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ABSTRACT, There are many diffioulti"" to carry out hearing tests in water, for example, the necessity of preparing audiometric equipment 
for underwater meWluremenl and diving equipment (SCUBA) for breathing of subjects, unavoidable background noise from i!Ilmlunding and 
.0 OU. As aresult, there are very few studies on estabHshing the hearing thre5holds arul noise exposure limits inwatcr even though thcy are 
fimdamenml and important characteristic. of underwater hearing in man. One oflhe moot efficient approaches to acquire these standard 
valu.es is through IIarulposition from air 10 water. We attempted 10 establish the relatioruhip between the p=eived loudness in water and in 
air by conducting hearing tests in awatertanlL By applying this relationship toavailabl e data on hearing threshold and nolse exposure limit 
in air, we have estimated the equivalcntthresholds andexposurc limits in water. 

1. INmODUCfION 
Although both hearing thresholds and noise exposure limits in 
water are fundamental and important characteristics of 
hearing in man similar to the C&5¢ VI iii\; it seems that there is 
limited work done on acquiringlbwt:$t{Illdard values. This is 
becaus<: of the difficultJes to o;:wty QQt hearing tests in water, 
for example, the necessi!)' of preparing audiometric 
equipment for underwater ~, diving equipment 
(SCUBA) for breathing of subjo;tr. and so on. Some 
invelrtigaton; have examined !be bc:aring thresholds in water 
[1-5] but there is a lot of s($lUlt in !beir results. The main 
reason forthe large scatter of~ experimental data may 
be attributed to the lack ofa~ofthe significance of 
background noise and its m~ ~t on the threshold of 
hearing. Further, the influences of various factors have not 
been fully investigated, for example, differences in subjects, 
differences in experimental procedures, effects of water 
depth, influences of air trapped in the ear canal, effects of 
hubbies by breathing of divers and so on. So, the 
detennination of underwater hearing thresholds need to be 
improved 

From the viewpoint of hearing protection for divers, it is 
necessary to determine the maximum sound pressure level 
that the divers can endure against noise exposure in water, that 
is, a damage-risk criterion for underwater noise exposure is 
required. Widely aC(:epted damage-risk criterion for noise 
exposure in air already exists [6] but has not been found in 
water except for the recent "WOrk of AI-"Masri et al [7,8]. Tn 
order to establish the criteria for noise exposure, it is 
necessary to carry out hearing teSIS of temporary threshold 
shift (TIS) [9-11]. Tn practice, however, many difficulties 
would be encountered in trying to realize the TTS 
measurements in water as mentioned above. One of the most 
cfficient approaches to acquire these standard values is 
through transposition from air to water. AI-Masri and Martin 

estimated the value of underwater noise exposure limit from 
the value of hearing threshold in water by considering the 'W­
weighting scale" [7,8]. They assumed that the relationship 
between the 4D-phon curve and the threshold curve is conlltant 
at each frequency both in air and in water. It is already 
mentioned that the threshOld in water may be greatly 
influenced by the background noises or the experimental 
conditions. So, it is quite possible that underwater exposure 
limit will not be estimated accurately, if the exposure limit is 
derived from the hearing threshold as AI-Masri and Martin 
have done. Therefore, another approach for estimating the 
exposure limit in water becomes necessary. 

The purpose of this study is to estimate the hearing 
thresholds and the noise exposure limilll in water from the 
existing values in air using a diffcrent procedure from that of 
AI-Masri and Martin. We attempted to acquire the relationship 
between the perceived loudness in water and in air by 
conducting hearing tests in a water tank Then, the hearing 
thresholds and the noise exposure limits in water are estimatcd 
respectively from the values in air by using this relationship. 

2. HEARING TEST 
In order to examine the relationship between the loudness in 
water and in air, two kinrlll of measurements for loudness 
levels were carried out by means of hearing tests in a w.rter 
tank. One was to obtain, for a pure tone (175Hz, 1kHz, 5kHz), 
the sound prcs:rure level in air that is perccived to be equal in 
loudness to a given wood pressure level in water. The other 
was to obtain the sound pressure level in air that is perceived 
to be equal in londness as a constant soood pressure level of 
142 dB (rc I).lPa) in water for a range of frequencies. The 
water tank with dimensions 1m x 1m x 2m is shown in Figure 
I. The spectrum level of the background noise in the water 
tank, determined by an FFT analy-.l<lr, is almost constanl at 52 
dB (rc lllPa'fHz) in the frequency range from 1 kHz to 5 kHz 
(Figure 5). We employed two male subjects with nonna! 
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Figure 1 Expcrimentalconfigumtionofthewatertank. 

ere 1 p.PaJ 

Figure 2 Equal-loudness relation.hip between SPL. [dB Ie 

20llPal and SPL". [dBre l!ll'al for a pure tone (X: 175Hz, 
.: 1kHz 6: 5kHz);Solidline$:equation(1) 

fu 40 142 [dBre iuP,,] 

Frequ{mcy [Hz] 

Figure 3 Equal-loudness relationship between SPL, [dB re 

20J.!Pa 1 and a COIl.tant SPLw of 142 [dB re lJ.lPa] for various 
frequenciesj SoJidline: equation (2);· data from Figure 2. 
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hearing in air. The experimental procedure is as follows. 
Firstly, the subject submerged his head into water, making sure 
to remove air bubbles from the ear canals, and was exposed to 
a pure tone radiating from an underwater sound source in the 

water tank. Secondly, he raised his head above the water, 
dearing the air passage in the ear canals, and was exposed to 
the sound in air radiating from a loudspeaker. The soood 
pressure level in air was adjusted by the subject until the 
loudness in air was perceived to be equal to that heard in water. 
The above measurement was repeated five times per sound 
pressure level for various frequencies and the average value 
was used. All measurements were made for a pure lone and the 
sound pressure level and noise level were measured without 
using weighting filten;. As the overall background noise in air 
around the water tank was about 50 dB (re 20J.lPa), we used a 
band-pass filter (lUON SA-34) for measurements in air below 

50 dB (re 20).l1'a). The sound pressure levels were obtained by 
reading the data sheet on level recorders (RION LR-4) 
calibrated, respectively, by an underwater sound level meter 
(OKl SW1020) for underwater and by a precision sound level 
meter (RION NA-20 at F-weighted characteristic) for air. The 
subject's head was suitably positioned in the water tank to 
minimise thc influence of standing waves. Both the 
hydrophone in the water tank and the microphone in air were 
set up as close to the subject's ear as po~sible. 

3. EXPERIMENTAL RESULTS 
Results of the two kinds of measurements are indicated in 
Figures 2 and 3, respectively. From Figure 2, we ean fmd a 
linear relationship between SPLA dB (re 20IlPa) and SPLW 
dB(re IJ.lPa) as, 

SPL" ~ a 8PL .. - Cj (f) (1) 

where a is the slope and C.(!) is a value depending on the 
frequency. Here, for convenience, we lISe a= 1 for all three 
frequencies (175Hz, 1kHz, 5kHz), and by fitting the data 
points with lines of best fit, C. has been determined to be 53.0 
dB at 175 Hz, 70.8 dB at 1kHz and 85.9 dB at 5kHz 

From Figure 3, we can also fmd a linear relationship 

between SPLA [dB re 20).l1'a 1 and the logarithm of frequency 
[under a constant SPLw ofl42 dB re 1 ).I1'a as, 

8PL, = -24.6log(f/lOOO) + C, (2) 

where C, is a value unrelated to the frequency but often varies 
with experimental conditions or subjects and has been 
determined to be 63.0 dB 

According to equations (1) and (2), a sound level of 142 
dB re 1 J.lPa all kHz in water corresponds to a.'lOl.llld level of 

63-71 dB re 20).l1'a in air. However, II sound level of 142 dB 
re I ).I1'a in water has the same intensity as a sound level of 80 
dB re 20 J.lPa in air. Therefore, it appears that a transmission 
loss of 9-17 dB bas arisen:from the internal car and the 
exterior, probably because the coupling of the sound to the 
subject'~ head in alI is different from that in water, resulting in 
different propagation path.~ through the head 
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Figure 4 Compariwns of equal-loudness oontours in water 

between experimental values [12,13] (0: 142dB and. 
l22dB) and the estimations (sf" lines); 0: values CJ(fj for 

each lI3-octave centre frequeocy. 

1000 
frequency [H.] 

Figure 5 CompariSM betm:en und.,,-watcr hearing thresholds 
rneasure<iinpreviou. • .tudiesandestirnations(s()lidlfne). 

4. DISCUSSION 
Practical expression between the loudness in water 
and in air 

In order to estimate hearing thresholds and noise exposure 
limits in water from the values in air, we must derive a 
practical expression describing the relationship between the 
l()udnCSII in water and that in air. The expression can be 

derived from equations (1) and as follows. Firstly, the 
sound pressure levels in air at frequencies (175Hz;, 
1kHz, 5kHz) corresponding to the sound pre$Sllre level of 142 
dB in water are obtained by means of equation (1). When 
these values (denoted by *) are plotted in Figure 3, we can fit 
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a straight line to these data using equation (2). Thus, we ean 
obtain the sound pressure level in air corresponding to the 
sonnd pressure level of 142 dB re 1 f!Pa in water for any 
frequency by using this line of best fit. By substituting these 
values for SPLA in equation (1), where SPL" is 142 dB re I 
flPa, we can detennine each value of CLUJ in equation (1) for 
any freqnency. The values of C,( f) obtained for each 1/3 
octave band frequency are shown in Figure 4. 

To verifY the validity oflhis expression, we try to obtain 
the cqualloudness contours in water from the values in air and 
compare them with the experimental results previously 
obtained in our study. The SPL.,. is readily obtained from the 
practical expression by substituting the values of ISO R226-
1961 [12] for SPLA in SPLA = SPLw - C,(j). The contours thns 
obtained are described by six lines in Figure 4 together with 
our experimental values obtained by hearing test~ in the pool 
[13,14]. The estimated results are in good agreement with the 
experimental values. 

Estimate of underwater bearing thresholds 

As mentioned before, the underwater hearing threshold has 
not boon obtained accurately. Figure 5 shows the results of 
underwater hcaring thresholds reported in the literature [1-8] 
and our previous work in the water tank [13,14]. It is found 
that tIlere is a large scatter for the UIlderwater hearing 
threshold value. 1n order to obtain the bearing threshold 
accurately, it is very important: to consider the effect of 
background noise carefully. Our threshold values are more 
than 10 dB above the backgronnd noise. So, 1t is considered 
that our results could not have been affected by noise and arc 
more reliable, It 18 advisable that tests of hearing threshold 
shonld be done in an anechoic chamber, whicb is difficult to 
realize in water. One alternative method is to estimate 
underwater hearing thresholds from values in air by using the 
practical expression obtained above. This method is simply 
based on the relationship between the perceived loudness in 
water and In air detennined experimentally. By substituting 
the valne ofnonna! threshold of hearing in air [12] for SPLA 

in SPL, = SPL" - CL(f), using the value of C,(f) at each 
frequency in Figure 4, the hearing thresholds in water can be 
readily obtained. The estimated threshold is described by the 
solid line in Figure 5. It is found that the estimated hearing 
thresholds in water show reasonable agreement with the ones 
obtained experimentally by us. 

Estimate of noise exposure limits in water 

Divers are sometimes directly exposed to vibrations and noises 
radiating from working equipment in water, e.g., water jet 
tools, rock drills, stud guns and so on. From the viewpoint of 
hearing protection for divers, it is necessary to determine the 
noise exposure limits in water. In air, damage-risk criteria for 
noise exposure has boon recommended by the permission 
concentration committee of the Japanese Industry Sanitation 
Society in 1969 [6] ~d is widel~ adopted in our OOlliltry for 
the purpose of hearing protection. On the other hand, a 
criterion for nnderwater noise exposure is difficult to find 
Recently, M-Masri and Martin estimated tbe value of , 
underwater noise exposure limit from the value of hearing 
threshold in water by considering the "W-weighting scale" , 

Vol 29 (2001) No_ 2 - 71 



r =:::: 
- t20 . in 

Cent~r of fr~quency [liz] 

Figure 6 Estimated exposure li mit. forundcrwatcr noise 

[7,8] . But the value of hearing threshold is gTt'ally infllreneed 
by the background noise or t~ experimental e<mdi tions. So, it 
is quitc possible that the underv..uter cxposur~ limit will not ~ 
estimatcd accurate ly. Therefore, the exposure limit in water 
must be verified from another viewpoint. In this study, we 
obtain the underwater noise exposure limits by transpo~ition 
from air to v.mer. By using the practical expression, SPL, -
SPL,. - C,(f) with the value of C,(f) in Figure 4, the noise 
exposure limit in water can be readily obtained from the 
values of exposure limit in air [6J. Figure 6 shov.·s the 
estimated exposllre limit, for underwater noi,e . For example, 
the re\:onunended maximum permissiblc noise exposure limit 
for an 8-hour day is 90 dll re 20liPa in air. wherea, a 
maximum pcnnissibJc octave band level for underwatcr noise 
exposure around I kHz for an 8-hO\.lr day is about 157 dB re 
l liPa 

5. CONCLUSION 
We examined carefully the relationship bct\\-"Ccn loudness in 
\vater and in air by conducting hearing tests in a ,vater tank 
and obtaining a practical expression describing the 
relationship of loudness between the two media . Then. the 
hearing thresholds and the noise exposure limits in water were 
estimated from the values in air byw;ing this expression. It is 
vcry important to carry out the hearing tests in an anechoic 
chamber for thresholds and the measurement of temporary 
thresho ld shift (TIS) for exposure limits in .. vater. Hov."CVcr, 
there an: many difficu lties to realize this in practice. Thc 
present viOrk provides additional data of underwater hearing 
threshold and exposure limit and develops the criteria for 
noise exposurc. Our results may serve as a temporary standard 
for hearing thrcshold or as a guide to thc evaluation of noise 
in water. 
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