Pre prints.org

Article Not peer-reviewed version

Air Attenuation in Octave Bands and
How to Normalize Room Acoustic
Measurements to a Standard
Atmosphere

Jens Holger Rindel *

Posted Date: 16 September 2024
doi: 10.20944/preprints202409.1192.v1

Keywords: sound absorption; air attenuation; room acoustic measurements; octave band; air temperature,
relative humidity

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3843779

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2024

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Air Attenuation in Octave Bands and How to
Normalize Room Acoustic Measurements to a
Standard Atmosphere

Jens Holger Rindel *

1 Odeon A/S, DTU Science Park, Kgs. Lyngby, Denmark; jhr@odeon.dk
* Correspondence: jhr@odeon.dk

Featured Application: The results can be applied in software for room acoustic measurements
and simulation.

Abstract: The air attenuation of pure tones as a function of temperature and humidity is well known
and described in ISO and ANSI standards. However, room acoustic measurements are performed
in octave bands, which is the reason for a complicated, nonlinear behavior of the air attenuation. It
is known that room acoustic measurement results depend on air temperature and humidity, and
these atmospheric data should always be reported in connection with room acoustic measurements.
A calculation model for the air attenuation can make it possible to normalize the room acoustic
results. For accurate results it is possible to apply a summation method on each time sample in the
impulse response. An approximation to the air attenuation at and above 1 kHz is possible by
linearization using the pure-tone attenuation of two different frequencies, one frequency valid for
the early part of the impulse response, and another frequency valid for the later part of the impulse
response. The purpose of the suggested methods is to make it possible to normalize room acoustic
measurements to a standard atmosphere.

Keywords: sound absorption; air attenuation; room acoustic measurements; octave band; air
temperature; relative humidity

1. Introduction

Sound propagation through the air is attenuated by atmospheric absorption, mainly due to
relaxation vibrations of the oxygen and nitrogen molecules. The air attenuation is negligible at low
frequencies, but increases rapidly with frequencies above 1 kHz. The molar concentration of water
vapor influences the atmospheric absorption, acting as a catalyst for the relaxation of oxygen and
nitrogen. Thus, the absorption is lower in humid air than in dry air. In practice, the atmospheric
conditions are characterized by the temperature and the relative humidity (RH) in percent. If the
absolute humidity is kept constant, an increase of the temperature leads to decreasing RH, and vice
versa. For example, the atmospheric absorption is approximately the same at (18 °C, 55 % RH), (20
°C, 50 % RH), or (22 °C, 45 % RH).

The measurement of reverberation time and other room acoustic parameters is described in the
International Standard ISO 3382-1 [1]. All room acoustic measurements according to this standard
are made in octave bands. The measurement results can vary with the air temperature and the relative
humidity, and consequently the standard requires that these atmospheric data should be measured
and included in the measurement report. It is realized that in cases with very different atmospheric
conditions, the measured acoustic results may not be comparable. This is not a satisfactory situation,
and Harris suggested already in 1966 [2]:

“In presenting reverberation-time data for large auditoriums, irrespective of the humidity and
temperature at which measurements are made, correct the reverberation time so that it represents the
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reverberation time that would have been obtained if the measurements had been made at a relative
humidity of 50 % and a temperature of 20 °C, i.e., standard conditions.”

The correction method presented by Harris is relatively simple and uses the air attenuation
coefficients at the center frequency of the octave bands below 2 000 Hz and those of the one-third
octave bands from 2 000 Hz to 12 500 Hz. The reverberation time is converted to the decay rate in dB
per second, and the correction for air absorption is made with the assumption of ideal exponential
decays. The attenuation coefficients are those valid for pure tones at the center frequency of the
applied frequency band, either octave or one-third octave. The method works well for measurements
in one-third octave bands, but for field measurements in octave bands the method is not accurate for
long reverberation times and high frequencies, as will be explained later. There is no evidence of a
general application of the method in practice.

Since the bandwidth used for the measurements is important for the problem of air attenuation,
it should be noted that octave bands have not always been preferred for room acoustic measurements.
The first edition of ISO 3382 [3] from 1975 prescribes one-third octave bands from 125 Hz to 4 000 Hz,
i.e. the same as used for measurement of sound absorbing properties of materials in a reverberation
chamber. However, at least since the 1960s it has been common practice to do reverberation time
measurements in concert halls in octave bands. Thus, in 1997 the second edition of ISO 3382 [4] states
that reverberation time in concert halls should be measured in octave bands, while one-third octave
bands can be used in other kinds of rooms.

In the book by Cremer & Miiller there is a reference to a simple approximate formula to estimate
the attenuation coefficient directly from the frequency and the relative humidity [5] (1,45 a). The
formula can be expressed in terms of the energy attenuation coefficient m in reciprocal meters:

_ N (O 0t et
m—2-85(@> <%> 107 (m) (1)
where fis the frequency in kHz and ¢ is the relative humidity in %. The approximation is based on
experimental data between 30 % and 80 % relative humidity and limited to a fixed air temperature of
20 °C. Nothing is said about the bandwidth of the measurements. Obviously, the attenuation is
assumed to be a simple linear function of the frequency, which is not true for measurements in octave
bands, but can be an acceptable approximation for one-third octave bands. Again, there is no
evidence of a general application of the method in practice.

A very precise analysis of the problem with air absorption and octave bands was presented by
Sutherland & Bass [6]. They describe how the air absorption shapes the spectrum such that after some
time of propagation most of the energy is in the lower part of the band. A numerical calculation
method is presented where the octave band is divided into a number of constant percentage filter
elements. It is suggested that the number of filter elements must be at least 12 for an integration error
less than 0.1 dB.

Sisler & Bass [7] simulated the effect of one-third octave band filters used for reverberation time
measurements. They found that the results will differ significantly from those of a pure tone with a
frequency at the geometric center of the band. They mention that octave band filters would lead to
even greater differences.

ISO 9613-1 [8] is the reference for calculating the absorption of sound by the atmosphere. The
energy attenuation coefficient calculated in accordance with the standard are provided in tables with
the pure-tone attenuation coefficients at the exact center frequencies of one-third octaves from 50 Hz
to 10 kHz, temperatures from -20 °C to +50 °C in 5 °C intervals, and relative humidity from 10 % to
100 % in 10 % intervals. In addition, the exact formulas behind the calculations are provided. In the
standard is stated that the exact midband frequency of an octave band can be used for an approximate
calculation of the air attenuation of broadband sound in an octave band. This is applicable when the
attenuation due to air absorption is not more than approximately 15 dB. The error is < +- 0.5 dB for r
- (f)2 < 3 km (kHz)?, where r is the distance of sound propagation and f. is the center frequency. The
standard is intended for outdoor sound propagation, but there should be no problem in applications
for sound propagation in rooms. In rooms with hard surfaces, the reverberation time may exceed 8 s
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at some frequencies. This means, that for room acoustical applications, the simple approximation
using the center frequency may be valid below 1 kHz, but not in octave bands above 1 kHz.

The American National Standard ANSI 51.26 [9] has contents almost identical to ISO 9613-1 [8].
However, an approximate method for fractional-octave bands is described in [9] (Annex E). It is a
non-linear function of the pure-tone attenuation at the midband frequency over the total distance of
sound propagation. The approximate attenuation is calculated as the product of the pure-tone
attenuation of the exact center frequency and a nonlinear function or this pure-tone attenuation and
the normalized filter bandwidth.

ISO 9613-2 [10] is a standard describing calculation methods for outdoor sound propagation. In
[10] (chapter 7.2) is presented typical examples of attenuation coefficients for octave bands of noise
in dB/km. [10] (Table 2) provides data for octave bands from 63 Hz to 8000 Hz. The data are the pure-
tone attenuation coefficients of the octave band center frequencies. This implies, according to [8]
(8.1.3) that the data are not accurate for attenuations above 15 dB. In the 8 kHz band the maximum
distance of valid application is found to be between 74 m and 253 m in the examples in [10] (Table 2).
It is noted that these limitations of application are not mentioned in the standard.

The European Norm EN 12354-6 [11] provides formulas for calculation of the reverberation time
in a room from the total equivalent absorption area including the air absorption. A table is provided
with energy attenuation coefficients in air in octave bands for selected examples of temperature and
humidity. Below 1 kHz, these coefficients are the pure-tone attenuation coefficients of the center
frequency of the octave band. For the 1 kHz to the 8 kHz octave bands, the coefficients are the pure-
tone attenuation coefficients of the center frequency of the lower one-third octave within the octave
band. This is assumed to handle the spectral change within the octave band during the sound
propagation.

Extensive experiments in a 175 m? room with changeable temperature and relative humidity
(RH) were reported by Wenmaekers et al. [12]. The temperature varied in the range of 12 °C to 38 °C
and the RH in the range of 15 % to 80 %. The average reverberation time of the room was 1.7 s. The
octave band reverberation time T2 was derived in ten octave bands with center frequencies from 31.5
Hz to 16 kHz. The statistical correlation between the measured reverberation time and the RH was
analyzed. Good correlation was found for frequencies 1 kHz and 2 kHz when fitting to the pure-tone
attenuation of the center frequency of the octave band. For frequencies of 4 kHz and higher, a good
correlation was found when fitting to the pure-tone attenuation of the lower edge frequency of the
octave band. Using the attenuation of the lower edge frequency is called the edge frequency method,
and it is suggested by the authors to overcome the problem of non-linear attenuation in octave bands.

The paper by Wenmaekers et al. [13] deals with calculations of reverberation time in octave
bands and investigation of different methods including the edge frequency method to estimate the
effect of air absorption. As a reference is used calculations of decay curves with summation of 96
frequencies within each octave band. This summation method is similar to that used by Sutherland
& Bass [6]. For high frequencies and reverberant spaces, it is recommended that air absorption in
octave bands is calculated using the summation method, whereas for one-third octave bands it is
sufficiently accurate to use the pure-tone attenuation at the center frequency. It is also found that the
reverberation time averaged over three one-third octave bands is not equal to the reverberation time
derived from the full octave band containing those one-third octave bands. Finally, the paper
investigates the problem of measurement in acoustic scale models and how to adjust for excessive air
absorption at very high frequencies.

Experimental data of room acoustical parameters measured under different thermo-hygrometric
conditions were analyzed statistically by Tronchin [14] and Granzotto et al. [15]. The temperature
varied between 27 and 32 °C, the relative humidity between 38 and 55 % RH. The air velocity varied
between 0 and 0.56 m/s due to fans in operation. It should be noted that the absolute humidity of the
air was almost constant, and thus the relative humidity was directly linked to the temperature. This
implies that the actual variation of air attenuation was very limited. The experimental results led the
authors to claim that sound absorption due to air attenuation is not sensitive to variations in
humidity. It was found that the room acoustic parameters most influenced by changes in temperature
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and humidity were Cso and T30, while the least influenced were Dso and EDT. However, these findings
are most likely due to variations in the speed of sound, and not to variations of the air attenuation.

In room acoustic scale measurements, the problem of air attenuation is very significant, and
different solutions have been applied to compensate for the very pronounced air attenuation at the
measurement frequencies, which are ten times higher than normal in a 1:10 scale model. It has been
suggested to make corrections using the pure-tone attenuation at the octave band center frequency
[16] or using the pure-tone attenuation at the lower edge frequency of the octave band [12]. Both
methods neglect the non-linear behavior of the air attenuation in octave bands. Another method is to
do the corrections in the frequency domain instead of the time domain [17]. This requires Fourier
transforms of time samples of the impulse response, and inverse Fourier transforms back to the time
domain after the correction for air attenuation.

In the present article, the summation method for calculating the octave-band energy attenuation
coefficient as a function of the time of propagation is presented in section 2. It is demonstrated that
the attenuation is a non-linear function of time of propagation, and an approximation using a
linearization is suggested in section 3. To overcome the problem of the temperature dependent speed
of sound, the method uses a transformation from the time domain to the distance domain. Section 4
explains how a measured impulse response can be normalized to a standard atmosphere. As an
alternative, a simple method for normalizing reverberation time measurements is also suggested.
During the present work, the summation method has been implemented in the ODEON room
acoustics software, which was used for the measurements in the case in section 5.

2. The summation method

The energy attenuation coefficient is calculated in accordance with ISO 9613-1. The calculation
method in the standard is valid for pure tones, and it is assumed to be the most accurate basis that is
available. The air attenuation can be expressed either as the sound attenuation coefficient, a in
decibels per meter or as the energy attenuation coefficient, m in reciprocal meters. In the following,
the time ¢ is relative to the arrival time of the direct sound at the receiver.

The attenuation due to air absorption of the sound pressure level of a pure tone with frequency
f after propagating the distance r(f) is given by:

SL(f,0) = a(f)r(®) = Km(f)r(®),  (dB) )

where
OL(f, t) is the attenuation of the sound pressure level due to air absorption, in decibels
a(fy  is the pure-tone sound attenuation coefficient, in decibels per meter
m(f)  is the energy attenuation coefficient, in reciprocal meters
K=10lIg(e) = 4.343 dB is a constant
r(f)  is the distance that the sound wave has travelled at the time {, in meters, calculated as

r(t) = ct+d, (m) 3)

where

cis the speed of sound at the relevant temperature, meters per second

tis the time relative to the start of the arrival of the direct sound, in seconds

d is the distance from the sound source to the microphone, in meters.

The speed of sound in air ¢ is mainly a function of the atmospheric temperature. Although the
speed of sound also changes a little with the humidity, up to 3 %o compared to dry air (Harris, 1971)
[18], this effect is here considered to be negligible. Thus, the speed of sound is calculated from ISO
9613-1 Equation [8] (A.5):

~—gzic » (m/9) 4)

where
co =343.2 m/s is the speed of sound at the reference temperature (20 °C)


https://doi.org/10.20944/preprints202409.1192.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2024

T is the ambient atmospheric temperature, in °C

In room acoustic measurements, the impulse response is a function of the time ¢ starting at the
arrival of the direct sound. The distance d is not inherent in the measured impulse response, and this
information must be provided by the user. Especially at frequencies well above 1 kHz, the air
attenuation from source to receiver can be significant, and errors of several dBs may occur if the
distance is not included. If this distance is not known, a default value of d = 10 m may apply.

The octave-band average energy attenuation coefficient changes according to how long the
sound wave has travelled. The attenuation increases with frequency and thus it varies within the
bandwidth of an octave. This means that the higher frequencies within the octave are attenuated
more than the lower frequencies, and during the sound propagation the energy balance is shifted
towards to lower frequencies in the octave band. For this reason, the attenuation of sound in an octave
band is not linear.

In the following it is assumed that the frequency spectrum of the sound emitted from the source
is flat (like pink noise) within the octave band. The octave-band average energy attenuation
coefficient can be calculated from several frequencies equally distributed in a logarithmic scale within
the octave band using Equation (5).

N
1 1
= = — — — . -1
my() = — o In ( ; Z exp( r(t)m(m)) , (m ©)
i=

where

ms(f) is the energy attenuation coefficient of the octave band, in reciprocal meters

N is the number of frequencies used for the averaging within the octave band

m(fi)  is the energy attenuation coefficient at the frequency fi, calculated in accordance with
ISO 9613-1, in reciprocal meters

The calculation with Equation (5) can be made by dividing the octave band into several
frequencies, each carrying the same energy at the time t = 0. This summation method is like that used
by Sutherland & Bass [6], and it was used as a reference method by Wenmaekers et al. [13]. Using N
=9 is found to be sufficient for an accurate calculation. Test have been done with N =15 without any
noticeable change of the results. The actual frequencies for N =9 are calculated by Equation (6).

i—5
fi= 10(n+lT)/10’ (Hz) ©6)

where

n is the number of the octave band center frequency according to ANSI S1.6 [19], (e.g. n =
30 for the 1000 Hz octave band),

1is a number {1; 9}.

The octave band energy attenuation coefficient ms is a function of temperature, relative
humidity, and time of sound propagation. Two examples for the 4 kHz octave band are shown in
Figure 1 for the temperatures 0 °C and 20 °C, respectively. The attenuation is calculated for different
times of sound propagation, 0.25 s, 1 s, and 4 s. The initial octave band energy attenuation coefficient
is seen to be close to the pure-tone energy attenuation coefficient of the center frequency of the octave
band. However, for longer propagation times, the octave band energy attenuation coefficient
approaches asymptotically the pure-tone energy attenuation coefficient one-third octave below the
center frequency of the octave band, i.e., the nominal frequency 3150 Hz in this case.
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Figure 1. Air absorption in terms of energy absorption coefficient as function of the relative humidity.
Full lines are for the 4 kHz octave band at various times of propagation up to 4 s. Dotted line is pure
tone attenuation at 5 kHz, dash-dotted line is pure tone attenuation at 4 kHz, dashed line is pure-tone
attenuation at 3150 Hz. (a) Temperature 0 °C. (b) Temperature 20 °C.

The behavior seen in Figure 1 is similar in other octave bands and at other air temperatures at
least from -10 °C to 40 °C. In the 8 kHz octave band the energy attenuation coefficient reaches and
goes below the pure-tone energy attenuation coefficient at 6.3 kHz nominal frequency after more than
2 s of propagation. However, the air attenuation at 8 kHz is more than 60 dB after 2 s of propagation,
so the air attenuation at 6.3 kHz can be considered the asymptotic approximation in practice.

The time dependency of the octave band energy attenuation coefficient ms is more clearly seen
when displayed as an attenuation of the sound pressure level in decibel as function of time. Like
Equation (2) for pure tones, the time-dependent octave-band attenuation of the sound pressure level
(SPL) due to air absorption is given by Equation (7).

6Lg(t) = Kmyr(t), (dB) @)

Examples of this relationship are calculated using Equation (5) and displayed in Figure 2 for the
four octave bands from 1 kHz to 8 kHz at the reference case of 20 °C and 50 % RH. It is seen that the
octave-band attenuation is not linear. For comparison are also shown the linear pure-tone attenuation
functions of the center frequency of the octave band and at the frequency one-third octave below the
octave band center frequency.

Air attenuation, dB
w
o

20

10

0 2 4 6 8

Time of sound propagation, s

Figure 2. Air attenuation at various frequencies as function of time of sound propagation (20 °C, 50
% RH). Full lines: Calculated for octave band with the summation method. Dashed lines: Pure-tone
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attenuation at center frequency of octave band. Dot-dot-dashed lines: Pure-tone attenuation at center
frequency of lower one-third octave band within the octave.

The results shown in Figure 2 show that the pure-tone attenuation of the octave center frequency
is a valid approximation for short times of propagation, or more precisely, up to attenuations around
15 dB. This confirms the information on upper limit for the approximation given in ISO 9613-1 [8]. It
is also seen that the pure-tone attenuation at a frequency one-third octave below the octave center
frequency is not a good approximation. However, this is the approximation used in the European
Norm for calculation of sound absorption in closed spaces, EN 12354-6 [11]. It must be concluded
that this method is not accurate.

Another suggested approximation for the octave band attenuation is given as a non-linear
formula in Annex E of ANSI 51.26 [9]. This approximation has been implemented and compared to
the octave band SPL attenuation calculated as function of time of propagation with Equation (5) and
N =9, see Figure 3. The approximation yields systematic too low attenuation for longer times of
propagation, and for the octave bands 2 kHz and 4 kHz the attenuation decreases after reaching a
maximum of around 18 dB. It must be concluded that this approximation cannot be used.
Wenmaekers et al. [13] also found that this approximation fails to estimate accurate decay curves for
octave bands.

60

N
o

2 kHz

N
o

Air attenuation, dB
w
o

iy
o

Time of sound propagation, s

Figure 3. Octave band air attenuation as function of time of sound propagation (20 °C, 50 % RH). Full
lines: Calculated for octave band with the summation method. Dashed lines: The approximation
method in ANSI 51.26 Annex E [9].

It appears that the problem of air absorption in octave bands is complicated, and none of the
approximations found in the literature can offer a valid solution to the problem. The best solution is
the summation method, but it is quite heavy in terms of calculations when applied to every single
time step in the impulse response.

3. Approximation using linearization

It is necessary to realize that the air attenuation in octave bands is not a linear function of
distance/time of propagation. Therefore, a linearization method is searched. It is suggested to
approximate the octave-band air attenuation by using the pure-tone attenuation of two different
frequencies, one frequency fi valid below a certain distance r«, and another frequency f2 valid at longer
distances.

The approximation has been tested for a wide range of temperatures and humidities and the
best results are obtained if fi is the exact center frequency of the octave band and f is the center
frequency of the lower one-third octave within the octave band, see Table I and Figure 4. The two
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pure-tone attenuation lines cross in a knee point, and the distance r« to the knee point is as in Eq. (3)
with ¢ = tx. From the information in ISO 9613-1 [8] (8.1.3) it could be expected that the knee point is
where the air attenuation is approximately 15 dB. A closer study has led to the criterion 0Lk = 14 dB
in the octave bands 1 kHz and above, and 6Lk = 6 dB in the 500 Hz octave band. Below 500 Hz a knee
point is not relevant because the air attenuation is very small and nearly linear.

Table 1. Octave band numbers, equivalent frequencies fi and f2, and the attenuation 6L at the knee
point.

Nominal center frequency, f;, Hz 63 125 250 500 1000 2000 4000 8000

Band number n 18 21 24 27 30 33 36 39
fi, Hz 63 126 251 501 1000 1995 3981 7943
f, Hz NA NA NA 398 794 1585 3162 6310
oL, dB NA NA NA 6 14 14 14 14
The distance of sound propagation to the knee point r« is calculated by Equation (8a):
0Ly
" Bmmey . ™ (8a)

The corresponding time f« of the knee point in the impulse response depends on the speed of
sound ¢ and the distance d from source to receiver. It is calculated by Equation (8b):

oL d

&%= 33a3emip) o © (%b)

The approximation for the attenuation of the sound pressure level in an octave band due to the
absorption in the air is calculated in the distance domain by Equation (9):

K m(f;) r(t), (dB) forr < n,
SLg(r) = )
K im(f)) nc+ m(f2) (r(®) — 1)}, (dB) forr = n,
where

OLs(r) is the octave-band attenuation of the sound pressure level due to air absorption as
function of the distance r, in decibels

m(fi)  is the energy attenuation coefficient at the frequency fi, in reciprocal meters

m(f2)  is the energy attenuation coefficient at the frequency f2, in reciprocal meters.

An example of the attenuation of the sound pressure level due to the absorption in the air is
shown in Figure 4 for the reference condition of temperature 20 °C and 50 % RH. The change of slope
is seen when the attenuation exceeds 14 dB. The example in Figure 4 could suggest a knee point lower
than 14 dB to minimize the difference between the approximation and the summation method.
However, after studying a wide range of temperature and humidity conditions, the choice of 14 dB
is the best compromise.
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Figure 4. Air attenuation in an octave band and approximation with the air attenuation of two specific
frequencies. The 4 kHz octave and (20 °C, 50 % RH) is used as example. Full line: Calculated for octave
band with the summation method. Dashed lines: Pure-tone attenuation of octave center frequency.
Dot-dashed line: Pure-tone attenuation at center frequency of lower one-third octave band within the
octave, shifted to go through the knee point at tx.

A significant change of the air attenuation is seen when the results for different atmospheric
conditions are compared in Figure 5. Two quite different examples are shown. In the first example
the temperature is 0 °C, RH 20 %, and the air attenuation is pronounced at 500 Hz and 1 kHz. The
knee point of the approximation is reached at or before 3 s (Figure 5a). The air attenuation at 500 Hz
is high enough to show a non-linear behavior like that at higher frequencies, but the knee point for
this frequency is at a lower value of attenuation, 6L« = 6 dB.

When the temperature is 20 °C and RH 80 % (Figure 5b), the nonlinear attenuation is pronounced
at 4 kHz and 8 kHz, but not so much at the lower frequencies.

60

Air attenuation, dB
w
o

10

Time of sound propagation, s Time of sound propagation, s
(a) (b)
Figure 5. Air attenuation in octave bands and approximation with the air attenuation of two specific
frequencies as in Figure 4. (a) Temperature 0 °C and 20 % RH. (b) Temperature 20 °C and 80 % RH.

4. Normalization of measurement results

4.1. Normalization of the impulse response

To facilitate the comparison of room acoustic measurements made under different atmospheric
conditions, the results should be normalized to the same conditions of temperature and relative
humidity. The ambient atmospheric pressure is assumed to be that of the International Standard
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10

Atmosphere at mean sea level, namely 101.325 kPa, the reference air temperature is 20 °C, and the
reference relative humidity is 50 % [20]. The accuracy of measured temperature and relative humidity
should be at least (+ 1 °C) and (= 3 % RH), respectively.

To illustrate the amount of correction needed for normalization of the impulse response, Figure
6 shows as an example the air attenuation as a function of time of propagation for dry air (20 °C, 30
% RH) and for the standard air condition (20 °C, 50 % RH). The correction that is needed for
normalization at a given octave band is the difference between the pair of curves. At 4 kHz the
correction exceeds 10 dB after 2 s.
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Figure 6. Air attenuation in octave bands at 20 °C and two different relative humidities. Full lines: 30
% RH. Dashed lines: 50 % RH.

The approximation using linearization is not suited to normalize the impulse response, because
it will cause some visible jumps at the knee points. Therefore, the summation method is applied. The
reverberation time and many other room acoustic parameters are derived from the integrated,
squared impulse response (the decay curve). This is the relative sound pressure level as a function of
time, where the time is relative to the arrival of the direct sound. However, every single contribution
to the impulse response can be considered a function of the path length of a sound travelling from
the source to the receiver along some reflection path. Then the time axis can be replaced by a distance
axis, and Eq. (2) yields the relation between time t and distance r. The distances of the sound paths
start at the sound source. The arrival times of each reflection can be replaced by the total length of
the reflection path. By this transfer from time domain to distance domain, the influence of the
temperature-dependent speed of sound is eliminated. This principle holds for squared impulse
response and the integrated squared impulse response (decay curve).

The fact that the speed of sound changes with the air temperature means that the time scale of
the impulse response is not the same at different temperatures. To overcome this problem, the
measured squared impulse response (or the decay curve) is converted to the distance domain before
doing the correction for air absorption. Thus, normalization goes in three steps.

STEP 1: In each octave band, the measured squared impulse response is converted to the distance
domain, where the distance r(t) is calculated from Eq. (3) using the speed of sound c at the
temperature during the measurement, calculated from Eq. (4).

STEP 2: Each sample of the impulse response is related to a distance r of sound propagation, and
it is corrected by subtraction of the air attenuation during the measurements and addition of the air
attenuation for the reference conditions, both in the distance r. The octave-band attenuations are
calculated using the summation method Eq. (5).

The correction that applies to the instantaneous octave-band sound pressure level of the squared
impulse response in the distance r is calculated using Equation (10).
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ALg(r) = 8Lg o(r) — 6Lg(r) (10)

where

OLs(r) is the octave-band attenuation at the distance r, Equation (7), at the temperature and
humidity during the measurement, in decibels,

OLso(r) is the octave-band attenuation at the distance r, Equation (7), at the reference temperature
and humidity, in decibels.

STEP 3: In each octave band, the corrected squared impulse response is converted back from the
distance domain to the time domain, where the time in the impulse response is t = (v — d)/co. The speed
of sound at the reference temperature is co and d is the distance from source to receiver (or 10 m if not
known).

The air pressure decreases with the altitude. However, the influence on the air attenuation is
very small for altitudes up to a few km. The standard reference pressure of 101,325 kPa at sea level is
assumed to be valid for practical applications of the normalization method.

4.2. Approximate normalization of reverberation time measurements

As an alternative to adjusting the entire impulse response, it is possible to do relatively simple
corrections of the reverberation time parameters EDT, T2 and T3 and normalize to standard
conditions. This is a simplified method that assumes nearly linear decay curves and applies
approximation for the air attenuation described in section 3.

Figure 7 shows a generic decay curve. The time is ¢ = 0 at the arrival of the direct sound, which
is when decay starts. For the EDT is needed the time #2, when the decay is 10 dB down. For T is
needed the times 1 and t3, when the decay is 5 dB and 25 dB down, respectively. Similarly, for T is
needed f1 and ts, when the decay is 5 dB and 35 dB down, respectively. The most challenging part of
the approximation method is to find the point where the decay curve is 5 dB down. This is done by
assuming a straight line for the first part of the decay curve; then t: is simply t. divided by two. In
Table 2 is shown how the various times can be derived from the measured reverberation time
parameters.

Relative SPL, dB

Time, t, s

d rn n I3 Iy Distance, r, m

Figure 7. Generic decay curve with times related to reverberation time parameters. Below is an
alternative axis for the distance of sound propagation.

Table 2. Times and levels on the decay curve, and their relation to reverberation parameters.

Time ¢, Level, dB Equation for £,

t -5 V2t

1

t, -10 EDT/6
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t .25 T, B3+t

t 35 T, 2+t

Since the speed of sound depends on the temperature, and the measurements can be made at
other temperatures than 20 °C, it is necessary to change from the time domain to distance domain
using Eq. (2). Generic decay curves before and after the normalization are displayed in the distance
domain in Figure 8. The decay drop Di is the same before and after the correction, but the distance r:
is changed to 7icorr.

Relative SPL, dB
AL,

Il e

d r; Ticorr Distance, r, m

Figure 8. Generic decay curve before the correction (full line) and after the correction (dotted line).
The distance axis is used instead of the time axis.

With the symbols in Figure 8, a geometrical analysis yields the equations (11) and (12).
Xi+ ALL = Di + ALO (11)

n—d — Ticorr — d
Xi D;

(12)

The correction term AL: is the difference between the octave-band attenuation at measurement
conditions and at standard conditions calculated with the approximation method, Equation (9) and
(10). Similarly, ALo is the correction term in the distance d. After the correction, the distance i is
changed to

Ticorr = Co ticorr +d (13)

where co is the speed of sound at standard conditions (343.2 m/s). Then the corrected time ticor is
calculated with Equation (14).
c Di
Licorr = Tt

(14)

This is applied for i = 1 through 4. Finally, the equations for calculating the normalized
reverberation times are:

EDTeorr = 6 2 corr (15a)
T20,corr = 3 (t3,c0rr - tl,corr) (16b)
T30,corr = 2 (t4,c0rr - tl,corr) (17¢)

The method described in this section considers the change of the speed of sound due to different
temperatures and the change of air attenuation due to temperature and relative humidity. It is noted
that the distance d from source to receiver should be known for accurate results at high frequencies.
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However, in some cases the distance can be neglected, namely when the distance to the knee point r«
(8a) is longer than any of the distances ri.

5. Example case

The reverberation time has been measured in the Oslo Opera auditorium several times during
2023. Particularly interesting in this context are the measurements made in February and in July,
because the air humidity was quite different. In July, the conditions were very close to the standard
atmosphere (20.0 °C, 52 % RH), and normalization of the results would not change anything. But in
February the relative humidity was much lower (20.6 °C, 31 % RH), and the normalization made a
significant difference at the high frequencies. A photo from the auditorium is seen in Figure 9. The
omni-directional sound source was just behind the orchestra pit and in front of the closed iron curtain.
Microphone positions were in several places, and the one selected for this context was at the side on
the second balcony. Source and microphone positions were the same on the two measurement days,
and the distance from source to receiver was approximately 15 m. However, the conditions in the
auditorium were not the same during the two measurements; the orchestra pit was open in February
but closed in July. This can explain some minor differences in the results.

Figure 9. Photo from the opera house during one of the measurements. (Photo: Erik Arvidsson).

The results of the measured and normalized reverberation times T20 and Ts from 1 kHz to 8 kHz
are presented in Figure 10. The full summation method was applied. At 4 kHz and 8 kHz there is a
significant difference between the measurement results at 52 % RH and 31 % RH. The measurements
at 52 % RH are shown without normalization, because this would make no difference. The measured
reverberation times are shorter when the air is dry, but using the normalization of the impulse
response brings the results from different atmospheric conditions very close. At 8 kHz is noted a
tendency to over-compensate for the air attenuation, especially for the T results. This will be
discussed later in section 6.
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Figure 10. Measured and normalized reverberation times in a position on the second balcony in the
opera house. The full summation method was applied for the normalization. (a) Reverberation time
T2. (b) Reverberation time Tso.

The approximate normalization method has also been applied to these measurements, see Table
3. The reverberation times measured at 31 % RH have been normalized to 50 % RH, and the
approximate method yields results that are nearly as good as the those obtained by normalization of
the impulse response with the summation method. The relative deviation from the reference results
obtained with 52 % RH are given in Table 4.

Table 3. Measured and normalized reverberation parameters in a position on the second balcony in

the opera.
Frequency (Hz)

Description RH (%) 1000 2000 4000 8000
EDT (s) Meas. 52 2,11 2,20 1,86 1,30
T2 (S) Meas. 52 2,14 2,05 1,95 1,27
T50 (s) Meas. 52 2,12 2,13 1,95 1,29
EDT (s) Meas. 31 2,08 2,03 1,67 1,10
T (S) Meas. 31 2,05 1,95 1,67 1,08
Ts0 (8) Meas. 31 2,04 1,98 1,72 1,08
EDT (s) Norm. 50 2,10 2,08 1,89 1,29
T2 (8) Norm. 50 2,05 2,05 1,92 1,33
Ts0 (8) Norm. 50 2,08 2,05 1,92 1,42
EDT (s) Approx. 50 2,09 2,12 1,98 1,67
T2 (s) Approx. 50 2,06 2,03 1,98 1,31
T50 (s) Approx. 50 2,05 2,06 1,98 1,34

Concerning the EDT results, the summation method applied for the normalization provides
good agreement with the reference measurements (up to +5 % deviation). But the approximation
method does not work so well; the results are over-compensated from -15 % deviation without
correction to +29 % with correction.

Looking at the results for T2, both methods provide good results (up to +5 % deviation). For the
T30 results, the approximation method works fine in all octave bands, whereas the summation
method over-compensates at 8 kHz (+10 % deviation with correction).
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Table 4. Relative deviation in percent of the reverberation time results in Table 3, using the
measurements at 52 % RH as a reference.

Frequency (Hz)
Description RH (%) 1000 2000 4000 8000

EDT Meas. 31 -1 -8 -10 -15

T20 Meas. 31 -4 -5 -14 -15

T30 Meas. 31 -4 -7 -12 -16
EDT Norm. 50 0 -5 2 -1

T2o Norm. 50 -4 0 -2 5

T30 Norm. 50 -2 -4 -2 10
EDT Approx. 50 -1 -4 6 29

T2 Approx. 50 -4 -1 1 3

T30 Approx. 50 -3 -3 2 4

The distances of sound propagation related to the approximation method are presented in Table
5 for the octave bands 1 kHz to 8 kHz. It is noted that at 8 kHz, the distance to the knee point is shorter
than 73 and r4, so T20 and T are both affected by the lower air attenuation beyond the knee point. At
4 kHz this only yields Tzo. At frequencies below 4 kHz the distance to the knee point is far longer than
any of the distances related to the reverberation parameters.

Table 5. Distances d, ri and r« for the octave bands 1 kHz to 8 kHz in the example case of 20.6 °C and

31 % RH.
f,Hz 1000 2000 4000 8000
d, m 15 15 15 15
r1, m 75 73 63 46
r2, M 134 131 111 78
73, M 309 296 254 170
4, M 425 413 358 232
7k, M 2832 1048 308 88

6. Discussion

The results from the case with measurements in the opera house points at some interesting
issues, especially related to the 8 kHz octave band. The adjustment for normalization of
measurements made in dry air, i.e. with very high air attenuation, tends to be too big, and this is best
seen in the Tz results. It seems that the actual air attenuation in the measurement is less than the
calculated air attenuation. This may be explained by the spectrum of the sound emitted by the sound
source.

The sound source applied for the measurements is the Odeon Omni [21], which covers a wide
frequency range. However, within the 8 kHz octave band the spectrum decreases towards the higher
frequencies, approximately by 3 dB from lower to higher edge frequency. This means that the
measurements have more weight on the lower frequencies within the octave band, and thus the
actual air attenuation is lower than assumed with the summation method calculations. If the default
distance of 10 m is applied instead of the actual distance from source to receiver, a similar effect can
be expected if the distance is very long, so the air attenuation has already shifted the spectrum before
the direct sound reaches the receiver. The problem is exaggerated by the fact that the air attenuation
is high at 8 kHz, and the correction is the difference between two big numbers, see also the example
in Figure 6.

On this background it is remarkable that the approximation method yields good results also at
8 kHz. Nevertheless, it seems like normalization of measurements in the 8 kHz octave band is not
reliable. In principle it might be possible to adapt the summation method to consider the actual
spectrum generated by the sound source, but in practice this is not realistic.
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In a big room with a high ceiling, the temperature is not the same over the entire volume.
Normally, the temperature is lower near the floor and higher under the ceiling. However, the
methods described in this paper assumes homogeneous atmospheric conditions. This means that a
perfectly correct method for normalization of acoustic measurements is not possible.

7. Conclusions

Reverberation time and other room acoustic parameters are influenced by air absorption,
especially at frequencies above 1 kHz. For pure tones, the air absorption is a complicated but known
function of the ambient temperature and relative humidity. However, room acoustic measurements
are normally made in octave bands, and the air absorption of sound in octave bands is not a linear
function of the distance of sound propagation. The air attenuation increases rapidly with increasing
frequency, and it is very high in the 8 kHz octave band.

The summation method is known from the literature, and it is found to be a realistic possibility
for correction of the impulse response, and thus normalizing the room acoustic parameters derived
from that. It is quite laborious but can provide accurate results. It assumes that the sound source has
a flat spectrum within each octave band.

For the reverberation time measurements, an alternative approximate method is proposed. The
attenuation as function of distance can be approximated by two linear attenuation curves, meeting in
a knee point. The knee point is defined as the distance of sound propagation where the pure-tone
attenuation at the center frequency of the octave band reaches 14 dB at 1 kHz and higher frequencies.
At longer distances after the knee point, the course of the air attenuation follows the pure tone
attenuation at a frequency one-third octave below the center frequency of the octave band.

Both for the summation method and the simplified linearization method it should be noted, that
in principle the distance between sound source and microphone should be known. Currently, it is
not a part of the usual practice to report this distance, so this yields a minor complication to practical
measurements. In most practical cases it may be sufficiently accurate to apply a default distance of
10 m.

It is shown that with the summation method it is possible to normalize room acoustic
measurements to the air attenuation of a standard atmosphere, at least in octave bands up to 4 kHz.
At 8 kHz the results become less reliable because of the influence of a non-flat spectrum of the sound
source.
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