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FOREWORD

The work contained in this report was conducted in the Noise and
Hearing Conservation Function of the OtolaryngQlogy Branch under task
No. 775508 between May and October 1970. The paper was submitted for
publics#ion on 23 October 1970.
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ABSTRACT

Recent noise exposure studies employ A-welghted measures as the
basis for estimating varying degrees of potential auditory risk. Since
most auditory ri.sk criteria are based on unprotected exposures, aero-
space appllcations require adapting the criteria to attenuated condi-
tions. This report provides specific guidance for evaluating conditions
of noise exposure when peraonal ear protection is worn (headsets or
earpluge).

Generalized spectra are presented for noise measured within cock-
pits of 249 aircraft divided into eleven groups, each representing a
different alrframe-to-powerplant mating. A-weighted levels for attenu-
ated and nonettenuated noise are shown for each of the eleven groups of
aircraft included in this study. Relationships between C- and A-

R weighted values for different spectre (octave bands) are described, and
the use of C-A as a correction factor is evaluated. Generally, small
values of C-A yield greater amounts of attenuation (A-weighted, attenu-

' ated)then largervalues of C-A. The resultsof this study can be used
to predict differing degrees of A-weighted attenuation provided by
either headsets or earplugs when C-A is known.
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METHOD FOR ASSESSING A-WEIGHTED AUDITORY
RISK LIMITS FOR PROTECTED EARS

I. INTRODUCTION

A history of the evolution of auditory risk criteria can be found
ina report contained in the 1966 Proceedings of the Bioenvironmental
Engineering Symposium (4). A dlscussion of more recent criteria is
contained in a report recently completed by the authors (6) and in
another in preparation (5). The authors believe that the set of cri-
teria proposed by Working Group 46 of the National Research Council,
Committee on Hearing, Bioacoustics, and Biomechanics (12) provides

guidance adequate for identifying and designating potent_ally hazard-
ous exposures (unprotected) to steady-state broad-band and narrow-band
noise for which octave-band measurements are available (octaves 250

through 8000 Hz, by center frequency). Tbe auditory risk limlta pro-
posed by Working Group 46, however, are somewhat difficult to inter-
pret. This difficulty has been significantly reduced by the use of a
simple dlal-type calculator (6).

Recently, several investigators have proposed the use of A-
weighted levels as an indicator of varying degrees of auditory risk
(l, 2, Y, 9-11). The A-weightlng, as a measure of auditory risk, has
bean adopted by the U.S. Department of Labor (8), the American Confer-
ence of Governmental Industrial Hygienists (9), the American National
Standards Association (7), the American Industrial Hygiene Association

_i (II),and others (2, 3, 8j II).

The A-welghtedlevelmay eventuallyreplace other currently
,_ accepted criteria which employ octave-band measurements. However, the
_, success of such a change will depend on correlating A-welghted levels

:-' _ with the criteria that utilize octave-band data.

_ Boteford (I) has attempted to define auditory risk limitswhich
_ are compatible with A-weighted measures. He has proposed methods by

which A-weighted levels can be assessed in a manner similar to octave-

hand data for" risk limits 46 (2).proposed by Working Group Speaking
_ at a special symposium dealing with transportation noises, he mentioned

i_ somaof the problems:

"One deterrent to the acceptance of A-weighted sound
_! levels as an index of no_se hazard was that no_se exposure
.' limits had been expressed in terms of octave-band sound pres-
,, sure levelsand no satisfactory method for converting these
_; limits to A-weighted sound levela had been developed (p. 105,

ref. 2).

Botsfordfurtherstated:



_'Itwas clear from the outset that noises having similar
spectra could be ordered in intensity,hence hazard, using A-
weighted sound levels because, wlth the speclrum fixed, inten-
sity was the only remaining aspect of the noise needing quan-
tification, whicb the A-scale does adequately. Thus, making
noise spectrum a consideration in developing the relations
sought should increase accuracy markedly. Information on the
type of noise spectrum is provided by the difference between
the C- and A-weighted sound levels in a nois%(this differ-
ence to be) designated C-A. A smell value of C-A indicates a
concentration of noise energy in _he frequency range above
I000 Hz where the A-weighted response falls progressively
below the C-weighted response as the noise frequency becomes
lower. Thus, the value of C-A Indicates the type of noise
spectrum and was selected as the spectral parameter to be
used in developing the relations sought_" (p. I05-[0_ ref. 2_

It is this weighting factor--thedifference between C and A--that
prompted the authors to investigate acoustlc spectra found within air-
craft cockpits and to attempt to clarify the use of this spectral
parameter for conditions of protected as well as unprotected
exposures,

If, APPROA_4

The acoustic noise measured in the cockpits of 249 fixed- and
rotary-wing aircraft during conditionsof normal cruise has been con-
verted from octave band to equivalent A-welghted levels. Table _ shows

: the correction factors (dB) employed in converting octave-band data to
equivalent A-welghted sound levelsrelativeto C-weighting (13).
Although slight differences exist between old and new preferred octave-
band weighting values, both were used to obtain data for the 249 a_r-

;_ craft includedin this study.

TABLE I

Correction factors for computing A-weighted levels from octave-band data

Old octaves (in Hz 1 dB correction New octaves (in Hz) dB correction i
i

53 -27 63 -24
106 -17 125 -15
212 -IO 250 -8 .,.
425 -4 500 -3
850 0 lOOO 0

[700 +1 2000 +1
3400 +2 4000 +2
8800 +2 8000 +2
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To evaluate the attenuating effects of ear protection devices on
A-weighted sound level measurements, two types of devices were chosen.
Figure I shows the noise attenuation values obtained for headsets
(H-154 fitted in the Air Force A_I-5 crash helmet) and earplugs (V-51R)
(6).
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• _ FIGURE I

Comparison of nonattenuated A-welghtlng levels and modified A-weighting
levels reaultlng from attenuation provided by standard Air Force head-
sets (H-154) and earplugs (V-blR).

This procedure is essentially tilesame as proposed by Glorig (7). As
shown, the amount of attenuation expected for each octave is added to
the frequency weighting which the A sound level circuit provides. For
example, the mean attenuation provided by H-154 headsets is 3 dB at the
lowest octave (63 Hz) and the frequency weighting required for A sound
levels in this octave range is 27 dB (old centerfrequency, 53 Hz).
Determination of attenuated A-weighted values is achieved by adding
these two numerical values--the A-weighting of 27 dB and the attenuation
of 3 dB--for a total of 30 dB, the attenuated A-weighting for the low-
est octave-band.
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The fact that minimal attenuation occurs in File low frequencies is

most evident when headsets are considered. As Is evidenced in figure I,

an almost i_veree relationship exists in the amounts of attenuation pro-
vided at frequencies below and above IOOO iiz. This is because the most

weighted frequencies in the A-weighted network--i.e., below IOO0 Hz--

are in the frequency range in which ear protection is least effective

(6). As will be shown, noise spectra containing ini'ense elements
within the lower frequencies may dominate the A-weighted determinations
when attenuated conditions are considered.

i

III.RESULTS !

Figures 2 and 3 illustrate mean spectra for noise measured within #
the 249 aircraft sampled in this study. Eleven groups of aircraft are ._
represented; 7 in the fixed-wing category (fig. 2) and 4 in the rotary-
wing group (fig. 3). Of the 191 aircraft constituting tile ? groups of
fixed-wing aircraft, 22 aircraft are powered by one reciprocating
engine (IR), 40 aircraft are powered by two reciprocating engines (2R),
19 vehicles are powered by four reciprocating engines (4R), 13 aircraft

are mated to two turboprop powerplants (2 TP), 21 aircraft are powered
by four turboprop engines (4 TP), 51 aircraft are powered by internally
mounted jet engines (J-Int), and 25 aircraft are powered by externally
mounted turbojet and turbofan, engines (J-Ext).

5p_clralcharaclerislics,meanvalues10rfixed-wing_ircrafl IN.l_l)
OClave$in HZ

OAL 6_ I_ 250 5_ ffX]O 20(_ 4000 8000
12D

: I I I I I l l I

I
II0_

•-- • -%

T

• ,_=_p. 4.oo__.L_ "_"%4._
• Tur_prop 2-eng N_I3

70 _ Tumoprop 4.eng N*?t '_
• Jet-internal N,51
9 Jel-exlernal N,_

I I I I I I I

FIGURE 2

Mean noise spectra for seven groups of flxed-wing aircraft during
normal cruise.
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;i FIGURE 3
Z_ Mean noise spectra for four groups of

rotary-wingaircraftduringnormalcruise.

The spectra shown for these seven groups of fTxed-wing aircraft

i: demonstrate the following characteristics:

;" _. Aircraftoroup Spectralcharacter

IR A drop of 3.3 dB/octave above 125 Hz,
2R A drop of 4.4 dB/oetave above 63 Hz.
4R A drop of 4,0 dB/oC'qw above 63 IIz.

2 TP A drop of 4,0 dB/octave above 250 Hz.
4 TP A drop of 3.9 dB/octave above 63 Hz,
JTInt A rise of 2.2 dB/octave to I000Hz and then a

drop of 3 dB/octava above I000Hz,
J-Ext A relatively flat spectrum through I000 Hz

and then a drop of 4 dB/octave above I000 Hz.

For the four groups of rotary-wing aircraft (those fitted with I
or 2 rotors and powered by reciprocating engines, of which a total of
23 were included in the sample; and those fitted with I or 2 rotors and
powered by turboshaft engines, with a "lotal of 35 included in lhe
sample), the combined spectra shown for each of the two basic groups in
figure 3 demonstrate the following characteristics:
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Aircraft qroup Spectralcharacter

Reciprocating Relatively flat through 250 FIz, a
drop of 3 dB/oetave through 2000 Hz,
then a drop of about 5.5 dB/octave
above 2000 Hz.

Turboshaft Drop of about 2 dB/octave through
500 Hz; then a drop of 4 dB/octave
above 500 Hz.

Comparison of the mean spectra reported in figures 2 and 3 vividly
illustrates differences in tile noise measured within the aircraft

groups included in this study. It can be seen that aircraft, fixed-

or rotary-wing r which employ propellers or rotors (for helicopters),
tend to have the most prominent noise levelsin the lower frequency
ranges, with decreases in magnitude as frequency increases. In con-
trast, fixed-wing aircraft powered by either turbojet or turbofan
engines (fig. 2) contain acoustic noise that is more evenly dietrlb-
uted, The effect of spectrum shape on both nonattenuated and attenuated
A-sound levels i_ evidenced in table If.

Values on line 3 of table II were derived by computing C-weighted
levels for each spectrum displayed in figures 2 and 3. The computa-
tiona were done according to instructions given by Paterson end Gross
(13). This procedure is essentially a means to add tileenergy listed
for octave bands so that the resultant single number is the C-welghted
value to be expected _f a sound-level meter were used to measure the

: overall level of the spectrum being examined. For example, the average
spectrum displayed for aircraft with one reciprocating engine (IR) in
figure 2 would result in 107.5 dB sound pressure level if measured with
a sound-level meter with C-weighting.

Line 4, table II_ was derived in the same manner as line 3, but
the octave-band l_vels were adjusted by the values in table I before
the computations wore made. Each number is the A-weighted lewl t_ be
expected if the spectrum displayed were measured with an A-weighted
sound-level meter.

Values on lines 6 and 7 (table II) were computed in the same way
as lines 3 and 4. However, the octave-band levels from figures 2 and 3
were adjusted by the amounts from the two lower curves in figure I.
Therefore, the numbers on lines 6 and ? represent "at-the-ear" A-
weighted values for each type of aircraft when the H-154 helmet or the
V-glR earplug are used. Lines 8 and 9 are the differences between
lines 4 and 6, and between lines 4 and 7. This represents the reduc-
tion in A-weighted level "at-the-ear."

6



TABLE II

Application of C-welghted and attenuated and nonat_enuated
A-welghted values to noise data by types of aircraft

Typesofaircraft (Line) IR 2R 4R 2TP 4TP J-IntJ-Ext RW RW
Reclp Turbo

Numberinsample 2 22 40 19 13 21 51 25 23 35

ComputedQ-weightedlevel 3 I07.5 108 I01 105 103.5 I01 93 II0 i05

ComputedA-welghtedlevel 4 101.5 97 90 96.5 91 101.5 90.5 103 97.5

Difference(C-A) 5 6 II II 8,5 12.5 0.5 2.5 7 7.5

Computed attenuated A-welghted
level
H-154headsets 6 Bg 87.5 79.5 86 82 80 71 90,5 84.5

V-51Rearplugs 7 74 71 64 70 66 71 61 75 70

Reduction In computed A-welghted
level
H-154headsets 8 12.5 9.5 I0,5 I0,5 9 21.5 19.5 12,5 13

V-51Rearplugs 9 27,5 26 26 26,5 25 30,5 29.5 28 27.5

,,,, ,



The data shown in table 11 indicate that the shape of the noise
spectrum influences the amount of attenuated A-welghted levels obtained,
The highest values of attenuation for equivalent A sound levels were
obtained for the two spectra representative of flxed-wing aircraft
powered by either turbojet or turbofan engine (J-Int, J-ext).

Figure 4 is a acettergram which illustrates the relationshlp
between C minus A values and the reduction in A-weighted level "at-the-
ear" with H-154 headsets and V-51R earplugs. The trend that appears
indicates that the smaller the C minus A value, the more effective is
the ear protection in reducing the A-weighted level "at-the-ear." Con-
versely, the greater the C minus A value, the less effective will ear
protection be in reducing "at-the-ear" A-welghted level. The relation-

ships discussed here are based on knowing both 0- and A-weighted levels i
for e given noise. The A-weighted levelalone provides a poor basis i
for esl'imating"at-the-ear" A-weighted level when ear protection is
worn. The reduction in computed A-welghted level, lines 8 _nd 9, table
II, ranges from 9 to 30.5 dB for the types of aircraft included in this
report. Observations such as these are expected to lead to auditory
damage-risk criteria based on a combination of 0- and A-weighted level%
so that risk can be assessed for a specific noise condition with both
protected and unprotected ears.

0 I --I i I 1 I

>

_e - 5 •H-]54 headsels

"_ ._" oV-_IR earplugs
= "lO *"l

-15 /
< /

-204-

'- -30 ,a"

u -35

.40 i I I I i I I I IiO 70 30 40 _O

Difference between computed C-weighted
level and A-weighted level (C-A)

FIGURE 4

Attenumted A-weighting values for two protective devices (H-15& head-
set_ and V-51R earplugs) for different values of C-A,
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IV. SUMMARY AND CONCLUSIONS

Mean spectra of noise measured in eleven groups of fixed- and
rotary-wing aircraft during conditions of normal cruise were used to
establish unprotected end protected values of A-weighting. The attenu-
ated and nonattenueted values of A-weightlng, when correlated with C-A
values, indicate that small values of C-A yield greater amounts of
attenuation than higher values of C-A. For example, a C-A of 0.5
yielded a mean attenuated A-weighted value of 21.5, and a C-A of 12.5
provided a mean attenuated A-weighted value of only 9 dB.

!_ The results derived from this study indicate that, for noise spec-
tra encountered within cockpits, C-A values man be used to estimate
varying amounts of attenuation provided by personal ear protection
devices when corrected for equivalent attenuated A-weighting values.

The ultimate value of A-weighted measurements will depend on
research of tile type reported in this study.
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