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THE PHYSICS OF MUSIC 
And the Nature of Timbre	

ABSTRACT 
Music is an art form which shapes all of our lives. 
It is integral to the human experience as an 
expression, however simple or complex, of joy, 
sorrow, devotion, or any emotion that man is 
capable of feeling. Yet, music is not widely 
understood as a physical phenomenon. The 
physics of the soundwave lies at the core of our 
experience of music, with features of the wave 
giving sound its musical quality. Of special 
interest in this paper is timbre, which is essentially 
what distinguishes the sound of instruments from 
one another and ultimately lends music its beauty.  
Lauren Rhoda 
Carroll College, Department of Music	
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Introduction  
Since the beginning of human history, humans have engaged in music: playing it, 

singing it, listening to it, and writing it down (much later). What began as a form of 

communication evolved into one of man’s greatest creative abilities. We recognize music 

as a transcendental phenomenon that seems to pervade the core of the human experience; 

people of all cultures, ages, and walks of life engage in music and acknowledge its 

importance to humanity.  

How did music begin, then? Music has a history that is speculated to be as long as 

the history of humanity itself. Music in the beginning was likely percussive, as the 

materials available to people were rudimentary, like rocks and sticks (Hollis 1999). It is 

thought that these drum-like instruments were incorporated into religious ceremonies as 

representations of animals. Never written down, this music can only be known by the 

enduring religious practices of a few South American Indian and African tribes. Other 

musical instruments began their evolution slowly but surely. By 4000 BCE, Egyptians 

had created harps and flutes, and five-hundred years later, the lyre and the double-reeded 

clarinet. In 1500 BCE, the Hittites developed an instrument that enjoys enormous 

popularity today: the guitar.  This was a huge development because it involved the use of 

frets to alter pitch, an idea which would be further expounded upon by the creation of the 

violin and harpsichord (not to mention the beloved ukulele!), which all alter string 

lengths to change pitch.  

As for the voice, we can only speculate when it was that people began to sing. 

Singing is so intrinsic to man that its origins are thought to predate the development of 

spoken language (Koopman 1999). As Otto Jespersen wrote, “Men sang out their feelings 

long before they were able to speak their thoughts.” At the dawn of human existence, 
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then, the earliest singing was likely simply a refrain of the sounds heard in nature, an 

expression of emotion not unlike the singing of birds, the roaring of animals, or the 

crying of babies. It is unclear at what point singing became meaningful and 

communicative, but anthropologists are convinced that such a step was imperative in the 

creation of language (Koopman 1999). Singing is thus a cultural universal-- there is no 

culture on the planet, no matter how remote or isolated, that does not sing.  

While it is fairly clear to us that music has been prevalent throughout history, the 

“why” is not as obvious. Different philosophies may answer the “why” of music in their 

own particular ways. As alluded to earlier, music and voice appear to be phenomena that 

are intrinsic to our humanity. William Byrd noted in 1588, “the exercise of singing is 

delightful to Nature, and good to preserve the health of man. It doth strengthen all parts 

of the breast, and doth open the pipes” (Nature is capitalized because Byrd refers to God 

“Nature”). Music is noted to encourage cognitive processes and motor coordination. It 

serves as an integral part of cultural identity, promoting social cohesion and solidarity. It 

has even been suggested that music is a biological imperative, meaning that it is included 

amongst the hierarchy of needs for humans (Smith Creek Music 2001). Recent studies 

have surfaced which suggest that people’s heartbeats actually begin to synchronize when 

singing a hymn together (Vickhoff 2013). Above all, music causes people to experience a 

transcendent state of mind, which is why it is so often incorporated into religious 

ceremonies and other practices that serve a meaningful purpose in people’s lives.  

 Another question that may arise when we consider music, which I will be 

focusing on herein, is the “how”. How is music produced? What is physically happening 

when musical sound is produced? What makes it sound good to us? Despite its practice 
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for many millennia, the physics of music is not widely understood. Seldom do we take 

the time to ponder and appreciate the characteristics and behavior of sound. Of special 

interest to me is timbre, which is the characteristic sound produced by a particular 

instrument or voice-- it is essentially what makes sound pleasurable to the human ear. 

However, before a discussion of timbre is undertaken, we must first establish a basic 

understanding of the physics of a soundwave.  

The Soundwave 
 At the basis of understanding music and sound is the physics of waves. Sound is, 

at its essence, a wave generated by the vibration of objects which is subsequently 

transmitted through a medium. The wave itself is a disturbance which propagates through 

a medium, transporting energy from one location to the next (The Physics Classroom 

1996). This medium may consist of any matter: air molecules, water molecules, even 

steel. It is only imperative that the medium is comprised of interacting particles, because 

it is these interactions which allow for the existence and propagation of the wave. Much 

like a coil in a Slinkyä transmits energy to the next coil in the slinky, so a vibrating 

particle of air transmits energy to the next particle of air, stimulating its vibration via a 

transmission of energy. No wave may be produced if there aren’t interacting particles; for 

this reason, sound cannot propagate through a vacuum.  An example of this can be seen if 

one places a ringing bell within a jar and evacuates the air. Although the bell is still 

ringing, no sound is produced as there are no particles to transmit the disturbance.  

Also necessary to the production of sound, then, is an object to initiate the 

disturbance. A variety of objects could create such a disturbance: vocal cords, the string 

and soundboard of a guitar, the diaphragm of a radio speaker. As long as a surface is 
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regular, it is capable of producing a sound that can be perceived as music. Irregular 

surfaces, when struck, produce irregular sound waves which we tend to perceive as noise.  

Because they rely on a disturbance and particle-particle interaction, soundwaves 

are considered a type of mechanical wave, as opposed to electromagnetic waves, which 

are capable of traveling through a vacuum, due to their electric and magnetic nature. 

Soundwaves are also considered longitudinal waves, because the air molecules move in a 

direction which is parallel (and anti-parallel) to the direction that the wave is traveling. 

Note, however, that despite this parallel and anti-parallel motion of the air molecules 

partaking in a sound wave, there is no net displacement of particles. Rather, the particles 

are only temporarily displaced, but then return to their original position. The motion of a 

wave is attributed to regions of compression (high density air particles) and rarefaction 

(low density air particles), which means that soundwaves are also classified as pressure 

waves (Figure 1). It is the movement of the regions of compression and rarefaction that 

allows for the propagation of the wave through the medium. For soundwaves propagating 

through air at room temperature, this happens at a speed of 344 meters per second, or 

about 1130 feet per second (Nave 2000). 
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 Figure 1. Sound is a pressure wave. (The Physics Classroom 1996) 

Intensity 
 Consider a vibrating guitar string. The energy imparted to the medium is 

dependent upon the amplitude of the vibrations of the guitar string. When more energy is 

expended to pluck the string (in other words, more work is done to displace the string a 

greater distance from its rest position), the string will oscillate with a greater amplitude. 

This greater amplitude results in more high-energy soundwaves emanating from the 

guitar string, propagating through the air, ultimately creating a higher volume of sound. 

Unlike transverse electromagnetic waves, for which the frequency of oscillation 

determines energy, it is amplitude that describes the energy of a soundwave.  

 The amount of energy that is transmitted through a given area of the medium per 

unit of time is dubbed the “intensity” of the sound wave and it is calculated as follows: 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = !"#$%&
!"#$×!"#$	

  or  𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = !"#$%
!"#$

 

Equation 1. 
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In the equation above, it is written that intensity is equal to power over area, so it seems 

logical that the units of intensity might be written as watts per meter squared (W/m2). 

However, we usually refer to volume in decibels (dB). This is because while intensity is 

an objective measurement, loudness, or volume, is a subjective perception. 

It was thought for a long time that the ear responds logarithmically to sound 

intensity, and so the following equation was used to relate intensity with a calculated 

intensity level.  The decibel, which was named for Alexander Graham Bell, inventor of 

the telephone, was deemed the unit for intensity level as one decibel is generally deemed 

the smallest difference in loudness that can be detected by the ear (The Physics 

Classroom 1996).  

𝛽	(𝑑𝐵) = 10× log
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	 𝑊

𝑚!

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑊
𝑚!

 

   Equation 2. 

In the above equation, the reference intensity is equal to 10!!" !	
!! , as this is the 

quietest sound that can be detected by a human ear, also called the threshold of hearing 

(TOH). Only 10% of people can hear a sound of this intensity, which corresponds to an 

intensity level of 0 dB, and only when in a relatively narrow frequency range of 2-4 kHz 

(Yost and Killion 1997). When the volume is increased to 20 dB (meaning that it 

becomes one hundred times louder—see table 1), about 50% of people will be able to 

detect the sound. Below is a table comparing several sources of sound and their 

objectively measured intensities with their relative intensity levels.  
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Source Intensity 𝑾
𝒎𝟐  Intensity Level (dB) 

Threshold of Hearing (TOH) 10!!" 0 

Rustling Leaves 10!!! 10 

Whisper 10!!" 20 

Normal Conversation 10!! 60 

Busy Street Traffic 10!! 70 

Vacuum Cleaner 10!! 80 

Large Orchestra 10!! 98 

Loud Radio 10!! 100 

Front Row at Rock Concert 10!! 110 

Threshold of Pain 10! 130 

Military Jet Takeoff 10! 140 

Instant Perforation of Eardrum 10! 160 

 
Table 1. Comparison of intensities and their associated intensity levels for various sound 
sources (The Physics Classroom 1996). 
 
 Clearly, the human ear exhibits quite the remarkable dynamic range of hearing. 

The TOH intensity is equivalent to a pressure variation that is less than one billionth of 

atmospheric pressure. The threshold of pain, then, is thirteen orders of magnitude greater 

than this. This is an astounding testament to the anatomy of the ear, with amplification 

mechanisms in place to intensify small sounds, as well as protective mechanisms to 

reduce the ear’s response to very loud sounds (DeBonis and Donohue 2004).   

There are several factors that influence the subjectivity of the perception of the 

loudness of a sound. Obviously, age is a huge factor that influences the ear’s ability to 
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perceive the intensity of a sound. This is probably why my dad listens to the TV at a 

volume that is nearly deafening to the rest of my family, even when we’re all dispersed 

throughout the house.1 However, another factor that is often overlooked when it comes to 

perception of volume is frequency. Optimal frequency range for humans is from 1000 to 

5000 Hz, which means that our ears tend to amplify sounds that fall within this range 

(The Physics Classroom 1996). The result of this is that two sounds with the same 

intensity but different frequencies may not be perceived to have the same loudness. This 

explains why, when I mistakenly wrote a musical composition which required both the 

Fife, a medieval flute-like instrument with frequency range 262-2093 Hz, and the 

Octobass, an extremely large bowed instrument with frequency range 20-55 Hz (see 

Image 1 below), the Octobass was barely audible. Even though both were playing at the 

same intensity, the fife was sounding in a range that was comfortably within a human 

hearing range, whereas the Octobass was playing in a range that lay on the outskirts of 

the hearing range.  

																																																								
1	Older people tend to lose the ability to detect high frequency, which is responsible for 
the articulation of words. This age-related hearing loss is called presbycusis (NIDCD 
2017). 
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Image 1. An octobass to human (and piccolo violin) size comparison (nyMusikk 

2015).  

 With this visual in mind, let us discuss what accounts for this rare instrument 

being able to reach such low pitches, which extend beneath the range of human hearing.  

Pitch & Frequency 
 Given that a sound wave is a pressure wave, the number of compressions or 

rarefactions that pass through a given point per unit time gives the frequency of a sound 

wave, otherwise known as the pitch. This also can be thought of as the number of back-

and-forth vibrations of the particles per unit of time. For example, if we were to set up a 

detector to measure number of compressions (or regions of high-density air) over a 

second, and the detector were to measure 440 compressions over the course of that 
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second, that would translate to a musical “A” (more specifically, A4 on the piano).  In 

other words, a musical letter A exhibits a frequency of 440 Hertz (Hz). 2 

This sensation of frequency is commonly referred to as the pitch of a sound, with 

a high pitch corresponding to a high frequency and a low pitch corresponding to a low 

frequency. The human ear is capable of detecting sound waves that vary in frequency 

from 20 - 20,000 Hz (Smith 1997). When we consider the electromagnetic spectrum, 

light with lower frequency than visible light is called “infrared” and higher frequency 

light is dubbed “ultraviolet”. So too with the sound spectrum; sound waves with lower 

frequency and longer wavelength than 20 Hz is considered “infrasound” while sound 

waves that exhibit frequencies of greater than 20,000 Hz are considered “ultrasound”. 

Hearing ranges vary based on species, largely depending on how an organism has 

adapted to fill a niche. Dogs can sense ultrasound as their hearing range extends to 

45,000 Hz, and cats can detect up to 85,000 Hz (The Physics Classroom 1996). Bats, 

which are known for using echolocation for navigating at night, detect frequencies up to 

120,000 Hz. Elephants can detect infrasound at as low of frequencies as 5 Hz. 

That being said, perhaps the instrument of choice for an elephant would be an 

Octobass. Why is this instrument capable of producing such low-frequency sounds? As it 

turns out, the wavelength of the soundwave produced by the string vibrating as a whole is 

actually twice the length of the full string (2×𝐿), as it takes a full cycle of oscillation to 

begin to create the air vibrations of a soundwave (The Physics Classroom 1996). In 

general, strings (or columns of air) which are tighter, shorter, and thinner in diameter are 

																																																								
2	Historically, this wasn’t always so. 440 Hz was not settled upon as the fundamental 
frequency for an A4 officially until 1939 (Cavanagh n.d.) 
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capable of producing shorter soundwaves with higher frequencies. Guitar strings, even 

though they are of the same length, produce different pitches by being stretched to 

different tensions and of varying widths.  

Musically trained people are able to detect a difference in frequency of 2 Hz (The 

Physics Classroom 1996). Two sounds with a frequency difference greater than 7 Hz is 

discernable to most people. If played at the same time, our ears can detect the complex 

wave pattern arising from the interference or the superposition of the two sound waves.  

The Harmonic (Overtone Series) 
 As the string of a violin vibrates, it doesn’t only vibrate at one single frequency, 

say, 440 Hz. It also vibrates in halves, thirds, fourths, and so on, thereby generating a 

series of harmonic frequencies known as “overtones”. This is depicted by the figure 

below.  

 

Figure 2. The harmonic series of a string vibrating with length between nodes written as 
fractions of the first harmonic (Qef 2008). 
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The frequency of a soundwave produced by a cycle of the string vibrating as a 

whole is known as the fundamental frequency. Recall that the wavelength of the 

soundwave produced by the string vibrating as a whole, as mentioned before, is twice the 

length of the full string (2×𝐿), as it takes a full cycle of oscillation to begin to create the 

air vibrations of a sound wave. As the string also vibrates in seconds, thirds, fourths, and 

so on, it will be producing higher frequency waves (therefore higher pitches) of lower 

intensities. The fundamental frequency remains the most instantly recognizable sound 

(with the highest amplitude) because the overtones, while present, become increasingly 

softer as the energy of their vibration decreases.3 While it is a general trend that overtones 

diminish in intensity as the initiator vibrates in smaller and smaller fractions, this doesn’t 

hold true for all musical instruments, as will be discussed later. 

The ability for a string (or a column of air, or the steel surface of a drum) to 

vibrate as a whole while also vibrating as integer divisions of itself has abundant musical 

ramifications. Perhaps the most profound consequence is the existence of the “Overtone 

Series”, also known as the “Harmonic Series”, contained within a single note. The 

overtones of a frequency may be heard especially well on a piano, if one depresses the 

key corresponding to a specific overtone, say, the octave above (the first overtone, the 

second harmonic) without making a sound, and then strikes the key which corresponds to 

the fundamental frequency. As the fundamental frequency fades away, the overtone will 

ring for a while longer, still audibly resounding. As an example, the first eleven overtones 

of C2 (with a fundamental frequency = 65 Hz) are given below in Table 2. 

																																																								
3	A similar “overtone” effect is observed in chemistry, with Infrared Spectroscopy, in 
which the energy of intramolecular bond vibrations is measured (Holmes 2016). 
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Harmonic Overtone Frequency Note name (in 
ET)  

1 Fundamental 65 Hz C 

2 1 130 Hz C 

3 2 195 Hz G 

4 3 260 Hz C 

5 4 325 Hz E 

6 5 390 Hz G 

7 6 455 Hz B♭ 

8 7 520 Hz C 

9 8 585 Hz D 

10 9 650 Hz E 

11 10 715 Hz F# 

12 11 780 Hz G 

Table 2. Eleven overtones above C2. 

Figure 3 gives is the first eleven overtones given above C2 in music notation. 

Notes with arrows above them indicate the harmonics which would be considered slightly 

out of tune on an ET (equal tempered) instrument.4 These notes are also chromatic (not 

belonging) to the major scale above the fundamental frequency of C2.  

																																																								
4	An equal tempered scale is commonly used for the tuning of pianos and other 
instruments of relatively fixed scale. It involves dividing the octave into twelve equal 
semitones such that a piece may be transposed into different keys with intervals 
maintaining the same integer ratios (Nave, Equal Temperament 2000) 
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Figure 3. The first eleven overtones of C2 (Earlham College Music n.d.). 

 An especially important effect of the harmonic series is the emergence of 

consonant chords.5 The series gives a physical basis for why certain chords resonate as 

pleasantly as they do. It makes sense that the overtone after the fundamental frequency is 

the same exact pitch an octave higher, with double the frequency. A little more intriguing 

is the following overtone above C2, the third harmonic with letter name “G”, which has a 

frequency three times that of the fundamental. Its frequency ratio to the second harmonic 

is 3:2, which corresponds to an interval of a perfect fifth. This interval is famous in 

music, with the fifth note of a scale (in either the major or minor modes) known as the 

“dominant tone” to the tonic (which is the beginning and namesake of a scale, the 

fundamental frequency). Next is the pitch two octaves above the fundamental frequency, 

which is also a perfect fourth above the third harmonic (G). Thus, the frequency ratio of 

4:3 corresponds to a perfect fourth. The fifth harmonic is of the letter name “E” and has a 

frequency five times the fundamental frequency. The third and fifth degree harmonics 

form the major triad (figure 4), which has been instrumental to the development of 

																																																								
5	Consonance and dissonance are terms which have never been fully defined except for in 
relation to one another. A consonance is what is not dissonant, and vice versa. In general, 
consonance implies a pleasant perception of the sound.  
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Western music (pun intended). In fact, composer Leonard Bernstein in 1973, delivered a 

masterful series of lectures in which he postulated that the evolution of musical history 

was in fact, inherent in the overtone series (Bernstein 1973).  

 

Figure 4. Third and fifth degrees of the harmonic series combined into a 
single octave in the C-scale.  

 
 There is hardly any music (that is perceived to be pleasant) that is written to be 

completely consonant, however. Music is, many would argue, the interplay of 

consonance and dissonance. Whether it’s nature or nurture, we tend to love the sound of 

dissonant chords resolving into consonant ones.  Classical composers often incorporated 

dissonance into their pieces by using the minor mode (Forney, Dell'antonio and Machlis 

2014). The third degree of the scale is lowered a half step in the minor mode, which 

directly clashes with the fifth overtone of the fundamental frequency. The C minor triad 

(figure 5), then, is intrinsically not as consonant, relative to the major triad. Classical 

composers often incorporated dissonance into their pieces by modulating into a minor 

key before resolving into a major key.  

 

Figure 5. C minor chord. 
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While the fundamental frequency is generally of the highest intensity, the 

overtones above it do not always decrease in intensity as they get higher. Which 

overtones have the greater intensity at which point in the duration of a note actually 

depends on the instrument, or voice.  

Timbre 
Sound--specifically, musical sound-- is generally described by its pitch, loudness, 

and quality. Thus far, I’ve discussed how the pitch and loudness come to be through a 

sound wave, but I have yet to discuss quality, also called a sound’s “timbre”. Timbre 

(IPA: tæmbə(ɹ)) is a French word which derived from the Ancient Greek word 

“tympanon”, meaning “kettledrum” (Harper n.d.). Logically, the tympani (an orchestra 

pitched percussive instrument) and the tympanic membrane (or the eardrum), derive their 

etymology from this very word.  Timbre is also described as a tone’s color, and it’s what 

allows sounds to be distinguished from each other, even while they are of the same pitch 

and loudness. The origins of timbre are a bit enigmatic as timbre relies both on physical 

characteristics of the sound wave as well as the ability of the human ear to perceive it and 

distinguish it from other timbres. Physically, a sound’s harmonic content, attack and 

decay, and vibrato (or tremolo), all contribute to the sound’s timbre.  

Principle among these is the harmonic content. Each voice has a unique 

summative wave function affiliated with it, comprised of the sine waves of the overtone 

series. However, if it was as simple as this, wherein every note sung (or played) was a 

summation of the fundamental frequency wave, along with its affiliated overtones at 

diminishing frequencies, then each instrument and voice would still sound generally the 

same. It is the amplitudes of the overtones which vary, giving each voice a unique sound. 
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Below I’ve included a Fourier Transform of a B-flat clarinet playing the note which 

corresponds to D3 on a piano, vibrating with a fundamental frequency of 147 Hz (figure 

6).6 

 

Figure 6. Fourier transform of a B-flat clarinet playing D3 (frequency=147 Hz) (Keenan 
2013). 

 

The odd harmonics (441 Hz and 735 Hz, the third and fifth harmonics, 

respectively) exhibit a considerably higher power than the even ones, especially 

considering the fact that the y-axis is on a logarithmic scale. It is said that closed bore 

																																																								
6	Jean Baptist Fourier came up with a mathematical proof in 1822 which demonstrated 
that any waveform could be reduced to an infinite set of sine wave components. Because 
musical instruments produce waveforms which are periodic/quasi-periodic, a Fourier 
transform can be performed on them. 
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instruments (which have one closed end), such as the clarinet, only produce odd 

harmonics. This is not true, for these instruments produce all the harmonics just as any 

instrument does. However, the odd harmonics are especially pronounced and have higher 

amplitudes than the even ones. On the other hand, instruments which are said to have a 

conical bore (such as an oboe) give a harmonic spectrum that is strong in both even and 

odd harmonics.  

For the human voice, there are a few factors that may affect a voice’s unique 

overtone series. The length of vocal chords is what determines how low a person may be 

able to sing. Recall that a vibrating body may produce a soundwave of wavelength 2×𝐿, 

where L is the length of the vibrating body. In general, adult men’s vocal folds are longer 

than those of adult women, as well as thicker and more slack, which means that they are 

capable of vibrating slower and producing sounds of longer wavelength and lower 

frequency. Men’s vocal folds range in length from 17-25mm, and their vocal range is 

typically from 90-500 Hz, whereas women have vocal folds ranging from 12.5-17.5 mm, 

and they can sing 150-1000 Hz (Michael n.d.).  

The vocal folds vibrate as a whole while they vibrate in halves and thirds and so 

on, producing a number of different frequency sound waves, but that is not everything 

involved in generating the unique wave function of a voice. The timbre of a human voice, 

like the closed and open bore woodwind instruments, depends in part upon the cavity 

which the sound is allowed to resonate within. Resonators are, essentially, containers of 

air which cannot initiate a vibration, but will vibrate with a particular “resonant 

frequency”. A resonant frequency is the natural frequency of vibration which is 

determined by the physical parameters-- the size, shape, density of walls, and the size of 
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the opening-- of the vibrating object. With a human voice, the malleable parameters that 

we may influence when speaking or singing are the size, shape, and the size of the 

opening. 

To greatly simplify, we could say that the human voice has two chambers within 

which sound could resonate: the back of the throat (consisting of the larynx and pharynx) 

and the oral cavity (consisting of the palate and tongue). Muscles may constrict or relax 

these cavities, resulting in different formants. Formants are harmonics of notes that are 

augmented by resonance (Jeans 1938). Let’s say that formant one is the pitch of air that 

vibrates in the back of the throat, and formant two is the pitch of air that vibrates in the 

oral cavity. Because the resonant frequency is dependent in part by the size of the 

container, a smaller cavity will have a higher resonant frequency. Thus, by constricting 

certain cavities, we will allow for higher formants.  Singers call this the “focus” of the 

sound. 

 To demonstrate this visually, it may be easier to see the shape of the vocal cavities 

in order to imagine what kind of formants may be produced: 



	 23	

 

Figure 7. Variations in the shape and size of the back of the throat and oral cavity 
depending on the vowel produced (Brittanica 1994). 

  
 The vowel produced by “heed” is the long “e” or [i], and it involves a large 

resonating space in the back of the throat, producing a low formant 1 (300 Hz) and a 

constricted area above the tongue, producing a high formant 2 (2500Hz). The trend 

follows for all of the vowel sounds, wherein the formants produced is dependent on the 

amount of resonating space in the cavities.  

 Following is a video clip of a voice singing the vowels “Oh” [ɔ], “Ah”[a], and 

“Ee”[i]. The vocal inflection changes as a shift in the size and shape of the resonant 

cavities occurs, reflected by different overtones being brought out in the wave function. 

On the left side is a Multiband RTA (which essentially performs a Fourier Transform, 

depicting the peak frequencies), and on the right is an oscilloscope, depicting how the 

wave function itself changes for the same voice as the articulated vowels change. The 



	 24	

recording may be viewed by clicking on the following link: 

https://youtu.be/jkywvbj26vQ.  

 

Recording 1. Vocal recording of vowel change using Amadeus Pro software. 

Resonance plays a huge role in determining timbre for all instruments and voices. 

In the absence of resonance, the sound of a vibration would not be loud enough to 

discern. For brass instruments, the metal tube serves as a container for a column air. The 

musician produces a variety of frequencies by the vibration of his (or her) lips against the 

mouthpiece. If a frequency produced matches one of the resonant frequencies of the air 

column within the tube, it will force the air inside the column into resonance vibrations. 

Woodwinds operate in a similar manner, except it is the reed or wooden strip within the 

instrument that vibrates, producing turbulence in the column of air. Guitar strings are 

fixed at both ends, but the sound waves they produce by their oscillation is allowed to 

resonate within the cavity of the guitar body.  

The harmonics contained within a musical sound, while important, are not all 

that’s necessary for discerning sounds from one another. In fact, even if radical 

alterations are made in spectral structure, timbre can often still be recognized (Keenan 

2013). For example, the transistor radio, which is not capable of producing high quality 
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sound (and in fact, distorts harmonics), can still produce timbres that are recognizable to 

people.  Music and sound are produced in and through time, and thus timbre itself 

exhibits strong temporal dependence. This can be demonstrated by playing tape recorder 

of a piano backwards, which makes the timbre of the instrument much more difficult to 

recognize. Bach’s “Crab Canon” can be used as an interesting demonstration of timbre’s 

dependence on time, as the notes are written such that the tune would be the same played 

both backwards and forwards. However, when you play a recording of the piece in both 

directions, it sounds like two very different instruments (Physclips n.d.). Therefore, in 

any discussion of timbre, it is important to discuss the attack and decay of a note. Attack 

and decay are part of a sound’s envelope, which is how sound varies over time. In total, 

the sound envelope consists of attack, decay, sustain and release (figure 8). 

 

Figure 8. A simplified depiction sound envelope of a waveform (Physclips n.d.). 

Attack and decay, specifically, involve the force with which a note is struck and 

how quickly its intensity diminishes after the initial sound. Rhythm and beat are usually 

conveyed through attack and decay, and thus they play a big role in determining the 

percussive quality of an instrument, which in turn contributes to its overall timbre. Figure 

9 gives a comparison of a guitar attack and decay (top) as compared to that of a cymbal 
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(bottom), both over the course of about half a second. The reason that the guitar 

waveform is more easily resolved is simply because the guitar is resounding at a lower 

frequency than the cymbal (it has a large cavity to resonate within). 

 

 

 

Figure 9. Attack and decay of a guitar (top) and cymbal (bottom) (Nave, Attack and 
Decay 2000). 

 
As you can see, the guitar and cymbals are both sounding for a while before 

returning to their former, motionless state. However, the cymbal exhibits a more 

instantaneous attack, and the wave function’s amplitude decreases more rapidly 

following the attack. The cymbal thus could be said to have a quick attack followed by a 

short decay. This results in a more “staccato” sound for the cymbal as opposed to the 

guitar, which exhibits a higher intensity (relative to its peak initial intensity) wave 

function for longer after the attack. Most stringed instruments, when plucked, have a 

relatively fast attack (for the plucked effect), with a decay that is much longer than the 

quick decay characteristic of percussive instruments. However, unlike wind instruments 

or the voice, through which one must continuously supply air, one generally does not 

have much control over how long a guitar resounds for. Similar to the guitar, an acoustic 
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ukulele has a relatively fixed decay rate. Recording 2 can be viewed at: 

https://youtu.be/VdOLlgJi3P8.  

In the recording, one can see the rapid changes in amplitude on the oscilloscope 

when the Ukulele string is plucked. It is also interesting to compare the overtones which 

are brought out initially, and then decay very rapidly as time progresses, even as the 

fundamental frequency continues to resound. It is true of all instruments, as can be seen 

in recordings 1-3 contained within this paper, that the various harmonics comprising a 

summative wave function may decay at different rates. For example, a higher harmonic 

may sustain more intensely than a lower one, provided that the cavity that it’s allowed to 

resound within sympathizes with the higher harmonic, contributing to a subtle difference 

in the overall timbre of a sound. 

Also important to note with the discussion of attack and decay are the “starting 

transients”. These transients are high amplitude, short-lived sounds that exist only at the 

very beginning of a sound’s waveform. They do not depend on the pitch of the tone that 

they precede, and often do not even contain harmonics of the fundamental frequency 

(Meyer 2009). They are generated as the vibrations build to their final strength. 

Nonetheless, these starting transients have been proven to be imperative in the 

recognition of timbre in that people are considerably less able to recognize an instrument 

when the beginning of the sound (the attack, which includes the starting transients) is 

removed (Berger 2005).  

Because of the way a soundwave varies temporally, digitally reproducing the 

timbre of a voice requires more finesse than simply summing up the overtone series of 

pure tones that are unique to that voice in one wave function. One must not only account 
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for the harmonics, but also for the transients and the sound envelope characteristic of that 

voice.  

The final contributors to the overall timbre of a voice or instrument are vibrato 

and tremolo. Vibrato is defined as periodic changes in the pitch of a tone, usually up a 

half step from the tone being sung. Tremolo is periodic variations in the amplitude of the 

tone. Thus, while vibrato is frequency modulation, or FM, tremolo is amplitude 

modulation, or AM. Most voices and instruments incorporate a combination of both into 

their overall timbres. 

Vibrato is typically a desirable quality in a voice or instrument, provided that it is 

not too wide (“vocal wobble”) or overly fast, both of which tend to arise from 

compromised singing techniques (Jones n.d.). Also unhealthy, however, is singing with a 

straight, or “pressed” tone. A healthy vibrato arises from a relaxed voice, in which the 

vocal chords are allowed to oscillate freely, the throat is open and relaxed, and there is 

decent sub-glottal breath pressure, regulated by the breathing muscles.  

Tremolo can be visualized as fluctuations in the following recording, in which a 

piano key is struck while the sustain pedal is pressed. The pulse of the tremolo can be 

seen, especially as the note begins to fade, with the amplitude exhibiting periodic 

increases in recording 3, found at https://youtu.be/TjEzIMgAwow.  

Typically, vibrato and tremolo are heard together in such a way that it is difficult 

to distinguish between the two. Measurements have shown that pitch variations (with 

vibrato) tend to occur about six or seven times per second, with amplitude varying at the 

same rate (Backus 1977). For some instruments, such as the flute, the fluctuations 

approach pure tremolo as they arise from the amount of air that the flutist may supply 
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(Berg and Stork 1995). On the other hand, a trombone player wiggles the slide in and out, 

producing a pure pitch vibrato. Violin and other string instruments also give almost pure 

pitch vibrato, while singing is a mixture of tremolo and vibrato.  

Human Perception of Timbre 
 Timbre, as I’ve elaborated on, is integral to our recognition of sound. It reportedly 

takes a duration of a mere sixty milliseconds to recognize the timbre of a tone (Winckell 

1967). A tone with a duration less than four milliseconds is dismissed by our ears and 

brains as an unpitched click.  Additionally, it takes a miniscule 4 dB change in the mid or 

high harmonics, or a 10 dB change in one of the low harmonics, in order for our brains to 

be able to process a change in timbre. Our brains are able to recognize a complex wave 

pattern through a combination of mechanisms that still are not well understood.  

 Pitch resolution mainly takes place in the inner ear, within the cochlea, which is a 

spiral like structure connected to the ears via the middle ear, which consists of the tiny 

ossicles—the hammer, anvil, and stapes (Figure 10).  
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Figure 10. Illustration of the anatomy of the outer, middle, and inner ear (Children's 
Hospital Stanford n.d.). 

 
 To greatly simplify, the pinna (or auricle) functions to amplify a soundwave and 

funnel it into the auditory canal, where it vibrates the tympanic membrane. From here, 

the tympanic membrane transfers the soundwave to the ossicles, which perform lever-

type amplification. All in all, the outer and middle ear can amplify a sound one hundred 

times its original intensity, which translates to a twenty decibel increase (Stevens and 

Warshofsky 1965). As a soundwave propagates into the water-like medium contained by 

cochlea via the hammer ossicle and the oval window, it sets small hair-like nerve cells 

lining the cochlea into motion. There are about 20,000 of these hair-like nerve cells, 

which differ in length by infinitesimal amounts and exhibit different degrees of resiliency 

to the fluid around them. It seems that each hair cell has a natural sensitivity to a certain 

frequency, a resonant frequency at which it will vibrate. The nerve cell is thus induced by 

a soundwave of its resonant frequency to release an electrical impulse that passes along 

the auditory nerve to the brain.  

 According to place theory, it is different places along the cochlea that account for 

the discernment of different pitches. It is thought that the beginning of the cochlea is 

better able to make out low pitches, and the end of the cochlea high pitches (Nave, Place 

Theory 2005). However, this doesn’t seem adequate for the resolution that the ear is able 

to obtain. Therefore, it is likely a combination of placement of the hair cells as well as 

some sort of sharpening mechanism, in which the peak of the soundwave itself is 

effectively reduced in width by inhibiting the firing of the hair cells which are adjacent to 

a peak of a waveform. Only nerve cells which are directly under the peak would fire, 
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therefore allowing greater peak resolution to take place. How this inhibition takes place is 

yet unknown.  

 An area of continued research is that concerned with how exactly our brains 

process timbral information. In 1962, Milner investigated the effect of temporal lobe 

removal (lobectomy) on people’s ability to differentiate between timbres. The timbres 

were made distinct from one another by altering the amplitude of two of the harmonics, 

while keeping the fundamental frequency the same. It was found that patients with the 

right temporal lobe still intact could discern between the two, while those who had the 

right lobe removed could not.  Additional studies found that the right temporal lobe is 

predominantly involved in the detection of attack and decay rates of sounds (Samson and 

Zatorre 1994).  

Conclusion 
 Musical sound is a rather complex physical phenomenon for which the functional 

unit is a soundwave. The features of this wave, such as its amplitude and frequency, give 

rise to what we perceive as volume and pitch, respectively. The fact that a vibrating body 

not only vibrates as a whole, but also as integer divisions of itself, has paved the way for 

the existence of the harmonic series. It is the prominence of certain harmonics that gives 

different instruments and voices their respective timbres, or tone colors. In addition, 

instruments and voices also owe their unique sounds to their sound envelopes (attack and 

decay rates), as well as their capacity for generating vibrato and/or tremolo. The 

summative wave function produced by all these factors would not even be able to be 

appreciated as music, however, were it not for the astounding capability of the ear to 

listen. In mechanisms which have yet to be entirely understood, the ear is able to break a 
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soundwave into its component pieces and transduce it into a nerve impulse so that we 

may hear it as music. This paper only discusses the physical characteristics of a 

soundwave as it reaches the brain, but what is equally (if not more) amazing is the 

biochemical cascade that may be triggered in a person’s mind upon encountering a 

soundwave. It is essentially these soundwaves, of their varying timbres, which may bring 

out the most profound emotions a person can experience, moving them to tears, causing 

the resurfacing of memories, or even inspiring them into deeper devotion to something or 

someone.  
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