 
amount of energy to adversely affect us and other biological species.
 It has long been known that noise of sufficient intensity and duration can induce 
temporary or permanent hearing loss, ranging from slight impairment to nearly total 
deafness. In general, a pattern of exposure to any source of sound that produces high 
enough levels can result in temporary hearing loss. If the exposure persists over a pe-
riod of time, this can lead to permanent hearing impairment. It has been estimated that 
1.7 million workers in the United States between 50 and 59 years of age have enough 
hearing loss to be awarded compensation. The potential cost to U.S. industry could be 
in excess of $1 billion* (Olishifshi and Harford, 1975). Short-term, but frequently 
 serious, effects include interference with speech communication and the perception of 
other auditory signals, disturbance of sleep and relaxation, annoyance, interference 
with an individual’s ability to perform complicated tasks, and general diminution of 
the quality of life.
 Beginning with the technological expansion of the Industrial Revolution and con-
tinuing through a post-World War II acceleration, environmental noise in the United 
States and other industrialized nations has been gradually and steadily increasing, with 
more geographic areas becoming exposed to significant levels of noise. Where once 
noise levels sufficient to induce some degree of hearing loss were confined to factories 
and occupational situations, noise levels approaching such intensity and duration are 
today being recorded on city streets and, in some cases, in and around the home.
 There are valid reasons why widespread recognition of noise as a significant 
 environmental pollutant and potential hazard or, as a minimum, a detractor from the 
quality of life, has been slow in coming. In the first place, noise, if defined as unwanted 
sound, is a subjective experience. What is considered noise by one listener may be 
 considered desirable by another.

*In 2005 dollars.

dav01145_ch10_701-784.indd Page 702  10/25/11  11:10 AM user-f462dav01145_ch10_701-784.indd Page 702  10/25/11  11:10 AM user-f462 volumes/203/MHDQ302/dav01145_disk1of1/0073401145/dav01145_pagefilesvolumes/203/MHDQ302/dav01145_disk1of1/0073401145/dav01145_pagefiles



NOISE POLLUTION  703

*In 2005 dollars.

 Secondly, noise has a short decay time and thus does not remain in the environ-
ment for extended periods, as do air and water pollution. By the time the average indi-
vidual is spurred to action to abate, control, or, at least, complain about sporadic 
environmental noise, the noise may no longer exist.
 Thirdly, the physiological and psychological effects of noise on us are often subtle 
and insidious, appearing so gradually that it becomes difficult to associate cause with 
effect. Indeed, to those persons whose hearing may already have been affected by 
noise, it may not be considered a problem at all.
 Further, the typical citizen is proud of this nation’s technological progress and is 
generally happy with the things that technology delivers, such as rapid transportation, 
labor-saving devices, and new recreational devices. Unfortunately, many technological 
advances have been associated with increased environmental noise, and large segments of 
the population have tended to accept the additional noise as part of the price of progress.
 In the last three decades, the public has begun to demand that the price of prog-
ress not fall to them. They have demanded that the environmental impact of noise 
be mitigated. The cost of mitigation is not trivial. The average cost of soundproof-
ing each of 600 suburban houses around the Chicago O’Hare airport was about 
$27,500 in 1997 (Sylvan, 2000). Through 2001, the Boston Logan airport had spent 
about $99 million and the Los Angeles International airport had allocated about 
$119 million for soundproofing and land acquisition. At the end of 2001, the total 
amount spent in the United States for noise mitigation exceeded $5.2 billion (de 
Neufville and Odoni, 2003). The cost to retrofit and replace airplanes to reduce 
noise probably exceeds $3.6 billion* (Achitoff, 1973). Traffic noise reduction pro-
grams have been in place since the first noise barrier was built in 1963. As of 2001, 
departments of transportation in 44 states and the Commonwealth of Puerto Rico 
had constructed more than 2,900 linear kilometers of noise barriers at a cost of 
more than $2.8 billion* (FHWA, 2005).
 The engineering and scientific community has already accumulated considerable 
knowledge concerning noise, its effects, and its abatement and control. In that regard, 
noise differs from most other environmental pollutants. Generally, the technology ex-
ists to control most indoor and outdoor noise. As a matter of fact, this is one instance 
in which knowledge of control techniques exceeds the knowledge of biological and 
physical effects of the pollutant.
 This chapter will provide you with the tools to:

 • Calculate the cumulative noise level from several sources

 • Estimate the potential for violation of environmental noise standards

 • Estimate the noise level at a specified distance from a noise source

 • Evaluate strategies for noise impact reduction for

 Workers

 Work space

 Communities near highways
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704  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

Properties of Sound Waves
Sound waves result from the vibration of solid objects or the separation of fluids as they 
pass over, around, or through holes in solid objects. The vibration and/or separation 
causes the surrounding air to undergo alternating compression and rarefaction, much 
in the same manner as a piston vibrating in a tube (Figure 10-1). The compression of 
the air molecules causes a local increase in air density and pressure. Conversely, the 
rarefaction causes a local decrease in density and pressure. These alternating pressure 
changes are the sound detected by the human ear.
 Let us assume that you could stand at Point A in Figure 10-1. Also let us assume 
that you have an instrument that will measure the air pressure every 0.000010 seconds 
and plot the value on a graph. If the piston vibrates at a constant rate, the condensa-
tions and rarefactions will move down the tube at a constant speed. That speed is the 
speed of sound (c). The rise and fall of pressure at point A will follow a cyclic or wave 
pattern over a “period” of time (Figure 10-1). The wave pattern is called sinusoidal. 
The time between successive peaks or between successive troughs of the oscillation is 
called the period (P). The inverse of this, that is, the number of times a peak arrives in 
one second of oscillations, is called the frequency (  f   ). Period and frequency are then 
related as follows:

 P 5
1

f
 (10-1)

 Since the pressure wave moves down the tube at a constant speed, you would find 
that the distance between equal pressure readings would remain constant. The distance 

Mean
position A

Tube

Maximum
compression

Maximum
rarefaction

Speed of propagation � c

�
Wavelength

Piston

FIGURE 10-1
Alternating compression and rarefaction of air molecules 
resulting from a vibrating piston.
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NOISE POLLUTION  705

between adjacent crests or troughs of pressure is called the wavelength (l). Wave-
length and frequency are then related as follows:

 l 5
c

f
 (10-2)

 The amplitude (A) of the wave is the height of the peak or depth of the trough mea-
sured from the zero pressure line (Figure 10-2). From Figure 10-2, we can also note that 
the average pressure could be zero if an averaging time was selected that corresponded to 
the period of the wave. This would result regardless of the amplitude! This, of course, is 
not an acceptable state of affairs. The root mean square (rms) sound pressure (prms) is used 
to overcome this difficulty.* The rms sound pressure is obtained by squaring the value of 
the amplitude at each instant in time; summing the squared values; dividing the total by 
the averaging time; and taking the square root of the total. The equation for rms is

 prms 5 ap2b1/2

5 c 1
T #

T

0
P2(t)dt d 1/2

 (10-3)

where the overbar refers to the time-weighted average and T is the time period of the 
measurement.

Sound Power and Intensity
Work is defined as the product of the magnitude of the displacement of a body and the 
component of force in the direction of the displacement. Thus, traveling waves of 
sound pressure transmit energy in the direction of propagation of the wave. The rate at 
which this work is done is defined as the sound power (W).
 Sound intensity (I) is defined as the time-weighted average sound power per unit 
area normal to the direction of propagation of the sound wave. Intensity and power are 
related as follows:

 I 5
W

A
 (10-4)

where A is a unit area perpendicular to the direction of wave motion. Intensity, and 
hence, sound power, is related to sound pressure in the following manner:

 I 5
( prms)

2

rc
 (10-5)

FIGURE 10-2
Sinusoidal wave that results from alternating compression and 
rarefaction of air molecules. The amplitude is shown as A and 
the period is P.
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*Sound pressure 5 (total atmospheric pressure) 2 (barometric pressure).
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706  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

where  I 5 intensity, W/m2

 prms 5 root mean square sound pressure, Pa
 r 5 density of medium, kg/m3

 c 5 speed of sound in medium, m/s

Both the density of air and speed of sound are a function of temperature. Given the 
temperature and pressure, the density of air (1.185 kg/m3 at 101.325 kPa and 298 K) 
may be determined using the gas laws. The speed of sound in air at 101.325 kPa may 
be determined from the following equation:

 c 5 20.051T  (10-6)

where T is the absolute temperature in kelvins (K) and c is in m/s.

Levels and the Decibel
The sound pressure of the faintest sound that a normal healthy individual can hear is 
about 0.00002 pascal. The sound pressure produced by a Saturn rocket at liftoff is 
greater than 200 pascal. Even in scientific notation this is an “astronomical” range of 
numbers.
 In order to cope with this problem, a scale based on the logarithm of the ratios of 
the measured quantities is used. Measurements on this scale are called levels. The unit 
for these types of measurement scales is the bel, which was named after Alexander 
Graham Bell:

 L¿ 5 log  

Q

Qo
 (10-7)

where L9 5 level, bels
 Q 5 measured quantity
 Qo 5 reference quantity
 log 5 logarithm in base10

A bel turns out to be a rather large unit, so for convenience it is divided into 10 subunits 
called decibels (dB). Levels in dB are computed as follows:

 
L 5 10 log  

Q

Qo
 (10-8)

The dB does not represent any physical unit. It merely indicates that a logarithmic 
transformation has been performed.

Sound Power Level.  If the reference quantity (Qo) is specified, then the dB takes on 
physical significance. For noise measurements, the reference power level has been 
established as 10212 watts. Thus, sound power level may be expressed as

 
Lw 5 10  log  

W

10212 (10-9)

Sound power levels computed with Equation 10-9 are reported as dB re: 10212 W.
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NOISE POLLUTION  707

Sound Intensity Level.  For noise measurements, the reference sound intensity 
(Equation 10-4) is 10212 W/m2. Thus, the sound intensity level is given as

 
LI 5 10  log  

I

10212 (10-10)

Sound Pressure Level.  Because sound-measuring instruments measure the root 
mean square pressure, the sound pressure level is computed as follows:

 
LP 5 10 log  

( prms)
2

( prms)
2
o

  (10-11)

which, after extraction of the squaring term, is given as

 
LP 5 20 log  

prms

( prms)o
 (10-12)

The reference pressure has been established as 20 micropascals (mPa). A scale show-
ing some common sound pressure levels is shown in Figure 10-3.

Combining Sound Pressure Levels.  Because of their logarithmic heritage, decibels 
don’t add and subtract the way apples and oranges do. Remember: adding the loga-
rithms of numbers is the same as multiplying them. If you take a 60-decibel noise 
(re: 20 mPa) and add another 60-decibel noise (re: 20 mPa) to it, you get a 63-decibel 
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FIGURE 10-3
Relative scale of sound 
pressure levels.
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708  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

noise (re: 20 mPa). If you’re strictly an apple-and-orange mathematician, you may take 
this on faith. For skeptics, this can be demonstrated by converting the dB to sound power 
level, adding them, and converting back to dB. Figure 10-4  provides a graphical solu-
tion for this type of problem. For noise pollution work, results should be reported to 
the nearest whole number. When there are several levels to be  combined, they should 
be combined two at a time, starting with lower-valued levels and continuing two at a 
time with each successive pair until one number remains. Henceforth, in this chapter 
we will assume levels are all “re: 20 mPa” unless stated otherwise.

Example 10-1.  What sound power level results from combining the following three 
levels: 68 dB, 79 dB, and 75 dB?

Solution.  This problem can be worked by converting the readings to sound power 
level, adding them, and converting back to dB.

  Lw 5 10  log ©10(68/10) 1 10(75/10) 1 10(79/10) 

 5 10 log (117,365,173)

 5 80.7 dB

Rounding off to the nearest whole number yields an answer of 81 dB re: 20 mPa.
An alternative solution technique using Figure 10-4 begins by selecting the two 

l owest levels: 68 dB and 75 dB. The difference between the values is 75 2 68 5 7.00. 
Using Figure 10-4, draw a vertical line from 7.00 on the abscissa to intersect the curve. 
A horizontal line from the intersection to the ordinate yields about 0.8 dB. Adding this 
value to the highest value, the combination of 68 dB and 75 dB results in a level of 
75.8 dB. This, and the remainder of the computation, is shown diagrammatically below.
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FIGURE 10-4
 Graph for solving decibel addition problems.
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NOISE POLLUTION  709

Characterization of Noise
Weighting Networks.  Because our reasons for measuring noise usually involve peo-
ple, we are ultimately more interested in the human reaction to sound than in sound as 
a physical phenomenon. Sound pressure level, for instance, can’t be taken at face value 
as an indication of loudness because the frequency (or pitch) of a sound has quite a bit 
to do with how loud it sounds. For this and other reasons, it often helps to know some-
thing about the frequency of the noise you’re measuring. Weighting networks are used 
to account for the frequency of a sound. They are electronic filtering circuits built into 
the meter to attenuate certain frequencies. They permit the sound level meter to respond 
more to some frequencies than to others with a prejudice something like that of the hu-
man ear. Writers of the acoustical standards have established three weighting character-
istics: A, B, and C. The chief difference among them is that very low frequencies are 
filtered quite  severely by the A network, moderately by the B network, and hardly at all 
by the C network. Therefore, if the measured sound level of a noise is much higher on 
C weighting than on A weighting, much of the noise is probably of low frequency. 
If you really want to know the frequency distribution of a noise (and most serious noise 
measurers do), it is necessary to use a sound analyzer. But if you are unable to justify 
the expense of an analyzer, you can still find out something about the frequency of a 
noise by shrewd use of the weighting networks of a sound level  meter.
 Figure 10-5 shows the response characteristics of the three basic networks as pre-
scribed by the American National Standards Institute (ANSI) specification number 
S1.4–1971. When a weighting network is used, the sound level meter electronically 
subtracts or adds the number of dB shown at each frequency shown in Table 10-1 
from or to the actual sound pressure level at that frequency. It then sums all the re-
sultant numbers by logarithmic addition to give a single reading. Readings taken 
when a network is in use are said to be “sound levels” rather than “sound pressure 
levels.” The readings taken are designated in decibels in one of the following forms: 
dB(A); dBa; dBA; dB(B); dBb; dBB; and so on. Tabular notations may refer to 
LA, LB, LC.
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FIGURE 10-5
Response characteristics of the three basic weighting networks.
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710  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

TABLE 10-1
Sound level meter network weighting values

Frequency (Hz) Curve A (dB) Curve B (dB) Curve C (dB)

   10 270.4 238.2 214.3
   12.5 263.4  233.2 211.2 
   16 256.7  228.5 28.5
   20 250.5  224.2 26.2
   25 244.7  220.4 24.4
   31.5 239.4  217.1 23.0
   40 234.6  214.2 22.0
   50 230.2  211.6 21.3
   63 226.2  29.3 20.8
   80 222.5  27.4 20.5
  100 219.1  25.6 20.3
  125 216.1  24.2 20.2
  160 213.4  23.0 20.1
  200 210.9  22.0 0 
  250 28.6  21.3 0 
  315 26.6  20.8 0 
  400 24.8  20.5 0 
  500 23.2  20.3 0 
  630 21.9  20.1 0 
  800 20.8  0 0 
 1,000 0 0 0 
 1,250 0.6 0 0 
 1,600 1.0 0 20.1
 2,000 1.2 20.1 20.2
  2,500   1.3 20.2 20.3
  3,150 1.2 20.4 20.5
  4,000 1.0 20.7 20.8
  5,000 0.5 21.2 21.3
  6,300 20.1 21.9 22.0
  8,000 21.1 22.9 23.0
10,000   22.5 24.3 24.4
12,500   24.3 26.1 26.2
16,000 26.6 28.4 28.5
20,000 29.3 211.1 211.2

Example 10-2.  A new Type 2 sound level meter is to be tested with two pure tone 
sources that emit 90 dB. The pure tones are at 1,000 Hz and 100 Hz. Estimate the ex-
pected readings on the A, B, and C weighting networks.

Solution.  From Table 10-1 at 1,000 Hz, we note that the relative response (correction 
factor) for each of the weighting networks is zero. Thus for the pure tone at 1,000 Hz 
we would expect the readings on the A, B, and C networks to be 90 dB.
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NOISE POLLUTION  711

From Table 10-1 at 100 Hz, the relative response for each weighting network dif-
fers. For the A network, the meter will subtract 19.1 dB from the actual reading, for 
the B network, the meter will subtract 5.6 dB from the actual reading, and for the C 
network, the meter will subtract 0.3 dB. Thus, the anticipated readings would be:

A network: 90 2 19.1 5 70.9 or 71 dB(A)

B network: 90 2   5.6 5 84.4 or 84 dB(B)

C network: 90 2   0.3 5 89.7 or 90 dB(C)

Example 10-3.  The following sound levels were measured on the A, B, and C 
weighting networks:

Source 1: 94 dB(A), 95 dB(B), and 96 dB(C)

Source 2: 74 dB(A), 83 dB(B), and 90 dB(C)

Characterize the sources as “low frequency” or “mid/high frequency.”

Solution.  From Figure 10-5, we can see that readings on the A, B, and C networks 
will be close together if the source emits noise in the frequency range above about 
500 Hz. This range may be classified “mid/high frequency” because we cannot dis-
tinguish between “mid” and “high” frequency using a Type 2 sound level meter. Like-
wise, we can see that below 200 Hz (low frequency), readings on the A, B, and C 
scale will be substantially different. The readings from the A network will be lower 
than the readings from the B network, and readings from both the A and B networks 
will be lower than those from the C network.

Source 1: Note that the sound levels on each of the weighting networks differ by 
1 dB. From Figure 10-5, it appears that the sound level will be in the mid/high fre-
quency range.

Source 2: Note that the sound levels on each of the weighting networks differ by 
several dB and that the reading from the A network is lower than that from the B net-
work and both are below that from the C network. From Figure 10-5, it appears that 
the sound level will be in the low frequency range.

Octave Bands.  To completely characterize a noise, it is necessary to break it down 
into its frequency components or spectra. Normal practice is to consider 8 to 11 octave 
bands.* The standard octave bands and their geometric mean frequencies (center band 
frequencies) are given in Table 10-2. Octave analysis is performed with a combination 
precision sound level meter and an octave filter set.
 While octave band analysis is frequently satisfactory for community noise control 
(that is, identifying violators), more refined analysis is required for corrective action 
and design. One-third octave band analysis provides a slightly more refined picture of 
the noise source than the full octave band analysis (Figure 10-6a). This improved 

*An octave is the frequency interval between a given frequency and twice that frequency. For example, given the 
frequency 22 Hz, the octave band is from 22 to 44 Hz. A second octave band would then be from 44 to 88 Hz.
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712  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

TABLE 10-2
Octave bands

Octave frequency Geometric mean
range (Hz) frequency (Hz)

 22–44      31.5
44–88    63
 88–175   125
175–350   250
350–700   500

 700–1,400  1,000
 1,400–2,800  2,000
 2,800–5,600  4,000
 5,600–11,200  8,000

11,200–22,400 16,000
22,400–44,800 31,500
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FIGURE 10-6
(a) One-third octave band analysis of a small electric motor. (b) Narrowband analysis of a small 
electric motor.
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 resolution is usually sufficient for determining corrective action for community noise 
problems. Narrow band analysis is highly refined and may imply band widths down to 
2 Hz (Figure 10-6b). This degree of refinement is only justified in product design and 
testing or in troubleshooting industrial machine noise and vibration.

Averaging Sound Pressure Levels.  Because of the logarithmic nature of the dB, the 
average value of a collection of sound pressure level measurements cannot be com-
puted in the normal fashion. Instead, the following equation must be used:

 
Lp 5 20 log  

1

Na
N

j51
10(Lj/20)  (10-13)

where Lp 5 average sound pressure level, dB re: 20 mPa
N 5 number of measurements
Lj 5 the jth sound pressure level, dB re: 20 mPa
j 5 1, 2, 3 . . . , N

This equation is equally applicable to sound levels in dBA. It may also be used to 
compute average sound power levels if the factors of 20 are replaced with 10s.

Example 10-4.  Compute the mean sound level from the following four readings (all 
dBA): 38, 51, 68, and 78.

Solution.  First we compute the sum:

 a
4

j51
5 10(38/20) 1 10(51/20) 1 10(68/20) 1 10(78/20)

 5 1.09 3 104

Now we complete the computation:

Lp 5 20 log  

1.09 3 104

4
 5 68.7 or 69 dBA

Straight arithmetic averaging would yield 58.7 or 59 dB.

Types of Sounds.  Patterns of noise may be qualitatively described by one of the fol-
lowing terms: steady-state or continuous; intermittent; and impulse or impact. Con-
tinuous noise is an uninterrupted sound level that varies less than 5 dB during the 
period of observation. An example is the noise from a household fan. Intermittent 
noise is a continuous noise that persists for more than one second that is interrupted for 
more than one second. A dentist’s drilling would be an example of an intermittent 
noise. Impulse noise is characterized by a change of sound pressure of 40 dB or more 
within 0.5 second with a duration of less than one second.* The noise from firing a 
weapon would be an example of an impulsive noise.

*The Occupational Safety and Health Administration (OSHA) classifies repetitive events, including impulses, 
as steady noise if the interval between events is less than 0.5 seconds.
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714  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

 Two types of impulse noise generally are recognized. The type A impulse is char-
acterized by a rapid rise to a peak sound pressure level followed by a small negative 
pressure wave or by decay to the background level (Figure 10-7). The type B impulse is 
characterized by a damped (oscillatory) decay (Figure 10-8). Where the duration of the 
type A impulse is simply the duration of the initial peak, the duration of the type B 
impulse is the time required for the envelope to decay to 20 dB below the peak. Be-
cause of the short duration of the impulse, a special sound-level meter must be em-
ployed to measure impulse noise. You should note that the peak sound pressure level is 
different than the impulse sound level because of the time-averaging used in the latter.

10-2 EFFECTS OF NOISE ON PEOPLE

For the purpose of our discussion, we have classified the effects of noise on people into 
the following two categories: auditory effects and psychological/sociological effects. 
Auditory effects include both hearing loss and speech interference. Psychological/
sociological effects include annoyance, sleep interference, effects on performance, and 
acoustical privacy.

The Hearing Mechanism
Before we can discuss hearing loss, it is important to outline the general structure of 
the ear and how it works.
 Anatomically, the ear is separated into three sections: the outer ear, the middle ear, 
and the inner ear (Figure 10-9). The outer and middle ear serve to convert sound pres-
sure to vibrations. In addition, they perform the protective role of keeping debris and 
objects from reaching the inner ear. The Eustachian tube extends from the middle ear 
space to the upper part of the throat behind the soft palate. The tube is normally closed. 
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FIGURE 10-8
Type B impulse noise.
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Contraction of the palate muscles during yawning, chewing, or swallowing opens the 
tubes. This allows the middle ear to ventilate and equalize pressure. If external air 
pressure changes rapidly, for example, by a sudden change in elevation, the tube is 
opened by involuntary swallowing or yawning to equalize the pressure.
 The sound transducer mechanism is housed in the middle ear.* It consists of the 
tympanic membrane (eardrum) and three ossicles (bones) (Figure 10-10). The ossicles 
are supported by ligaments and may be moved by two muscles or by deflection of the 
tympanic membrane. The muscle movement is involuntary. Loud sounds cause these 
muscles to contract. This stiffens and diminishes the movement of the ossicular chain 
(Borg and Counter, 1989). The discussion on the middle ear that follows is excerpted 
from Clemis (1975).

The primary function of the middle ear in the hearing process is to transfer sound energy from 
the outer to the inner ear. As the eardrum vibrates, it transfers its motion to the malleus. Since 

Auricle

Inner
ear

Cochlea

Round window

Semicircular
canals

Oval
window

Tympanic
membrane

Eustachian tube

Auditory ossicles

Malleus Incus Stapes

External
auditory
meatus

Outer ear Middle ear

FIGURE 10-9
Anatomical divisions of the ear. (Source: Seeley et al., 2003.)

*A transducer is a device that transmits power from one system to another. In this case, sound power is converted 
to mechanical displacement, which is later measured and interpreted by the brain.
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716  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

the bones of the ossicular chain are connected to one another, the movements of the malleus 
are passed on to the incus, and finally to the stapes, which is imbedded in the oval window.

As the stapes moves back and forth in a rocking motion, it passes the vibrations into the 
inner ear through the oval window. Thus, the mechanical motion of the eardrum is effectively 
transmitted through the middle ear and into the fluid of the inner ear.

The sound-conducting transducer amplifies sound by two main mechanisms. First, the 
large surface area of the drum as compared to the small surface area of the base of the stapes 
(footplate) results in a hydraulic effect. The eardrum has about 25 times as much surface area 
as the oval window. All of the sound pressure collected on the eardrum is transmitted through 
the ossicular chain and is concentrated on the much smaller area of the oval window. This 
produces a significant increase in pressure.

The bones of the ossicular chain are arranged in such a way that they act as a series of 
levers. The long arms are nearest the eardrum, and the shorter arms are toward the oval win-
dow. The fulcrums are located where the individual bones meet. A small pressure on the long 
arm of the lever produces a much stronger pressure on the shorter arm. Since the longer arm is 
attached to the eardrum and the shorter arm is attached to the oval window, the ossicular chain 
acts as an amplifier of sound pressure. The magnification effect of the entire sound-conducting 
mechanism is about 22-to-1.

The inner ear houses both the balance receptors and the auditory receptors. The 
auditory receptors are in the cochlea. It is a bone shaped like a snail coiled two and 
one-half times around its own axis (Figure 10-9). A cross section through the cochlea 
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1. Sound waves strike the tympanic membrane and cause it to vibrate.

2. Vibration of the tympanic membrane causes the three bones of the middle   
ear to vibrate.

3. The foot plate of the stapes vibrates in the oval window.

4. Vibration of the foot plate causes the perilymph in the scala vestibuli  
to vibrate.

5. Vibration of the perilymph causes displacement of the basilar           
membrane. Short waves (high pitch) cause displacement of the basilar 

membrane near the oval window, and longer waves (low pitch) cause 
displacement of the basilar membrane some distance from the oval 
window. Movement of the basilar membrane is detected in the hair 
cells of the spiral organ, which are attached to the basilar membrane.

6. Vibrations of the perilymph in the scala vestibuli and of the endolymph 
in the cochlear duct are transferred to the perilymph of the scala 
tympani.

7. Vibrations in the perilymph of the scala tympani are transferred to the 
round window, where they are dampened.

FIGURE 10-10
The sound transducer mechanism housed in the middle ear. ( Source:  Seeley et al., 2003.)
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(Figure 10-11) reveals three compartments: the scala vestibuli; the scala media; and 
the scala tympani. The scala vestibuli and the scala tympani are connected at the apex 
of the cochlea. They are filled with a fluid called perilymph, in which the scala media 
floats. The hearing organ, the organ of Corti, is housed in the scala media. The scala 
media contains a different fluid, endolymph, which bathes the organ of Corti.
 The scala media is triangular in shape and is about 34 mm in length. As shown in 
Figure 10-11, there are cells growing up from the basilar membrane. They have a tuft 
of hair at one end and are attached to the hearing nerve at the other end. A gelatinous 
membrane (tectorial membrane) extends over the hair cells and is attached to the 
 limbus spiralis. The hair cells are embedded in the tectorial membrane.
 Vibration of the oval window by the stapes causes the fluids of the three scalae to 
develop a wave-like motion. The movement of the basilar membrane and the tectorial 
membrane in opposite directions causes a shearing motion on the hair cells. The drag-
ging of the hair cells sets up electrical impulses in the auditory nerves, which are 
transmitted to the brain.
 The nerve endings near the oval and round windows are sensitive to high frequencies. 
Those near the apex of the cochlea are sensitive to low frequencies.

Normal Hearing
Frequency Range and Sensitivity.  The ear of the young, audiometrically healthy, 
adult male responds to sound waves in the frequency range of 20 to 16,000 Hz. Young 
children and women often have the capacity to respond to frequencies up to 20,000 Hz. 
The speech zone lies in the frequency range of 500 to 2,000 Hz. The ear is most sensitive 
in the frequency range from 2,000 to 5,000 Hz. The smallest perceptible sound pressure 
in this frequency range is 20 mPa.
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FIGURE 10-11
Cross section through the cochlea.
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FIGURE 10-12
The ANSI reference values for hearing threshold level. 

 A sound pressure of 20 mPa at 1,000 Hz in air corresponds to a 1.0 nm displacement 
of the air molecules. The thermal motion of the air molecules corresponds to a sound 
pressure of about 1 mPa. If the ear were much more sensitive, you would hear the air 
molecules crashing against your ear like waves on the beach!

Loudness.  In general, two pure tones having different frequencies but the same 
sound pressure level will be heard as different loudness levels. Loudness level is a 
psychoacoustic quantity.
 Fletcher and Munson (1935) conducted a series of experiments to determine the 
relationship between frequency and loudness. A reference tone and a test tone were 
presented alternately to the test subjects. They were asked to adjust the sound level of 
the test tone until it sounded as loud as the reference. The results were plotted as sound 
pressure level in dB versus the test tone frequency. The curves are called the Fletcher-
Munson or equal loudness contours. The reference frequency is 1,000 Hz. The curves 
are labeled in phons, which are the sound pressure levels of the 1,000 Hz pure tone in 
dB. The lowest contour represents the “threshold of hearing.” The actual threshold 
may vary by as much as 610 dB between individuals with normal hearing.

Audiometry.  Hearing tests are conducted with a device known as an audiometer. Ba-
sically, it consists of a source of pure tones with variable sound pressure level output 
into a pair of earphones. If the instrument also automatically prepares a graph of the test 
results (an audiogram), then it will include a weighting network called the hearing 
threshold level (HTL) scale.
 The HTL scale is one in which the loudness of each pure tone is adjusted by 
 frequency such that “0” dB is the level just audible for the average normal young ear. 
Two reference standards are in use: ASA–1951 and ANSI–1969. The ANSI reference  
values are shown in Figure 10-12. Note the similarity to the Fletcher-Munson con-
tours. The initial audiogram prepared for an individual may be referred to as the base-
line HTL or simply as the HTL.
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 The audiogram shown in Figure 10-13 reflects excellent hearing response. The 
average normal response may vary 610 dB from the “0” dB value. As noted on the 
audiogram, this test was conducted with the ANSI–1969 weighting network.
 You may have noted that we keep stressing young in our references to normal hearing. 
This is because there is hearing loss due to the aging process. This type of loss is called 
presbycusis. The average amount of loss as a function of age is shown in Figure 10-14.

FIGURE 10-13
An audiogram illustrating excellent hearing response.

Age in years

H
ea

ri
ng

 le
ve

l, 
dB

H
ea

ri
ng

 le
ve

l, 
dB

FIGURE 10-14
Hearing loss as a result of presbycusis.
(Source: Olishifski and Harford, 1975.) 
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720  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

FIGURE 10-15
Various degrees of injury to the hair cells.
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Hearing Impairment
Mechanism. With the exception of eardrum rupture from intense explosive noise, the 
outer and middle ear rarely are damaged by noise. More commonly, hearing loss is a result 
of neural damage involving injury to the hair cells (Figure 10-15). Two theories are offered 
to explain noise-induced injury. The first is that excessive shearing forces mechanically 
damage the hair cells. The second is that intense noise stimulation forces the hair cells into 
high metabolic activity, which overdrives them to the point of metabolic failure and conse-
quent cell death. Once destroyed, hair cells are not capable of regeneration.

Measurement.  Because direct observation of the organ of Corti in persons having 
potential hearing loss is impossible, injury is inferred from losses in their HTL. The 
increased sound pressure level required to achieve a new HTL is called threshold shift. 
Obviously, any measurement of threshold shift is dependent upon having a baseline 
audiogram taken before the noise exposure.
 Hearing losses may be either temporary or permanent. Noise-induced losses must 
be separated from other causes of hearing loss such as age (presbycusis), drugs, dis-
ease, and blows on the head. Temporary threshold shift (TTS) is distinguished from 
permanent threshold shift (PTS) by the fact that in TTS removal of the noise over-
stimulation will result in a gradual return to baseline hearing thresholds.
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Factors Affecting Threshold Shift.  Important variables in the development of tem-
porary and permanent hearing threshold changes include the following (NIOSH, 1972).

 1. Sound level: Sound levels must exceed 60 to 80 dBA before the typical person 
will experience TTS.

 2. Frequency distribution of sound: Sounds having most of their energy in the 
speech frequencies are more potent in causing a threshold shift than are 
sounds having most of their energy below the speech frequencies.

 3. Duration of sound: The longer the sound lasts, the greater the amount of 
threshold shift.

 4. Temporal distribution of sound exposure: The number and length of quiet 
periods between periods of sound influences the potentiality of threshold 
shift.

 5. Individual differences in tolerance of sound may vary greatly among individuals.

 6. Type of sound—steady-state, intermittent, impulse, or impact: The tolerance to 
peak sound pressure is greatly reduced by increasing the duration of the sound.

Temporary Threshold Shift (TTS).  TTS is often accompanied by a ringing in the 
ear, muffling of sound, or discomfort of the ears. Most of the TTS occurs during 
the first two hours of exposure. Recovery to the baseline HTL after TTS begins within 
the first hour or two after exposure. Most of the recovery that is going to be attained 
occurs within 16 to 24 hours after exposure.

Permanent Threshold Shift (PTS).  There appears to be a direct relationship be-
tween TTS and PTS. Noise levels that do not produce TTS after two to eight hours of 
exposure will not produce PTS if continued beyond this time. The shape of the TTS 
audiogram will resemble the shape of the PTS audiogram.
 Noise-induced hearing loss generally is first characterized by a sharply localized 
dip in the HTL curve at the frequencies between 3,000 and 6,000 Hz. This dip com-
monly occurs at 4,000 Hz (Figure 10-16). This is the high frequency notch. The progress 
from TTS to PTS with continued noise exposure follows a fairly regular pattern. First, 
the high frequency notch broadens and spreads in both directions. While substantial 
losses may occur above 3,000 Hz, the individual will not notice any change in hearing. 
In fact, the individual will not notice any hearing loss until the speech frequencies be-
tween 500 and 2,000 Hz average more than a 25 dB increase in HTL on the ANSI–
1969 scale. The onset and progress of noise-induced permanent hearing loss is slow 
and insidious. The exposed individual is unlikely to notice it. Total hearing loss from 
noise exposure has not been observed.

Acoustic Trauma.  The outer and middle ear rarely are damaged by intense noise. 
However, explosive sounds can rupture the tympanic membrane or dislocate the ossicu-
lar chain. The permanent hearing loss that results from very brief exposure to a very 
loud noise is termed acoustic trauma (Davis, 1958). Damage to the outer and middle 
ear may or may not accompany acoustic trauma.
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722  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

Protective Mechanisms.  Although the extent and mechanisms are not clear, it ap-
pears that the structures of the middle ear offer some protection to the delicate sensory 
organs of the inner ear (Borg and Counter, 1989). One mechanism of protection is a 
change in the mode of vibration of the stapes. As noted earlier, there is evidence that 
the muscles of the middle ear contract reflexively in response to loud noise. This con-
traction results in a reduction in the amplification that this series of levers normally 
produces. Changes in transmission may be on the order of 20 dB. However, the reac-
tion time of the muscle/bone structure is on the order of 100–200 milliseconds. Thus, 
this protection is not effective against steep acoustic wave fronts that are characteristic 
of impact or impulsive noise.

Damage-Risk Criteria
A damage-risk criterion specifies the maximum allowable exposure to which a per-
son may be exposed if risk of hearing impairment is to be avoided. The American 
Academy of Ophthalmology and Otolaryngology has defined hearing impairment as 
an average HTL in excess of 25 dB (ANSI–1969) at 500, 1,000, and 2,000 Hz. This 
is called the low fence. Total impairment is said to occur when the average HTL ex-
ceeds 92 dB. Presbycusis is included in setting the 25 dB ANSI low fence. Two crite-
ria have been set to provide conditions under which nearly all workers may be 
repeatedly exposed without adverse effect on their ability to hear and understand 
normal speech.

Continuous or Intermittent Exposure.  The National Institute for Occupational 
Safety and Health (NIOSH) has recommended that occupational noise exposure be 

Time

FIGURE 10-16
An audiogram illustrating hearing loss at the high frequency notch. 

dav01145_ch10_701-784.indd Page 722  10/25/11  11:10 AM user-f462dav01145_ch10_701-784.indd Page 722  10/25/11  11:10 AM user-f462 volumes/203/MHDQ302/dav01145_disk1of1/0073401145/dav01145_pagefilesvolumes/203/MHDQ302/dav01145_disk1of1/0073401145/dav01145_pagefiles



NOISE POLLUTION  723

controlled so that no worker is exposed in excess of the limits defined by line B in 
Figure 10-17. In addition, NIOSH recommends that new installations be designed to hold 
noise exposure below the limits defined by line A in Figure 10-17. The Walsh-Healey 
Act, which was enacted by Congress in 1969 to protect workers, used a damage-risk 
criterion equivalent to the line A criterion.

Speech Interference
As we all know, noise can interfere with our ability to communicate. Many noises that 
are not intense enough to cause hearing impairment can interfere with speech commu-
nication. The interference, or masking, effect is a complicated function of the distance 
between the speaker and listener and the frequency components of the spoken words. 
The Speech Interference Level (SIL) was developed as a measure of the difficulty 
in communication that could be expected with different background noise levels 
 (Beranek, 1954). It is now more convenient to talk in terms of A-weighted background 
noise levels and the quality of speech communication (Figure 10-18).

Example 10-5.  Consider the problem of a speaker in a quiet zone who wishes to 
speak to a listener operating a 4.5 Mg (megagram) truck 6.0 m away. The sound level 
in the truck cab is about 73 dBA.

FIGURE 10-17
NIOSH occupational noise exposure limits for continuous or intermittent 
noise exposure. 
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FIGURE 10-18
Quality of speech communication as a function of sound level and distance. 
(Source: Miller, 1971.) 

Solution.  Using Figure 10-18, we can see that she is going to have to shout very 
loudly to be heard. However, if she moved to within about 1.0 m, she would be able 
to use her “expected” voice level, that is, the unconscious slight rise in voice level 
that one would normally use in a noisy situation.

It can be seen that at distances not uncommon in living rooms or classrooms 
(4.5 to 6.0 m), the A-weighted background level must be below about 50 dB for 
normal conversation.

Annoyance
Annoyance by noise is a response to auditory experience. Annoyance has its base in the 
unpleasant nature of some sounds, in the activities that are disturbed or disrupted by noise, 
in the physiological reactions to noise, and in the responses to the meaning of “messages” 
carried by the noise (Miller, 1971). For example, a sound heard at night may be more an-
noying than one heard by day, just as one that fluctuates may be more annoying than one 
that does not. A sound that resembles another sound that we already dislike and that per-
haps threatens us may be especially annoying. A sound that we know is mindlessly in-
flicted and will not be removed soon may be more annoying than one that is temporarily 
and regretfully inflicted. A sound, the source of which is visible, may be more annoying 
than one with an invisible source. A sound that is new may be less annoying. A sound that 
is locally a political issue may have a particularly high or low annoyance (May, 1978).
 The degree of annoyance and whether that annoyance leads to complaints, product 
rejection, or action against an existing or anticipated noise source depend upon many 
factors. Some of these factors have been identified, and their relative importance has 
been assessed. Responses to aircraft noise have received the greatest attention. There 
is less information available concerning responses to other noises, such as those of 
surface transportation and industry, and those from recreational activities (Miller, 1971). 
Many of the noise rating or forecasting systems that are now in existence were developed 
in an effort to predict annoyance reactions.
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Sonic Booms.  One noise of special interest with respect to annoyance is called sonic 
boom or, more correctly as we shall see, sonic booms.

The flow of air around an aircraft or other object whose speed exceeds the speed of sound 
 (supersonic) is characterized by the existence of discontinuities in the air known as shock 
wave. These discontinuities result from the sudden encounter of an impenetrable body with 
air. At subsonic speeds, the air seems to be forewarned; thus, it begins its outward flow before 
the arrival of the leading edge. At supersonic speeds, however, the air in front of the aircraft is 
undisturbed, and the sudden impulse at the leading edge creates a region of overpressure 
(Figure 10-19) where the pressure is higher than atmospheric pressure. This overpressure 
region travels outward with the speed of sound, creating a conically shaped shock wave called 
the bow wave that changes the direction of airflow. A second shock wave, the tail wave, is 
produced by the tail of the aircraft and is associated with a region where the pressure is lower 
than normal. This underpressure discontinuity causes the air behind the aircraft to move sideways.

Major pressure changes are experienced at the ear as the bow and tail shock waves reach 
an observer. Each of these pressure deviations produces the sensation of an explosive sound 
 (Minnix, 1978).

 You should note that the pressure wave and, hence, the sonic boom exist whenever 
the aircraft is at supersonic speed and not “just when it breaks the sound barrier.”
 Both the loudness of the noise and the startling effect of the impulse (it makes us 
“jump”) are found to be very annoying. Apparently we can never get used to this kind 
of noise. Supersonic flight by commercial aircraft is forbidden in the airspace above 
the United States. Supersonic flight by military aircraft is restricted to sparsely inhab-
ited areas.

Overpressure

Tail wave

Bow
 wave

Underpressure

Sonic boom
heard here

Sonic boom
heard here

Atmospheric pressure

FIGURE 10-19
Sonic booms resulting from bow wave and tail wave set in motion by 
supersonic flight. 
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Sleep Interference
Sleep interference is a special category of annoyance that has received a great deal of 
attention and study. Almost all of us have been wakened or kept from falling asleep by 
loud, strange, frightening, or annoying sounds. It is commonplace to be wakened by an 
alarm clock or clock radio. But it also appears that one can get used to sounds and 
sleep through them. Possibly, environmental sounds only disturb sleep when they are 
unfamiliar. If so, disturbance of sleep would depend only on the frequency of unusual 
or novel sounds. Everyday experience also suggests that sound can help to induce sleep 
and, perhaps, to maintain it. The soothing lullaby, the steady hum of a fan, or the rhyth-
mic sound of the surf can serve to induce relaxation. Certain steady sounds can serve 
as an acoustical shade and mask disturbing transient sounds.
 Common anecdotes about sleep disturbance suggest an even greater complexity. A 
rural person may have difficulty sleeping in a noisy urban area. An urban person may 
be disturbed by the quiet when sleeping in a rural area. And how is it that a parent may 
wake to a slight stirring of his or her child, yet sleep through a thunderstorm? These 
observations all suggest that the relations between exposure to sound and the quality of 
a night’s sleep are complicated.
 The effects of relatively brief noises (about three minutes or less) on a person 
sleeping in a quiet environment have been studied the most thoroughly. Typically, 
 presentations of the sounds are widely spaced throughout a sleep period of 5 to 
7 hours. A summary of some of these observations is presented in Figure 10-20. The 
dashed lines are hypothetical curves that represent the percent of awakenings under 
conditions in which the subject is a normally rested young adult male who has been 
adapted for several nights to the procedures of a quiet sleep laboratory. He has been 
instructed to press an easily reached button to indicate that he has awakened, and had 
been moderately motivated to awake and respond to the noise.
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FIGURE 10-20
Effects of brief noise on sleep (Source: Miller, 1971.) 
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 While in light sleep, subjects can awake to sounds that are about 30–40 decibels 
above the level at which they can be detected when subjects are conscious, alert, and 
attentive. While in deep sleep, the stimulus may have to be 50–80 decibels above the 
level at which they can be detected by conscious, alert, attentive subjects before they 
will awaken the sleeping subject.
 The solid lines in Figure 10-20 are data from questionnaire studies of persons 
who live near airports. The percentage of respondents who claim that flyovers wake 
them or keep them from falling asleep is plotted against the A-weighted sound level 
of a single flyover. These curves are for the case of approximately 30 flyovers 
spaced over the normal sleep period of six to eight hours. The filled circles repre-
sent the percentage of sleepers that awake to a three-minute sound at each A-
weighted sound level (dBA) or lower. This curve is based on data from 350 persons, 
each tested in his or her own bedroom. These measures were made between 2:00 
and 7:00 am. It is reasonable to assume that most of the subjects were roused from 
a light sleep.

Effects on Performance
When a task requires the use of auditory signals, speech or nonspeech, then noise at 
any intensity level sufficient to mask or interfere with the perception of these signals 
will interfere with the performance of the task.
 Where mental or motor tasks do not involve auditory signals, the effects of noise 
on their performance have been difficult to assess. Human behavior is complicated, 
and it has been difficult to discover exactly how different kinds of noises might influ-
ence different kinds of people doing different kinds of tasks. Nonetheless, the follow-
ing general conclusions have emerged. Steady noises without special meaning do not 
seem to interfere with human performance unless the A-weighted noise level exceeds 
about 90 decibels. Irregular bursts of noise (intrusive noise) are more disruptive than 
steady noises. Even when the A-weighted sound levels of irregular bursts are below 
90 decibels, they may sometimes interfere with performance of a task. High-frequency 
components of noise, above about 1,000–2,000 hertz, may produce more interference 
with performance than low-frequency components of noise. Noise does not seem to 
influence the overall rate of work, but high levels of noise may increase the variability 
of the rate of work. There may be “noise pauses” followed by compensating increases 
in work rate. Noise is more likely to reduce the accuracy of work than to reduce the 
total quantity of work. Complex tasks are more likely to be adversely influenced by 
noise than are simple tasks.

Acoustic Privacy
Without opportunity for privacy, either everyone must conform strictly to an elaborate 
social code or everyone must adopt highly permissive attitudes. Opportunity for privacy 
avoids the necessity for either extreme. In particular, without opportunity for acoustical 
privacy, one may experience all of the effects of noise previously described and, in 
addition, one is constrained because one’s own activities may disturb others. Without 
acoustic privacy, sound, like a faulty telephone exchange, reaches the “wrong 
 number.” The result disturbs both the sender and the receiver.
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10-3 RATING SYSTEMS

Goals of a Noise-Rating System
An ideal noise-rating system is one that allows measurements by sound level meters 
or analyzers to be summarized succinctly and yet represent noise exposure in a 
meaningful way. In our previous discussions on loudness and annoyance, we noted 
that our response to sound is strongly dependent on the frequency of the sound. Fur-
thermore, we noted that the type of noise (continuous, intermittent, or impulsive) 
and the time of day that it occurred (night being worse than day) were significant 
factors in annoyance.
 Thus, the ideal system must take frequency into account. It should differentiate 
between daytime and nighttime noise. And, finally, it must be capable of describing 
the cumulative noise exposure. A statistical system can satisfy these requirements.
 The practical difficulty with a statistical rating system is that it would yield a large 
set of parameters for each measuring location. A much larger array of numbers would 
be required to characterize a neighborhood. It is literally impossible for such an array 
of numbers to be used effectively in enforcement. Thus, there has been a considerable 
effort to define a single number measure of noise exposure. The following paragraphs 
describe two of the systems now being used.

The LN Concept
The parameter LN is a statistical measure that indicates how frequently a particular 
sound level is exceeded. If, for example, we write L30 5 67 dBA, then we know that 
67 dB(A) was exceeded for 30 percent of the measuring time. A plot of LN against N 
where N 5 1 percent, 2 percent, 3 percent, and so forth, would look like the cumula-
tive distribution curve shown in Figure 10-21.
 Allied to the cumulative distribution curve is the probability distribution curve. A 
plot of this will show how often the noise levels fall into certain class intervals. In 
Figure 10-22 we can see that 35 percent of the time the measured noise levels ranged 
between 65 and 67 dBA; for 15 percent of the time they ranged between 67 and 
69 dBA; and so on. The relationship between this picture and the one for LN is really 
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Cumulative distribution curve. 
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