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Prediction of pitch effects from measured CO2

content variations in wind instrument playing
Leonardo Fuks

Abstract
The effect of carbon dioxide (CO2) exhaled by wind instrument players on the
resulting pitch is investigated. A theoretical-numerical approach is applied to
determine the dependence of sound velocity on the percentage of CO2  contained in
the air. Realistic performance data were obtained from experiments in which a
professional musician played a clarinet and an oboe, while the CO2 content of
exhaled air was recorded together with the audio signal. By calculating the impact
of the variation of CO2 and O2 contents on sound velocity, considerable effects on
the fundamental frequency of the tones produced are predicted.

Introduction
In most wind instruments the respiratory system
provides the aerodynamical energy needed to
their control and operation. Those instruments
are actuated by the air blown through a reed-
mounted mouthpiece (reed-woodwinds), a free
mouthpiece (air-reed) or by the vibration of the
player’s lips (lip-reed instruments). The natural
resonance frequencies of the instruments are
dependent on the geometry of the air column, the
dimensions and design of the mouthpiece and the
sound velocity in the gas inside the instrument.
The mechanical-acoustical coupling between the
actuator and resonator is decisive for the sounds
produced. Thus, the fundamental frequency,
which determines the pitch perceived, is
dependent on the resonance frequencies of the
instrument bore as well as of the embouchure and
the highly varying blowing pressure (Porter,
1973; Fuks & Sundberg, 1996). The resonance
frequencies of the bore are affected by the sound
velocity, which, in turn, is a function of the
pressure, density, temperature and other
properties of the gas.

Carbon dioxide (CO2) is, together with water,
the main eff luent from the respiratory
metabolism. It is produced during the combustion
of carbohydrates in the presence of oxygen (O2)
in the interior of the living cells. It is carried to
the lungs alveoli by blood circulation and finally
exhaled through the airways.

The respiratory control in man relies mainly
on the instantaneous partial pressures of O2 and
CO2 in the blood. Specialised structures in the
central nervous system continuously sense these
levels and transmit the information to the brain
for ensuring optimal and automatic breathing
patterns (Staub, 1991). In this complex
respiratory control other variables are also

involved such as the input provided by sensory
nerves, particularly lung and thoracic stretch
receptors. The CO2 levels play an important role
in the so-called air hunger that occurs during
respiratory manoeuvres, such as breathholding or
reduced expiratory flows typically associated
with wind instrument playing. The resulting air
hunger imposes physiological limits to the
duration of musical phrases (Flume et al., 1995;
1996). In wind instrument playing, the CO2

contents in the pulmonary air may vary
considerably with time, roughly from 2.5% just
after a deep breath up to 8.5% after a long period
of breathhold, as will be demonstrated in the
following sections. The reason why the initial
percentage is considerably higher than the
atmospheric levels ranging between 0.03% and
0.06% (Zenz, 1988), is due to the fact that the
ambient air entering the lungs is immediately
mixed with the residual air which is rich in CO2.

Summarising, fundamental frequency in wind
instrument playing depends on the properties of
the gas inside the instrument. Also, this gas
continuously changes its composition with
respect to the content of CO2 and O2. These
changes should affect the fundamental frequency
to some extent. The purpose of the present study
was to provide an experimental and theoretical
basis for further analysis of this phenomenon by
documenting the CO2 variation during
performance of sustained tones and musical
phrases in wind instrument blowing.

Sound velocity calculated as
function of the content of CO2
The velocity of sound c in a gas can be
calculated as
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where
γ  (Gamma) is the ratio of the specific heat of

the gas mixture at constant temperature to that at
constant volume;

P0 and ρ0 are the pressure and density at
equili brium conditions of the gas, or mixture,
respectively (Kinsler, 1962);

The quantities P0 and ρ0 are temperature
dependent. Ambient dry air typically contains
nitrogen (78.1%), oxygen (20.9%), argon
(0.9%), carbon dioxide (0.03 to 0.06%) and a
number of other gases which usually amount to
less then 0.05%. Water vapor is found in ambient
air at varying concentrations, depending on
environmental conditions. The air exhaled by the
lungs is always saturated with water vapor
because of the respiratory process and the
passage through the airways.

For the calculation of the sound velocity of
the gas mixture which takes into account the
addition of comparatively low concentrations of
CO2 and water vapor, the following expressions
can be used (Nederveen, 1969):
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where
c = velocity of sound in the gas mixture 

c0 = velocity of sound in typical dry air,  at
0ºC

ρ, ρ0 ,ρv= densities of the mixture, the typical
air and the additional gas, respectively

rv = fractional pressure of additional gas

T = temperature of the mixture, in
Centigrade.

h0 , hv = number of degrees of freedom of
standard air and each additional gas,
respectively, whereby
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−
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Int [ ] is the closest integer value of [ ]

Nederveen (1969) used the above mentioned
expressions for estimating the effect of tem-
perature on sound velocity of a saturated air
mixture containing 2.5% of CO2 with tempera-
tures ranging from 15ºC to 40ºC. The percentage
of exhaled O2 was assumed to be the same as in
ambient air. It is important to note that the
amount of water vapor in saturated air increases
with temperature. Saturated air at 15ºC has a
specific humidity of 10.7 g of water/kg of air and
at 40ºC it corresponds to 48.8 g of water/kg of
air (ASME, 1967). A quasi-linear variation of
approximately 5% was calculated for c between
those two temperatures, corresponding to ca 85
cents increase of resonance frequency variation
in an air column.

The amount of O2 in the air, however, is not
constant along the respiratory process and a
continuous decrease will take place from the
initial value of 20.9%. O2 consumption is
dependent on many metabolic processes and is
not directly related to the CO2 production. The
oxygen atoms contained in the exhaled CO2 are
supplied by the carbohydrates, while the O2

enters in the production of water.
The O2 contents in the alveolar gas may

achieve a minimum value of 14% (Schmidt &
Thews, 1983). This means that the exhaled O2

should start with a concentration close to the
ambient 20.9% and progressively decrease to a
plateau around 14%.

Our first task consisted of calculating the
sound velocity of air at a fixed temperature and
moistened with saturated vapor, as a function of
crescent levels of CO2. We also made an estimate
of the additional effect of the changing in the
fractions of O2.

A spread-sheet software (Excel Microsoft
7.0) was used to accomplish a calculation routine
following expressions (1.2) and (1.3) above, the
input data being displayed in Table 1 of the
Appendix. A temperature of 25.5ºC is assumed
as the equili brium value for a warmed up
instrument, in good agreement with previous
measurements in the oboe as 25.6ºC (Meyer,
1961) and in the flute, 26.8ºC (Coltman, 1966).
For the temperature of 25.5ºC, the specific
humidity of saturated air is approximately 2.07%
or 20.7 g of water/kg of air (ASME, 1967). The
density of saturated water vapor at 0ºC and at
atmospheric pressure, used in the formula above,
is 0.815 kg/m3. Figure 1 presents the results of
such calculations, indicating a relevant variation
in the expected  sounding pitch with respect
exclusively to the CO2 contents in the gas
mixture, solid line in the Fig. 1. As for the O2

effect, it was  assumed  an
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initial level of 20.9% on the beginning of playing
(2.5% of CO2) and a linear decrease (relative to
the CO2  rise) down to 15% at the point of
maximum CO2 percentage, 8.5 %. The resulting
curve for the expected effect of CO2 and
estimated effect of O2 is represented by a dashed
line in Figure 1.

Measurements of CO2 levels
during performance
Materials and methods
Two different experiments were done to provide
some preliminary data about the CO2 variations
during a musical performance, using the capno-
graphic method (Bhavani-Shankar, 1995). The
CO2 percentage in exhaled air was measured by a
Capnograph (CD-3A Carbon Dioxide Analyzer
and P-61B Sensor Unit). A thin plastic tube
inserted in the player’s mouth corner transported
samples of the air to a pump unit (R-1 Flow
Control Device), which, in turn, was connected
to the sensor unit of the Capnograph. The
analogue output signal from the CO2 analyser
was continuously recorded by a multichannel
TEAC (RD-200T) PCM DATA recorder. A
microphone (Sony ECM-959DT) picked up the
audio signal, which was recorded in a second
channel of the same recorder. Experiments were

run in a well ventilated room, for which the pre-
calibrated analyser showed a reading of 0.03%
ambient CO2.

A professional musician (the author) was the
sole subject. During the experiment, the output
signals of the Capnograph could not be observed
by the player. The experimental protocol was the
following:

1.  The tones Bb4, G4, Bb3 and A3 (names of
actual rather than transposed tones) played on
a Bb soprano clarinet. The subject played
these tones at a steady piano dynamical level,
starting immediately after a deep inhalation
and sustaining them for as long as possible.

2.  A musical piece, Schumann’s Romance No.
2, op. 94, for oboe and piano played on an
oboe. The player first rehearsed the piece as
for a recital and then performed three
complete recordings, using the same spots for
breathing. The tempo was 120 quarter notes
per minute.

The Schumann piece is considered as parti-
cularly challenging for the oboe player because
of its very long phrases and frequent wide pitch
leaps, entaili ng high demands both on respiration
and intonation.

The instruments used were an automatic
Marigaux oboe (s.n. 10499) and a Selmer Bundy
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Figure 1. Predicted shift in fundamental frequency in a feedback wind instrument due to variations of
CO2 and O2 contents. Solid line shows the frequency shift as function of CO2 percentage for air
containing 20.9% O2. The zero (reference) value for shift corresponds to a CO2 concentration of
2.5%. The dashed line represents the case in that the O2 content changes linearly from 20.9% at
2.5% CO2 to 15% at 8.5% CO2. Average temperature inside instrument is assumed to be 25.5ºC
implying a saturation of water vapor (2.07 % specific humidity).
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Bb soprano clarinet (s.n. 1211212) with
Vandoren´s B45 mouthpiece and 3.5 reed.

Analysis and results from CO2

measurements
The recorded signals were transferred from the
TEAC recorder into computer files, using the
Swell DSP software package installed in a PC
computer with an Ariel DSP-16 board. The
results were obtained after a simple procedure of
calibration, implying that the zero and range of
the computer files were adjusted so as to match
the corresponding original readings from the CO2

analyser.

Clarinet tones
Figures 2.a, 2.b, 2.c and 2.d show the CO2 build
up curves with time for the tones Bb4, G4, A3
and Bb3, respectively, all played piano. After a
few seconds all curves show a rather linear
increase of CO2  with time, starting in the vicinity
of 3% CO2 and reaching a maximum of
approximately 8% CO2 after some 50 sec. To

estimate the overall rate of CO2 increase with
time during the linear increase phase, trendlines
were drawn for each curve by eye. The mean
increase during this phase varied between 3.0 and
4.8% CO2 /minute.

According to the effect predicted before in
this article, see Figure 1, the fundamental
frequencies of the long notes in Figures 2a-d are
expected to continuously shift with time at an
approximate rate between -20 to -25 cent per
minute, in the linear phase of the curves.

Schumann’s Romance for oboe
The three recordings of this piece showed similar
and systematic CO2 curves. Figure 3 shows one
of them for bars #1 to #36. In the figure, the
score is also displayed. In extreme cases, CO2

ranged from less than 1.5% to 8.2% CO2. In
general, all phrases started with a steep slope for
the CO2, followed by a progressively smaller
increase of this gas with time. The quasi-linear
curves that were found for the clarinet were
observed also on this instrument in some short
segments of the graph,  for instance,
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Figure 2a-d. CO2 content against time in exhaled air for the tones Bb4, A3, G4 and Bb3, respectively,
played piano in the clarinet. Reference A4 has a frequency of 440 Hz.
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Figure 3. Schumann’s Romance 2 for oboe and piano, bars #1 to #36. The curve shows the CO2

percentages in air entering the instrument with time. The numbers with arrows represent the bar
numbers of the music in the score.

the ones corresponding to bars #2-4, #4-8, #12-
18 and #26-30. For each new breath a sudden
decrease in CO2 takes place, usually down to a
value of approximately 1.5% or 2.0%.

Again referring to Figure 1, the extremes of
CO2 increase observed in Figure 3 would cause a
shift in the fundamental frequency of more than -
30 cents, other things being equal. Taking into
account also a decrease of O2, a shift of more
than -20 cents would still be expected, provided
the assumed values for the O2 content are
realistic.

Discussion
Our calculations of the effect of gas changes on
sound velocity apply only to the feedback
instruments, i.e., the instruments in which the
source vibrations are dependent on the resonance
frequencies of the air column. Thus, pitch effects
of the type considered here should not be

expected for non-feedback instruments, such as
the human voice and the mouth harmonica.

Temperature is generally regarded as a factor
of major relevance to the tuning of feedback wind
instruments. Thus, warming the instrument, e.g.
by playing or by blowing expired air through the
bore, is a routine among wind instrumentalists.
As explained in a preceding section , a warming
from room temperature of 20oC to 25oC
corresponds to a sharpening of the pitch by about
+17 cents. It is interesting that the rarely
discussed variations of CO2 content during
playing are comparable to the commonly
recognised effects of temperature.

The pitch effects of the cyclical variation of
CO2  will depend on the airflow needed to play
the instrument. An instrument requiring a great
airflow will cause the player to take breaths more
frequently than an instrument needing a smaller
airflow. As time rather than lung volume is the
relevant variable for the CO2 variation, the pitch
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effect will be smaller in instruments with a great
airflow. Likewise, the player’s lung capacity
would be a relevant feature as it sets the time
limits for producing a given airflow. Thus,
players with a relatively small l ung capacity,
such as children and females, can be expected to
encounter a smaller CO2 variation than male
adults.

Presumably, the pitch effects induced by the
CO2 variation are compensated for by the player
by means of varying embouchure, blowing
pressure and other playing characteristics. This
study was confined to the measurement of the
variation of CO2 content in a well ventilated
environment and to the prediction of the pitch
effects of this variation, assuming a certain
variation of the O2 content. The ambient CO2 and
O2 contents depend on many factors, e.g., the
number of people in a room and the air quali ty.
Obviously, experimental corroboration of our
results is needed, particularly with respect to the
O2 variation. Also, direct fundamental frequency
analysis during playing artificially excited
instruments would be valuable to confirm the
theoretically predicted pitch effects.

Some anecdotal evidence and technical re-
commendations among professional musicians
seems to support the assumption that the
predicted CO2 effect on pitch in wind instruments
is realistic. Oboe, clarinetand bassoon players
tend to agree that there is a general trend for the
pitch of the instrument to drop during long
phrases. Particularly for the notes in the lower
range of the instruments; it may be very diff icult
to keep the pitch in tune, even with the use of all
possible compensatory efforts. It is generally
assumed that this is due to a fatiguing of the
muscles involved in playing. While this seems a
reasonable assumption, there are also reasons to
believe that the CO2 content is also important.
For example, the use of a quick inhalation or of
the so-called circular breathing technique is said
to help restoring the desired pitch. Circular
breathing is a technique in which the player
keeps blowing into the instrument while air
exchanges take place through the nose. To
accomplish it, an amount of air is saved in the
mouth cavity, isolated from the remaining
airways by pressing the soft palate against the
back of the tongue. Also, Robinson (1996)
quoting instructions from the oboe master Marcel
Tabuteau, recommends exhalation of a small
volume of air just after the inhalation and before
starting a tone on the oboe. This procedure is
usually claimed to improve production of soft
attacks, facili tate intonation control and create a
more relaxed respiratory feeling.

Conclusions
During playing wind instrument such as the oboe
and the clarinet, the content of CO2 in the expired
air varies between the ambient level and up to
8.5% in extremely long phrases. This variation
alone affects the fundamental frequency of the
tones played by more than 30 cent. Although this
effect is to some extent reduced by the variation
of the O2 content, the effect of the CO2 variation
on pitch seems a relevant factor in wind
instrument playing.
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Appendix
Table 1. Properties of some atmospheric gases at 0ºC and at standard pressure of
1 atmosphere  (101.325 kN/m2).

Gas Gamma h Density (kg/m3) Sound Velocity (m/s)
Air 1.40 5 1. 2929 331.45
Oxygen(O2) 1.40 5 1.42895 317.2
Nitrogen (N2) 1.40 5 1.2505 336.0
Hydrogen (H2) 1.41 5 0.08987 1261.0
Helium (He) 1.66 3 0.1785 971.0
CO2 1.31 6 1.9768 258.0

Gamma is the ratio of the specific heat of the gas mixture at constant temperature to that at constant
volume

h is the number of degrees of freedom of standard air and each additional gas, a function of Gamma (see
expression 1.4 in this text)
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