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— Part 2: A general method of calculation

Annexes A, B, C, D, E and F of this part of SO 9613 are for information
only.

© I1SO 1993
All rights reserved. No part of this publication may be reproduced or utilized in any form or
by any means, electronic or mechanical, including photocopying and microfilm, without per-
mission in writing from the pubtisher.

International Organization for Standardization

Case Postale 56 ® CH-1211 Genéve 20 ¢ Switzerland

Printed in Switzerland



ISO 9613-1:1993(E)

Introduction

The aim of this International Standard is to specify methods of calculating
the attenuation of sound propagating outdoors in order to predict the level
of environmental noise at distant locations from various sound sources.
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Acoustics — Attenuation of sound during propagation

outdoors —

Part 1:

Calculation of the absorption of sound by the atmosphere

1 Scope

This part of 1ISO 9613 specifies an analytical method
of calculating the attenuation of sound as a result of
atmospheric absorption for a variety of meteorological
conditions when the sound from any source propa-
gates through the atmosphere outdoors.

For pure-tone sounds, attenuation due to atmospheric
absorption is specified in terms of an attenuation co-
efficient as a function of four variables: the frequency
of the sound, and the temperature, humidity and
pressure of the air. Computed attenuation coefficients
are provided in tabular form for ranges of the variables
commonly encountered in the prediction of outdoor
sound propagation:

— frequency from 50 Hz to 10 kHz,

— temperature from — 20 °C to + 50 °C,

— relative humidity from 10 % to 100 %, and
— pressure of 101,325 kPa (one atmosphere).

Formulae are also provided for wider ranges suitable
for particular uses, for example, at ultrasonic fre-

quencies for acoustical scale modelling, and at lower

pressures for propagation from high altitudes to the
ground.

For wideband sounds analysed by fractional-octave
band filters (e.g. one-third-octave band filters), a
method is specified for calculating the attenuation due
to atmospheric absorption from that specified for
pure-tone sounds at the midband frequencies. An al-
ternative spectrum-integration method is described in
annex D. The spectrum of the sound may be wide-

band with no significant discrete-frequency com-
ponents or it may be a combination of wideband and
discrete frequency sounds.

This part of ISO 9613 applies to an atmosphere with
uniform meteorological conditions. It may also be
used to determine adjustments to be applied to
measured sound pressure levels to account for dif-
ferences between atmospheric absorption losses un-
der different meteorological conditions. Extension of
the method to inhomogeneous atmospheres is con-
sidered in annex C, in particular to meteorological
conditions that vary with height above the ground.

This part of ISO 9613 accounts for the principal ab-
sorption mechanisms present in an atmosphere de-
void of significant fog or atmospheric pollutants. The
calculation of sound attenuation by mechanisms other
than atmospheric absorption, such as refraction or
ground reflection, is described in ISO 9613-2.

2 Normative references

The following standards contain provisions which,
through reference in this text, constitute provisions
of this part of ISO 9613. At the time of publication, the
editions indicated were valid. All standards are subject
to revision, and parties to agreeménts based on this
part of 1ISO 9613 are encouraged to investigate the
possibility of applying the most recent editions of the
standards indicated below. Members of |IEC and ISO
maintain registers of currently valid International
Standards.

ISO 2533:1975, Standard Atmosphere.

ISO 266:1975, Acoustics — Preferred frequencies for
measurements.
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[EC 225:1966, Octave, half-octave and third-octave
band filters intended for the analysis of sounds and
vibrations.

3 Symbols

f frequency of the sound, in hertz
fn midband frequency, in hertz

h molar concentration of water vapour, as a per-
centage

o reference ambient atmospheric pressure, in
kilopascals

D initial sound pressure amplitude, in pascals
p  sound pressure amplitude, in pascals

po  reference sound pressure amplitude (20 pPa)
p,  ambient atmospheric pressure, in kilopascals

s distance, in metres, through which the sound
propagates

T ambient atmospheric temperature, in kelvins
T, reference air temperature, in kelvins

o pure-tone sound attenuation coefficient, in deci-
bels per metre, for atmospheric absorption

NOTE 1  For convenience, in this part of SO 9613,
the shortened term "attenuation coefficient” will be
used for « in place of the full description.

8L, attenuation due to atmospheric absorption, in
decibels

4 Reference atmospheric conditions

4.1 Composition

Atmospheric absorption is sensitive to the compo-
sition of the air, particularly to the widely varying
concentration of water vapour. For clean, dry air at sea
level, the standard molar concentrations, or fractional
volumes of the three principal, normally fixed, con-
stituents of nitrogen, oxygen and carbon dioxide are:
0,780 84; 0,209 476; and 0,000 314, respectively
(taken from ISO 2533). For dry air, other minor trace
constituents, which have no significant influence on
atmospheric absorption, make up the remaining frac-
tion of 0,009 37. For atmospheric absorption calcu-
lations, the standard molar concentrations of the three
principal constituents of dry air may be assumed to
hold for altitudes up to at least 50 km above mean sea
level. However, the molar concentration of water va-
pour, which has a major influence on atmospheric
absorption, varies widely near the ground and by over
two orders of magnitude from sea level to 10 km.

4.2 Atmospheric pressure and temperature

For the purposes of this part of ISO 9613, the refer-
ence ambient atmospheric pressure, p,, is that of the
International Standard Atmosphere at mean sea level,
namely 101,325 kPa. The reference air temperature,
T, is 293,15 K (20 °C), i.e. the temperature at which
the most reliable data supporting this part of ISO 9613
were obtained.

5 Attenuation coefficients due to
atmospheric absorption for pure-tone
sounds

5.1 Basic expression for attenuation

As a pure-tone sound propagates through the atmos-
phere over a distance s, the sound pressure amplitude
p, decreases exponentially as a result of the atmos-
pheric absorption effects covered by this part of
ISO 9613 from its initial value p, in accordance with
the decay formula for plane sound waves in free
space

pe=p, exp(—0,115 1as) (M

NOTE 2 The term exp{- 0,115 1as) represents the base
e of Naperian logarithms raised to the exponent indicated
by the argument in parentheses and the constant
0,115 1 = 1/[10 Ige)].

5.2 Attenuation of sound pressure levels

The attenuation due to atmospheric absorption 8L(f),
in decibels, in the sound pressure level of a pure tone
with frequency f, from the initial level at s =0 to the
level at distance s, is given by

LN =10 Ig(p?/p?) dB =as )

6 Calculation procedure for pure-tone
attenuation coefficients

6.1 Variables

The acoustic and atmospheric variables, i.e. frequency
of the sound, ambient atmospheric temperature,
molar concentration of water vapour and ambient at-
mospheric pressure, are listed in clause 3, together
with their symbois and units.

NOTES

3 For a specific sample of moist air, the molar concen-
tration of water vapour is the ratio (expressed as a per-
centage) of the number of kilomoles (i.e. the number of
kilogram molecular weights) of water vapour to the sum of
the number of kilomoles of dry air and water vapour. By
Avogadro's law, the molar concentration of water vapour is
also the ratio of the partial pressure of water vapour to the
atmospheric pressure.



4 Molar concentrations of water vapour range from about
0.2% to 2% for commonly encountered meteorological
conditions at altitudes near mean sea level, but decrease to
well below 0,01 % at altitudes above 10 km.

6.2 Formulae

As described in annex A, the attenuation due to at-
mospheric absorption is a function of two relaxation
frequencies, f,o and £, the oxygen and nitrogen re-
laxation frequencies, respectively. Values of fo and
e in hertz, shall be calculated from

_Pa 4, 002+h
fo=% (24+4,04>< 10% 5o h J .3)
and
(T YY"
S N R
f;N— Pr (To) x

(e -arn[( )]

. (4)

The attenuation coefficient «, in decibels per metre,
for atmospheric absorption shall be calculated from

-1 1/2
_ -n(Pa) (T
a_s,assfuusmm (pr) (To) }L
T -5/2
(%)

-1

x {0,012 75 l:exp(;—z-—zi.§9'—1)] ﬁ0+[fi] +
0

-1

+0,106 8 [exp(w ﬂ in +{fi]
N

.(5)

Values for fo and f are taken from equations (3) and
(4).

In equations (3) to (5), p,=101,325kPa and
Ty = 293,15 K.

Equations (3) to (6) combine, in a condensed form
suitable for computations, formulae giving contri-
butions from the individual physical mechanisms de-
scribed in annex A.
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6.3 Computation of the attenuation
coefficient

Equations (3) to (b) are all that is needed to calculate
the pure-tone attenuation coefficient for atmospheric
absorption for selected values of the variables. Al-
though air temperature and air pressure data may not
be supplied in the units of measure given in
clause 3, conversion factors are readily available to
convert the given unit to kelvins or kilopascals re-
spectively. Humidity data, on the other hand, are
rarely supplied in terms of molar concentration of
water vapour. Annex B provides information on con-
version of humidity data that are supplied in terms of
relative humidity, dewpoint and other measures, to
corresponding values of molar concentration.

The means by which a real inhomogeneous atmos-
phere may be approximated by the uniform atmos-
phere assumed in the formulae of 6.2 are discussed
in annex C.

6.4 Tabular values of the attenuation
coefficient

For selected values of T, k and f at a pressure of one
standard atmosphere (101,325 kPa), table1 lists
pure-tone attenuation coefficients for atmospheric
absorption calculated by use of equations (3) to (5),
but using the unit “decibels per kilometre” for con-
venience in applications to sound propagation out-
doors over path lengths of the order of a few
kilometres. Tabular values are presented in scientific
notation to preserve accuracy at low frequencies. Us-
ers of table 1 should not interpolate between the en-
tries, or extrapolate beyond the table range, but
should use equations (3) to (5) to calculate the specific
pure-tone attenuation coefficients for desired con-
ditions.

NOTES

5 For convenience, the frequencies shown in table1 are
the preferred frequencies for one-third-octave band filters
{see 1SO 266 and JEC 225). However, the attenuation coef-
ficients in table 1 were calculated for the exact midband
frequencies f,,, in hertz, using the general expression ac-
cording to the base 10 system

fin= (1 000) (10%/10)% ..(6)

where 1 000 Hz is the exact reference frequency and b is
a rational fraction that serves as the bandwidth designator
for any fractional-octave band filter (e.g. with b= 1/3 for
one-third-octave band filters, and so on for other band-
widths). For table 1, index k is an integer from — 13 to + 10,
corresponding to preferred frequencies from 50 Hz to
10 kHz. For exact ultrasonic frequencies at one-third-
octave-band intervals from 10 kHz to 1 MHz, equation (6)
may be used with k ranging from + 10 to + 30.

6 Relative humidities given as column headings in table 1
are with respect to saturation over a surface of liquid water
at all temperatures; see annex B. The saturated vapour
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pressure was calculated from the formulae used to gener-
ate the International Meteorological Tablesl2l. See
annex B.

7 Accuracy of calculated pure-tone
attenuation coefficients for various

ranges of the variables

7.1 Accuracy of + 10 %

The accuracy of the calculated pure-tone attenuation
coefficients for atmospheric absorption is estimated
to be + 10% for variables within the following
ranges:

molar concentration of water vapour: 0,05 % to
5%

air temperature: 263,15 K to 323,15 K (- 20 °C to
+ 50 °C)

atmospheric pressure: less than 200 kPa (2 atm)

frequency-to-pressure ratio: 4 x 1074 Hz/Pa to
10 Hz/Pa (40 Hzfatm to 1 MHz/atm)

NOTE 7 Combinations of molar concentration of water
vapour and temperature which imply a relative humidity
greater than 100 % in 7.1 to 7.3 are excluded from the cor-
responding accuracy estimates.

7.2 Accuracy of + 20 %

The accuracy of the calculated pure-tone attenuation
coefficients for atmospheric absorption is estimated
to be + 20 % for variables within the following
ranges:

molar concentration of water vapour: 0,005 % to
0,05 %, and greater than 5 %

air temperature: 253,15 K to 323,156 K (-20 °C to
+50 °C)

atmospheric pressure: less than 200 kPa (2 atm)

frequency-to-pressure ratio: 4 x 107% Hz/Pa to
10 Hz/Pa

7.3 Accuracy of + 50 %

The accuracy of the calculated pure-tone attenuation
coefficients due to atmospheric absorption is esti-
mated to be + 50 % for variables within the following
ranges, which include environmental conditions en-
countered at altitudes up to 10 km:

molar concentration of water vapour: less than
0,005 %

air temperature: greater than 200 K (- 73 °C)
atmospheric pressure: less than 200 kPa (2 atm)

frequency-to-pressure ratio: 4 x 1074 Hz/Pa to
10 Hz/Pa

8 Calculation of attenuation by
atmospheric absorption for wideband
sound analysed by fractional-octave-band
filters

8.1 Description of the general problem and
calculation methods

8.1.1 Previous clauses of this part of ISO 9613 have
considered the effects of atmospheric absorption on
the reduction in the level of a pure tone during
propagation through the atmosphere. In practice,
however, the spectrum of most sounds covers a wide
range of frequencies, and spectral analysis is normally
performed by fractional-octave-band filters that yield
sound pressure levels in frequency bands.
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Table 1T — Pure-tone atmospheric-absorption attenuation coefficients, in decibels per kilometre, at an air
pressure of one standard atmosphere (101,325 kPa)

{a) Air temperature: —20 °C
,f.’;':.’,’,‘;l Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 589x 107" | 500x107" | 418x1077 | 285%107 | 211x1077 | 1,68x10°" | 1,42x107" | 1,26x107" | 114x 107" | 1,05 %1077 | 992x 1072
63 7.56x 107" | 704x 107" | 602x107" | 421 %107 | 308x107" | 241x10°" | 200x107" | 1,73x 107" | 155x 107" | 1.42x10°" | 1,33 x 107"
80 924x107" | 935x107" | 846 x 107" | 6,19x10"" | 455x 107" | 352x 107" | 286x 107" | 243x10°" | 214x 107" | 194 x 107" | 1,79 % 167"
100 1,08 1,18 1,15 9,02x10™" | 675x107! | 521x107" | 419x107" | 350x 10" | 308x10°' | 2,69x107" | 245x 107"
125 1,20 1,43 1,49 1,28 998x107" | 776x107" | 6,22x 107! | 514x 107" | 439x10°' | 3,84 x 107" | 344x 107"
160 130 1,64 1,83 1,77 145 1,18 9,30x 107" | 766x107" | 648x 107" | 561 %107 | 496x 107"
200 1,37 1,82 2,15 2,33 2,06 1,70 1,39 1,15 970x 107" | 834 x 107" | 731 <107’
250 1,43 1,95 2,42 2,93 2,83 2,46 2,06 1,73 1,46 1.26 1.09
315 1,46 2,05 2,63 3,49 3,70 343 3.00 2,57 2,20 1,90 1,65
400 1,49 2,12 2,79 3,99 4,60 4,59 4,23 374 327 2,85 2,50
500 1,52 2,17 2,91 4,38 5,45 5,86 5,72 5,29 4,76 4,23 376
630 1.55 2,22 3,00 4,68 6.17 7.10 7.39 7,19 671 6,13 5,55
800 1,59 2,27 3,08 4,92 6,75 8,22 9,07 9,31 9,09 8,60 7,98
1000 1.65 2,34 3,16 5,11 72.21 9,14 1,06 x 10 1,15x 10 1,17x 10 1,16x 10 1,11 x10
1250 1,74 2,43 327 5,28 7,57 9,88 1,19x 10 1,35 x 10 144 x 10 1.48x 10 147 x 10
1600 1,88 2,58 342 5,48 7,90 1,05 10 1.30% 10 1,52% 10 1,69x 10 1,80 10 1,86 x 10
2000 2,10 2,80 3,65 5,73 8,24 1,10 x 10 1.39% 10 1,68x 10 1,90 x 10 2,10% 10 2,24x10
2 500 2,44 3,15 4,00 6,10 8,66 1,16 x 10 1,47 x 10 1,78 x 10 2,08 x 10 235x 10 2,58 x 10
3150 2,99 3,69 455 6.66 9,26 1,23x 10 1,55 % 10 1,90 x 10 2,24x 10 2,57x 10 2.88x 10
4000 3,86 4,56 5,42 7.54 1.02x 10 1,32x 10 1,66 x 10 2,02x 10 2,40x 10 2,78 x 10 3,14x 10
5 000 5.24 5.94 6,80 8,92 1,16 x 10 1,46 x 10 1,81x 10 2,19x10 2,59 10 3,00x 10 341x10
6300 7.42 8,12 898 1,11%x10 1,38 x 10 1,69 x 10 2,04 x 10 2,42%10 283x 10 327x10 3,71 %10
8000 1.09x 10 1,16 x 10 1.24 x 10 1.46 x 10 1,72x 10 2,03 x 10 2,39 x 10 2,78 x 10 320x 10 365x 10 411x10
10 000 1,64 x 10 1,71x10 1,79% 10 2,01 x 10 2,27 x 10 2,58 x 10 2,94 x 10 333x10 376x 10 4,22 x10 4,70% 10
(b} Air temperature: —15 °C
frrvforred Relative humidity, %
Hz 10 15 20 30 a0 50 80 70 80 90 100
50 §73x107" | 425x 107" | 3211077 | 212x1077 | 1.64x107" | 1,39x 107" | 1,24x107" | 1,14x107" | 1.07x107" | 1,02x10°" | 9.88x 1072
63 793x107" | 618x 107 | 472x107" | 3.05x107" | 228x10°" | 1,88x107" | 1,66x107" | 1,562x 107" | 142x10"' | 1,35x 10" | 1,30x 107!
80 1.06 885x 107" | 693x107" | 4,46x107" | 324x 107" | 260x 107" | 2,24x 107" | 202x 107" | 1.87x107" | 1,77x107" | 1,70x 107"
100 1,34 1,23 1,01 660x107" | 471%x107" | 368x107" | 3.08x107" | 271 %107 | 248x 107" | 232 x107! | 221x 107!
125 1,62 1,66 1,44 9,79x107" | 895x 107" | 532x107" | 4356x107! | 374x 107 | 334x107' | 3,08x10”' | 2.89x 107!
160 1.88 2,11 1,99 1,45 1.04 786x107" | 630x107" | 531x107" | 464x10°" | 4,18x10"" | 3.86x 107"
200 2,08 2,57 2,63 2,10 1,55 117 932x107" | 7,72x107" | 663x10°? | 587 x107! | 532x 107"
250 2,24 2,99 332 2,97 2,30 1,76 1.40 1,18 973x107' | 847x107" | 7.56x 107"
315 2,35 3,33 398 4,05 334 2,64 211 1,73 1,45 1,25 1,10
400 2,43 3,59 4,56 5,27 473 3,89 317 2,61 219 1,88 1,85
500 2,50 378 5,03 6,52 6,43 5,61 4,70 393 3.32 2.85 2,49
630 2,55 393 539 7.67 835 7.8t 6,83 5,85 5,01 4,33 378
800 2,61 4,05 5,66 8,65 1,03 x 10 1,04 x 10 9,62 8,53 7,46 6,53 5,74
1000 2,67 4,15 5,87 9,44 1,21 x 10 132x 10 1,30 x 10 1,21x 10 1.09x 10 9,69 8,63
1250 2,77 4,28 6,07 101 x10 137x 10 1,60 x 10 1,67 x 10 1,63 % 10 153 x 10 1,40 x 10 1,28 10
1600 2,92 4,44 6,28 1,06 x 10 1.49x 10 1,84 x 10 2,05x 10 2,11 %10 2,07 x 10 197 x 10 1,83x 10
2 000 3,14 4,67 6.54 1,10x 10 1,59 x 10 2,05 x 10 2,39x 10 2,60 x 10 267x 10 264 %10 254 x 10
2 500 349 503 692 1,15x 10 1,68 x 10 2,22x 10 2,69 x 10 3,05x 10 3,27x 10 337x10 337x10
3150 4,04 5,59 7.49 1.22x 10 1,78 x 10 2,37x10 2,95 x 10 3,45x 10 3,84 x 10 4,10x 10 4,25%10
4000 4,92 6,47 838 131x10 1.89x 10 2,52 x 10 318x 10 379%10 434x10 478x 10 511x 10
5 000 6,31 7,86 9,78 1.46x 10 2,04 x 10 2,71x 10 3,41 %10 4,12x10 4,79 x 10 5,40 x 10 591 x 10
6300 8,52 1,01 %10 1,20x 10 1,68x 10 2,27x 10 2,96 x 10 370x 10 4,47 x 10 5,24 x 10 598 x 10 6,65 10
8000 1,20 10 1,36 x 10 1,55x 10 2,03x 10 263x 10 332x 10 4,09x 10 4,90 x 10 574x10 | 658x10 7.39% 10
10 000 1,75x 10 1,91 %10 2,10x 10 259x 10 3,19x10 389x 10 4,67 x 10 5,51 x 10 6,40 x 10 7.30x 10 821x10
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(c) Air temperature: —10 °C

m';: Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 482x10" | 3.25%x 107" | 245%x 107" | 1,74x 107" | 1,46x10°" | 1,31 x10" | 1,21x1077 | 1,13x107" | 1.06x 107" | 1.00x107" | 946x 1072
63 700x10" | 475%x10°" | 380x107" | 238%x 107! | 1.95x 107" | 1.74x107" | 1.61x 107 | 1.52x10"? | 1.45x 107" | 1.38x 10" | 1.32x 107!
80 999x10" | 687x107" | 509%x107" § 332x 107" | 261 x107" | 2.28x 107" | 210x 107" | 1,99x 107" | 1.91x107" | 1,84 x10"" | 1,79x 107"
100 1,39 1,02 7491071 | 472x107" | 357x107! | 3.02x107 | 273x107" | 257x107) | 246x 107! | 239x 107 | 2.33x 107!
125 1,86 1,48 1.1 688x107" | 501 %107 | 409x10" | 360x107" | 332x107 | 315x107" | 304x 107" | 297x 107!
160 2,38 2,10 1,63 1,02 721x10°" | 569x10°" | 485x107" | 436x 107" | 406x10" | 388x107" | 376107’
200 2,89 2,87 2,37 1,52 1,06 816x107" | 876x10°' | 591x107" | 537x107" | 503x 107" | 4,80x 10"
250 3,36 3,76 3,35 2,27 1,58 1,20 9,69x 107" | 826x107" | 734x 107" | 672x 10" | 6,29x10”"
315 374 4,86 4,56 335 2,38 1,79 143 1,19 1,04 928x10"' | 853x10°"
400 4,03 5,51 5,93 486 3,57 2,70 2,13 1,76 151 1,33 1,20
500 4,24 6,24 7.32 6,82 5,30 4,07 3,23 2,65 2,24 1,95 173
630 4,41 6,82 8,61 9,20 7,70 6,10 4,89 4,01 3,38 2,92 2,57
800 4,53 7,26 9,7 1.18x 10 1,08x 10 899 7.36 6,09 5,14 4,43 3.88
1000 4,65 7.60 1,06 x 10 1,44 x 10 1.46 x 10 1,29x 10 1,09x 10 9,19 7,82 6,75 5,91
1250 478 7.87 1,13x 10 1,68 x 10 1.88x 10 1,79 10 158 x 10 137 x 10 1.18x 10 1.03x 10 9,02
1600 4,94 8,14 1,18x 10 1,88% 10 2,30% 10 2,36 10 2,21 %10 1,98x 10 1,75x 10 1,55 x 10 1.37x 10
2 000 5,18 8,44 1.23x 10 2,05x 10 2,68 x 10 2,97 x 10 2,96 x 10 2,78 x 10 2,54 % 10 2,29 x 10 2,06 10
2500 5,54 8.85 1,28x 10 2,18x 10 3,01 %10 3,56 x 10 378x10 374x10 355x 10 329x10 3,02x 10
3150 6,11 9,44 1,35x 10 2,31x10 329x 10 4,09x 10 4,59 % 10 479x 10 4,75 10 457 %10 431x10
4000 7,00 1,03x 10 145 x 10 2,44 % 10 354x 10 4,55x 10 5,35 x 10 5,85 x 10 6,07 x 10 6,06 x 10 5,90 x 10
5 000 8,40 1,18x 10 159 x 10 2,61x 10 379x 10 497x10 6,02 x 10 6,84 x 10 7.39% 10 7,67 x 10 7.74x 10
6300 1,06 x 10 1,40 x 10 1,82x 10 2,86 % 10 4,08x 10 538x 10 6,64 x 10 7,75x 10 B.64 x 10 9,28 x 10 9.67x 10
8 000 1,42 x 10 1,75x% 10 2,47x10 3,22x10 4,48 x 10 586 x 10 7.27x 10 8,62 x 10 9,82 x 10 1,08x10° | 1,16x 10
10 000 1,97 x 10 231x 10 2,73x 10 3,79x 10 5,07 x 10 651 x 10 8,02 x 10 9,54 x 10 1,10 x 10° 1.23x10° | 1.35x10?
{d} Air temperature: -5 °C
m’;‘; Relative humidity, %
Hz 10 15 20 30 40 50 80 70 80 90 100
50 376x107' | 256x 107" | 205x10°" } 1,64%x10°" | 1,45%107" | 1.31x107" | 1,20x107" | 101 %1077 | 1,02x10°" | 945x 107 { 8,78 % 10°?
83 547x107" | 3.61x107" | 279%x1077 | 216x107' } 1,92x107' | 1,77x107" | 1,66x107" | 1.65x 107" | 1.46x 107" | 1,37x107" | 1,20x 107!
80 801x107" | 518x107" | 387x107" | 285x10" | 249x10°" | 232x 107" | 2,20x107" | 210x10°" § 201x10°" | 1,92x107" | 1.83x 107"
100 1,17 755x10" | 549x10" | 381x107" | 323%x 107" | 298x107" | 284x107" | 275x107" | 267x107" | 259x 10! | 251x 107’
125 1,89 1.1 796x 107" | 5.22x1077 | 423x10°" | 381x107 | 361x107" | 350x107" | 343x 107" | 337x 107" | 3.30x 107!
160 2,38 1,65 117 736x 107" | 568x107" | 493x107" | 458x 107" | 440x 107" | 431x10" | 425%x 107" | 421 x 107"
200 3,23 2,42 1,75 1,07 786x107" | 656x107" | 591x107" | 557x107"' | 539x10"' | 530x10"' | 525x 107"
250 4,20 3,49 2,60 1,58 1,12 903x10"' | 72.85x10°" | 7.20x 107! | 683x107' | 662x10"' | 6.51x107!
315 5,19 4,87 3,83 2.36 1,65 1,28 1,08 961x107" | 889x10" | 845x 107" | 818X 10™
400 6.10 6,53 5,53 3,565 2,46 1,87 1,54 1,33 1,20 1.1 1,06
500 6,87 8,34 7.72 5,31 37N 2,80 2,25 1,90 1.68 1,52 1,42
630 7.48 1,01 %10 1,03x 10 7,83 5,61 4,22 3,36 2,80 2,43 2,18 1,97
800 7.94 1,17 x 10 1.32x10 1,13x10 8,42 6.40 5,09 4,20 3,59 3.16 2,84
1000 829 1,31 x 10 1.60 x 10 1,57 x 10 1,24 x 10 9,68 7,74 6,38 5,42 4,72 4,20
1250 8,58 1.41x10 1,86 x 10 2,08 x 10 1,79 x 10 1,45 x 10 117x10 9,73 8,25 7,16 6,33
1600 8.85 1.49x10 2,07x 10 2,64 x 10 2,49 x 10 212x10 1,76 x 10 1,48 x 10 1,26 x 10 1,09 x 10 9,65
2 000 9,16 1.56 x 10 2,24 %10 3,18x 10 3,32x10 301 x 10 2,60 x 10 2,22 x 10 1.91x 10 1.67 x 10 1,48 x 10
2500 9,57 1,63x 10 2,38x 10 3,66 x 10 421 %10 411x10 372x10 328x 10 2,88x 10 2,54 x 10 2,25 % 10
3150 1,02 x 10 1,71 x10 2,50 x 10 4,07 x 10 5,08 x 10 5,35 x 10 5,13 x 10 4,70 x 10 4,23x10 3,79x 10 3,41x10
4 000 1,1 x10 1,81 x 10 2,64 x 10 4,42 x 10 5,87 x 10 6,64 x 10 B.77x 10 6,50 x 10 6,05x 10 5,55 x 10 5,07 x 10
5 000 1,25 x 10 1,96 x 10 2,81 x 10 4,75x 10 6,57 x 10 7,87 x 10 B51x10 8,60 x 10 8,33 x 10 7.88 x 10 7.36x 10
6 300 1,48 x 10 2,19x 10 3,06x 10 5,10 x 10 7.21x 10 9,00 10 1,02 x 10° 1,08 x 10° 1,10 x 10 1,07x102 | 1,03x10?
8 000 1.83x 10 2,55 x i0 343x 10 5,54 x 10 7,86 x 10 1,00x 107 | 1,18x10? 1,31x10° | 138x102 | 1.40x10® | 139x10
10 000 2,40 x 10 3,11 x 10 4,00 x 10 6,16 x 10 8,62 x 10 1,11 x 10? 1,34 x 10° 1,52 x 10? 1,66 x 107 1,74x10° § 1,79x 102




ISO 9613-1:1993(E)

{s) Air temperature: 0 °C

m’;‘; Relative humidity, %

Hz 10 15 20 30 40 50 60 70 80 90 100

50 302x107" | 226x107" | 1,95x 1077 | 1.65x 107" | 1,44x 107" | 1,28x10°" | 1,14x107" | 1,08x 107" | 928x 102 | 846x 1072 | 7,77 x 1072
63 4,24x107" | 302%x107" | 286x 107" | 2,19x 107" [ 1,98x 107" | 1.81x107" | 1,65x107" | 1511077 | 138x10°"' | 1,27%x107" | 1,18x 107"
80 607x107" | 411x107" | 337x107" | 2,84 x 107" | 263x107" | 246x 107" | 2,30x107" | 215%x107" | 201x10°" | 1,87x107" | 1,75x 107"
100 884x10" | 573x107" | 449x 107! | 364x 107" | 338x10°' | 323x10' | 3.09x107! | 296x107" | 281x10°" | 267x10" | 253x 107!
125 1,30 818x 107" | 6,14x 107" | 4,69x107" | 427x107" | 411 10°" | 401 %107 | 390x107" | 379x 107" | 367x107' | 354x107!
160 1.92 1,19 865x 107" | 6,16x 107" | 541x10°" | 514x107" | 504x107" | 498x 107" | 491x 107" | 4,83 x 107" | 4,74% 107"
200 2,80 1,77 1,25 835x107" | 696x107' | 644x 107" | 626x107" | 619x107) | 616x 107" | 6.14x10"' | 8.10x 107"
250 4,00 2,63 1,85 117 922x10°" | B21x107" | 7,79x107' | 7.63x107! | 759x 107! | 760x107! | 7.61x 107
315 5,53 391 2,76 1,69 1,27 1,08 992x107"' | 951x107" | 934x107" | 930x107" | 9,32x 107’
400 7.33 571 4,14 2,49 1,80 1,47 1,30 1,21 1,17 1,15 1,14
500 9,25 814 6,16 3,73 2,63 2,08 1,78 1,61 1,51 1,45 1,42
630 1,11 %10 1,12x10 9,03 5,63 393 3,03 2,52 2.2 2,02 1,90 1,82
800 1,27 x 10 1,47 x 10 1,.29% 10 8,49 5,93 4,52 368 3,16 2,82 2,59 2,43
1000 1,40 x 10 1.83x 10 1,77x 10 127 x 10 9,00 683 5,50 4,64 4,06 3,66 337

1 250 1,51 x 10 2,18x 10 233x 10 1,86 x 10 1,36 x 10 1,04 x 10 8,32 6,96 6,01 5,34 4,85
1600 1,59 x 10 2,48 x 10 2,91% 10 264 x 10 2,03x 10 1,58 x 10 1,27 x 10 1,06 x 10 9,07 7,98 7,16
2000 1,66 10 2,72x 10 346 x 10 3,60x 10 2,98 x 10 2,38x 10 1,93x 10 1,61 x 10 1,38x 10 121 x 10 1,08 x 10
2500 1,72x 10 2,92 x 10 3,95 x 10 4,70 x 10 4,23x10 353 x10 2,92 x 10 2,46 x 10 2,11x 10 1,85x 10 1,65 x 10
3150 1,80x 10 3,09x 10 4,36 % 10 5,82 x 10 5,77 x 10 5,09 x 10 4,35 x 10 3,73x10 323x10 283x 10 2,52x10
4000 1,90 % 10 3,26 % 10 4,70 10 690 x 10 7.52 x 10 7,10 x 10 6,33 x 10 5,55 x 10 4,88 x 10 432x10 3,86 x 10
5 000 2,05x 10 3,45x 10 5,03 x 10 7,86 % 10 9,34 x 10 9,48 x 10 8,90 x 10 8,07 x 10 7,25x 10 6,51x 10 5,87 x 10
8 300 2,28x 10 3,71x 10 5,37 x 10 B71x 10 1,11 %102 1,21 x 10 1,20 x 102 1,13 x 102 1,05 x 102 9,61x 10 8,80 x 10
8 000 2,64 x 10 4,09 %10 581 x 10 9,52 x 10 1,27 x 10? 1,47 x 10 1,54 x 107 1.53 x 107 1,47 x 10° 1,38 x 107 1,29% 10?
10 000 3.22x10 4,67 x 10 643 x 10 1,04 x 10° 1,42 %102 1,72x 10° 1,90 x 10? 1,98 x 10° 1,97 x 107 191 <10 | 1,83x10?

{f} Alr temperature: 5 *C

m’;‘; Relative humidity, %

Hz 10 15 20 30 40 50 60 70 80 90 100

50 2688x 107" | 220%x107 | 1.97x10°" | 1.84x107' | 1.38x107" | 1,18x10°" | 1,03x 107" | 909%x107? | 812x10°2 | 7.33x10°% | 667x1072
63 359x107" | 288x107" | 261x107" | 227x107" | 1,99x107" | 1,75x 107" | 1,55 x 107" | 1,38x 107" | 1,24x 107! | 1,13 x 10 | 1,03x 107"
80 488x107" | 375x10"' | 337x107" | 3.03x107" | 276x 107" | 250x 107" | 2.27x 107" | 206x 107" | 188x 107" | 1.72x107" | 1,88x 107"
100 680x107" | 482x1077 | 431x10° | 391 %107 | 369x107! | 3.45x 1077 | 3.21x107" | 298%107 | 276x 107} | 256 % 107" | 2,38x 107!
125 971 x107" | 881x107" | 554x10"" | 493x107" | 474x 107" | 458x107" | 4,38x10"" | 416x107' | 393x 107" | 3,71 x107! | 3.49x 107}
1860 1,42 9,14x107" | 729x107" | 617x107" | 594x107" | 585x 107" | 5,74x107" | 558x 107" | 639x 107" | 5,18x 107" | 496x 107"
200 2,09 1.30 988x 107" | 7.81x107" | 735x 107" | 7.27x 107" | 7.26x 107" | 720x107 | 710x 107" | 6,96 %107 | 6,78x 107}
250 an 1,90 1,38 1,01 915x10°" | 892x107" | 892x107" | 897x107' | 898x 107" | 896x107" | 888x 107"
315 4,58 2,82 2,00 1,36 1,16 1,10 1,09 1,09 1,10 111 1,12
400 6,64 4,23 2,95 1,90 1,53 1,39 1,34 1,33 1.34 1,35 1,37
500 934 632 4,42 2,74 2,10 1.82 1.69 1,64 1,63 1,64 1,66
630 1,26 x 10 9,34 6,66 4,04 2,97 2,47 2,22 2,09 2,03 2,01 2,01
800 1,63x 10 1,35 % 10 9,99 8,06 4,34 3,49 3,03 2,76 2,61 2,53 2,49
1000 2,00 x 10 1,89 x 10 1,48 x 10 9,18 6,48 5,08 4,29 3,80 350 33 3,20
1250 234x10 2,54 x 10 2,15 x 10 1,39% 10 9,81 7,58 6,26 5,43 4,89 4,52 4,27
1600 2,62 x 10 3,26 x 10 3,01 x 10 2,09x 10 1,49 x 10 1,15 10 9,35 7.99 7.06 8.42 5.95

2 000 2,85x 10 3,96x 10 4,06 % 10 3,09x 10 2,27x10 1,75x% 10 1,42x 10 1,20 x 10 1.05x 10 9,39 8,58
2500 3,04x 10 461 x10 519 x 10 4.46x 10 341x10 2,66 x 10 2,17x 10 1,82 x 10 1,58 x 10 1,41 % 10 1,27x 10
3150 3,19x 10 5,16 x 10 6,32x 10 8,20% 10 5,04 x 10 4,03x10 331x10 2,79x 10 2,42 x 10 2,14x 10 1,92 x 10
4000 335x 10 562 x 10 737x 10 826x 10 725 x 10 6,02 x 10 5,02 x 10 4,27 x10 37010 327x10 2,94 x 10
5 000 354x 10 6.02x 10 8268x10 1,05x 10 | 1,01x10° 878x 10 7.52x 10 6.48x 10 5,66 x 10 5,02 x 10 4,51 %10
& 300 3.80x% 10 6.43x10 9,09% 10 1,27x10° | 1,33x10° | 1,24x10° | 1,10x10° 9,70 x 10 8,58 x 10 7,66 x 10 8,91 x 10
8 000 4,18x 10 691x10 9.87x 10 147x 107 | 1,69x10° 168x10° | 156x10? 1,42 x 10° 128x102 | 1,16x10? | 1,05x10°
10 000 4,77 x 10 757 x 10 1,07 x 10° 1,67 x 107 2,05 x 107 218x10° | 214 x 10 2,01 x 10° 1,86 x 107 1,72 x 10 1,58 x 10°




ISO 9613-1:1993(E)

(9) Alr temperature: 10 °C

:""'.'1:: Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 262x10"" | 224x107" | 1.97x107" | 155%x 107" | 1,26x 107" | 1.05x10°" | 901 %1072 | 785x 107> | 696x10°? | 624107 | 565x 107°
63 3,42x10°" | 298x107" | 271 %107 | 225x10°" | 1.88x107" | 1,60x107" | 1,39x107" | 1,22x107" | 1,08x10°"' ] 975x10°? | 885x 1072
80 445107 | 385x107" | 359x10™" | 316x107" | 274x 107" | 2,39x10" | 2,10x107" | 1,86x 107" | 1,67x107" | 1,561 x 107" | 1,38x 107"
100 585x10°" | 490x10" | 4681 x107" | 425x10°" | 386x 107" | 347x10°7" | 311x107" | 280x 107" | 254%x107" | 231107 | 2,12% 107
125 7.88x10"" | 623x107" | 579x107" | 551x107" | 522x 107" | 488 x 10" | 447x107" | 411x 107" | 378x10°! | 348x107" | 322x 107"
160 1,09 B06x 10" | 725x107" | 892x107" | 678x10°" | 653x107° | 620x107' | 584x 107" | 547x107" | 512x 107" | 4,79x 107’
200 1,56 1,07 919x107" | 852x10"" | 849x 107" | 843x 10" | 825x107" | 797x 107" | 764x107' | 7.28x 107 | 6.92x 107
250 2,29 1,48 1,20 1,05 1,04 1,05 1,05 1,04 1,02 996x107" | 9,63x 107"
315 3,39 2,11 1,62 131 1.27 .28 1,30 1.31 1.31 1,30 1,29
400 5,06 3,08 2,26 1,70 1,56 1,55 1,57 1,60 1.63 1,64 1.65
500 7,52 4,59 327 2,28 1,98 1,90 1,90 193 197 2,00 2,03
630 1,10 x 10 6,89 4,84 3,17 2,60 2,39 2,32 2,33 2,36 2,40 2,45
800 1,57 x 10 1,04 x 10 7.27 4,58 356 313 2,94 2,87 2,86 2,89 2,93
1000 2,16 x 10 1,54 x 10 1,10x 10 6,77 5,07 4,26 3,86 3,66 357 354 355
1250 2,84 x 10 2,26 x 10 1,66 x 10 1.02x 10 7.42 6,04 5,29 4,86 4,62 4,48 4,42
1 600 355x 10 321x10 2,47x 10 1,55 x 10 1,11 %10 8,83 7.52 6.73 623 5,92 5,72
2 000 423 x 10 438x10 362x 10 235x 10 1.68x 10 1,32x 10 1,10x 10 9,66 8,76 8,14 7.71
2 500 483 x10 572x 10 514x 10 354x 10 257 10 2,00x 10 1,65 x 10 1,43 %10 1,27x10 1,18 x 10 1,08 10
3150 532x10 7,10x 10 7,02x% 10 527x 10 391x10 3,06 x 10 2,51 x 10 2,15 %10 1,90 x 10 1,71 %10 1,67 % 10
4000 573x 10 8,40 x 10 9,15 x 10 7.66 x 10 5,90 x 10 487 x10 3,84 x 10 3,28 x 10 2,87 %10 2,57 x 10 2,35x 10
5000 610 x 10 9,56 x 10 1,13 x 10° 1,08 x 107 875x 10 7,08 x 10 5,88 x 10 5,02 x 10 4,39 % 10 392x10 356x 10
6 300 6,48 x 10 1,06 x 10? 1,35 x 107 1,45 x 107 1,27 x 10? 1,06 x 10? 8,94 x 10 769 x 10 8,74 x 10 6.01 x 10 544 x 10
8 000 694 x 10 115%10° | 154x107 | 1.87x10% | 1,77x10° | 155x 10 | 1.34x10° 1,17x 102 | 1,03x 10? 9,24 x 10 837x10
10 000 759 % 10 1,25%x10° | 1,72x10* | 2,30x10? 237x10% | 220x10° 1,97 x 10 1,75 x 10° 1,57 x 10° 1,41 x 10° 1,28 x 10°
(h} Alr temperature: 15 °C
m"w“‘ Relative humidity, %
Hz 10 15 20 a0 40 50 60 70 80 90 100
50 268x107" | 224x107" | 1,890x107" | 1,41x107" | 1.11x107" | 914x10°% | 7.74x107? | 670x 1077 | 591 x 1072 | 528x 1072 | 477x107?
63 353x107" | 310x10°" | 272x10°" | 212x10°" | 1,71%x107" | 1.42x10°" | 1.21x107" | 1.05x 107! | 927x10°2 | 831 x10°? | 752x 1072
80 454x107" | 413x107" | 378x10°" | 311x107" | 257x107" | 247x10°" | 1.87x 107" | 1.63x 107" | 1.45x 107" | 1,30% 107" | 1,18x 107’
100 577x10°" | 531x107" | 504x107) | 441x107" | 378x107" | 326x10°" | 285x107" | 251x 107" | 224 x 107! | 202x10" | 1,.84x 107!
125 7,35x107" | 667x107" | 647x107" | 601 x10" | 539x 107" | 479x 107" | 426x 107" | 381x 107" | 343x 107" | 312x107" | 2,85%x 107!
160 956x10"" | 828x10"" | 806x10" | 7.86x107" | 7.40x 107" | 681 x 107" | 621x107" | 565x 107" | 516x 107" | 473x 107" | 4,36x 107"
200 1,28 1,04 991x107" | 9.89%107" | 973x107" | 930x107" | 874x107" | 815x107" | 7.57x107" | 704x 107" | 655x 107
250 1,78 1,33 1,22 1,21 1,23 1,22 1.18 113 1,07 1,02 9,59 x 107"
315 2,56 1,77 1,54 1,47 1,50 1563 1.53 1,51 1,47 1,41 1,36
400 3,74 2,44 2,00 1,79 1,81 1,87 1.91 1,92 1.9 1,89 1,85
500 5,58 3,49 2,70 2,23 2,18 2,24 2,31 2,36 2,40 2,41 2,41
630 8,36 5,11 3.80 2,89 2,68 2,69 2,75 2,84 2,91 2,97 3,01
800 1,25x10 7.63 5,50 3,89 3,41 329 3,31 3,38 348 357 3,65
1000 1,84 x 10 1,15x 10 817 5,45 4,51 4,16 4,08 4,08 4,15 4,25 435
1250 2,65x 10 1,74 x 10 1,23 10 7.90 6,22 5,49 5,17 5.05 5,05 511 5,20
1600 369x 10 2,60 x 10 1,86 x 10 1.17x10 8,90 7.55 6,86 6,51 635 6,30 6,32
2 000 493x10 3,83 x 10 2,82 x 10 1,77 x 10 1,31 x 10 1,08 x 10 9,50 8,75 8,31 8,07 7,95
2 500 6.25x 10 5,48 x 10 422%10 269x10 1.97x10 1,69 10 1,36 x 10 1,22% 10 1,14x 10 1,08x 10 1,04 <10
3150 7,55 x 10 7,57 10 6,21 % 10 4,10x 10 299x 10 2,38x 10 201 x10 1,77x 10 1,61x10 1,50 x 10 1,43% 10
4 000 873x10 9,99 % 10 8,88 x 10 8,20 x 10 4,57 x 10 362x 10 303 x10 2,64 x 10 237x 10 2,17 x 10 2,03x 10
5 000 9,74 x 10 1,26x 10° 1,22 % 10? 9,24 x 10 697 x 10 5,54 x 10 462 x10 399%10 3.55x 10 322x10 2,98 % 10
6 300 1,06 x 102 151 x 102 1,61 x 10° 1,35 x 102 1,05 x 107 847 x 10 7.08 x 10 811x10 540 x 10 4,87 x 10 4,47 x 10
8 000 1,14 x 107 1,74 x 10? 2,02 x 102 1,90 x 102 1,56 x 102 1,29 x 10° 1.08 x 10 9,37 x 10 828x 10 746 x 10 6,81 x 10
10 000 1,23 x10° 1,95 10° 2,42 x 10 2,57 x 107 2,26 x 10° 1,92 x 10° 1,65 x 10° 1,44 x 10° 1,27 x 102 1,15 x 10 1,05 x 10°




ISO 9613-1:1993(E)

{i) Air temperature: 20 °C

Preferred

frequency Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 80 100
50 2701077 | 214%107" | 1,74%x1077 | 1,256%107 | 965x107 | 784x1072 | 660x1072 | 570x 102 | 501 x 1072 | 447x 1072 | 4,03x 1072
63 370x107" | 310x107" | 260x107 | 1.92x107" | 1,50x 107" | 1,23x107" | 1,04 %10 | 897x10°2 | 7.90x 1072 | 7.06x 10" | 6,37x 1072
80 487x107" | 432x107" | 377x107" | 290x107" | 231x107" | 1.91x10°" | 1.62x107" | 1.41x10°" | 1,24%x1077 | 1,11 x10°7 | 1,00x 107"
100 622x10" | 579x107" | 529x107" | 429x107! | 351x107" | 294x10"' | 252x1077 | 220x107! | 1.94x 10" | 1,78x 10! | 1,88x 107!
125 776x107" | 746x1077 | 712x107" | 645x107" | 521 x 107" | 445x107" | 388x 10" | 339x107" | 302x 107" | 272x 10" | 2.47x 107
160 965x107" | 931107 | 919x107" | 849x107"' | 752x107" | 660x 107" | 582x107" | 518x107" | 465x 107" | 421 x 10" | 3,84x 107"
200 1,22 1,14 1,14 1,12 1.05 950x10™" | 858x107" | 7,76x 107" | 7.05x 10" | 6,44x 107 | 591 x 107
250 1,58 1,39 1,39 142 1,39 1,32 1.23 1,13 1,04 966x107" | 895x10"
315 2,12 1,74 1,69 175 1,78 1.75 1.68 1.60 1,50 1.41 1,33
400 2,95 2,23 2,08 2,10 2,19 2,23 2,21 2,16 2,08 2,00 1,90
500 425 2,97 2,60 2,52 2,63 2,73 2,79 2,80 2.77 2N 2,63
630 626 4,12 339 3,06 3,13 327 340 348 3,52 352 349
800 9,36 5,92 4,62 384 3,77 3,89 4,05 4,19 4,31 439 443
1000 141 %10 8,72 6,53 5,01 4,65 4,66 4,80 4,98 5,15 5,30 542
1250 211x%10 1,31 x 10 9,53 6.81 5,97 5,75 5,78 5,92 810 6,29 648
1600 313x10 1,98 x 10 1,42x 10 9,63 8,00 7.37 717 7,18 7.31 7.48 7.68
2000 453 x 10 2,99 x 10 2,15x 10 141x 10 1.12x10 9,86 9,25 9,02 8,98 9,06 9,21
2500 6,35 x 10 4,48x10 326x 10 2,10x 10 1,61x10 1,37 x 10 1,25 10 1,18x 10 1,15 % 10 1,13x 10 1,13x10
3150 8,54 x 10 6,62 x 10 4,94 x 10 318x 10 239 x10 1,98 x 10 1,75 x 10 1,81 %10 1,53 x 10 1,48 x 10 1,45 x 10
4000 1,09 x 10 9,51 x 10 7.41%10 485x 10 361x10 2,94 x 10 2,54 x 10 2,29 x 10 2.13x 10 202x 10 1.94x10
5 000 1,33x 10 1,32 x 10 1,09 % 10 7.39x 10 551 x 10 4,44 x 10 379x 10 336x 10 3.06x 10 2,86 x 10 271x10
8300 156 x 102 1,75x10° | 1,56x 107 1,12 % 10° 842x 10 878 x 10 5,74 x 10 5,04 x 10 454 x 10 4,18x 10 391 x10
8 000 1,75 x 10° 2,21 x 10° 2,15 % 10 1,66 x 10? 1,28 x 10? 1,04 x 102 B,78 x 10 7.66 x 10 6,86 x 10 826 x 10 581 x 10
10 000 1.93 x 10? 2,67 x 10° 2,84 x 107 242 x10° 1.84 x 10° 1,59 x 10° 1,35 x 10° 1,18 x 10° 1,05 x 10° 953x 10 879x10

() Air temperature: 25 °C

retored Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 262x107" | 1,97x107" | 156x107" | 1,00x107" | 830%102 | 6711072 | 563x10? | 485x 1072 | 426x10°% | 379x1072 | 342x 1072
63 374x107" | 295x107" | 238x 107! | 1.69x107" | 1,30x107 | 1,08x 10! | 888x10°2 | 7656x10°2 | 673x 1072 | 68,00x10°2 | 541x10°?
80 515x107" | 429x107" | 357x107" | 261 %107 | 208x107" | 1.66x 107" | 1.40x10°"' | 1,21x107" | 1.06x 107" | 948x 1072 | 856x 1072
100 681x107" | 604x10" | 523x107" | 397x10°" | 314x107" | 258x 107" | 219x10°" | 1,90x10°" | 1.67x107" | 1,49x10" | 1,35%x 107"
125 867x107' | 816x107" | 7.40x 107" | 591 x10°" | 479x107" | 399x 107" | 3.40x10°" | 296x 107" | 262x107" | 236x 10" | 2,13x 107!
160 1,07 1,06 1.01 856x107" | 717x107" | 608x107" | 6526x10°" | 460x107" | 408x107" | 367x107"' | 333x 107"
200 1,31 1,32 1,31 1,20 1,05 9.09x107" | 797x107" | 706x 107" | 631x107' | 570x107' | 620% 107"
250 1,61 1,60 1,84 1,60 1,47 1,32 1,18 1,06 963x10"' | 876 x10°" | 803x10""
315 2,02 1,83 1,99 2,05 1,99 1.86 .71 1.57 144 1.32 1,22
400 2,63 2,35 2,38 253 2,57 2,51 2,38 2,24 2,10 1,86 1,83
500 356 2,92 2,86 3,04 3,19 3,23 318 3,08 2,95 2,80 2,66
630 5,00 378 3,50 361 384 4,00 4,08 4,05 397 388 373
800 7,24 5,09 4,44 4,31 4,55 4,80 499 5,09 5,12 5,00 5,02
1000 1,07x 10 7,13 5,87 527 5,39 5,68 5,96 6,19 6,35 644 6,47
1250 1,61x 10 1,03 x 10 8,09 6,68 6,52 6,73 7.04 7,35 7.62 7.84 8,00
1600 2,43x 10 1,53 % 10 1,16x 10 8,85 8,16 8,14 8,36 8,68 9,01 933 9,61
2000 366 x 10 230%10 1,70 10 1,22x 10 1,07 x 10 1,02 %10 1,02 10 1,04 x 10 1,07 x 10 1,10% 10 1,14 x 10
2 500 542 x 10 349 x10 2,55 x 10 1,75x 10 1.45 x 10 1,33x10 1,28x%x 10 1,28 x 10 1,29%x 10 1.32x 10 1,35 %10
3150 7,86 x 10 5,29 x 10 3,86 10 2,58 10 2,06 x 10 181 x 10 1,69 10 1,63x 10 1,62 x 10 1,62 x 10 1,64 x 10
4000 1,10 x 10? 7.94 x 10 5,88 x 10 388x 10 3.0t x10 257 %10 2,32x10 219x 10 2,11x10 2,08x 10 2,06 x 10
5000 149x10% | 1,17 <10 891 x 10 5,90 x 10 4,50 x 10 3,76 x 10 332x 10 3,05x 10 2,88x 10 2,77x 10 271 %10
6 300 1,91 x 102 1,68 x 10° 1,33 % 102 9,00 x 10 683 x10 5,62 x 10 4,88 x 10 4,41 %10 4,08x 10 386x 10 371x10
8 000 233x10° 2,32 x10° 1,96 x 107 1,37 x 102 1,04 x 10° 8,54 x 10 7,34% 10 6,54 x 10 5,98 % 10 558 x 10 5,28 x 10
10 000 2,74 x 10 3,08 x 10° 279x10° | 2,07x10° 1,60 x 10° 1.31 x 10° 112x10% 9,89 x 10 8,96 x 10 828x 10 7,76 x 10




ISO 9613-1:1993(E)

{k} Alr temperature: 30 °C

fr-q' "'m“""’ Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 245x 107" | 1,77x1077 | 1,37x 107" | 939x10°2 | 7.13x107% | 574x10°2 | 4.81x 1072 | 4,14x107% | 363x 1072 | 323x1072 | 2,92 x 1072
63 362x 107" | 270x107" | 212x 1077 | 1.47x107" | 1.12x1077 | 807x10°2 | 7.60x 1072 | 654x10°2 | 574x1072 | 512x102 | 462x 1072
80 521107 | 406x107" | 326x10"" | 230x10™" | 1,76x 107" | 1.43x107" | 1,20x10"" | 1,03x10™" | 9.08x10°2 | 810x10°2 | 7,31 x 1072
100 721x107) | 595%x 107" | 492x10" | 356x107' | 276% 107" | 224x10°" | 1.89x10°' | 1.63x 107" | 1.43x107" | 1,28x107" | 1,16x 107"
125 958x 107" | 845x 107" | 726x 107" | 543x10°' | 428x10°! | 351107 | 296x 107" | 256x10°" | 226 x10°" | 2,02x10"" | 1.82x 10"
160 1,22 1,15 1,03 815x107" | 655x107" | 543x107" | 462x10°' | 402x10°" | 355x 10" | 318x 10" | 2.88x 107"
200 1,51 1,50 1,42 1,19 987x107" | 832x107" | 715x107! | 625x10' | 555x 10" | 498x 107" | 4.52x 107!
250 1,82 1,88 1,87 1,68 1,45 1,25 1,09 963x107" | B6Ox10"" | 775x 107" | 7,05x 107"
315 2,20 2,28 2,35 2,28 2,07 1,84 163 1,46 1,32 1,20 1,09
400 2,69 2,73 2,86 2,95 2,83 2,61 2,38 217 1,98 1,82 1.67
500 3,40 3,26 341 367 3,70 357 3,36 314 2,91 2,7 2,52
630 4,48 3,96 4,04 441 4,63 4,66 455 4,36 4,14 3,92 3,70
800 6,10 4,98 4,85 5,21 5,60 5,82 5,88 5,81 5,66 5,47 5,25
1000 8,67 6,52 6,00 6,15 6,63 7,03 7,29 7.41 7,41 7,32 7,17
1250 1,27x 10 8,91 7.72 7.39 7.80 831 8,75 8,08 9,28 9,37 9,37
1800 1,89 x 10 126 x 10 1,04 x 10 9,17 9,30 9,78 1,03 x 10 1,08 x 10 1,12x10 1.15x 10 1,17 x 10
2 000 2,85x 10 1.85x 10 1,45 x 10 1,18 10 1,14 x 10 1,17 x 10 1,22 x 10 1,27 x 10 1,33x 10 1,38 % 10 1,42 x 10
2 500 431x10 2,76 x 10 2,10x 10 1.60 x 10 1,46 x 10 1,43%10 1,46 x 10 1,51x10 1,57 x 10 1.63x%10 1,68 x 10
3150 6,48x 10 418x10 3,12x 10 2,25x% 10 1,94 x 10 1,83%10 1,81 x 10 1,83 x 10 1,88 x 10 1,93x 10 1,99 x 10
4000 9,60 % 10 6.35x 10 4,71x10 327%10 2,70x 10 2,45x 10 23410 2,31x10 2,31 x10 2,35 10 2,40 x 10
5 000 1,39 x 10 9,62 x 10 7,16 10 487 x10 3.90x 10 341x10 316x10 3,03x 10 2,97 x 10 2,96 x 10 297 %10
6300 1,84 x 10 1,44 x 10 1,09 x 10° 737x10 577 x 10 4,93% 10 4,44 x 10 4,16 x 10 398x 10 3,89x 10 384x10
8 000 260x 107 | 2,11 x10? 1,65 x 10° 1,13 x 10 8,71x10 7,31x10 6,47 x 10 5,93 x 10 5,57 x 10 5,33 x 10 518 x 10
10 000 332x10° | 301x10° | 246x10° | 1,72x10? | 1.33x10° | 1.31x10? 9,65 x 10 B.71x 10 8,07 x 10 7.61x 10 7.28x 10
() Alr temperature: 35 ‘C
mm Relative humidity, %
Hz 10 15 20 30 40 50 60 20 80 90 100
50 222x1077 | 1,56x 107" | 1,09x1077 | 810x107 | 8,13x1072 | 493x10°% | 412x10°2 | 354x107% | 311x10% | 277x10°2 | 2.50x 1072
63 337x107" | 242x107' | 1.87x107" | 1.28x107" | 968x1072 | 780x10°? | 652x10°2 | 561x10°% | 492x10°%? | 439x10°% | 3,96x 1072
80 501x107" | 371x107" | 291x 10" | 201 %x10°" | 1.53%x 107" | 1,23x10°" | 1.03x107" | 888x10°% | 7,79% 107 | 695x10°2 | 627 x 1072
100 725x107" ] 560x 107" | 447x107" | 314 x107" | 240x 107! | 1.94x 107" | 163x107" | 1.40x107! | 1,.23x107" | 1,10x 107! | 9.92x 1072
125 1,01 826x107" | 678x1077 | 486x107' | 376x107" | 305x107" | 257x 107" | 221x107" | 1.95x 107" | 1,74x107" | 1,57 x 107"
160 135 1,18 1,00 746 %107 | 5841077 | 478107 | 403x 107" | 349x107" | 3,07x107" | 274x107" | 2.48x 107"
200 1,73 1,62 1,45 112 898x107" | 7.42x107" | 630x107" | 547x107" | 4,83x107" | 432x107' | 3.91x 107!
250 2,13 213 2,00 1.65 1,36 1,14 9,77x10"! | B53x 107" | 7.56x 107" | 6,78x 107" | 814 x 107"
315 2,56 2,69 2,66 2,36 2,01 1,73 1,50 132 117 1,06 9,62 x 107"
400 3,05 327 3,37 3,23 2,89 2,55 2,26 2,01 1.81 1.64 1,49
500 3,66 3,88 412 4,22 4,00 366 3,32 3.01 2,73 2,50 2,30
630 4,52 4,59 4,90 5,30 5,29 5,05 472 4,38 4,05 3,74 3,47
800 5,78 5,48 5,76 6,40 6,69 6.67 6,46 6.15 5,81 5,47 5,14
1000 .71 6.74 6,82 7.55 8,15 843 8,45 8,30 8,03 7.7 7,37
1250 1,07 x 10 8,61 8,28 B85 9,65 1,03 x 10 1,08 x 10 1,07 x 10 1,06 x 10 1,04 x 10 1,02% 10
1 600 1,54 x 10 1.15x 10 1.04 x 10 1.05x 10 1.13x10 1.21x 10 128 x 10 1.32x 10 1,35 x 10 1,35 x 10 1.35x 10
2 000 2,28 x 10 1,60 % 10 1,37 x 10 1,28x 10 1,34 x 10 1,42 x 10 1,51 x 10 1,59 x 10 1,64 x 10 1,68 x 10 171 x 10
2500 342x 10 2,31 x10 1,88 x 10 1.62x 10 1,61 x10 1,68 x 10 1,78 x 10 1,87 x 10 1,95 % 10 2,02x10 2,08 x 10
3150 5,18 x 10 341 x10 2,68x 10 2,15x 10 2,02x 10 2,04 x 10 2,11 x 10 2,20 x 10 2,30 x 10 2,40x 10 2,48 x 10
4000 7.83x 10 5,13 x 10 3,93%10 2,97x10 2,65% 10 257x 10 258x 10 2,66 x 10 2,74 x 10 2,83x 10 293 x 10
5 000 1,18 x 10? 7,80 x 10 5,90 x 10 4,26x 10 3,63 x 10 338x 10 329x 10 3,29 x 10 3,34 x 10 342x 10 351 %10
6300 1,73 x 10° 1,19 x 10° B.95x 10 6,28 x 10 51710 464 %10 437x10 4,26 x 10 423x10 425x 10 431 x10
8 000 2,49 x 10 1,79 x 10? 1,36 x 10° 9,45x 10 7.59x 10 862x 10 6,07 x 10 5,77 x 10 5.60 x 10 5,52 x 10 5,50 x 10
10 000 345x 10 2,67 x 107 2,07 x 10 144 x 10° 1,14 x 10? 973x 10 874x 10 8,13x 10 774 %10 749 % 10 7.34 x 10
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1SO 9613-1:1993(E)

{m)} Air tempersture: 40 °C
iroql "'“'m Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 1,98x10°" | 1,36x10°" | 1.04x107" | 7.00x10°2 | 520x 1072 | 425x 1072 | 355x10°2 | 305102 | 288x 102 | 239x 102 | 2,15x 1072
63 306x107 | 214%x107" | 1,63x 107" | 1,11 x1077 | 836x10°2 | 6,72x 1072 | 562x1072 | 483x 1072 | 424x 1072 | 378x10°2 | 3.41x10°2
80 466x107" | 3,32x107" | 256x 107" | 1,74 x10°" | 1.32x107" | 1.06x 107" | 890x102 | 7.66x10°% | 6,72x10°? | 599x 1072 | 540x 102
100 695x 107" | 511 %107 | 398x 107" | 274x107" | 2,08x107" | 1.68x107" | 141x107" | 1,21 %10 | 1,06x107' | 948x 1072 | 856x 1072
125 1,01 7.74%x107" | 615% 107" | 429x 107" | 328x107 | 266x107" | 222x107" | 1,92x107" | 1,68x107 | 1,50x 10" | 1.35x 107!
160 1,42 1,15 935x 107" | 667x107" | 514x107" | 417x107" | 351x107" | 3,02x107" | 266x 107" | 237x107" | 2,14x 107"
200 1,91 1,65 1,39 1,03 800x107" | 653x107" | 651x107" | 476x10°" | 419x1077 | 375x 107" | 3,39x 107!
250 2,45 2,28 2,02 155 1.23 1,02 863x107" | 748x10" | 860x 10" | 590x 10" | 534x 10"’
315 3,03 3,03 2,82 2,30 1.88 1,57 134 117 1,03 927x107" | 840x10"
400 363 3,84 3,77 3,30 2,79 2,38 2,06 1,81 1,61 1,45 1,32
500 4,28 4,68 4,82 4,56 4,04 3,54 3,12 2,77 248 225 2,05
630 5,08 5,56 5,92 6.02 5,64 5,12 481 4,16 3,77 344 3,16
800 6,14 6,51 7,04 7.61 7.53 7.3 6.62 6.10 5,62 5,19 4,80
1000 7,68 7.68 8,25 9,24 9,62 9,52 9,14 8,66 8,14 7.62 7.14
1250 1,00x 10 9,28 9,68 1,09x 10 1,18x 10 1,21 %10 1,21 x 10 1,18 x 10 1,14 x 10 1,08x 10 1,03x 10
1600 1,36x 10 1,16x 10 1,18 x 10 1,28x 10 1,40% 10 1,49 x 10 1,53 x 10 1,54 x 10 1,52 x 10 1,48x 10 1,44 x 10
2 000 1,93x 10 1,52 x 10 1,43x 10 1,50 x 10 1,64 x 10 1,77 x 10 1,86 x 10 1,92 x 10 1.94 x 10 1.84x 10 1,93 x 10
2 500 2,82x 10 2,08 x 10 1,84 x 10 1,80 x 10 1,92 x 10 2,07x 10 2,20 10 231x10 2,39% 10 2,44 %10 2,46 x 10
3150 4,21 %10 2,95x 10 2,49 x 10 2,25x 10 2,30 x 10 2,44 x 10 2,59 x 10 2,73x10 2,85 10 2,96 10 303x10
4000 8,36 x 10 432x10 350% 10 293x 10 285x% 10 292x10 3,06 10 321x10 337x10 351x 10 363x10
5000 9,64 x 10 647 x 10 5,08 x 10 3,99x 10 368x 10 3,63x 10 371x10 384%10 3,99%10 4,15x 10 430x 10
6300 1,46 x 10° 8.79% 10 7,56 x 10 5,66 x 10 497 x10 472x10 4,67 x 10 4,72x10 4,83x10 497x10 513x10
8000 2,17 x 10 1,48 x 10° 1,14 x 107 828x 10 6,99 x 10 6,40 x 10 6,14 x 10 6,06 x 10 6,07 x 10 6,15x 10 6,27 x 10
10 000 3,18 x 10 2,26 x 10° 1,74 x 107 1,24 x 10° 1,02 x 10? 9,04 x 10 843x 10 8,10x 10 7,95 x 10 791x 10 7.94 x 10
(n) Alr tempersture: 45 °C
,"'"‘"‘; Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 1,75x 1077 | 1,19x107" | 902x107% | 6,07x 1072 | 4,58x10°% | 368x 1072 | 307x1072 | 264x10? | 232x 1072 | 207x10°% | 1,86x107?
63 273%x107" | 1,87x107" | 142x 107" | 960x10°2 | 7.25x10°2 | 582x 1072 | 4,87x1072 | 4,18x10°? | 367x 1072 | 327x 1072 | 295x 1072
80 422x107" | 294x107" | 224x107" | 152x107" | 1,15x107" | 922x1072 | 771 %107 | 6.63x10°? | 582x107% | 518x10°% | 4,68x 1072
100 644 x 107" | 457x107" | 352x107" | 239x10°7 | 1.81x107" | 146x107" | 1,22x10°" | 1,05x107! | 921x107? | 821x 1072 | 7,41 x 1072
125 965x107" | 705x107" | 548x 107" | 377x10°" | 2.86x 107" | 230x107" | 1.93x 1077 | 1.66% 107! | 1.46x 107! | 1.30x 107" | 1,17x 107!
160 1,41 1,07 848x 107" | 590x107" | 450x107" | 364x107" | 305x107" | 263x107" | 231x107" | 206x107" | 1,86x 107"
200 1,98 1,59 1,29 9,18x10°" | 7,06x107" | 573x 107" | 481 x107" | 415x 107! | 365x 107" | 326x 107" | 2,94x 10’
250 2,68 2,30 1,93 1.4% 110 898x10°" | 757x107" | 654x10°" | 676x 107! | 514x107" | 465x 10"’
315 3,47 3,21 2,82 215 1,70 1,40 1,19 1,03 006x107" | 811 x107" | 7.34x107’
400 4,30 4,28 3,96 319 2,59 2,16 1,85 1,61 142 1,27 1,15
500 5,15 5,46 5,34 4,61 3,88 3,29 2,84 2,49 2,22 1,99 1,81
630 6,05 6,68 6,87 842 5,65 4,92 4,32 3,83 343 310 2,82
800 7.09 7.92 847 8,55 7,93 7.16 6,42 5,78 5,23 4,76 4,36
1000 845 9,25 1,01 x 10 1,09x 10 1,07 x 10 1,00 x 10 9,27 8,61 7,82 7.20 6,65
1250 1,04 x 10 1.08 x 10 1,18 x 10 1,33x 10 138 x 10 1.35x 10 1,29x 10 1,22 x 10 1,14 x 10 1,06 x 10 9,94
1600 1,33x 10 1,29x 10 1,38 10 157 x 10 1,70 x 10 1,74 x 10 1,72x 10 1,67 x 10 1,60 x 10 152x 10 145 % 10
2000 1,78x 10 1,59 10 1,63x 10 1,84 % 10 202x 10 2,14 x10 2,19x 10 2,19% 10 2,16 % 10 210x 10 2,03x 10
2500 248x 10 2,05x 10 1,99 x 10 215x 10 237x 10 2,56 x 10 2,69x 10 2,76 x 10 2,79 x 10 2,78x 10 2,74 x 10
3150 356x 10 2,75% 10 2,52x10 2,56 10 277%10 3,00 %10 320x 10 335x10 345x 10 352x 10 354 x 10
4000 530 10 3.86x 10 3.35x% 10 315x 10 329x10 3,52 x 10 3,75x 10 397x10 4,15x10 4,29 x 10 4,33 x 10
5000 7.98x 10 5,60 x 10 4,65x 10 4,06 x 10 4,03 x 10 4,20 x 10 4,43 x 10 4,67 x 10 4,90 x 10 511x 10 529 x 10
6300 1,21 x 10? 832x10 6,69 10 546 x 10 5,15 x 10 5,17 x 10 5,33 x 10 5,56 x 10 5,80 x 10 6.05x 10 628 x 10
8 000 183x10° | 1,26x10 9,89x 10 7,66 x 10 6,88 x 10 6,65 % 10 6,66 x 10 6,80 % 10 7,00 x 10 7.24x 10 7.48x 10
10 000 276x10° | 1,91 %102 | 1,49x10? 1,11 x 10% 9,60 x 10 8,94 %10 8,68 x 10 8,65x 10 8,74 x 10 891x 10 9,12x 10
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ISO 9613-1:1993(E)

(p) Air temperature: 50 °C
lnql ul IOMVI‘. Relative humidity, %
Hz 10 15 20 30 40 50 60 70 80 90 100
50 154x10" | 1,0ax107" | 786x10°% | 528x1072 | 3881072 | 319x10°% | 267x1072 | 230x 1072 | 2,02x102 | 1,80x 1072 | 1,62x 1072
63 242x107" | 1.64x 107" | 1.24x107" | 836x10°2 | 630x 1072 | 508x10°2 | 423x10°2 | 3.64x10°2 | 3,19x1072 | 285x1072 | 257x 1072
80 377x107" | 259x 107" | 1.96x107" | 1,32x 107" | 998x1072 | 8,02x102% | 671x1072 | 577x10°? | 506x 107 | 451x 1072 | 4,07x 1072
100 584 x 107" | 405x107" | 3.09x107" | 2090x10°" | 1.58x 10" } 1,27x107" | 1.06x 107" | 913x10°? | 802x10°? | 715x 107 | 6,46x 1072
125 893x10°" | 632x10°" | 485x10°" | 33010 | 250x 107" | 201 x107" | 1.68x 107! | 1.45x 1077 | 1.27x 107! | 1.13x 107" | 1.02x 107}
160 1,34 975x 10" | 757x107" | 519x10°" | 384x 107" | 3.18x 107" | 266x 107" | 229x 107" | 201 %1077 | 1,79%x 107" | 1,62x 107"
200 1,96 1.49 1,17 B814x10" | 621%107' | 501x107" | 420x10°7 | 362x 107" | 318x107" | 284x10°" | 256x 107
250 2,78 2,22 1,79 1,27 974x107"' | 7.89x10" | 663x107" | 5,72x 107" | 503x 107" | 449x 10" | 406x 107"
315 378 3.22 2,69 1.96 1,52 1,24 1,04 902x107" | 794x107" | 709x107" | 6.41x 107"
400 4,90 451 3,93 2,98 2,35 1,93 1,64 1,42 1.25 112 1.0
500 6,09 6.05 5,55 4,44 3.60 2,99 2,55 2,22 1,96 1,76 159
630 7.30 2,75 7.53 6.45 5,39 4,57 3,94 345 3,06 2.76 2,50
800 8,565 9,51 9,75 9,02 7,89 6,85 5,99 5,30 4,74 4,29 391
1000 995 1.13x 10 1.21x 10 1.21x 10 1.11x 10 1.00x 10 8,94 8,03 7,25 6,60 6,05
1250 1,17 x 10 1,32 % 10 1.44 x 10 1,55 x 10 151x 10 141x 10 1,30 x 10 1,19 % 10 1,09x 10 1,00% 10 9,24
1 600 1.42x 10 1,53 x 10 1.69x 10 1,90 x 10 1,96 x 10 1,91x 10 1,82 x 10 1,71% 10 1,59 10 1,49x 10 1,39 % 10
2 000 1.79 x 10 1.81x 10 1,96 % 10 2,26 x 10 243x10 248x 10 2,44 x 10 2,36x 10 2,25x 10 2,14 x 10 2,03x 10
2500 2,36 x 10 2,20 x 10 230 10 2,63 x 10 2,91x 10 3.07x10 313x10 3,12x 10 3,06 x 10 2,97 x 10 287x 10
3150 3,25x 10 279 %10 2,78 x 10 3,07x10 341x10 368x 10 3,86 x 10 3,95x 10 398x 10 3,96 x 10 3,89x 10
4000 4,64 x 10 371x10 349x 10 3.63x 10 39810 432x10 4,61 x 10 4,82 % 10 4,96x 10 5,04 x 10 5,06 x 10
5 000 6,82 x 10 5,14 x 10 4,58 x 10 4,44 x 10 4,71%10 5,06 x 10 5,42 x 10 5,73 x 10 5,99 x 10 6,18 x 10 6,32x 10
6 300 1,02 x 10? 7,39 % 10 8.29x 10 5.66 x 10 573x 10 6.02x 10 6,39 x 10 6,76 x 10 7.10% 10 7.40% 10 7,65 x 10
8 000 1,65x 107 | 1,09x 102 897x 10 7.54 x 10 7.26 x 10 7.38x 10 7.67x 10 8.03x 10 841x10 8,78 x 10 912x 10
10 000 2,35 x 10 1,64 x 10° 1,32 x 108 1,05 x 10° 9.63x 10 943x 10 9,54 x 10 9,80 x 10 1,01 x 10° 1,05 x 10° 1,09 x 10°
NOTE — Atmospheric-absorption attenuation coefficients were calculated by use of equation (6) for the exact midband frequencies of
one-third-octave-band filters (i.e. b = 1/3), over the range of preferraed frequencies indicated with index k ranging from — 13 to + 10.

8.1.2 When a wideband sound pressure signal is
analysed by fractional-octave-band filters, calculation
of the attenuation caused by atmospheric absorption
is complicated by errors in the measured band sound
pressure levels. These errors occur because the
equivalent power passed by a practical filter will be
greater, or less, than the equivalent power passed by
a corresponding ideal bandpass filter with unity trans-
fer gain in the passband and infinite rejection outside
the passband. The magnitude of the band-level errors
varies with the slope of the spectrum of the signal
applied to the filter and the shape of the attenuation
response of the filter. Sound pressure level measure-
ments at the location of a distant receiver are par-
ticularly vulnerable to high-frequency band-level errors
because the attenuation by atmospheric absorption
normally increases rapidly with increasing frequency,
thereby causing large negative spectral slopes for the
sound pressure signal incident on a microphone.

8.1.3 Because of the unavoidable band-level errors
inherent in an analysis by fractional-octave-band filters
of sounds with steep spectral slopes, and the com-
plexity of the procedure for dealing with the errors in
a practical manner, this part of ISO 9613 provides (in
8.2) a calculation method based solely on a discrete-
frequency approximation of the attenuation actually
experienced by a wideband sound over the frequency
ranges of the bandpass filters employed for a spectral
analysis. The discrete-frequency (pure-tone) calcu-
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lation method is applicable to many practical situ-
ations, but is limited to combinations of atmospheric
and propagation conditions such that the attenuation
by atmospheric absorption over the sound-
propagation path is not more than approximately
15 dB for the frequency band of interest. See 8.2.2 for
specific criteria.

8.1.4 A procedure is also described in 8.3 to apply
the pure-tone calculation method to estimate A-
weighted sound pressure levels from measurements
(or specifications) of unweighted fractional-octave-
band sound pressure ievels. A general description is
also provided (in 8.4) for application of the pure-tone
calculation method when the spectrum of the sound
is a combination of discrete-frequency components
superimposed on a wideband spectrum,

8.1.5 An optional alternative calculation method is
described in annex D that requires knowledge of the
sound pressure signal as a continuous function of
frequency. The method in annex D employs a nu-
merical integration procedure to determine the at-
tenuation by atmospheric absorption for sound
pressure levels in frequency bands. The spectrum-
integration method yields more accurate estimates for
band-level attenuations caused by atmospheric ab-
sorption and is applicable over a wider range of con-
ditions than the pure-tone method described in 8.2.



8.2 Pure-tone method to approximate
band-level attenuation

8.2.1 For each fractional-octave band of interest and
specified uniform meteorological conditions along the
sound propagation path, calculate the attenuation co-
efficient resulting from atmospheric absorption for the
exact midband frequency [as determined from
equation (6)], using the procedure for pure tones de-
scribed in clause 6. The band-level attenuation for
each frequency band, in decibels, is then the product
of the attenuation coefficient for the midband fre-
quency and the path length, as in equation (2) for pure
tones. Non-uniform meteorological conditions may
occur along long sound paths, as discussed in
annex C.

8.2.2 The error in band-level attenuation introduced
by this pure-tone method of calculation is estimated
to not exceed + 0,5 dB provided that:

a) the bandpass filters comply with the Class 1 or
Class 0 tolerance limits of IEC 225;

b} for one-third-octave-band filters, the product of the
source-receiver path length, in kilometres, and the
square of the midband frequency, in kilohertz,
does not exceed 6 km-kHz?, nor does the path
length exceed 6 km (at any midband frequency);

c) for octave-band filters, the product of the source-
receiver path length, in kilometres, and the square
of the midband frequency, in kilohertz, does not
exceed 3 km-kHz, nor does the path length ex-
ceed 3 km (at any midband frequency).

8.2.3 The method described in 8.2.1 is applicable to
the calculation of band-level attenuation of the sound
produced by stationary or moving sound sources. If
the sound source moves during the period of interest,
the attenuation from atmospheric absorption will vary
with time because the effective frequency (or effec-
tive wavelength) varies with time owing to the
Doéppler effect. This effect should be taken into ac-
count by calculating the attenuation coefficient for the
Doéppler-shifted frequency applicable to the sound-
emission angle for each time of interest.

8.3 Calculation of atmospheric-absorption
attenuation for A-weighted sound pressure
levels

Because the effects of atmospheric absorption are
very frequency dependent, the recommended pro-
cedure for predicting the influence of atmospheric
absorption on A-weighted sound pressure levels, as
described by an example in annex E, is first to deter-
mine the band-level attenuations applicable to the at-
mospheric conditions. Apply the calculated band-level
attenuations to the band sound pressure levels de-
termined at a reference distance. Account for other
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losses as appropriate for the reference distances, and
apply the standard A-frequency weightings to the
band sound pressure levels at the prediction distance.

NOTE 8 As the length of the sound propagation path in-
creases above the limiting values described in 8.2.2, the
errors in calculating the band-level attenuation 8Lg by the
method described in 8.2.1 increase also, and often rapidly.
However, even when this error in sound pressure level for
individual frequency bands becomes large, it may still be
practical to use the method given in 8.2.1 for wideband
sound because the error in the calculation of A-frequency-
weighted sound pressure level, obtained by combining the
band levels, is often very much smaller. The reason is that
the attenuation due to atmospheric absorption, and hence
the filter errors described in 8.1.2, will be large only in the
heavily attenuated bands that may not contribute substan-
tially to the A-frequency-weighted sound pressure level.

Annex E provides a worked example of the calcu-
lation of atmospheric-absorption attenuation for A-
weighted sound pressure levels.

8.4 Combined wideband and pure-tone
sounds

For sound signals made up of a wideband component
plus one or more pure-tone components, the follow-
ing procedure should be used to calculate the attenu-
ation of fractional-octave-band sound pressure levels
as a result of atmospheric absorption. The procedure
is applicable to sound produced by stationary or mov-
ing sources. if the source is moving, attenuation
coefficients should be calculated for the Doéppler-
shifted frequencies of the pure-tone components or
the midband frequencies of the wideband compo-
nent, as described in 8.2.3.

Step 1: Separate the measured spectrum, on the ba-
sis of time-mean-square sound pressures, into pure-
tone and wideband components. For pure-tone
components, the frequency of the tone may be de-
termined by spectrum analysis with a narrow-band
filter, by prior knowledge of the source of the tones,
or by a defined protocol for estimating the presence
and level of a tone based solely on relative changes
in the leve! of adjacent fractional-octave-band sound
pressure levels. For the latter case, the frequency of
the tone may be assumed to be the exact midband
frequency of the filter band. However, if the pure tone
approximation method given in 8.2 is used for the
wideband element, and if the frequency of the tone
is also assumed to be the exact midband frequency
of the filter band, then the procedure of separating the
spectral components is not necessary because the
same pure-tone attenuation would apply to both the
wideband and discrete-frequency components.

Step 2: Calculate the attenuation over the specified
path length for each spectral component separately,
employing the methods specified in 5.2 and 6.3 for
the pure-tone components, and in 8.2 for the wide-
band component.

13
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Step 3: If the initial spectrum is that of the sound at
a source location, subtract the calculated
atmospheric-absorption attenuations from the separ-
ate discrete-frequency and wideband components to
obtain estimates for the sound pressure levels of the
separate components of the spectrum at a receiver
location accounting for atmospheric-absorption losses
alone. If the initial spectrum is that for a sound at a
receiver location, add the calculated atmospheric-
absorption attenuations to obtain estimates for the

14

corresponding sound pressure levels at a source lo-
cation. Also subtract (or add) estimates for attenuation
by other mechanisms (e.g. wave divergence) to the
frequency-band sound pressure levels of the initial
spectrum.

Step 4. Combine the estimates for the time-mean-
square sound pressures of the separate components
of the spectrum to obtain the estimated band sound
pressure levels of the composite spectrum at the re-
ceiver or source location.
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Annex A
(informative)

Physical mechanisms

A.1 Equations (3) to (5) in 6.2, for calculating the
attenuation coefficient « due to atmospheric absorp-
tion, combine the contributions from a number of
physical mechanisms into a form suitable for compu-
tation. However, understanding of the process is
necessarily lost in the complexity of these formulae.
Formulae describing the contributions of the individual
mechanisms are given here in the interest of provid-
ing an understanding of what is covered by equations
(3) to (5).

A.2 The form of the equations for individual mech-
anisms is physical in nature (taken to fit the best
available theoretical understanding of the physical
processes) rather than empirical. The constants in the
equations were obtained from theory and from analy-
sis of an extensive collection of laboratory measure-
ments of atmospheric-absorption losses in moist and
dry air and in component gases.

A.3 The attenuation coefficient «, in decibels per
metre, is expressed by the sum of four terms as

L AD

o = g F Aoy + Ayip, 0 F Ayip,N
where

O represents the classical absorption caused
by the transport processes of “classical”
physics;

oo represents the molecular absorption
caused by rotational relaxation; and

ayino and «;, y Tepresent the molecular absorp-
tion caused by vibrational relaxation of
oxygen and nitrogen, respectively.

NOTE 9 Within the accuracy limits specified in clause 7,
the small amount of molecular absecrption contributed by the
presence of carbon dioxide is adequately accounted for in
the vibrational relaxation terms for oxygen and nitrogen.

A.4 The portion of the attenuation coefficient due
to classical and rotational absorption is given, to a
close approximation for air temperatures of concern
to this part of ISO 9613, by their sum, «,

1,60 x 107 '%T/T,)" 2P

. (A2
DalP; A-2)

U = O+ oy =

The reference air pressure and temperature are as
given in 4.2.

A.5 The two vibrational relaxation terms in equation
{A.1) have the same form, namely

&ib,0o = [(al)max,O](ﬂc) X

x {Z(f[f,o) [1 + (f/f,o)z]‘ ‘} ... (A3)
and
yib, N = [(“l)max,N](f/c) x
x {Z(f[ﬁN) [1 + (f/f,N)z]‘ 1} ... (Ad)

where

the subscript O is for oxygen and N for nitrogen

relaxations;

c is the speed of sound, in metres per sec-
ond;

f is a relaxation frequency, in hertz;

(e)max 18 the maximum attenuation, in decibels,
caused by a vibrational relaxation over a
distance of one wavelength, 4, in metres.

Formulae for oxygen and nitrogen relaxation fre-
guencies are given by equations (3} and (4) in 6.2.

A.6 For the purposes of this part of ISO 9613, the
speed of sound in equations (A.3) and (A.4), in metres
per second, is computed from

¢ =343,2 (TITy'* ...(A5)
NOTE 10  Equation (A.5) neglects the small effect of wa-
ter vapour on the speed of sound; i.e. an effect that is less
than 0,3 % under the atmospheric conditions covered by
the ranges given in clause 7.

A.7 The maximum atmospheric attenuation (el)may
over a distance of one wavelength, as a result of
vibrational relaxation, depends only on the tempera-
ture of the air, and has the same form for both oxygen
and nitrogen relaxations. It is determined, in decibels,
from

15
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(@ Dmax,0 = 1,559%o(80/T) exp(—0o/T) ... (A6)
and
(@Amaxn = 1.559%X\(B/T)° exp( = 6y/T) ... (A7)

where
6 is the characteristic vibrational tempera-
ture;
X is the non-dimensional fractional molar

concentration {in dry air) of oxygen (sub-
script O) and of nitrogen (subscript N).
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A.8 For the purposes of this part of 1SO 9613, the
characteristic vibrational temperature and the frac-
tional molar concentration have the following values:

# =2 239,1 K for oxygen and 3 352,0 K for nitro-
gen;

X = 0,209 for oxygen and 0,781 for nitrogen (see
4.1).

The constant 1,559 in equations (A.6) and (A.7) is ob-
tained from the theoretical expression
(27/35)(10 Ig €9).

A.9 Equation (5) in 6.2 is obtained by substituting
equations (A.2) to (A.7) in equation {A.1).
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Annex B
(informative)

Conversion of humidity data to molar concentration of water vapour

In the main text of this part of ISO 9613, a method is
given for calculating the attenuation of sound press-
ure levels as a result of atmospheric absorption. The
method is in the form of analytical equations suitable
for computations. The purpose of this annex is to
complete the computational package by providing
analytical expressions, not readily available in the lit-
erature, to calculate the molar concentration of water
vapour from measurements or specification of relative
humidity, air temperature and dewpoint. Other meas-
ures of humidity, such as the wet and dry bulb tem-
peratures, should first be converted to relative
humidity and then to molar concentration.

B.1 Relative humidity

For a sample of moist air at a given temperature,
relative humidity is the ratio, expressed as a percent-
age, of the vapour pressure of water in moist air to
the saturation vapour pressure, p,,, With respect to a
plane surface of liquid water at the same temperature
and pressure that characterize the sample of moist air.
For a given temperature and pressure, the molar
concentration, h, of water vapour, as a percentage,
may be calculated for a specified relative humidity,
h, as a percentage, from

h = by D/ P ol ) ... (B.1)
where
Pa is the atmospheric pressure, in kilopascals;
P is the reference ambient atmospheric
pressure from 4.2,
NOTE 11 By convention, relative humidity at tempera-

tures less than 0 °C is evaluated with respect to saturation
over a surface of liquid water, not ice.

B.2 Saturation vapour pressure

The saturation vapour pressure, pg, of aqueous va-
pour over a plane surface of liquid water is a function
solely of the air temperature T. Tabulations of pg,,
versus T, and the equations that generated the tables,
are available in various reference handbooks.

For computations, however, it may be more con-
venient to utilize equations (B.2) and (B.3) which pro-
vide saturation vapour pressures that are a close
approximation to those calculated by the World
Meteorological Organization and tabulated in the In-
ternational Meteorological Tables!2!:

Psatlpr = 10° ...(B.2)
with exponent C given by
C = - 6,834 6(Ty,/T) "' + 4,615 1 ...(B.3)

where the temperature T is in kelvins and Ty, is the
triple-point isotherm temperature of 273,16 K {i.e.
+0,01 °C).

To find k for given values of T, p, and 4, first find the
value of the ratio pg,/p, by use of equations (B.2) and
(B.3) for the air temperature. Then, find h by use of
equation(B.1) for the relative humidity and air press-
ure with p, = 101,325 kPa.

B.3 Dewpoint temperature

The dewpoint temperature, T, of a sample of moist
air, at a temperature T, pressure p, and molar con-
centration A, is the equilibrium temperature to which
the sample must be cooled to be saturated over a
surface of liquid water at the same given pressure.

To calculate the molar concentration of water vapour,
given a measurement of dewpoint for some air tem-
perature, first determine the saturation vapour press-
ure ratio pg,/p, at the dewpoint temperature T, by the
use of equations (B.2) and (B.3) with T for tempera-
ture T. Then determine the molar concentration by
use of equation(B.1) for the given ratio p,/p, with
relative humidity &, equal to 100 %.

NOTE 12 Measurements of dewpoints at low air tem-
peratures may, in fact, yvield frostpoints, corresponding to
saturation over a surface of ice instead of supercooled wa-
ter. Due account for the conventional definition of relative
humidity should be considered when frostpoints are meas-
ured. Equations (B.2) and (B.3) apply only for saturation va-
pour pressures over liquid water, not ice or frost.
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Annex C
(informative)

Effect of inhomogeneous, real atmospheres

In the main text of this part of ISO 9613, the atmos-
phere through which a sound propagates has been
assumed to be uniform along the sound propagation
path; that is, the pressure, temperature and molar
concentration of water vapour could each be specified
by single fixed numbers. The effects of variation in the
meteorological variables during propagation through
an inhomogeneous real atmosphere are considered
here.

C.1 Variation with altitude

The vertical profile of mean annual molar concen-
tration of water vapour h, (as a percentage) in
table C.1 was constructed from the best available
datal3] to be consistent with the vertical profiles of
mean annual temperature T, (in kelvins) and pressure
Pm (in kilopascals) at mid-latitudes near 45° north from
the ISO Standard Atmosphere (see SO 2633). The
following equations were used to fit these profiles
over two ranges of geopotential altitude H (in kilome-
tres) from 0 to 11 km (the troposphere), and from
11 km to 20 km (the stratosphere).

a) For sea-level to 11 km:

T,=Tn—65H ... (C1)

Prn = Prns Tl Trns) > ...(C2)

by = Ag x 10% .. .(C3)
where

Gy = AH + A;H? + AH® + AJH* + AH® + AGH®

b) For 11 km to 20 km:

T,, = 216,65 ... (CH
Pm = 22,632 x
x exp[ - 0,157 688 (H - 11)] ...(C.H)
b = A7 x 10% .. .(C6)
where

Go = AgH + AgH? + AjoH® + Ay H*

and T,,, and p,s are the mean annual temperature
(288,15 K) and pressure (101,325 kPa) at sea level.
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The constants are:

Ay = 1,002 71; A, = - 0,122 23; A, = 0,045 46;

Ay =—0,031 545; A, = 0,007 647 2,

Ag = = 0,000 799 05, Ag = 0,000 029 429;

Ay =1,839 5 x 10°%; Ag = 5,448 94; Ay = — 0,606 83,
A10 = 0,028 364 3, A” = - 0,000 474 746

The pure-tone attenuation coefficients for atmos-
pheric absorption shown in table C.1 were calculated
for these atmospheric parameters using equations (3)
to (5) with exact midband frequencies calculated from
equation (6). Note the large variation in the mean an-
nual attenuation with altitude for all frequencies.

C.2 Local variation

C.2.1 The local variations in atmospheric pressure,
temperature and humidity from the mean values
shown in table C.1 are complex. The effects of these
variations under meteorological conditions on atmos-
pheric absorption may be summarized as follows.

C.2.2 For a given height above sea level, variations
in atmospheric pressure are rarely greater than
+ 5 % of the pressures in tableC.1. A variation of
+ 5 % in atmospheric pressure will cause less than a
variation of £ 5% in the attenuation coefficient.
Therefore, for practical purposes, deviations from the
mean profile of atmospheric pressure in table C.1 may
usually be ignored.

C.2.3 For a fixed altitude, there are large variations
with time and place in air temperature and molar
concentration of water vapour. For example, the
range of variation near the ground is comparable to
that shown in table C.1 for the mean variation with
altitude. As a result, for calculations of attenuation by
atmospheric absorption, there is no substitute for lo-
cal information concerning temperature and molar
concentration for the time and place for which the
calculation is made.

Usually, however, meteorclogical information is lim-
ited to time averages measured at (or forecast for)
one place near the surface of the ground, often for a
height above local ground level of approximately
10 m. The time-averaged data leave the user with the
problem of judging how representative they may be
for conditions along a sound propagation path close
to the earth at a particular time.
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Table C.1 — Dependence of temperature, pressure, molar concentration of water vapour and pure-tone
atmospheric-attenuation coefficient, at mid-latitudes, on geopotential altitude above mean sea level

Attenuation cosfficlent «,,
Gm:;:ﬁal Temperature Pressurs eonrnonlt.r:ﬂon dB/km
Preferred frequency, Hz
H, km T K 2, kPa A % 83 125 250 500 1000 2 000 4000 8 000
0 288,15 101,325 1,002 71 0,12 0,43 1,18 2,30 4,06 9,53 30,48 109,03
0.5 284,90 95,461 0.887 02 0.13 0.44 1,10 2.02 381 1004 3401 121,27
1 281,65 89,875 0.793 85 0,14 043 1.00 1,79 370 10,76 37,76 132,05
2 275,15 79,495 0,609 35 0,15 0,40 0,79 1,53 4,02 13,61 48,49 151,09
3 268,65 70,109 0,435 13 0,15 0,34 0,66 1,65 5,41 19,26 61,61 143,83
4 262,15 61,640 0,302 50 0,14 0,29 0,70 2,27 803 25,81 60,50 99,20
5 255,65 54,020 0,21t 67 012 0.30 0,96 338 10,87 2546 40,67 58,97
6 249,15 47,181 0,144 86 0,14 043 1,48 468 10,62 16,26 21,95 3747
7 242,65 41,081 0,088 43 0,22 074 2,14 4,16 5,66 717 11,55 28,53
8 236,15 35,600 0,043 22 043 0,90 1,26 1,48 1,82 305 7.89 27.19
9 229,65 30,742 0,016 46 0,26 030 0,33 042 0,77 2,16 7.69 29,72
10 223,15 26,436 0.005 95 0,10 011 0,13 024 0,64 2,23 857 33,82
11 216,65 22,632 0,003 80 0,06 0,07 0,10 0.21 0.67 2,51 9,81 38,87
12 216,65 19,330 0.002 74 0,05 0,06 0,00 0,23 077 2,91 11,46 45,49
13 216,65 18,510 0,002 01 0,04 0,05 0.09 0,25 0,88 339 13,40 53,24
14 216,65 14,102 0,001 60 0,03 0,05 0.09 0.28 1,02 3,96 15.68 62,32
15 216,65 12,045 0,001 44 0,03 0,04 0,10 032 1,18 4,63 18,34 72,95
16 216,65 10,287 0,001 47 0,03 0,04 0,11 0,36 1,37 5,41 21,47 85,41
17 216,65 8,787 0,001 68 0,03 0,04 0,12 0,42 1,60 633 25,13 99,99
18 216,66 7,505 0,002 07 0,02 0,05 0,13 0,48 1,87 7.40 2942 117,08
19 216,65 6.410 0,002 57 0,02 0,05 0,15 0,58 2,18 8,68 34,44 137,05
20 216,66 5,475 0,002 93 0,02 0,05 0,17 0,65 2,56 10,14 40,31 160,45
NOTES
1 Attenuation coefficients were calculated for air temperatures, atmospheric pressures, and molar concentrations deter-
mined from equations (C.1) to (C.6).
2 The values of «, were calculated for the exact one-third-octave midband frequencies corresponding to the eight pre-
ferred frequencies from 63 Hz to 8 0000 Hz. Subscript m denotes mean annual conditions.

C.2.4 When meteorological information is limited to
surface data, two facts should be recognized:

a) the atmospheric variable that dominates the be-
haviour of atmospheric absorption according to
equations (3) to (5) is the molar concentration of
water vapour; and

b} the molar concentration of water vapour tends to
be constant throughout the boundary layer closest
to the earth during normal daytime hours because
of the mixing of the atmosphere which occurs as
a result of the action of winds.

If the propagation path is well within the mixed layer,
the attenuation due to atmospheric absorption may
be calculated to an accuracy suitable for many appli-
cations by use of meteorological measurements near
the ground, under the assumption that the molar
concentration is constant up to the height of the top
of the mixed layer. The thickness of the mixed layer
may vary from approximately 10 m at night to
approximately 1 km on a sunny afternoon in summer.
When this thickness is in doubt, radiosonde observa-
tions or expert knowledge should be consulted.

C.3 Applications to stratified
atmospheres

C.3.1 Pure tones

C.3.1.1 The mean attenuation coefficients given in
table C.1 show that the variation with altitude can be-
come much too large for the atmosphere to be as-
sumed homogeneous when calculating absorption
losses for vertical or slant-range propagation over long
distances, also bearing in mind the limitations given
in 8.2.2. To avoid the introduction of large errors, the
atmosphere should be modelled by a stack of hori-
zontal layers. The calculation of absorption losses then
proceeds as follows.

C.3.1.2 Values of temperature T, atmospheric
pressure p and molar concentration h are defined at
selected points along a propagation path through the
stratified atmosphere. These values are obtained from
measurements or prediction models such as that
used for tableC.1. The attenuation coefficient for a
frequency f is then computed at the selected points
by use of equations (3) to (5). A sufficient number of
points should be chosen to allow continuous variation
of the attenuation coefficient along the path to be
approximated over a set of n finite pathlength seg-
ments, each much longer than the wavelength of
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sound, and such that the attenuation coefficient is
sensibly constant over each segment.

C.3.1.3 The total pure-tone absorption loss 3L(f)
over the entire path is then obtained by the following
summation over the n segments:

SL(f) = ) [2(N] [55] (o))

i=1

where «f) is the average attenuation coefficient for
atmospheric %bsorption at a frequency f at the mid-
point of the i path segment of length ;.

C.3.2 Wideband sound analysed by
fractional-octave-band filters

C.3.2.1 The attenuation of a wideband sound propa-
gating through an inhomogeneous atmosphere may
be caicuiated by the methods identified in 8.1 for
wideband sounds, when augmented by the pro-
cedures given in C.3.1.

C.3.2.2 If the pure-tone method of 8.2 is used, then
the procedures in C.3.1 follow naturally. The fre-
quency f in C.3.1.2 becomes the midband frequency
[ from equation (6) for the desired band, and 8L(f,,)
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in equation{C.7) gives the total atmospheric-
absorption attenuation of the band sound pressure
level over the propagation path from source to re-
ceiver {or from a receiver location back to the source).

o amantr e ; had o
he spectrum-integration methoa de-

scribed in annex D is chosen, then the calculation
becomes more formidable. The procedures of C.3.1
are followed for selected frequencies within each
frequency band in order to obtain SL(f) via equation
(C.7) as a discrete function of frequency. This set of
pure-tone attenuation coefficients must then be sub-
stituted into equation (D.1) and numerically integrated
over frequency, as described in annex D, to obtain
3Lg, the attenuation in band sound pressure level over
the path from source to receiver (or receiver to
source}.

However, for Case 2 described in D.3, where the
band sound pressure ievels at the receiver are Known,
the sound-propagation pathlengths over which the
pure-tone attenuation coefficients need to be devel-
oped as a function of frequency will commonly be
sufficiently long for this method to fail because of the
large errors introduced, as described in 8.1.2, by the
inadequate attenuation of practical bandpass filters at
frequencies outside the passband of the filter.
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Annex D
(informative)

General spectrum-integration method for calculating the attenuation of
wideband sounds analysed by fractional-octave-band filters

D.1 Introduction

D.1.1 This annex describes a general spectrum-
integration method to calculate the attenuation by at-
mospheric  absorption applicable to fractional-
octave-band sound pressure levels. The method may
be applied to various practical situations without the
limitations given in 8.2.2.

D.1.2 A user of the method should be aware of
practical limitations regarding such matters as the
time required to carry out the computations and the
fact that some sound pressure levels that might be
calculated {or which should have been measured)
may, in fact, not be measurable with commercially
available instruments because of limitations imposed
by the ambient acoustical background noise, the
electrical noise floor of the instruments, or the in-
herent errors introduced by the use of practical
bandpass filters (see 8.1.2). On the other hand, the
method described in this annex, while more compli-
cated than the approximate pure-tone method de-
scribed in 8.2, can yield more accurate estimates for
frequency-band sound pressure levels than the pure-
tone method.

D.1.3 The general features of the calculation
method are described for three cases. For Case 1,
band sound pressure levels are known at the location
of a sound source and band sound pressure levels are
to be determined at the location of a distant recsiver.
For Case 2, band sound pressure levels are known at
a receiver and corresponding band sound pressure
levels are to be determined at the source of sound.
For Case 3, band sound pressure levels are known at
a receiver for one set of meteorological conditions
along the sound propagation path, and the band sound
pressure levels are to be determined that would have
been measured at the same location but under dif-
ferent meteorological conditions. For all cases, the
calculation method described in this annex is limited
to attenuation by atmospheric-absorption processes.
Attenuation by other mechanisms is neglected.

D.1.4 The analytical procedures described in this
annex assume that the bandpass filters were de-
signed according to the base 10 system for midband
and bandedge frequencies, see equation equation (6).
if the base 2 system was used, the applicable
equations should be appropriately modified.

D.2 Case 1: Band sound pressure levels
known at the source

D.2.1 The fractional-octave-band sound pressure
level Lgg(fy,) (in decibels, with respect to py where p,
is the reference sound pressure of 20 pPa), at re-
ceiver location R and after attenuation from atmos-
pheric absorption over the path from the source to the
receiver, may be calculated from

Len(fn) = 10 Ig({ j" 10°‘"“‘”“"“”‘“‘mdf}lfo} dB

L

...0D.NYH
where

Ls(fy is the pressure spectrum level (in decibels,
with respect to pglﬁ, where f, is the refer-
ence bandwidth of 1 Hz) of the sound at
the source;

3L(f) is the pure-tone attenuation, in decibels,
from atmospheric absorption as calculated
by use of equation(C.7) over the total
length of the path from the source to the
receiver;

f. and f,, are the effective lower and upper fre-
guency limits in hertz; and

AA(f) is the relative-attenuation, in decibels, of
the filter employed for analysis of both
source and receiver signals.

NOTE 13  Frequencies f, fi and £, may be normalized by
the exact midband frequency f;, for convenience in carrying
out the integration over the entire frequency range of inter-
est for each filter band. Exact midband frequencies are cal-
culated using equation (6).

D.2.2 If analytical functions are available for the
pressure spectrum level, pure-tone attenuation and
filter relative-attenuation response as continuous
functions of frequency, equation {D.1) can, in principle,
be evaluated in closed form. In practice, the integral
is usually evaluated numerically by a summation over
a range of frequency with the three elements of the
integrand specified at discrete frequencies.
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D.2.3 The pressure spectrum level at the source,
Lg(f), is usually determined from frequency-band
sound pressure levels Lgg(f,,) measured or predicted
for the effective location of the sound source under
specified operating conditions. For the purposes of
this part of ISO 9613, the pressure spectrum level of

i ihal h
the sound at the source Lg(f.). in decibels, may be

estimated at the midband frequency of each filter
band by subtracting a correction for the bandwidth of
the corresponding ideal bandpass filter. Thus

Ly(f) = Les(f) — 10 lgBWiff;) dB ...(D.2)

where the bandwidth BW, in hertz, of the corre-
sponding ideal filter is given by

BW, =f, - f, = £.,(10%20 _ 1030120 ...(D.3)
where

S and f; are the upper and lower bandedge fre-

quencies;
b is the bandwidth designator as described
in note 5 in 6.4.

D.2.4 The procedure indicated by equation(D.2) is
applicable only for a sound spectrum that is continu-
ous and wideband without discrete-frequency com-
ponents. If the spectrum contains both wideband and
discrete-frequency components, the procedures de-
scribed in 8.4 should first be employed to determine
estimates for the separate components of the com-
posite spectrum. For the discrete-frequency com-
ponents, follow the procedure of clause 6 to
determine attenuation. In this case, the idealfilter
bandwidth correction should not be subtracted from
the indicated band sound pressure level.

D.2.5 For the wideband component of the spec-
trum, the pressure spectrum level at any frequency
between successive midband frequencies may be
determined by linear interpolation to vield estimated
values for Lg(f) at each desired frequency. Because
of the need to cover frequencies in the lower tran-
sition bands of the relative-attenuation response for
the filters used to establish the initial low-frequency
band sound pressure levels of the sound at the
source, as well as to cover frequencies in the upper
transition bands of the relative-attenuation response
for the filters used to establish the last high-frequency
band sound pressure levels, a special protocol may
be needed to estimate pressure spectrum levels at
frequencies below or above the lower and upper
bandedge frequencies of the lowest and highest fre-
quency bands, respectively.

NOTE 14 For most sound sources of practical interest,
omission of the initial one or two low-frequency band sound
pressure levels and the final high-frequency band sound
pressure level from the set of band sound pressure levels
calculated for the receiver location will not significantly af-
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fect the accuracy of a calculation of frequency-weighted
sound pressure level at the receiver.

D.2.6 If the meteorological conditions are uniform
over the sound propagation path from the source to
the receiver, the pure-tone attenuation SL,(f) may be
readily calculated at any frequency by application of
the procedure indicated by equations (2) to (5). If the
meteorological conditions over the sound-propagation
path are not uniform, the atmosphere should be
modelled as a series of horizontal layers with average
conditions specified over the thickness of each layer.
The procedures given in C.3.1 should then be fol-
lowed to determine the pure-tone atmospheric-
absorption attenuation over the path for each
frequency required to carry out the integration of
equation equation{D.1)} for each filter band and for
each discrete-frequency component that may be
present.

D.2.7 The relative-attenuation response charac-
teristics AA(f) in equation (D.1) for the filters used to
establish the band sound pressure levels at the
source should be the same as those for the filters at
the receiver. The relative-attenuation response {i.e.
filter attenuation minus the reference attenuation
specified by the manufacturer} is preferably deter-
mined experimentally for each filter band or supplied
by the manufacturer. Alternatively, analytical rep-
resentations of the relative-attenuation response of a
selected filter design may be utilized for evaluation of
equation(D.1). The filter manufacturer should be con-
sulted for advice on analytical representations for the
relative-attenuation responses of the filters in a spec-
trum analyser.

D.2.8 The remaining items that need to be specified
in order to evaluate the integral in equation{D.1) are
the frequency limits and the size of the steps in a
numerical integration between the lower and upper
limits.

D.2.9 The relative-attenuation response of many
practical filters is not symmetrical and is not the same
for sach filter band in a set of fractional-octave-band
filters; the rate of change of attenuation with increas-
ing frequency is often more rapid in the upper tran-
sition band (i.e. from the passband toward the
high-attenuation region of the upper stopband) than it
is in the lower transition band. In addition, at low-to-
mid frequencies in the audio-frequency range, the
slope of the pressure spectrum level of many wide-
band sound sources often is either slightly positive
with increasing frequency or is nearly independent of
frequency. At high frequencies (e.g. above approxi-
mately 1 kHz), the slope of the wideband pressure
spectrum level is often negative. For those reasons,
for general applications it is recommended that the
frequency limits in equation(D.1) be set to

fi=Q0/8)f; and fy,=2f ...(D.%



For any fractional-octave-band filter, the reference
bandedge frequencies are calculated, for a base 10
design, from

AH=00%0¢ and £,=(10%%f ... (D5
Specific situations may require that the limits of inte-
gration be set to encompass a wider range of fre-
guencies than from one-fifth of £, to twice f,; in other
cases, a narrower range may suffice.

D.2.10 The size of the frequency steps should be
chosen with care (1/72 of an octave for one-third-
octave-band filters). In the passband between £, and
f» where the relative-attenuation response of a
bandpass filter is approximately constant, the interval
between successive frequencies may be increased to
approximately 1/24 of an octave for one-third-octave-
band filters.

D.3 Case 2: Band sound pressure levels
known at a receiver location

D.3.1 For Case 2, the fractional-octave-band sound
pressure level Lgg(f,). in decibels, at source location
S and considering only attenuation from atmospheric
absorption over the path from the receiver to the
source, may be calculated from a modified version of
equation (D.1) using

ofy
Lgs(fy) = 10 Ig[{ 100'1["“")+"L‘(”‘M(f’]df}/foJ dB
i

...(D.B)

where the sign of 8L(f) is positive instead of negative
as in equation(D.1) to indicate an increase in the
sound pressure level in going from the receiver back
to the source.

D.3.2 The pressure spectrum levels at the receiver
should be determined with special care since meas-
ured band sound pressure levels will include, by
necessity, any errors introduced by the filters used for
the analysis (see 8.1.2).

D.3.3 An approximate method of determining the
pressure spectrum level of the sound at the receiver
is to subtract the ideal-filter bandwidth correction, as
given in equation(D.2) for the band sound pressure
levels at the source, from the band sound pressure
levels at the receiver. However, because the slope of
the pressure spectrum level often changes much
more rapidly with frequency at a receiver location than
at a source location (especially at frequencies greater
than 1 kHz), very careful consideration should be
given to the procedure selected to interpolate values
for pressure spectrum leve! at frequencies between
the midband frequencies. Linear interpolation of the
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pressure spectrum levels between midband fre-
quencies may not be suitable for midband frequencies
greater than approximately 2 kHz. Pressure spectrum
levels should not be extrapolated to frequencies
greater than the upper bandedge frequency of the
highest midband frequency of the measured band
sound pressure levels at the receiver, nor lower than
lower bandedge frequency of the lowest frequency
band.

D.3.4 If the band sound pressure levels at the re-
ceiver represent data measured over a long sound-
propagation distance or under highly absorptive
conditions, it has often been observed that the indi-
cated band sound pressure levels in the high-
frequency bands are contaminated by contributions
from the electrical noise floor of the instruments. In
this case, the band sound pressure levels of the actual
signal from the source were not measured and the
contaminated band sound pressure levels should be
removed from the analysis to avoid calculation of
spurious band sound pressure levels at the source.
Alternatively, an appropriate extrapolation procedure
may be utilized to provide estimates for band sound
pressure levels that are missing because of contami-
nation.

D.3.5 After an appropriate estimate has been de-
termined for the pressure spectrum level of the sound
at the receiver and for the pure-tone atmospheric-
absorption attenuation along the path, the calculations
for equation(D.6) proceed as described for Case 1
with band sound pressure levels known at a source.
However, a calculation of a band sound pressure level
should not be attempted when the absolute magni-
tude of the negative slope of the estimated pressure
spectrum level across the frequency range of inte-
gration for the lower transition band of a filter (usually
a high-frequency band) exceeds the corresponding
absolute magnitude of the positive slope of the
relative-attenuation characteristic of the filter in the
lower transition band.

D.4 Case 3: Adjusting measured sound
pressure levels at a receiver location for
differences in attenuation by atmospheric
absorption resulting from different
meteorological conditions along a
sound-propagation path

D.4.1 The following expression may be applied to
adjust fractional-octave-band sound pressure levels
Lggq(f), measured at a receiver under metsorological
conditions 1 (e.g. test-day conditions), to band sound
pressure levels Lggpo(f,). in decibels, that would have
been measured under meteorological conditions 2
(e.g. reference meteorological conditions):
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Lgpa(fr) =
10 Ig{{rH 00 Ul + 8Lu(N - 8L - M(ﬂ]df}%J dB
...(0.7
where

Lgy (P and 8L, (f) are, respectively, the pressure
spectrum level of the sound at the receiver
and the pure-tone atmospheric-absorption
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attenuation under meteorological con-
ditions 1;

3L(f) is the pure-tone atmospheric-absorption
attenuation under meteorological con-
ditions 2.

D.4.2 The procedure for evaluating the integral in
equation (D.7) proceeds as described for evaluation
of the corresponding expressions for Cases 1 and 2,
once the input quantities are specified. Special care
should be given to remarks given in D.3.4 and D.3.5.



ISO 9613-1:1993(E)

Annex E
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Example of calculation of attenuation for A-weighted sound pressure levels

E.1 To clarify the calculation procedure described in
8.3, consider the problem of determining an estimate
for the equivalent-continuous A-weighted sound
pressure level at a distance of 500 m from a location
near a highway with high-speed truck and automobile
traffic. Source noise levels are provided as long-time-
average octave-band sound pressure levels at a dis-
tance of 15 m. The air temperature is 15 °C, the
relative humidity is 50 %, and the air pressure is 1
standard atmosphere.

E.2 The equivalent-continuous-octave-band sound
pressure levels, L, 5o at 500 m, are estimated from
the equivalent-continuous octave-band sound press-
ure levels L, ;5 at 15 m according to

E.3 Assume the attenuation by other mechanisms
(divergence, ground effect, etc.) to be 30,5 dB, inde-
pendent of frequency. Attenuation coefficients could
be calculated by use of equations (3} to (6), but may
be read from table1 for the given temperature, rela-
tive humidity and air pressure. The sound propagation
path length, in kilometres, is found from

s = (600 -15)/1 000 = 0,485 km ...(E2)

E.4 Steps in the calculation proceed as illustrated in
tableE.1.

E.5 Ten times the common logarithm of the sum
of the time-mean-square, A-weighted, octave-band
sound pressures from the last column of table E.1

Lysoo=Lp1s—s—4 - (ED yields an estimate of 51,8 dB for the equivalent-
continuous A-weighted sound pressure level at a dis-
where tance of 500 m. The 4-kHz and 8-kHz octave-band
oty is the attenuation coefficient for atmos- z%;‘t%dp;%;uﬁ ele;/g‘l;eagaamd;stancl:e IOI' 50(; m are
pheric absorption at the exact midband o . ple cacuiation because
frequency: the criterion of 8.2.2 is not satisfied for the distance
! and frequency. However, the sound pressure levels
s is the |ength Of the Sound propagaﬁon that WOUId be Ca'CUIated for the 4‘kHZ and 8‘kHZ
path; bands would clearly be quite low and would make a
negligible contribution to the equivalent-continuous
A is attenuation by mechanisms other than A-weighted sound pressure level.
atmospheric absorption.
Table E.1 — Calculation of attenuation
. o A weightings
e Fy dB dB/km oB T B g
31,5 75 30,5 ~0 ~0 44,5 -394 5,1
63 80 30,5 ~0,1 ~0 49,5 —-26,2 233
125 83 30,5 ~0,5 0,2 52,3 —-16,1 36,2
250 84 30,5 %13 0,6 52,9 -86 443
500 83 30,5 ~2,2 11 51,4 =32 48,2
1000 79 30,5 ~4,2 2,0 46,5 0 46,5
2 000 74 30,5 10,1 4,9 38,6 +1,2 39,8
4000 70 30,5 36,2 17,6 — +1,0 —
8 000 62 30,5 129,0 62,6 - -1,1 —
NOTE — The attenuation coefficients are given as approximate values, and the standard A-frequency weightings are from
IEC 651.
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