
SCand j work environ health 7 (1981) 263-270

Hearing damage risk to divers operating noisy
tools under water

by Otto Inge Molvaer, MD,! Truls Gjestland, MSc 2

MOLVAER 01, GJESTLAND T. Hearing damage risk to divers operating noisy tools
under water. Scand j work environ heaUh 7 (1981) 263-270. During the measurement
of noise generated inside a standard hard hat and the underwater noise level produced
by a pneumatic rock drill and two different high-pressure water jet lances commonly
used in underwater work, noise levels were recorded of up to 170.5 dB(A), in relation
to a pressure of 1 f,Pa, in the water close to the divers' heads. Fortunately, the noise
is attenuated by the hoods/helmets worn by the divers and the raised hearing thresh
old in water and compressed gas. The recorded temporary threshold shifts indicate,
however, that lengthy exposure might be hazardous to divers' hearing. This possibility
is confirmed by a comparison of the noise levels observed in the present study with
hearing damage risk criteria.
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High level noise in air at atmospheric
pressure is a well-recognized hazard to
hearing. Less attention has been paid to
the increasing acoustical stress experi
enced by underwater workers, in spite of
the fact that divers have always been
regarded as hard of hearing (5).

Propeller noise in a harbor regularly
amounts to levels of 146 dB(A) and more,
in relation to a pressure of 1 J1-Pa, much of
the energy being located in the lower
frequency range (6). Divers use a multi
tude of noisy tools under water, and, be
cause of complaints from divers and
frequent findings of noise damage in their
audiograms, we started a research program
in this field. The objective of the investi
gation was to decide whether the noise
from the normal operation of pneumatic
rock drills and high pressure water jets
under water represents a hazard to the
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hearing of divers wearing different, com
monly-used diving gear. Since some com
mercial divers have complained about
dizziness after the operation of high
pressure water jets, we also observed
vestibular function.

Parker et al (18) found that infrasound
produced nystagmus in guinea pigs and
interpreted this observation as supporting
the hypothesis that acoustical stimuli may
activate the receptors of the vestibular
apparatus. Miller (14) reported distur
bances of equilibrium, vertigo, and nys
tagmus at levels of about 130-150 dB,
and Bergot (4) suggested 140 dB. Anti
caglia (2) reported similar phenomena for
120 dB and upwards. Montague & Strick
land's subjects (16) experienced rotational
movements of the visual field, interpreted
as caused by acoustical stimulation of the
vestibular apparatus, at or above sound
pressures of approximately 165 dB, in
relation to a pressure of 20 J1-Pa when
diving without a hood. Wearing neoprene
hoods, they did not experience any such
phenomena, even at 180 dB, which was the
maximum output of the system. In addi
tion the vestibular effects disappeared
immediately when the test signal was
switched off.
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Materials and methods

The noise exposure test took place at a
depth of 7.5 m in the sea in a wide, open
bay on rocky bottom, while the damping
capability studies were performed in an
indoor 5- by 7-m wide and 3.5-m deep
concrete pool.

All three subjects had 13 a of diving ex
perience. Two of them had perfectly nor
mal hearing, but the third had a percep
tive dip to 25 dB (in relation to ISO 389)
(11) at 6 kHz in one ear. This last diver
wore a standard Siebe-Gorman hard hat
and a standard suit. In this equipment the
breathing air is pumped continuously from
the surface to the diver, who regulates the
flow out of the helmet by operating a
valve next to his right ear. This con
tinuous air flow represents a not insignifi
cant noise source, especially as it bubbles
out into the water. The communicaton
system is another source. This metal
helmet is roomy enough for the diver to
turn his head freely inside, and thus his
ears will change position in relation to the
different sound sources, although the
position maintained most of the time is
looking straight ahead through the face
plate.

One diver wore a Superlite 17 helmet
(Diving Systems International) made of
fiber glass and a hot water suit. This hel
met is lined with 18 mm of foam rubber
in which there are pockets next to the ears
for the earphones, which are covered by
2 mm of foam rubber. The helmet seals
around the neck leaving the ears and head
dry. The nose and mouth are sealed off
from the rest of the helmet by an oro
nasal mask in front of which is mounted
a demand valve. This valve normally
delivers breathing gas only when the diver
inhales (although in an emergency it may
be set in a free flow position).

The third diver wore a Comex pro band
mask which seals around the face leaving
the ears and head wet, covered only by a
5 mm-thick neoprene rubber hood. This
material contains gas sealed off in
numerous minute spheres and is therefore
compressible. A band mask also has an
oronasal inner mask and a demand valve
as already described. This diver wore a
hot water suit as well.
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An unmodified hand-held Atlas Copco
pneumatic drill, type RH 571 3L, taking
3 m3 of air per minute from a compressor
at the surface, was used for the rock
drilling.

A high-pressure water jet is a tool com
monly used to clear underwater structures
for marine growth and rust and to remove
concrete from pipelines. Water is supplied
from a surface-based compressor, and the
pressure can be more than 980 bars
{98,000 kPa). Most high pressure jet sys
tems use water only, but some add sand
as an abrasive. We used a Woma high
pressure system with two different, inter
changeable guns (lances). In the present
test the work pressure varied between 275
and 412 bars (27,500 and 41,200 kPa, re
specitively), water only.

The divers carried a Briiel & KjCEr 8100
connected to a Revox tape recorder top
hydrophone fixed to the head gear and
side.

After a baseline audiovestibular test
(soundproof booth, Danplex AS 62 audio
meter, caloric test a.m. Hallpike), one
diver at a time performed a dive of I-h
duration at the worksite in the sea without
doing any work and had his hearing test
ed as soon as possible afterwards.

After some hours of rest the Siebe
Gorman diver operated the rock drill for
1 h. The Superlite 17 diver had to stop
after 25 min due to water entering the
oronasal mask through a valve stuck in
the open position. The band mask diver
unfortunately had to surface after a few
minutes due to darkness and entanglement.

All three had their hearing tested as
soon as possible after the dive, and the
Siebe-Gorman diver had his vestibular
function rechecked.

The next day, after a pre-dive audio
gram, each diver operated the high-pres
sure jet for 1 h and had his hearing
checked immediately afterwards. The Su
perlite and the band mask divers had their
vestibular function tested as well.

A Sony ECM-50 PS microphone was
taped to the head of the diver next to his
right external auditory canal inside a
Siebe-Gorman hat, and the noise from the
breathing air was recorded on a Tandberg
TC 20 A tape recorder. (Since this minia
ture microphone is very sensitive to humi-



Fig 1. Noise in the water during no-work dives
with different diving gear. (Hydrophone in refer
ence position: Close to the diver's ears)

Fig 2. Sound levels in the water during the
operation of noisy tools. (Hydrophone in refer
ence position)

63 125 250 500 1000 2000 4000 80'00
FREQUENCY 1Hz!

o WatQr jet (short lance)
o Wet•• jot liang lane.)
ti Rock drill

o SiebQ-Gorman helmet
• SupQrlite 17 helmet
o Comex pro band mask

0....--0-

/~
0'/ o~. ~~~
63 125 250 500 1000 2000 4000 8~00

FREQUENCY IHzl

~ 150

~..
~

" 140
~
vi
..J

~ 130

":i
~ 120..
al

UJ

~ 110
....
u
o

100

~160

!1j150

~
UJ

~ 140
..J

§!
.. 130
al

UJ
>
;:!: 120
u
o

when he directed the beam out into open
water. But even then he did not find it
troublesome, it did not interfere with the
communication system, and he did not feel
that his hearing was reduced afterwards.

The background noise in the sea was
defined as the noise picked up by the
hydrophone during the no-work dive. A
significant part of this noise was produced
by the exhaust air, which was approxi
mately the same in the Superlite helmet
and the band mask, while the Siebe-Gor
man hard hat produced a significantly
higher noise level (fig 1).

The noise from the three different tools,
as picked up by the hydrophone, is illus
trated in fig 2. The corresponding deci
bel(A) values (in relation to a pressure of
1 ,uPa) are 170.5 for the short jet lance,
161 for the long lance, and 141 for the
rock drill.

Results

dity, this measurement was done only on
shore.)

The damping capabilities of the helmets
were measured with the same microphone,
taped in the position of the external
auditory canal on a mannikin head, which
was placed in the helmet and put under
water in the pool. Octave band filtered
noise was produced by an underwater
sound source and measured by the same
hydrophone, placed in the same position,
as in the sea dives. The signals picked up
by the microphone were recorded and
frequency-analyzed in an octave band
analyzer.

The Siebe-Gorman diver, who had not
performed rock drilling for years, found
the noise terrible and felt an uncomfort
able tickling in his throat. Consequently
he was not able to operate the drill for
more than a few minutes at a time with
out a short break. He did not feel dizzy,
however. If he squatted and thus changed
his position in relation to the air outlet on
the drill, the situation became more toler
able. The noise did not interfere with the
communication system. He experienced re
duced hearing for a couple of hours after
the dive.

During rock drilling the Superlite diver
felt very little discomfort, no vertigo, and
no interference with the communication.
(During previous work with that tool
he had only worn a neoprene hood and
half-mask in which he felt the noise was
very uncomfortable.) He operated the drill
while kneeling and did not recognize re
duced hearing after the dive.

The Siebe-Gorman diver, operating the
long, unmodified jet lance, found the noise
produced by this tool to be less disturbing
than that of the pneumatic rock drill, and
he experienced less reduction in hearing
afterwards.

The Superlite diver found the noise of
the short, modified jet lance comparable
to that of the drill, but not disturbing, and
he experienced no aftereffects.

The band mask diver did not find the
noise from the long jet lance uncomfort
able when he aimed the beam at the rock
with a working distance of about 5 em. He
found, however, that the loudness doubled
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The sound pressure levels {SPLs) inside
the Siebe-Gorman hat with the exhaust
valve in closed and open positions are
shown in fig 3. The corresponding deci
be1(A) values are 95.5, in relation to a
pressure of 20 ,uPa, when the valve is
closed and 99.5 when open.

The relative damping from the water
outside to the air inside the two helmets
is shown in fig 4. The damping capabili
ties of neoprene hoods have been reported
by several authors (10, 20) and found to be
on the order of 2~0 dB (30-37 dB at
1 to 2 kHz). Montague & Strickland (16)
found no difference between hoods 3 mm,
5 mm, or 6 mm thick at a depth of 7.5 m.
At 1 kHz and above, the damping capabil
ity was at least 20 dB.

After 1 h of diving without operating
any tool, the Siebe-Gorman diver acquired
a temporary threshold shift (TTS) of a

maximum of 15 dB in the higher fre
quencies (fig 5). The tympanic membranes
were normal, and the hearing test was
started 2 min 10 s after his helmet was
taken off. The right ear was measured
first in all the audiometric tests.

After 1 h of rock drilling the TTS was
a maximum of 35 dB (fig 5). The tympanic
membranes were normal, and the audio
metric test was started 5 min after the
diver stopped drilling and 3 min after the
helmet was removed.

After 1 h of operation of the water jet
the TTS was a maximum of 15 dB with
no effect on the lower frequencies (fig 5).
The audiometric test was started 4.5 min
after the diver stopped jetting, 3.5 min af
ter his helmet was taken off. This time,
otoscopy revealed insignificant congestion
of the tympanic membranes.

Little or no effect on hearing was found
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Fig 5. Hearing level (HL) and temporary thresh
old shifts (TIS) in the Siebe-Gorman diver.

Fig 6. Hearing level (HL) and temporary thresh
old shifts (TIS) in the Superlite 17 diver.
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in the I-h, no-work dive of the Superlite
diver (fig 6). Measurements commenced
.3 min after the diver surfaced, and his
tympanic membranes were found to be
normal. Twenty-five minutes of rock
drilling did not change the hearing, mea
sured 5 min after the exposure, signifi
cantly either (fig 6). After 1 h of water
jetting the maximum TTS was 20 dB
measured 4.5 min after the diver stopped
jetting (6).

A maximum 10-dB TTS was found in the
band mask diver 2.5 min after 1 h of
"silent" diving (fig 7). Insignificant con
gestion was demonstrated in his right
tympanic membrane.

No significant difference in hearing was
found after a 1-h exposure to high-pres
sure water jetting in comparison to 1 h of
"silent" diving (fig 7). Audiometry started
4.5 min after the diver stopped jetting, and
slight congestion was found in the right
Shrapnell's membrane and along the
manubrium mallei.

None of the divers felt dizzy during or
after the operation of any of the tools, and
none of them had nystagmus, spontaneous
or positional, in any gaze direction, when
coming ashore. Caloric tests (a.m. Hall
pike) were normal for all the divers both
before and after the noise exposure. The
postexposure test of the Siebe-Gorman
diver was performed 25 min after the rock
drilling. For the band mask diver it was
do~e 20 min after the jetting exposure,
whIle for the Superlite diver there was a
delay of 2 h 40 min after the jetting.

Discussion

The maximum SPL measured in the water
outside the divers' headgear in our investi
gation was 170.5 dB(A), in relation to a
pressure of 1 /.lPa, corresponding to
144.5 dB(A), in relation to a pressure of
20 f.lPa (fig 2). This was the noise from
the short lance operated only by the Su
perlite diver, whose headgear attenuated
the noise as shown in fig 4. The noise
levels inside that helmet, as shown in fig 8,
were far below any level expected to pro
duce vestibular phenomena. The noise
levels inside the Siebe-Gorman helmet
(fig 3) did not lead us to expect any ves
tibular stimulation either.

To evaluate the noise levels experienced
by the band mask diver, one must realize
that the hearing threshold under water is
elevated by 30 to 60 dB in comparison to
the threshold in air (10). This difference
is partly due to the loss of the resonator
function of the external auditory canal
and partly to the impedance mismatch be
tween water and gas. When the ratio of
impedance is large at a boundary and
the impedance is smallest behind the
boundary, the sound pressure at the
boundary will be close to O. As a conse
quence of the extreme impedance mis
match between the water in the external
auditory canal and the gas in the middle
ear, the tympanic membrane will act as a
pressure release boundary where positive
pressures are reflected as negative and
vice versa.
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old shifts (TTS) in the band mask diver.

Fig 8. Noise inside the Superlite 17 helmet
during a no-work dive, rock drilling, and water
jetting. (Calculated from fig 1, 2 and 4. Refer
ence changed from 1 to 20 ,uPa.)
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There is much evidence in favor of the
view that underwater hearing occurs
mainly through bone conduction. Conse
quently, the attenuating effect of a hood
is not reduced by holes corresponding to
the external auditory canals. A 2 X 2-inch
(5 X 5-cm) hole over the forehead im
proves, however, the hearing to a level
comparable to that of a diver without a
hood.

In a previous investigation (15) we found
the hearing threshold elevated from ap
proximately 25 dB at 0.5 kHz to approx
imately 55 dB at 8 kHz in a diver wear
ing a 5-mm neoprene hood at a depth of
3.5 m in comparison to his hearing in air
without a hood. This attenuation repre
sents the combined effect of the elevated
hearing threshold under water and the
damping effect of the hood. When the de
scribed mechanisms are considered, the
band mask diver's exposure did not exceed
85 dB, in relation to a pressure of 20 ,uPa,
for anyone frequency measured from 1 to
8 kHz during the operation of the jet lance;
this value is far below the levels reported
to produce vestibular phenomena. More
over, the vestibular effects reported in the
literature disappeared when the noise
signal was switched off, while our caloric
tests were not started until 20, 25 and 160
min after the diving.

The SPL recorded from the short jet
lance with the retrobaffler was approxi
mately 10 dB(A) higher than that from the
long, unmodified lance. The shorter dis
tance from the nozzles to the hydrophone
(100/115 em from the jetting nozzle,
68/85 em from the retro nozzle) may ac
count for some of the difference since the
sound pressure is inversely proportional to
the distance from a point source. But since
doubling the distance should only halve
(ie, reduce by 6 dB) the pressure, this alone
cannot explain the whole difference in our
measurements because the modified lance
was not that much shorter. We can how
ever, offer no further explanation at this
time.

HM Peart's unpublished data (England)
show a linear relationship between water
beam pressure and SPL that accounts for
a difference of approximately 4 dB be
tween 275 and 412 bars (27,500 and 41,200
kPa, respectively). Peart's highest de
cibel(A) value was 167 in relation to a
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pressure of 20 ,uPa, although he had placed
the hydrophone closer to the nozzles of the
lances than was the case in our experi
ments. M Collar's unpublished data from
Comex, England, did not reveal any change
in SPL with changing water beam pres
sure. He measured up to 172.5 dB(A), in
relation to a pressure of 20 ,uPa, but the
exact distance between the hydrophone
and lance was not specified. In our ex
periments changes in the pressure of the
water beam from 275 to 412 bars (27,500
to 41,200 kPa) changed the SPL by approx
imately 2 dB.

Adolfson & Fluur (1), Fluur & Adolf
son (9), and Fluur (8) demonstrated that
the middle ear mechanism deteriorates in
compressed air, and a depth-related re
versible conductive hearing loss results
which is also frequency dependent. At
a pressure corresponding to a depth of
100 m the mean loss in the middle frequen
cies was approximately 20 dB in compari
son to surface threshold. Analogous obser
vations are made by several authors for
deep heliox diving (3, 7, 17, 21). We do not
know what the threshold elevation might
be in air at a 7.5-m depth and consequent
ly cannot judge whether this mecha
nism offered any significant protection in
our investigation. In a previous investiga
tion (15) we found the hearing threshold
elevated 45-66 dB in a Superlite diver at
a 3.5-m depth in a pool (in comparison to
surface threshold without any headgear).
If the difference between that threshold
and the directly measured attenuation of
the Superlite helmet represents the effect
of the compressed air on the middle ear
mechanism, then it attenuates on the or
der of 5-15 dB at different frequencies at
that depth. Hollien & Feinstein (10) did
not find any difference in free field un
derwater hearing thresholds between 3.66
and 32-m ear depths. But that was under
wet conditions, while the ears are dry in
a Superlite helmet.

There was no significant TTS in the
Superlite diver after the no-work dive,
which is well in accordance with the low
background noise level. While operating
the short jet lance, however, he was ex
posed to a sound level of 99.5 dB(A) in re
lation to a pressure of 20 /-lPa, a level
which according to regulations of the In
ternational Organization for Standardiza-



tion (ISO) (12) should be restricted to less
than 1 hid. The TTS after the 1-h expo
sure was correspondingly up to 20 dB
(fig 6).

The sound level inside the Superlite hel
met during the operation of the rock drill
was 73 dB(A) in relation to a pressure of 20
flPa. As could be expected, this noise level
had Iittle effect on the hearing after a
30-min exposure. Fig 6 demonstrates that
the difference in hearing between this
30-min exposure and the 1-h "silent" dive
was insignificant. Nevertheless, the noise
inside the helmet during rock drilling was
above the maximum level not to be ex
ceeded in work in which constant attention
and vigilance is needed according to the
Norwegian Labor Inspectorate's draft pro
posal for new regulations (22).

To estimate the exposure of the inner
ear in the band mask diver, we have sub
tracted the attenuation found under water
in a previous investigation (15) from the
noise level produced by the long jet lance
after the curve in fig 2 has been adjusted
to a reference pressure of 20 flPa instead
.of 1 flPa. Since our previous attenuation
curve stops at 0.5 kHz, we have subtracted
20 dB from the adjusted levels in the lower
frequencies. This is the difference between
the thresholds in air and under water at
125 and 250 Hz (10, 16). A neoprene hood
.does not seem to give any protection at
these frequencies. Transformed to decibel
(A) values, the corrected octave band levels
adds up to 104.4 dB(A) in relation to a
pressure of 20 flPa. According to ISO re
gulation 1999 (12) continuous exposure at
that level is permitted for less than 30
min/d. The application of ISO 1999, how
ever, may be questioned. The risk criteria
given in this standard are rather moderate,
and the definition of hearing impairment
used in it is not approved by Norway. The
hearing loss criteria adopted by the Nor
wegian Health Authorities (19) are far
more strict and would reduce permissible
exposure significantly in comparison to
ISO 1999. Kryter (13) has suggested a re
vision of ISO 1999 that would lead to the
.same conclusion.

Nevertheless, the TTS experienced by
the band mask diver after a 1-h exposure
to 104 dECA) was a mere 5 dB. If our
estimation of the noise exposure is correct,
-the only explanation for the minimal TTS
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Fig 9. Outside noise assumed to reach the
diver's ears in a Siebe-Gorman hard hat during
a no-work dive, rock drilling, and water jetting.
(Calculated from fig 2, 1 and 4. The noise gener
ated inside the helmet, fig 3, is not taken into
consideration in these curves.)

we can offer is that this person has a high
tolerance to noise. This tolerance is con
sistent with the fact that his hearing has
remained completely normal during 13 a
of professional diving during which he
used noisy tools.

The noise level of 99.5 dB(A) (in relation
to a pressure of 20 flPa) in the Siebe-Gor
man helmet was recorded on shore. It is
merely conjecture to assume that it is
identical during diving, but one would at
least not expect a reduction of the level
when the helmet is surrounded by a denser
medium. According to ISO requirements
the maximum permitted exposure to such
noise levels is less than 1 hid. Nevertheless,
this category of divers has been exposed
8 hid for decades, and many of them are
hard of hearing.

If we subtract the measured damping
effect of the Siebe-Gorman helmet from
the noise levels produced by the tools this
diver operated, we find, surprisingly, that
the noise reaching the ear from outside
was insignificant compared to the noise
generated inside the helmet itself (fig 9).
In accordance with this observation the
TTS after the jetting dive was not signif
icantly different from that after the no
work dive.

The TTS after the rock drilling, how
ever, was much greater, especially in the
low frequencies. Our explanation is spec
ulative, but from fig 2 it is evident that
the drill noise has most of its energy in
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the low frequencies, where the damping
capability of the helmet seems to decrease
rather abruptly (fig 4), whereas the helmet
affords the best attenuation in the fre
quencies where the jet noise is highest (fig
2 &4).
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