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a b s t r a c t 

In-air and underwater audiograms and directional hearing abilities were measured in humans. The lowest 

underwater thresholds were 2.8 μW/m 

2 or 3.6 mPa at a frequency of 500 Hz. The underwater hearing 

thresholds were 4–26 dB and 40–62 dB higher than in-air hearing thresholds when measured in intensity 

and pressure units, respectively. This difference is considerably smaller than what has been reported ear- 

lier. At frequencies below 1 kHz, when measured in units of particle velocity, the underwater threshold 

was much lower than published bone conduction thresholds, suggesting that underwater hearing is not 

always mediated by bone conduction pathways to the inner ear, as previously thought. We suggest it is 

the resonance of air in the air-filled middle ear that produces the low underwater thresholds, at least at 

frequencies below 1 kHz. The ability to determine the direction of a 700 Hz underwater sound source 

while being blindfolded was extremely poor, with submerged test subjects showing only coarse direc- 

tional hearing abilities at azimuths of less than 50 ̊. The physical cues to sound direction are different in 

air and water, and the poor directional hearing abilities indicate that, in spite of low hearing thresholds, 

humans have no special adaptations to process directional acoustic cues under water. 

© 2022 Published by Elsevier B.V. 
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. Introduction 

Hearing is an important sense of all vertebrates, including hu- 

ans. Hearing has a crucial function in communication between 

onspecifics, foraging, predator avoidance, and spatial orientation. 

or animals living in darkness or in murky waters (such as bats, 

wls, and dolphins), sound is often dominating over light as the 

rimary sensory cue. For animals living in daylight and primarily 

elying on vision, hearing serves as an important complement to 

btain information of the surroundings. 

Even though all mammals have initially lived on land, some 

pend all, or a considerable amount of, their time in water. Un- 

er water, at ranges beyond a few meters, sound is a more reliable 

ensory cue than vision. To find prey such as fish and squid, ma- 

ine mammals have evolved acute underwater hearing and visual 

bilities. Toothed whales hear very well under water and poorly in 

ir ( Kastelein et al., 1997 ; Liebschner et al., 2005 ). Seals, spend-

ng time in both media, hear well both under water and in air 

 Reichmuth et al., 2013 ). 

For a terrestrial mammal, adapting its hearing abilities to un- 

erwater sound is not trivial. The acoustic impedance in water is 

uch higher than in air, meaning that the particle velocity at a cer- 

ain sound pressure level is much smaller in water than in air. The 

ympanic middle ear is thought to be an adaptation for efficient 
∗ Corresponding author. 
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ransfer of energy from the air-borne sound wave to the liquid- 

lled inner ear. This function is usually called impedance matching, 

lthough it is more accurately described as impedance transforma- 

ion . The transformation occurs through mechanisms such as dif- 

erences in the area ratio of tympanum to oval window, and in the 

ever ratios of the middle ear ossicles ( Christensen-Dalsgaard and 

anley, 2013 ). Since the impedances of water and inner ear fluids 

re largely similar, the middle-ear impedance transformation will 

ot work optimally when a terrestrial ear is submerged, and one 

ay therefore assume that the tympanic ear is inefficient under- 

ater. It has been proposed that a likely alternative pathway to the 

nner ear would be particle motion of the sound stimulus entering 

he body with little loss (due to similar impedances of water and 

ody tissues). The particle motion would then be transferred to the 

nner ear through bone conduction mechanisms ( Nummela et al., 

008 ). 

Studies of underwater hearing in aquatic frogs, turtles, and 

ormorants show that the tympanic middle ear, with only small 

odifications of the tympanum, is an efficient sound receiver 

nder water ( Christensen-Dalsgaard et al., 1995 ; Christensen- 

alsgaard et al., 2012 ; Christensen-Dalsgaard and Manley, 2013 , 

arsen et al. 2020). This can be explained by the air-filled mid- 

le ear being an efficient pressure transducer that will generate 

uch larger vibrations of the middle ear apparatus than the parti- 

le velocities in the surrounding water. The induced motion will be 

argest at the resonance frequency of the air in the cavity, where 

he particle motion will sometimes be more than 40 dB larger 

https://doi.org/10.1016/j.heares.2022.108484
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2022.108484&domain=pdf
mailto:kenneths_91@hotmail.com
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han in the surrounding water ( Christensen-Dalsgaard and Man- 

ey, 2013 ). Evidently, this changes the frequency response of the 

ar underwater, and the resonance properties not only influence 

ensitivity but also directional cues . 

Aquatically adapted ears, such as the ones of marine mam- 

als, do not only have low hearing thresholds underwater, but 

lso acute directional hearing abilities. For submerged humans, the 

sual cues to determine sound direction – interaural time and level 

ifferences – are different due to high sound velocity of water 

nd thereby longer wavelengths. The more than four times smaller 

ime-of-arrival differences makes it more difficult to use interau- 

al timing as a cue for directional hearing in water. In addition, in 

ir, useful sound diffraction in humans is only found at frequencies 

bove 2 kHz, where the head dimensions are comparable to the 

avelengths; in water, it can be assumed that only sound above 

 kHz generate similar diffraction cues in humans due to the four 

imes longer wavelengths. 

In addition, the pinna is probably dysfunctional under water. 

or airborne sound, the pinna supplies directional cues by diffrac- 

ion for frequencies beyond 2.5 kHz ( Shaw, 1974 ). In water, diffrac- 

ion around the pinna depends on the ka product (or the product 

f the wave number and reflector size; see Larsen and Wahlberg 

017) and will probably only occur beyond even higher frequen- 

ies, most likely above 10 kHz. Furthermore, a pinna has almost 

he same impedance as water and therefore produce less diffrac- 

ion than in air. The pinna is therefore probably having little func- 

ion in submerged humans, and it is lost in most marine mammals, 

uch as true seals (Phocidae) and whales. Instead, marine mam- 

als are thought to use a series of air sacs around the middle and

nner ears to shield the sounds coming in from certain directions, 

hereby improving their directional hearing abilities Ketten (1994) . 

The question of how well humans can hear under water, with 

ll their sensory systems fully adapted for being used in air, has 

eceived some attention through several decades of bioacoustic 

tudies ( Wainwright 1958 , Hollien 1973 , Parvin and Nedwell 1995 , 

hordekar 2015 ). There were both military investigations estab- 

ished how divers are affected by underwater explosions, but also 

asic research trying to understand the evolution of adaptations 

or underwater sound perception. Human in-air hearing has nat- 

rally been extremely well-studied and is comparable to other 

imilar-sized terrestrial mammals, with a frequency range from 

0 Hz to 20 kHz in young individuals. The best in-air sensitiv- 

ty is -5 dB re 20 μPa at 2–4 kHz ( Yost, 2006 ). A large change

n hearing sensitivity is expected when moving from air to wa- 

er, as the acoustic properties of water, most notably the acous- 

ic impedance (the product of sound speed and density), are very 

ifferent from air. The air-filled auditory meatus and middle ear 

auses a large impedance mismatch to water ( Pau et al., 2011 ;

mith, 1985 ). In air, humans hear by both tympanic and bone con- 

uction, but bone conduction is approximately 50 dB less sen- 

itive than tympanic hearing ( Reinfeldt et al., 2007 ; Yost, 2006 ) 

ainwright’s (1958) . suggestion that humans primarily use bone 

onduction under water has been supported by several subsequent 

tudies ( Brandt et al., 1967 ; Hollien et al., 1969 ; Hollien et al.,

967 ) and is predicted to drastically reduce the hearing sensitiv- 

ty as compared to in-air hearing. 

There is a large discrepancy between underwater hearing 

hresholds measured on humans in different studies. Early studies 

eported large differences in air and underwater hearing sensitiv- 

ties, as predicted by the bone-conduction hypothesis ( Ide, 1944 ; 

ivian, 1947 ; Wainwright, 1958 ). In the much-cited study of 

ainwright (1958) , the underwater thresholds were 20–30 dB 

igher in water than in air at the best frequencies of underwater 

earing (1 kHz), measured in intensity units. Subsequent studies 

endered both lower and higher underwater thresholds than Wain- 

right’s ( Brandt et al., 1967 ; Hollien et al., 1969 ; Hollien et al.,
2 
967 ). More recently, Parvin and Newell (1995) reported an un- 

erwater threshold only differing by 6 dB from the aerial one at 

00 Hz. The fact that the underwater hearing thresholds varied 

o such an extent between different investigations may indicate 

hat earlier studies had great difficulties in reducing the ambient 

oise levels during the experiments to avoid masking. For exam- 

le, some of the earlier experiments were made with divers using 

CUBA equipment, which is notoriously noisy. 

Another aspect of hearing that is important for understand- 

ng how humans hear under water is directional hearing. This can 

e investigated by measuring the minimum audible angle (MAA) 

hich is the smallest angle that can be discerned between two 

ound sources. In air, the MAA is dependent on the azimuth and 

he frequency of the signal but can be lower than 1 ° ( Mills, 1958 ).

uman underwater MAAs range from 7 to 21 °, depending on signal 

ype and the subject’s experience with the task ( Feinstein, 1973 ). 

nother way to assess the directional hearing abilities is to play 

 sound from an unknown location and ask the subject to pin- 

oint the direction to the sound source. In air, our abilities to pin- 

oint a source depends on frequency content and direction of the 

ound. It can be as good as 5 ° ( Stevens et al., 1936 ). There has un-

il now been only crude measurements on the similar abilities of 

umans under water, indicating some slight but unquantified di- 

ectional hearing abilities ( Andersen et al., 1969 ; Bovet et al., 1998 ;

einstein, 1975 ; Hollien, 1973 ; Stouffer et al., 1975 ). 

Here we re-assess the underwater hearing abilities of humans 

n a low-noise pool with a diver neither wearing hood nor SCUBA 

ear. We use identical psychophysical routines and the same test 

ubjects both in air and under water to directly compare thresh- 

lds from both media. By comparing the hearing thresholds with 

reviously measured bone conduction thresholds we are able to 

onclude whether bone conduction is a likely sound path to the 

uman inner ear under water. In addition, we investigated the abil- 

ty of three of the test subjects to localize the direction to a sound 

ource by pinpointing its direction while being submerged. 

. Material and methods 

.1. Aerial hearing thresholds 

The test subjects consisted of seven students and professors 

four females and three males, age 23 to 49 years, mean 29 years). 

ll subjects were experienced free divers and with no reported 

earing disabilities in air. 

The aerial hearing threshold measurements were conducted in 

 certified anechoic chamber at the University of Southern Den- 

ark ( Fig. 1a ). Tests subjects were equipped with a remote con- 

roller and positioned on a chair inside the anechoic chamber, with 

he head at the same height as the transducer, 3.1 meters away. 

he experimenter was positioned outside the chamber with a lap- 

op to manually start and end each trial sequence. The test subject 

ontrolled the trial interval with the controller by pressing a trial 

ottom to produce a signal. 

The signals were designed as sinusoidal tones of 500 ms using 

dobe Audition (Adobe, Inc.) with 100 ms rise-fall time to elim- 

nate spectral smearing at the start and the end of the stimu- 

us. Eight frequencies were tested: 0.125, 0.25, 0.5, 1, 2, 4, 8, and 

2 kHz. Recordings of the stimulus showed that there was insignif- 

cant distortion in the playback chain ( Fig. 1 b). The signals were 

enerated by a NI USB-6251 USB data acquisition module con- 

ected to a laptop running a custom-made Labview (ver. 2016; Na- 

ional Instruments) program and sent through an Basetech AP-4012 

mplifier to a KAY Elemetrics 865 attenuator, and to an JBL Control 

 Plus loudspeaker mounted on a frame 1 m above ground. The 

nalogue attenuator was used to allow for sufficient amplitude res- 

lution in the digital-to-analogue generated signal while still being 
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Fig. 1. a. Experimental setup during in-air hearing tests. Test subject manually controls the trials with a remote controller inside an anechoic chamber. A: Data Acquisition 

Module, B: Amplifier, C: Attenuator, D: Transducer, E: Anechoic chamber, F: Remote controller. b. Aerial signal stimuli as oscillogram and power spectrum. The stimulus was 

recorded at the site of the head of the person being tested. 
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ble to present the stimulus at low sound intensities. The custom- 

uilt remote controller with three buttons operated by the experi- 

ental subject was connected to the digital input channels of the 

ata acquisition module. If the signal was detected, the test subject 

ould press a bottom, and the signal of the following trial would 

e decreased in intensity by 3 dB. For the first three trials, the in-

ensity decrease was 6 dB, to rapidly move from a clearly audi- 

le stimulus in the start of the session down towards the hearing 

hreshold. If no acoustic signal was detected, the test subject would 

ress another bottom indicating no signal was detected and thus 

ncreasing the following signal’s intensity by 3 dB. This so-called 

taircase procedure was repeated with 45 trials per frequency, in- 

luding 13 randomly ( sensu Gellerman, 1933) mixed-in catch trials 

no sound) to determine the false alarm ratio ( Gescheider, 1985 ). 

he program would register each trial sequence for subsequent 

hreshold determination. The sequence of tested frequencies was 

andomized. 

Signals were regularly calibrated to ensure a correct output 

evel. During calibration, a GRAS ½’’ microphone powered by a 

RAS 12 AA microphone amplifier was fixed at a position corre- 

ponding to the subject’s head. The received signals were recorded 

ith an Olympus LS-10 recorder and connected to a laptop for fur- 

her analysis in Adobe Audition (ver. 1.4, Adobe, Inc.). The distor- 

ion of the temporal and frequency content of the emitted signals 

ere insignificant ( Fig. 1 b). 

.2. Underwater hearing thresholds 

All subjects were tested both in air and under water. 

Stimuli signal duration and frequency content were the same as 

n the in-air hearing test. The playback system was identical to the 

ne used in air, except that the transducer was an Electro-Voice 
ig. 2. a. Experimental setup during underwater hearing threshold tests. The experimente

 signal was detected or not. A: Data Acquisition Module, B: Amplifier, C: Attenuator, D: T

timuli as received sound pressure (Pa) as a function of time (s). The recordings were m

rominent harmonics in some of the stimulus were significantly reduced when the tone 

3 
W-30 underwater (UW) loudspeaker mounted on a PVC frame 

nd lowered 80 cm below the water. A green UW lamp attached 

ext to the transducer was used to notify test subjects whether 

 signal was being presented. The lamp was connected to a USB- 

162 Hi-Speed USB Carrier (National Instruments) steered by the 

bove-mentioned Labview program so that it would turn on right 

efore the signal was present and then turn off again. A custom- 

uilt remote controller with three buttons was connected to the 

ata Acquisition module. 

The experiment was conducted at the Marine Biology Research 

entre, University of Southern Denmark, Kerteminde. UW hearing 

hresholds were tested in an acoustically isolated concrete pool, 

ug into the ground measuring 7 m in diameter and 1.5 m deep. A 

hin station was positioned 70 cm in front of the transducer. The 

est subject, dressed in a neoprene wet suit without a hood, posi- 

ioned his/her chin on the chin station and gave a hand signal of 

timulus detection with a thumb up and thumb down if no signal 

as detected. The experimenter was positioned on the pool deck 

ight above test subject to manually control the trial settings, while 

bserving the test subject ( Fig. 2a ). Before each trial, the test sub- 

ect took a deep breath that was held during several trials. When 

he subject required to breathe again, the trials were temporarily 

ut on hold. A trial started when test subject was well positioned 

n the chin station and gave signal to start the trials. A green light 

ould turn on for 1 s while a tone was played. The test subject 

ould signal the experimenter with a thumb up/down whether an 

coustic signal was detected or not. Testing was done with initially 

 dB and after three trials with 3 dB steps and including random- 

zed catch trials, according to the same pattern as described above 

or the in-air testing. There were 45 trials in each session, out of 

hich there were 32 signal trials and 13 catch trials. The sequence 

f tested frequencies was randomized. 
r manual controls each trial with a remote control and test subject signals whether 

ransducer, E: USB-carrier, F: Remote controller, G: Lamp. b. Left: Underwater signal 

ade of the initial tested intensity. Right: Power spectrum of the signal stimuli. The 

intensity was lowered throughout the psychophysical staircase procedure. 
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Fig. 3. Example of an in-air staircase for determination of an auditory threshold with local minima: -11 dB re 20 μPa (black circles), and local maxima: -11 dB re 20 μPa 

(white circles). Dashed red line shows the auditory threshold for a hypothetical frequency based on the average of the three medians. 
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Fig. 4. a. Experimental setup during UW sound localization tests. Experimenter 

was positioned on the pontoon manually controlling the transmission of signals. 

A: Camera, B: Video Capture, C: Amplifier, D: Transducer. b. (A) Oscillogram of un- 

derwater signal stimulus for the directional hearing experiment and (b) the power 

spectrum. Test frequency: 700 Hz. The signal was recorded at the site of the test 

person’s head. c. Photograph from above during the sound localization experiment. 

Test subject is pointing the white tube directly toward the transducer and correctly 

indicating the position of the sound source. Dashed lines show water depth at 1 m. 

depth corresponding to the depth of test subjects’ ear and depth of shot line. 
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e

Signals were regularly calibrated to ensure a constant output 

evel. During calibration, a Reson TC4032 hydrophone powered by 

 transportable 12 V battery was fixed to a position corresponding 

o the diver’s head during the trials on the chin station. The signals 

eceived were transmitted to an Olympus LS-10 recorder and con- 

ected to a laptop for further analysis in Adobe Audition (ver. 1.4, 

dobe Inc.) and Matlab. Additional calibrations were made with a 

oundtrap HF300 (OceanInstruments, Inc.). The distortion of the 

emporal and frequency content of the emitted signals were in- 

ignificant ( Fig. 2b ). 

To measure the particle motion component of the sound field, 

wo Reson 4014 hydrophones, calibrated with a B&K pistonphone 

alibrator (model 4223), were kept 30 cm apart while recording 

he stimulus at the site of the test subject’s head with an Olympus 

S-10 recorder. Stimulus recordings were made in radial, tangential 

nd vertical directions relative to the loudspeaker to obtain mea- 

urements of particle motion along all Cartesian directions. Mea- 

urements were made for each tested frequency. The acceleration 

omponent a in each recording was calculated from the Newtonian 

ormula a = - �p/( ρr) , where �p is the instantaneous difference in

ressure between the two hydrophones, ρ is the density of water 

10 0 0 kg / m 

3 ), and r is the distance between the two hydrophones

30 cm; see Christensen-Dalsgaard et al., 1990 for details). The ac- 

eleration was converted into particle velocity through the formula 

 = a / (2 π f) , with f being the frequency of the stimulus. It was

ompared to the corresponding free-field particle motion v f , calcu- 

ated by the formula v f = p / ( ρc) , where p is the measured pres-

ure at threshold, ρ is the density and c is the speed of sound in

ater (see Beranek 1983 for details). 

.3. Threshold determination 

The data sequence generated for each frequency consists of a 

taircase ( Fig. 3 ). Typically, the received level is first reduced dur- 

ng a number of trials, as the experimenter is correctly detecting 

he signal. When reaching close to the threshold, the received level 

s increasing as soon as the experimenter cannot hear the stimu- 

us. This produces a so-called reversal, where the signal level as 

 function of trial number reaches a local minimum as illustrated 

t trial number 27, 30 and 33 ( Fig. 3 ). Once the signal is audible

gain, the signal level is again decreasing in the subsequent trial, 

reating a local maximum as illustrated at trial number 20, 22 and 

3 ( Fig. 3 ). We calculated the medians of the three local minima

nd maxima with the lowest and highest levels, respectively. The 

hreshold at a certain frequency was determined as the average of 

he three medians Levitt (1971) . 

.4. Directional hearing 

Subjects consisted of three volunteers (one female and two 

ales, age 23–49 years) from the Marine Biology Research Cen- 
4 
re in Kerteminde, Denmark. All subjects were experienced divers 

ith normal in-air hearing abilities. The two male subjects were 

lso participating in the threshold trials described above. 

A line was attached with one end to a weight at the bottom 

nd the other end to a 2 × 3 m floating pontoon of the marine 

tation dock and positioned two meters from the transducer. Both 

he transducer and the line were more than three m away from 

he harbour wall. An UW video camera (LH Camera) was mounted 

n a plastic pipe close to the water surface directed downwards 

long the shot line. The camera was connected via an Elgato video 

apture USB device to a laptop computer recording both the video 

nd the emitted stimuli. 

Testing of UW directional hearing was conducted in the har- 

our of Kerteminde, water depth of 3 m ( Fig 4a and 4b). The

xperimenter was positioned on the pontoon controlling the 
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Table 1 

Aerial hearing thresholds (dB re 20 μPa) of 7 test subjects with calculated average thresholds and 

standard errors. 

Frequency (kHz) 

Subject 0.125 0.25 0.5 1 2 4 8 12 

A 34 9 7 0 -7 -6 10 17 

B 35 24 15 2 -5 -1 19 27 

C 31 14 -1 -1 -11 -9 22 17 

D 37 24 3 -7 -5 -6 22 29 

E 34 18 -4 1 -4 -7 20 12 

F 38 28 -5 -2 -9 -9 22 13 

G 34 17 2 -6 -6 -7 18 29 

Average threshold (dB re 20 μPa) 35 19 2 -2 -7 -6 19 21 

Standard Error (dB) 0.8 2.3 2.4 1.2 0.9 0.9 1.5 2.6 
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ransmission of sound signals and the video system ( Fig. 4a ). A trial

tarted when the test subject descended to the knot on the line 1 

 below the surface. To achieve complete disorientation of the sur- 

oundings, the diver was spinning around line under water while 

hutting his or her eyes. When the diver felt sufficiently disorien- 

ated, he or she stopped spinning and kept the hands close to the 

ody. This was the cue to the experimenter to play back the signal 

hrough the transducer, and the diver would within 5 s after signal 

resentation point the white plastic tube in the direction that he 

r she experienced the signal coming from. The diver would do as 

any trials as possible on a single breath before re-ascending to 

he surface. A total of 30 trials were completed by each test sub- 

ect. 

Stimulus signals were sinusoidal tone bursts of 500 ms and fre- 

uency 700 Hz ( Fig. 4c ). The level was 152 dB re 1 μPa rms at

he site of the person being tested during all trials. This was mea- 

ured with a TC4032 hydrophone and an Olympus LS-10 recorder, 

alibrated with a B&K 4223 hydrophone calibrator. The tones were 

enerated in Adobe Audition and send from a laptop through an 

asetech AP-4012 amplifier to a KAY Elemetrics 865 attenuator 

rior to reaching the Lubell LL9162T transducer, lowered to a depth 

f 1 m from a pontoon fastened to the harbour wall. 

Videos were analyzed in VLC Media Player. The signals trans- 

itted during testing were connected to the video camera to syn- 

hronize and store both video and sound transmitted sound signals 

n one file. Each trial would be analyzed on the computer screen 

ith a protractor measuring both the arm and nose position rel- 

tive to the direction of the transducer, which was always posi- 

ioned in the top of the camera view. 

. Results 

.1. Aerial hearing thresholds 

Aerial hearing thresholds of seven test subjects are presented in 

able 1 and plotted as a function of frequency in Fig. 5a . The audio-

rams from our 7 test subjects followed the expected U-shape with 

 prominent slope at the lower frequencies and similar at higher 

requencies. The best sensitivity for 6 of our 7 test subjects were 

n the 2–4 kHz range and one subject showed highest sensitivity 

t 1 kHz of -7 dB re 20 μPa. 

The overall best sensitivity was at 2 kHz for most test subjects, 

ith an average threshold of -7 dB re 20 μPa. 

.2. Underwater hearing thresholds 

Underwater hearing thresholds of the same seven subjects is 

resented in Table 2 and plotted as a function of frequency in Fig. 

b. All test subjects showed similar sensitivities for 125 and 250 Hz 

f 100–101 dB re 1 μPa and dropped noticeably to 71 dB re 1 μPa

t 500 Hz. The best sensitivity was also found at 500 Hz for most 
5 
est subjects, with an average threshold of 71 dB re 1 μPa. One 

ubject showed highest sensitivity at 2 kHz. The underwater audio- 

rams are generally more flattened compared to those in air, much 

ike previous studies but the sensitivities still follow a U-shaped 

endency, now with the highest sensitivities shifted towards lower 

requencies compared to air. 

The particle velocity at threshold is given in Table 3 . For stim- 

lus frequencies up to 500 Hz, the particle velocity exceeded the 

orresponding free-field particle motion, whereas it was compara- 

le to the free-field particle motion for higher frequencies. 

.3. Comparison of underwater and aerial thresholds 

In order to compare data obtained in air and water, thresh- 

lds were converted into sound intensity (W/m 

2 ) and presented 

n Table 3 and Fig. 5c. The hearing thresholds were also compared 

n units of sound pressure (Fig. 5d). 

.4. Sound localization 

The underwater sound localization abilities were poor for all 

hree test subjects ( Fig. 7 ). For sound incidence of less than 90 °,
he median error in pinpointing the direction was within a few 

ens of degrees, whereas the error in individual trials was as large 

s 90 ° ( Fig. 7 ). For larger sound incidence angles, the median error 

as larger, whereas the spreading was similar ( Fig. 7 ). The me- 

ian pinpointed direction was positively correlated with sound in- 

idence for larger angles. 

. Discussion 

This study was designed to investigate underwater hearing abil- 

ties in humans, both in terms of absolute thresholds and sound 

ocalization. At 500 Hz, we measured on average 26 dB lower un- 

erwater thresholds than predicted from the bone-conduction hy- 

othesis, whereas at higher frequencies the underwater thresh- 

lds were more similar to bone conduction thresholds (see below). 

est subjects had poor underwater sound localization abilities for 

 700 Hz tone burst, which is predictable from the physical ba- 

is of directional hearing. Even though human underwater hearing 

hresholds are low, the poor directional hearing abilities do not in- 

icate any adaptations for underwater hearing in humans. 

.1. Aerial hearing threshold 

The aerial thresholds were determined to ensure both that the 

tudy subjects had normal hearing, and for being able to compare 

n-air and underwater hearing thresholds in the same test subjects. 

ost in-air thresholds were slightly lower than average thresholds 

eported in previous free-field studies, which may be explained by 
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Fig. 5. a. Aerial hearing thresholds (in dB re 20 μPa) for seven test subjects (black curve). Error bars show standard errors. Human audiogram from American National 

Standard ANSI 3.6-19996 Specifications for Audiometers is plotted for comparison (grey curve). b. Underwater hearing thresholds (in dB re 1 μPa) for the same seven test 

subjects. Error bars show standard error. Also shown (dark grey) is the background noise and self-noise as a function of frequency. c. Average aerial and underwater hearing 

thresholds as sound intensity (dB re 1 W/m 

2 ) of the seven test subjects as function of frequency (Hz). d. Same thresholds as in c, plotted in units of pressure (dB re 1 μPa). 

6 
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Table 2 

Underwater hearing thresholds (dB re 1 μPa) of 7 test subjects with calculated average thresholds 

and standard errors. 

Frequency (kHz) 

Subject 0.125 0.25 0.5 1 2 4 8 12 

A 100 94 71 75 72 81 82 103 

B 104 107 78 79 74 90 101 116 

C 97 115 79 92 83 84 105 104 

D 95 96 69 77 80 76 72 95 

E 99 92 56 71 81 76 82 94 

F 102 102 75 81 90 75 82 95 

G 106 100 66 68 88 76 111 101 

Average threshold (dB re 1 μPa) 100 101 71 78 81 80 91 101 

Standard error (dB) 1.4 2.8 2.8 2.7 2.3 2.0 5.1 2.7 

Table 3 

Average aerial and underwater hearing thresholds in units of intensity (dB re 1 W/m 

2 ) and sound pressure (dB 

re 1 μPa), as well as measurements of the corresponding underwater sound velocity thresholds, of the 7 test 

subjects and the difference intensity between air and water. 

Frequency (kHz) 0.125 0.25 0.5 1 2 4 8 12 

Intensity (dB re 1 W/m 

2 ) 

Air -86 -102 -115 -120 -124 -125 -102 -100 

Water -81 -81 -111 -104 -101 -102 -91 -81 

Difference (dB) -5 -21 -4 -16 -23 -23 -11 -19 

Pressure (dB re 1 μPa) 

Air 61 45 28 24 19 20 45 47 

Water 100 101 71 78 81 80 91 101 

Difference (dB) -40 -56 -42 -53 -62 -60 -46 -54 

Underwater particle velocity (nm/s) 360 250 3.0 3.9 4.4 2.1 4.1 8.9 

Far field particle velocity (nm/s) 90 74 2.2 4.8 6.8 6.0 31 8.1 
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he young age of most test subjects in our study. Younger indi- 

iduals tend to be more sensitive to sound, as damaged hair cells 

n the cochlea are not regenerated so that hearing sensitivity usu- 

lly decreases with age ( Pierce, 1981 ; Robinson et al., 1979 ). The

inor shift in hearing sensitivity could also be explained by dif- 

erences in methods: Our thresholds were estimated according to 

he X 50 criterion for Method of Limits procedures suggested by 

evitt (1971) which differs from Standard Hearing Threshold (SHT) 

stimations. The reason for using Methods of Limits procedure was 

o obtain in-air data directly comparable to the underwater hear- 

ng data, where SHT estimation procedures would not be feasible. 

The test subjects had the best in-air sensitivity at 2 kHz, in 

greement with previous measurements. This is an effect of a 

uarter-wavelength resonance in the auditory meatus Yost (2006) . 

.2. Human underwater hearing thresholds 

We measured underwater hearing thresholds that were con- 

iderably lower than the ones reported by most previous studies. 

hen comparing ours with previous results, it is important to re- 

ember that there is very large variation in the previously de- 

ived thresholds. This may be due to various inaccuracies in the 

ethodology. Uncontrolled levels of background noise could po- 

entially mask the thresholds at several frequencies. Our study was 

onducted in a low-noise concrete pool to ensure that the back- 

round noise and potential echoes of stimuli would not affect the 

coustic signal or hearing of the test subjects. 

Inaccuracies in measuring sound levels at the subject’s head 

ay have been another factor contributing to the wide variety of 

hresholds in earlier studies. In addition, all previous studies on 

uman underwater hearing were performed using SCUBA equip- 

ent, diving masks and/or diving hoodies. Hoodies are usually 

ade of neoprene and contains thousands of small air bubbles. 

urthermore, a hoodie can create air pockets that block water from 

ntering the ear, thus increasing the impedance mismatch. All this 

ill efficiently attenuate sound on its way from the water to the 
7 
ar. Our data provide confirmatory evidence that an uncovered 

ead and neck should optimize sound reception of the test sub- 

ects due to the absence of reflecting surfaces covering the head, 

here sound is supposedly received. Furthermore, the masks and 

reathing devices will serve as an acoustic barrier due to the great 

mpedance mismatch of underwater sound and the air trapped in- 

ide a diving masks and regulator/snorkel and as noise sources as 

ell. To overcome this issue in the present study, tests subjects 

ere only equipped with a small pair of swimming goggles and no 

reathing devices such as snorkel or SCUBA equipment. The swim- 

ing goggles were a necessity to detect a green trial light when 

n acoustic stimulus was presented. 

The underwater audiograms are flatter than the in-air audio- 

rams, as has also been found in previous studies ( Brandt et al., 

967 ; Parvin et al., 1995 ). The human in-air audiogram has a 

rominent slope both at lower and higher frequencies ( Yost, 2006 ). 

uch a U-shape is also observed in other in-air mammals as well 

s in the underwater audiogram of aquatically adapted mammals 

 Fay, 1988 ; Mooney et al. 2012 ; Reichmuth et al., 2013 ). The flat

hape of the human underwater audiogram may be an indication 

f humans not being well-adapted for underwater hearing. 

The highest underwater hearing sensitivity of all 7 test subjects 

as at 500 Hz, with an average threshold of 71 dB re 1 μPa. This

s close to the sensitivity of aquatically adapted vertebrates, such 

s harbour seals ( Fig. 6b ) and the great cormorant, at these fre-

uencies ( Hansen et al., 2016 ; Reichmuth et al., 2013 ). Both seals

nd marine birds are adapted to an aquatic lifestyle whereas hu- 

ans are considered entirely terrestrial. As an example, we have 

lotted human aerial- and underwater hearing thresholds against 

hose of published harbour seal thresholds in Fig. 6a and 6b 

 Reichmuth et al., 2013 ). Here, we see how human hearing thresh- 

lds are very similar to those of harbour seals at lower frequencies 

n air (125 – 40 0 0 Hz) and under water (125–10 0 0 Hz). Thus, only

sing the hearing thresholds to determine if a species is aquatically 

dapted or not may not be sufficient: the shape of the audiogram, 

s mentioned earlier, and the directional hearing abilities, treated 
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Fig. 6. a. Aerial hearing thresholds (in dB re 20 μPa) for 7 humans, and published data on harbour seals (from: Reichmuth et al., 2013 ). Error bars show standard error for 

humans. b. Underwater hearing thresholds (in dB re 1 μPa) for 7 humans, and published data on harbour seals (from: Reichmuth et al., 2013 ). Error bars show standard 

error for humans. 
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elow, may be much stronger indications of how well the animal’s 

earing abilities are adapted to a certain medium. Nevertheless, as 

iscussed below, the low threshold to underwater sound, at least 

elow 1 kHz, suggest that the air-filled middle ear somehow is 

readapted for underwater hearing, because resonances in the en- 

losed air may drive the middle ear. 

Assuming the human ear is an energy integrator 

 Hughes, 1946 ), the in-air hearing thresholds are 4–26 dB lower 

han the corresponding thresholds in water ( Fig. 5c ). Assum- 

ng that the human ear is a pressure detector, as suggested by 

eil and Neubauer (2001) , the corresponding difference between 

n-air and underwater thresholds is 40–62 dB. In seals and toothed 

hales, the underwater hearing abilities (measured with intensity 

r energy units) can for some frequencies be more than 40 dB 

etter than in air ( Kastelein et al., 1997 ; Liebschner et al., 2005 ;

eichmuth et al., 2013 ), and in aquatic turtles the same difference 

an be more than 20 dB ( Christensen-Dalsgaard et al., 2012 ). Thus, 

ven though human underwater thresholds are surprisingly low, 

hey are much higher than the ones of aquatically adapted animals 

uch as the harbour seals, at frequencies above 1 kHz ( Fig. 6b ). 

.3. Mechanism of underwater hearing 

Currently there is no agreement on the mechanism and path- 

ay of underwater hearing in humans, albeit several theories have 

een proposed Sivian (1947) . suggested that air is trapped in the 

xternal auditory meatus when descending under water. This tiny 

ir bubble would allow the tympanic membrane to vibrate nor- 

ally due to the air-filled cavity in the middle ear. However, ex- 

eriments have shown that the meatal air bubble is unimportant 

o underwater auditory thresholds ( Hollien et al., 1969 ). Pau et al., 
8 
2011) suggested that the key mechanism of underwater hearing 

s the middle ear conduction, at least when diving near the sur- 

ace, whereas Chordekar (2015) suggested that at low intensities, 

he transmission of sound waves to the inner ear is done via soft 

issue and a fluid pathway. This phenomenon is referred to as soft 

issue conduction ( Adelman et al., 2015 ) or non-osseous bone con- 

uction ( Vento et al., 2009 ). It is not clear to which degree these

ifferent theories of human underwater hearing would affect the 

nderwater hearing thresholds when compared to the ones in air. 

iven that at least one of these mechanisms are functioning, or 

erhaps several in parallel, it has not yet been quantified if this 

ay explain why relatively low thresholds can be measured from 

n in-air adapted ear under water. 

.4. Hearing by bone conduction 

Earlier studies (e.g., Wainwright 1958 ) have assumed that un- 

erwater hearing could be mediated by bone conduction. Bone 

onduction is a collective term for different non-tympanic path- 

ays (see Stenfelt 2013 ) that are generated by sound-induced vi- 

rations of the head and body and ultimately generate vibra- 

ions of the cochlear fluids. At low frequencies ( < 400 Hz in air) 

he head is moving like a rigid body, whereas at higher fre- 

uencies vibrations are dominated by structural vibrations in the 

kull Stenfelt (2013) . The rigid-body motion of the head has been 

odelled by von Békésy (1960) . For ka < 1 (here, ka is the prod-

ct of wave number and radius of the head) the predicted mo- 

ion is approximately 3 μm/s at a sound pressure of 1 Pa at low 

requencies in air. At bone conduction thresholds, measured by 

einfeldt et al. (2007) to be approximately 50–60 dB above air con- 

uction thresholds, the threshold would be approximately 60 dB 
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Fig. 7. The error ( °, defined as the difference between arm and sound direction) as a function of the sound direction ( °) relative to the transducer for three rest subjects. 

Positive angles are to the right, negative angles to the left of the test subject. 
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PL (0.02 Pa) and the predicted skull motion 60 nm/s (for frequen- 

ies below 1 kHz this predicted skull motion corresponds well to 

he vibration thresholds (63 to 30 nm/s in the frequency range 

rom 40 0–10 0 0 Hz). measured at the cochlear promontorium by 

eg-Olofsson et al.,2013 ). 

In water, we assume that bone conduction hearing would func- 

ion as in air, at least for the rigid-body motion at low frequen- 

ies. Comparing the same frequencies in air and water, ka in water 

ould be four times higher because of the greater wavelengths in 

ater. We therefore assume that in water, rigid body motion would 

ominate at least up to 1 kHz. In the following, we will concen- 

rate on this frequency region. Assuming rigid-body motion and a 

omplete match between the impedance of the skull and water in 

his frequency region, the head will simply move with the parti- 

le motion of water. Thus, at low frequencies, the motion would 

e 0.7 μm/s at a sound pressure of 1 pa. The underwater hear- 

ng threshold measured at 500 Hz in the present experiment is 

1 dB re 1 μPa ( Table 2 ), or 3.5 mPa. At this threshold, the rigid-

ody motion of the head would be 2.5 nm/s, i.e., 28 dB below the 

hresholds measured in air. So at least in the frequency range up 

o 1 kHz we are confident that bone conduction cannot explain 

he underwater sound sensitivity. However, direct measurements 

f head vibrations underwater would be desirable to understand if 

uch vibrations contribute at all to underwater hearing in humans. 

.5. An alternative pathway under water 

An alternative pathway for underwater sound stimulation might 

nvolve the middle ear and tympanum through resonances in 

he air-filled middle ear cavity. This is a mechanism known 

rom underwater hearing in turtles and aquatic frogs and results 

n peak sensitivity at the resonance frequency of the air vol- 

me ( Christensen-Dalsgaard et al. 2012 ; Christensen-Dalsgaard and 

lepfandt 1995 ). In water, a free air bubble with a volume v would 

ave a resonance frequency f res determined by 

f res = 

0 . 327 

3 
√ 

3 v 
4 π

( Urick , 1983 ) 

n humans, the volume of the middle ear cavity is approximately 

.5 ml ( Gyo et al. 1986 ). A volume of 0.5 ml would thus result

n a resonance frequency of 660 Hz. Clearly, the air in the middle 

ar cavity will not vibrate as a free air bubble, but the resonance 

requency will probably not be very different as shown by direct 
9 
easurements from frogs and turtles and more realistic acousti- 

al models ( Vedurmudi et al. 2018 ). Thus, it is likely that as in

ther aquatic tympanic ears, the hearing response in humans is 

nhanced by the air-filled middle ear cavity and that this explains 

he low thresholds below 1 kHz. 

.6. Sound localization 

In air, human use a combination of Interaural Time Difference 

ITD) and Interaural Level Difference (ILD) to detect the direction 

o the source. ITDs are used at low frequencies, since the auditory 

rocessing of these cues depend on phase-locking in the auditory 

erve. ILDs are generated by the obstruction of the sound wave 

y the head and body and depend on the wavelength and reflec- 

ion. At high frequencies (above approximately 2 kHz, where the 

avelength is smaller than the head diameter), the head can cre- 

te an acoustic shadow at the contralateral ear that increases the 

LD Blauert (1997) . Because of the higher velocity of sound in wa- 

er, the time-of-arrival of sound at the two ears is reduced signif- 

cantly, reducing ITD cues considerably for a given location. Since 

mall ITDs are located at the front or back directions, a subject un- 

rained in underwater hearing would locate sounds too close to the 

idline. Also, underwater ILD cues are probably reduced, since the 

avelength of sound is four times longer for any given frequency, 

eading to a smaller shadowing effect of the head. Furthermore, the 

mpedance mismatch between the surrounding environment and 

he head is greater in air, producing an effective sound shadow at 

igher frequencies, whereas the impedance of water and the skull 

s similar. Consequently, reflections from the skull are minimal, re- 

ucing the shadow effect Hollien (1973) . 

In our study, the error in pinpointing a sound source in indi- 

idual trials is up to 90 ̊ ( Fig. 7 ). There is an interesting differ-

nce between the response of sound incidence from the left and 

rom the right. Let us assume that the test subject is using inter- 

ural time-of-arrival differences to determine the sound direction 

t this frequency under water. For positive angles (sound incidence 

n the right side of the test person), the small angles created by 

he small time-of-arrival differences under water leads to a bias of 

he sound being pinpointed closer to the direction of 0 ̊, giving an 

rror to the left (negative error), similar to the magnitude of the 

ound incidence. For negative angles (sound incidence to the left), 

he bias would be to report the angle at a similar magnitude to the 

ight (positive angle) of the test person. All in all, only relying on 
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iming cues would therefore explain why Fig. 7 shows these fea- 

ures of the data. This explanation predicts a difference in error at 

80 ̊ sound incidence, depending on whether the sound is coming 

rom left or right; and this is exactly what is seen in the measured

ata ( Fig. 7 ). 

Even though several studies claim to have demonstrated 

hat humans can localize sounds under water ( Hollien, 1973 ; 

touffer et al., 1975 ), our results provide evidence suggesting that 

uman abilities to determine the origin of a sound source of 

00 Hz while being blindfolded is very limited, if even existing. 

o obvious correlation was found between the nose position rela- 

ive to the transducer and the ability to detect the direction of a 

ound stimulus. However, one diver (subject B) showed small di- 

ectional underwater hearing abilities at source azimuths from 0–

10 ̊ ( Fig. 7 ). On the basis of the evidence currently available, it 

eems fair to suggest that the ability to determine the origin of a 

ound source under water while being blindfolded is greatly im- 

aired, however not completely eliminated. Training the subject to 

he different ITD cues under water might improve sound localiza- 

ion. 

Hearing the direction of a sound source is a fundamental prop- 

rty of essentially any vertebrate hearing system and is the basis 

or extracting features of the sound source. The deteriorated pos- 

ibilities for humans to use directional hearing is strong evidence 

or human hearing not being adapted for underwater sounds. Also, 

t may be the strongest albeit most difficult test for any animal’s 

quatic hearing abilities to judge its aquatic sensory adaptations. 

or animals with amphibious lifestyle (for example seals) effi- 

ient directional hearing in both media would entail adaptations 

o switch between two different sets of physical cues. 

. Conclusion 

The human underwater hearing sensitivities are 4–23 dB lower 

han in-air thresholds (in terms of sound intensity) and consider- 

bly lower than what has been measured in most previous stud- 

es. The low underwater thresholds also mean that we can rule 

ut bone conduction as the primary pathway to the inner ear in 

he frequency range below 1 kHz. At higher frequencies, where 

igid-body motion does not apply, bone conduction can still be in- 

olved in underwater hearing. Extremely poor directional under- 

ater hearing abilities indicate that humans are not adapted for 

nderwater hearing. The reason for the surprisingly low underwa- 

er hearing thresholds may be resonances in the air of the middle 

ar cavity. We suggest that measuring animals directional hearing 

bilities may be a much stronger test for an animal’s hearing adap- 

ations in water rather than comparing hearing thresholds across 

he two media, since the physical cues to sound direction are very 

ifferent in the two media, demanding different processing by the 

uditory pathway. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.heares.2022.108484 . 
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