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Last time

• nonsinusoidal waves

• intensity of a wave



Overview

• power of a sound wave

• sound level & perception of sound with frequency

• the Doppler effect



Power and Intensity of Sound Waves

Power = F · v

Consider a sound wave traveling in the x direction. A is area.

F = (∆P)Ai and v = ∂s
∂t i

Power = (∆P)A
∂

∂t
(smax cos(kx −ωt))

= ρvωAsmax sin(kx −ωt) (ωsmax sin(kx −ωt))

= ρvω2A s2max sin2(kx −ωt)



Power and Intensity of Sound Waves

Power = ρvω2A s2max sin2(kx −ωt)

To find the average power, we need to average this power arriving
at a point over a full cycle, time period T .

Consider a fixed position so that x is a constant.

Poweravg =
1

T

∫T
0

(
ρvω2A s2max sin2(kx −ωt)

)
dt

= ρvω2A s2max

1

T

∫T
0

sin2(kx −ωt) dt

= ρvω2A s2max

1

T

∫T
0

1

2
(1 − cos(2kx − 2ωt)) dt

Power of a sound wave:

Poweravg =
1

2
ρvω2A s2max



Power and Intensity of Sound Waves

Power of a sound wave:

Poweravg =
1

2
ρAω2 s2maxv

Dividing this by the area gives the intensity of a sound arriving on
that area:

I =
1

2
ρv(ωsmax)

2

This can be written in terms of the pressure variation amplitude,
∆Pmax = ρvωsmax:

I =
(∆Pmax)

2

2ρv



Decibels: Scale for Sound Level

The ear can detect very quiet sounds, but also can hear very loud
sounds without damage.

(Very, very loud sounds do damage ears.)

As sound that has twice the intensity does not “sound like” it is
twice as loud.

Many human senses register to us on a logarithmic scale.



Decibels: Scale for Sound Level

Decibels is the scale unit we use to measure loudness, because it
better represents our perception than intensity.

The sound level β is defined as

β = 10 log10

(
I

I0

)

• I is the intensity

• I0 = 1.00× 10−12 W/m2 is a reference intensity at the
threshold of human hearing

The units of β are decibels, written dB.

A sound is 10 dB louder than another sound if it has 10 times the
intensity.



Question

Quick Quiz 17.31 Increasing the intensity of a sound by a factor
of 100 causes the sound level to increase by what amount?

(A) 100 dB

(B) 20 dB

(C) 10 dB

(D) 2 dB

1Serway & Jewett, page 515.
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Quick Quiz 17.31 Increasing the intensity of a sound by a factor
of 100 causes the sound level to increase by what amount?

(A) 100 dB

(B) 20 dB ←
(C) 10 dB

(D) 2 dB

1Serway & Jewett, page 515.



Perception of Loudness and Frequency

Human hearing also depends on frequency.

Humans can only hear sound in the range 20-20,000 Hz.
 17.4 The Doppler Effect 517

old of pain. Here the boundary of the white area appears straight because the psy-
chological response is relatively independent of frequency at this high sound level.
 The most dramatic change with frequency is in the lower left region of the white 
area, for low frequencies and low intensity levels. Our ears are particularly insen-
sitive in this region. If you are listening to your home entertainment system and 
the bass (low frequencies) and treble (high frequencies) sound balanced at a high 
volume, try turning the volume down and listening again. You will probably notice 
that the bass seems weak, which is due to the insensitivity of the ear to low frequen-
cies at low sound levels as shown in Figure 17.7.

17.4 The Doppler Effect
Perhaps you have noticed how the sound of a vehicle’s horn changes as the vehicle 
moves past you. The frequency of the sound you hear as the vehicle approaches you 
is higher than the frequency you hear as it moves away from you. This experience is 
one example of the Doppler effect.3

 To see what causes this apparent frequency change, imagine you are in a boat 
that is lying at anchor on a gentle sea where the waves have a period of T 5 3.0 s.  
Hence, every 3.0 s a crest hits your boat. Figure 17.8a shows this situation, with 
the water waves moving toward the left. If you set your watch to t 5 0 just as one 
crest hits, the watch reads 3.0 s when the next crest hits, 6.0 s when the third crest 
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Figure 17.7  Approximate 
ranges of frequency and sound 
level of various sources and that of 
normal human hearing, shown by 
the white area. (From R. L. Reese, 
University Physics, Pacific Grove, 
Brooks/Cole, 2000.)

3Named after Austrian physicist Christian Johann Doppler (1803–1853), who in 1842 predicted the effect for both 
sound waves and light waves.
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In all frames, the waves 
travel to the left, and their 
source is far to the right 
of the boat, out of the 
frame of the figure.
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Figure 17.8  (a) Waves moving 
toward a stationary boat. (b) The 
boat moving toward the wave 
source. (c) The boat moving away 
from the wave source.

Low frequency sounds need to be louder to be heard.
1Figure from R. L. Reese, University Physics, via Serway & Jewett.



The Doppler Effect

The frequency of a sound counts how many wavefronts (pressure
peaks) arrive per second.

If you are moving towards a source of sound, you encounter more
wavefronts per second → the frequency you detect is higher!

518 Chapter 17 Sound Waves

hits, and so on. From these observations, you conclude that the wave frequency is  
f 5 1/T 5 1/(3.0 s) 5 0.33 Hz. Now suppose you start your motor and head directly 
into the oncoming waves as in Figure 17.8b. Again you set your watch to t 5 0 as a 
crest hits the front (the bow) of your boat. Now, however, because you are moving 
toward the next wave crest as it moves toward you, it hits you less than 3.0 s after 
the first hit. In other words, the period you observe is shorter than the 3.0-s period 
you observed when you were stationary. Because f 5 1/T, you observe a higher wave 
frequency than when you were at rest.
 If you turn around and move in the same direction as the waves (Fig. 17.8c), you 
observe the opposite effect. You set your watch to t 5 0 as a crest hits the back (the 
stern) of the boat. Because you are now moving away from the next crest, more 
than 3.0 s has elapsed on your watch by the time that crest catches you. Therefore, 
you observe a lower frequency than when you were at rest.
 These effects occur because the relative speed between your boat and the waves 
depends on the direction of travel and on the speed of your boat. (See Section 4.6.) 
When you are moving toward the right in Figure 17.8b, this relative speed is higher 
than that of the wave speed, which leads to the observation of an increased fre-
quency. When you turn around and move to the left, the relative speed is lower, as is 
the observed frequency of the water waves.
 Let’s now examine an analogous situation with sound waves in which the water 
waves become sound waves, the water becomes the air, and the person on the boat 
becomes an observer listening to the sound. In this case, an observer O is moving 
and a sound source S is stationary. For simplicity, we assume the air is also station-
ary and the observer moves directly toward the source (Fig. 17.9). The observer 
moves with a speed vO toward a stationary point source (vS 5 0), where stationary 
means at rest with respect to the medium, air.
 If a point source emits sound waves and the medium is uniform, the waves move 
at the same speed in all directions radially away from the source; the result is a 
spherical wave as mentioned in Section 17.3. The distance between adjacent wave 
fronts equals the wavelength l. In Figure 17.9, the circles are the intersections of 
these three-dimensional wave fronts with the two-dimensional paper.
 We take the frequency of the source in Figure 17.9 to be f, the wavelength to be l, 
and the speed of sound to be v. If the observer were also stationary, he would detect 
wave fronts at a frequency f. (That is, when vO 5 0 and vS 5 0, the observed frequency 
equals the source frequency.) When the observer moves toward the source, the 
speed of the waves relative to the observer is v9 5 v 1 vO , as in the case of the boat in 
Figure 17.8, but the wavelength l is unchanged. Hence, using Equation 16.12, v 5 lf,  
we can say that the frequency f 9 heard by the observer is increased and is given by

f r 5
v r
l

5
v 1 vO

l

Because l 5 v/f , we can express f 9 as

 f r 5 av 1 vO

v b f 1observer moving toward source 2  (17.15)

If the observer is moving away from the source, the speed of the wave relative to the 
observer is v9 5 v 2 vO . The frequency heard by the observer in this case is decreased 
and is given by

 f r 5 av 2 vO

v b f    ( observer moving away from source) (17.16)

 These last two equations can be reduced to a single equation by adopting a sign 
convention. Whenever an observer moves with a speed vO relative to a stationary 
source, the frequency heard by the observer is given by Equation 17.15, with vO 
interpreted as follows: a positive value is substituted for vO when the observer moves 

Figure 17.9 An observer O  
(the cyclist) moves with a speed  
vO toward a stationary point 
source S, the horn of a parked 
truck. The observer hears a fre-
quency f 9 that is greater than the 
source frequency.
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hits, and so on. From these observations, you conclude that the wave frequency is  
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these three-dimensional wave fronts with the two-dimensional paper.
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speed of the waves relative to the observer is v9 5 v 1 vO , as in the case of the boat in 
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If the observer is moving away from the source, the speed of the wave relative to the 
observer is v9 5 v 2 vO . The frequency heard by the observer in this case is decreased 
and is given by

 f r 5 av 2 vO

v b f    ( observer moving away from source) (17.16)

 These last two equations can be reduced to a single equation by adopting a sign 
convention. Whenever an observer moves with a speed vO relative to a stationary 
source, the frequency heard by the observer is given by Equation 17.15, with vO 
interpreted as follows: a positive value is substituted for vO when the observer moves 

Figure 17.9 An observer O  
(the cyclist) moves with a speed  
vO toward a stationary point 
source S, the horn of a parked 
truck. The observer hears a fre-
quency f 9 that is greater than the 
source frequency.
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The speed you see the waves traveling relative to you is
v ′ = v + v0, while relative to the source the speed is v .

f ′ =
v ′

λ
=

(
v + v0

v

)
f

(v and v0 are positive numbers.)



The Doppler Effect

The speed you see the waves traveling relative to you is
v ′ = v + v0, while relative to the source the speed is v .

f ′ =
v ′

λ
=

(
v + v0

v

)
f

(v and v0 are positive numbers.)

Moving away from the source, the relative velocity of the detector
to the source decreases v ′ = v − v0.

f ′ =

(
v − v0

v

)
f



The Doppler Effect

A similar thing happens if the source of the waves is moving.
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toward the source, and a negative value is substituted when the observer moves 
away from the source.
 Now suppose the source is in motion and the observer is at rest. If the source 
moves directly toward observer A in Figure 17.10a, each new wave is emitted from a 
position to the right of the origin of the previous wave. As a result, the wave fronts 
heard by the observer are closer together than they would be if the source were not 
moving. (Fig. 17.10b shows this effect for waves moving on the surface of water.) 
As a result, the wavelength l9 measured by observer A is shorter than the wave-
length l of the source. During each vibration, which lasts for a time interval T (the 
period), the source moves a distance vST 5 vS /f and the wavelength is shortened by 
this amount. Therefore, the observed wavelength l9 is

l r 5 l 2 Dl 5 l 2
vS

f

Because l 5 v/f, the frequency f 9 heard by observer A is

f r 5
v
l r

5
v

l 2 1vS /f 2 5
v1v/f 2 2 1vS /f 2

 f r 5 a v
v 2 vS

b f     (source moving toward observer) (17.17)

That is, the observed frequency is increased whenever the source is moving toward 
the observer.
 When the source moves away from a stationary observer, as is the case for 
observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
than l and hears a decreased frequency:

 f r 5 a v
v 1 vS

b f     (source moving away from observer) (17.18)

 We can express the general relationship for the observed frequency when a 
source is moving and an observer is at rest as Equation 17.17, with the same sign 
convention applied to vS as was applied to vO : a positive value is substituted for vS 
when the source moves toward the observer, and a negative value is substituted 
when the source moves away from the observer.
 Finally, combining Equations 17.15 and 17.17 gives the following general rela-
tionship for the observed frequency that includes all four conditions described by 
Equations 17.15 through 17.18:

 f r 5 av 1 vO

v 2 vS
b f  (17.19) �W  General Doppler-shift 

expression

Figure 17.10 (a) A source S mov-
ing with a speed vS toward a sta-
tionary observer A and away from 
a stationary observer B. Observer 
A hears an increased frequency, 
and observer B hears a decreased 
frequency. (b) The Doppler effect 
in water, observed in a ripple tank. 
Letters shown in the photo refer 
to Quick Quiz 17.4.S
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Pitfall Prevention 17.1
Doppler Effect Does Not Depend  
on Distance Some people think 
that the Doppler effect depends 
on the distance between the 
source and the observer. Although 
the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
and observer. As you listen to 
an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.

In the diagram, the source is moving toward the wavefronts it has
created on the right and away from the wavefronts it has created
on the left.

This changes the wavelength of the waves around the source. They
are shorter on the right, and longer on the left.
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That is, the observed frequency is increased whenever the source is moving toward 
the observer.
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observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
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Pitfall Prevention 17.1
Doppler Effect Does Not Depend  
on Distance Some people think 
that the Doppler effect depends 
on the distance between the 
source and the observer. Although 
the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
and observer. As you listen to 
an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.

Observer A detects the wavelength as λ ′ = λ− vsT = λ− vs
f .

For A:

f ′ =
v

λ ′
=

(
v

v/f − vs/f

)
=

(
v

v − vs

)
f

For Observer B:

f ′ =

(
v

v + vs

)
f
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toward the source, and a negative value is substituted when the observer moves 
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=
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The Doppler Effect

In general:

f ′ =

(
v ± v0
v ∓ vs

)
f

The top sign in the numerator and denominator corresponds to the
detector and/or source moving towards on another.

The bottom signs correspond to the detector and/or source
moving away from on another.



Summary

• power of a sound wave

• sound level

• the Doppler effect

5th Test Tuesday, June 9.

Homework Serway & Jewett (suggested):

• Ch 17, onward from page 523. Probs: 54, 71 (can wait to do)


