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Studies of underwater hearing are often hampered by the behavior of sound waves in small
experimental tanks. At lower frequencies, tank dimensions are often not sufficient for free field
conditions, resulting in large spatial variations of sound pressure. These effects may be mitigated
somewhat by increasing the frequency bandwidth of the sound stimulus, so effects of multipath
interference average out over many frequencies. In this study, acoustic fields and bottlenose dolphin
�Tursiops truncatus� hearing thresholds were compared for pure tone and frequency modulated
signals. Experiments were conducted in a vinyl-walled, seawater-filled pool approximately 3.7
�6�1.5 m. Acoustic signals were pure tone and linear and sinusoidal frequency modulated tones
with bandwidths/modulation depths of 1%, 2%, 5%, 10%, and 20%. Thirteen center frequencies
were tested between 1 and 100 kHz. Acoustic fields were measured �without the dolphin present� at
three water depths over a 60�65 cm grid with a 5-cm spacing. Hearing thresholds were measured
using a behavioral response paradigm and up/down staircase technique. The use of FM signals
significantly improved the sound field without substantially affecting the measured hearing
thresholds. �DOI: 10.1121/1.2743158�

PACS number�s�: 43.80.Lb �WWA� Pages: 606–614
I. INTRODUCTION

The problems inherent in underwater bioacoustical test-
ing in small tanks have been well known for years �e.g.,
Parvulescu, 1964, 1966�: long acoustic wavelengths make
sound absorption at tank boundaries difficult, resulting in
complex reverberant sound fields in all but the largest tanks
or specially designed enclosures �e.g., see Bobber and Be-
atty, 1959; Albers, 1965; Bobber, 1970; Miller, 2006�, or at
very high frequencies. Since, at any particular location, the
sound pressure consists of the sum of the direct component
and multiple reflected waves, single frequency tones will
produce complex interference patterns. The resulting sound
pressures may vary dramatically over relatively small spatial
distances �fractions of the sound wavelength� and produce
erratic pressure gradients �and thus sound particle motions�,
both of which confound attempts to accurately quantify
sound stimuli during experimental manipulations. Despite
these problems, however, relatively small tanks are often
used for bioacoustic tests because of practical limitations,
ambient noise concerns, or specific experimental design re-
quirements. Although in most cases experimenters are aware
of the potential issues created by complex acoustic fields,
spatial variations in sound pressure or particle motion have
rarely been quantified. In most cases received sound levels

a�Portions of these data were presented in “Acoustic field measurements and
bottlenose dolphin hearing thresholds using single frequency and fre-
quency modulated tones,” at the 4th Joint Meeting of the Acoustical Soci-
ety of America and the Acoustical Society of Japan, December 2006, Ho-

nolulu, HI.
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have been specified using a single hydrophone positioned at
the subject’s location, and descriptions of the expected sound
level variability within the volume of interest have been
vague.

To help mitigate sound propagation problems within
small pools, some recent studies featured acoustic signals
traditionally used in sonar systems, such as frequency modu-
lated �FM� tones, in lieu of pure tone stimuli �Kastelein et
al., 2002a, b, 2003, 2005�. FM stimuli possess a range of
frequencies, so the overall sound pressure �summed across
the FM signal bandwidth� exhibits less variability with spa-
tial location compared to a pure tone. Sound at a particular
frequency would still exhibit minima/maxima at different lo-
cations, but across a number of frequencies this effect would
tend to be reduced, with a larger FM bandwidth resulting in
less spatial variation in the overall sound pressure. Although
the theory of operation of FM signals in this manner is well
established, expected improvements in sound fields resulting
from FM stimuli have not been quantified in small pools
over the range of frequencies typically of interest in marine
bioacoustics.

This paper describes a series of experimental measure-
ments designed to quantify single frequency and FM sound
fields within a relatively small pool. The resulting spatial
variations in sound pressure are presented and compared
over the frequency range from 1 to 100 kHz. The suitability
of FM stimuli for hearing assessment was investigated by
measuring hearing thresholds in a bottlenose dolphin �Tursi-

ops truncatus� using FM and single frequency stimuli.
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II. METHODS

A. Test environment

Experiments were conducted in an approximately 3.7
�6�1.5 m vinyl-walled, above-ground pool �Fig. 1�. The
pool walls were supported only at the upper rim and floor
and “bulged” in response to hydrostatic pressure; the pool
walls were therefore not flat, parallel surfaces. The pool was
filled with seawater, which was filtered using a closed-circuit
pump and sand filter system. The pump was turned off dur-
ing all experimental measurements. Water depth varied
somewhat from day to day. The pool was located within a
larger room whose walls and ceiling were treated with sound

FIG. 1. �a� Schematic of the 3.7�6�1.5 m pool showing the underwater
stations. �b� Detail of station 2 showing the two-axis positioning system
used to map the acoustic field. Three hydrophones were used to simulta-
neously measure the acoustic field in three horizontal planes.
absorbing foam to reduce room reverberation. Ambient noise
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spectral density levels in the pool were approximately �60,
�52, and �40 dB re 1 �Pa2/Hz over the frequency ranges
0.1–1, 1–3, and �3 kHz, respectively.

A wooden deck located at one end of the pool supported
two “stations” constructed of PVC pipe. The pool contained
two stations for use in temporary threshold shift �TTS� ex-
periments where the fatiguing source used to induce TTS
�located at station 1� is spatially separated from the hearing
test location �station 2� �e.g., Schlundt et al., 2000�. Each
station contained an underwater sound projector, receiving
hydrophone�s�, video camera, and a plastic, neoprene-
covered “biteplate” upon which the dolphin subject was
trained to position. The biteplates were located at mid-depth
in the pool.

B. Acoustic field maps

1. Signals

Acoustic signals were digitally generated using a multi-
function data acquisition card �National Instruments NI PCI-
6070E� within a personal computer, filtered �SRS SR-560�,
attenuated �TDT PA5�, amplified �Hafler P4000�, and output
through a piezoelectric sound projector �ITC 1032�. Wave-
forms consisted of 500-ms single frequency �pure� tones
�PT�, linear FM �LFM� tones, and sinusoidal FM �SFM�
tones. Center frequencies were 1, 3, 4.5, 6, 9, 10, 20, 30, 40,
50, 60, 80, and 100 kHz. The selection of 4.5 kHz was based
on its use during recent TTS experiments �Finneran et al.,
2005; Schlundt et al., 2006�.

The signal instantaneous voltage v�t� was defined as

v�t� = A sin ��t� , �1�

where A was the signal amplitude and ��t� was the instanta-
neous phase angle �rad�. For PT signals,

��t� = 2�fct , �2�

where fc was the frequency �Hz�. For LFM signals,

��t� = 2�� f1t +
Bfc

2T
t2� , �3�

where f1 and f2 were the lower and upper frequencies, re-
spectively, fc was the center frequency, fc= �f1+ f2� /2, B was
the bandwidth, B= �f2− f1� / fc, and T was the sound duration.
The bandwidth B=1%, 2%, 5%, 10%, or 20%. For SFM
signals,

��t� = 2�� fct −
Dfc

2fm
� cos �2�fmt� , �4�

where fc was the carrier �center� frequency, fm was the
modulation frequency, and D was the modulation depth. The
modulation depth was defined as the peak-peak frequency
deviation expressed as a percentage of the carrier frequency.
For comparison to other definitions of SFM signals, the fre-
quency deviation ��f� and the modulation index ��� may be
calculated from �f =Dfc /2 and �=Dfc / �2fm�. The SFM
modulation depth �D� was 1%, 2%, 5%, 10%, or 20% and
the modulation frequency �fm� was 10 Hz. From Carson’s
rule �Carson, 1963�, the approximate bandwidths of the SFM

signals were Dfc+2fm. Power spectral densities for the
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waveforms as described in Eqs. �1�–�4� are shown in Fig. 2.
For each waveform, the signal amplitude �A� was 1 V. For
the specific values of fc, D, and fm, the modulation index
varied from 0.5	�	1000, thus in many cases the signals
were not narrow-band FM �usually defined as ��1� and at
many fc and D combinations would be considered wideband
or ultra-wideband FM �Gerrits et al., 2005�. Many of the
SFM spectra reveal the wideband FM nature—the lack of a
peak at fc and spectral peaks followed by sharp roll-offs at

fc±Dfm /2.
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2. Acoustic measurements

To quantify the acoustic field within the pool, the sound
pressure was measured as a function of position within three
horizontal planes. The primary interest was on the region
around station 2, where the auditory threshold testing oc-
curred. Figure 3 shows the measurement geometry and coor-
dinate system. The biteplate and dolphin outline were created
from photos taken during threshold testing. Sound pressures
were measured over a 65�60 cm grid at 5-cm intervals. A

FIG. 2. Power spectral densities of the
FM signals used for acoustic field
measurements. Each signal had an am-
plitude of 1 V. LFM
linear frequency
modulation, B
bandwidth, SFM

sinusoidal frequency modulation,
D
modulation depth �see text�.
two-axis manual positioning system �Fig. 1�b�� was used to
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simultaneously move three hydrophones �B&K 8105�, ar-
ranged at different depths, point-by-point through the mea-
surement grid in Fig. 3. The hydrophones were located at
water depths z=−10, 0, and +10 cm relative to a depth just
above the biteplate. Hydrophone signals were amplified and
filtered �B&K 2635�, digitized using the PCI-6070E, and
stored on the computer. At each �x ,y� position, custom soft-
ware was used to sequentially generate acoustic signals and
record the resulting sound pressure at each hydrophone along
with the �x ,y� position. The measurement position was then
advanced and the process repeated. For measurements at x
�20 cm, removal of the lower portion of the vertical support
post and the deepest hydrophone were required to allow
clearance of the biteplate.

Measurements were made on two separate days sepa-
rated by several months. Each measurement session, lasting
approximately 9 h, featured seven different stimulus wave-
forms at 13 different center frequencies, resulting in 143
measurements at each �x ,y� location �operator error and rep-
lication resulted in a total of 11 unique waveform conditions
as described above�.

3. Data analysis

The data consisted of 429 individual acoustic field maps,
each defining the sound field for a single waveform and wa-
ter depth. Each map consisted of a 13�14 �z=0,10 cm� or
10�14 �z=−10 cm� matrix of sound pressure levels �SPLs�.
Each matrix was normalized by subtracting the mean SPL
over the matrix. The variance in the SPLs was quantified
using the SPL range, defined as the maximum SPL minus the
minimum SPL, and the SPL standard deviation.

C. Hearing tests

1. Subject

The subject �BLU� was a 41-year-old female bottlenose
dolphin of approximately 200 kg. The subject had previously
participated in cooperative psychophysical tasks, including
auditory detection tasks. The subject was housed in floating
netted enclosures located in San Diego Bay, CA, and trained

FIG. 3. Coordinate system and 65�60 cm grid used for the acoustic field
measurements. The dolphin and biteplate outlines were created from over-
head photographs taken during threshold testing.
to slide out of the water onto a foam mat for transport to the
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pool. The study followed a protocol approved by the Institu-
tional Animal Care and Use Committee at the Space and
Naval Warfare Systems Center, San Diego, and followed all
applicable U.S. Department of Defense guidelines.

2. Stimuli

Sound stimuli were 500-ms �including 20 ms rise and
fall times� single frequency, LFM �B=10% �, and SFM �D
=10% , fm=10 Hz� tones as described in Eqs. �1�–�4�. Center
frequencies ranged from 3 to 80 kHz. Tones were generated
using the same equipment used for the acoustic field mea-
surements. Hearing test tones were calibrated before each
session using two hydrophones �Reson TC4013� placed at
�x ,y ,z� locations of �−5,20,0� cm and �−5,−20,0� cm with-
out the subject present. Hydrophone signals were filtered and
amplified �B&K 2692�, then digitized using the PCI-6070E.
Calibrated levels were based on the incoherent average of the
two sound pressures. If calibration measurements revealed
large ��10 dB� differences between the individual SPLs,
station 2 was moved a few centimeters to either side along
the deck and the calibration repeated. The goal was to avoid
having either hydrophone at a known pressure maxima or
minimum at the test frequency.

3. Procedure

Each session was divided into a number of trial blocks,
each containing multiple trials. A light was toggled on/off to
delineate each trial. Trial duration was 2 s, with a 4-s inter-
trial interval �trial start to next trial start�. Fifty percent of the
trials contained a hearing test tone beginning 500 ms after
the light onset and 50% of the trials were no-stimulus �catch�
trials, as determined by a Gellerman series �Gellerman,
1933�. The subject was trained to whistle in response to hear-
ing test tones and to remain quiet otherwise. Whistles occur-
ring less than 50 ms after the tone onset or while the light
was off were ignored �i.e., the response window was
0.55–2 s relative to the 2-s trial window�. Tone presentations
began at SPLs approximately 10 dB above expected thresh-
olds and were adjusted from trial to trial using a modified
up/down staircase technique �Cornsweet, 1962� with a 2-dB
step size. After a variable number of trials, the subject was
signaled to return to the surface for an amount of fish reward
scaled to the performance during the trial block. The process
was then repeated to obtain six reversal points, defined as a
transition from a response to no-response, or vice versa, over
consecutive stimulus present trials. Measurements at each
frequency/waveform combination were repeated over at least
three sessions to obtain a minimum of 18 reversals. Thresh-
olds were based on the average SPL over the reversal points.
False alarm rates were defined as the number of responses
during stimulus-absent trials divided by the total number of
stimulus-absent trials. Only the trials over which the reversal
points occurred were used for the false alarm rate calcula-
tion. Custom software �Finneran, 2003� was used to generate
and present the sound stimuli, record and view the subject’s

responses, analyze the results, and archive the data.
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III. RESULTS

Figure 4 shows a representative subset of the 429 acous-

FIG. 4. �Color� Measured SPLs expressed as heights above the mean value
with bandwidths �B� of 1% and 10%. All data are from the middle water de
outline of the dolphin and biteplate are shown in the upper left panel for or
tic field maps showing the measured SPLs as vertical heights
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above the mean value �dB re mean SPL�. Data are shown
only for pure tones and linear FM tones �B=1% and 10%� at
1, 4.5, 10, and 50 kHz measured at the middle depth �z

subset of pure tone �PT� and linear frequency modulated �LFM� waveforms
=0 cm�. Waveform center frequencies are provided above each panel. The

tion purposes.
for a
pth �z
=0 cm�. Acoustic field maps for SFM tones with identical
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FIG. 5. �Color� Contour plots corresponding to the surface plots shown in Fig. 4. Levels represent deviations from the mean SPL for that frequency/waveform

combination. Contour lines are separated by 3 dB. All data are from the middle water depth �z=0 cm�.
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frequencies and comparable bandwidths exhibited similar
characteristics, as did the measurements at the other two wa-
ter depths. These same data are shown as contour plots in
Fig. 5, with the dolphin and biteplate outline included in
each plot for a spatial reference.

Figures 6 and 7 show the SPL range and standard devia-
tion, respectively, for each signal waveform as a function of
frequency. Data from the three water depths are shown in
separate panels.

Hearing thresholds �upper panel� and false alarm rates
�lower panel� are shown in Fig. 8. An example of the ambi-
ent noise spectral density measured in the pool is also in-

FIG. 6. SPL range, defined as the maximum SPL minus the minimum SPL,
as a function of frequency for water depths of z=10 cm �upper�, 0 cm
�middle�, and −10 cm �lower�. Each curve shows the data for a different
waveform: PT
stars, LFM
filled circles, SFM
open circles. The size of
the circle represents the bandwidth �LFM� or modulation depth �SFM� and
equaled 1%, 2%, 5%, 10%, and 20%.
cluded.
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IV. DISCUSSION

Sound fields produced with PT signals exhibited pres-
sure minim/maximum, as expected, with differences between
minima and maxima almost always greater than 20 dB and at
times more than 40 dB. Distances between adjacent pressure
minima/maxima were related to the sound wavelength, so at
high frequencies sound pressures fluctuated considerably
over relatively small spatial distances. Because of the hydro-
phone dimensions �2.2 cm diameter� and 5-cm grid spacing,
some existing variability in sound pressure may not have
been captured in the measurements at high frequencies where
the sound wavelength approached these dimensions.

Sound fields measured with FM signals exhibited similar

FIG. 7. SPL standard deviation as a function of frequency for water depths
of z=10 cm �upper�, 0 cm �middle�, and −10 cm �lower�. Each curve shows
the data for a different waveform: PT
stars, LFM
filled circles, SFM

open circles. The size of the circle represents the bandwidth �LFM� or
modulation depth �SFM� and equaled 1%, 2%, 5%, 10%, and 20%.
features as the PT sound fields, except the pressure minima
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and maxima were reduced in amplitude �always �20 dB�.
This resulted in lower SPL ranges and SDs, making the FM
sound fields more uniform than the PT sound fields. The
improvement in the sound field variability was related to the
FM bandwidth/modulation depth and the center frequency.
Sound fields were more uniform with larger LFM bandwidth
and SFM modulation depth; however, bandwidths/depths as
low as 1% produced a noticeable improvement at all but the
lowest frequency. An area of diminishing returns existed for
B or D�5%, with little additional improvement in sound
fields with B and D of 10% and 20%. There was a small
improvement in the SPL range and SD with FM signals at
1 kHz, where the measurement grid dimensions were only a
fraction of the acoustic wavelength �1.5 m�. At higher fre-
quencies the improvement with FM signals was more dra-
matic.

Sound fields obtained with the LFM and SFM signals
were similar, especially for those conditions tested on the
same day. LFM and SFM signal bandwidths were approxi-
mately equal for fc�10 kHz, where 2fm�Dfc, so the corre-
spondence in sound fields at the higher frequencies was to be
expected.

Mean hearing thresholds measured behaviorally with the
PT, LFM, and SFM stimuli were similar across the range of
frequencies tested. All three audiograms revealed significant
high frequency hearing loss above 40 kHz, similar to that

FIG. 8. Hearing thresholds �upper� and false alarm rates �lower� for BLU
obtained behaviorally with PT, LFM, and SFM tones. Data shown are mean
values ± SD over a total 18–30 reversals obtained on three or more sessions
�six reversals each session�. Ambient noise spectral density is referred to the
same y-axis scale, but has units of dB re 1 �Pa2/Hz.
reported in prior behavioral and evoked potential hearing
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tests of BLU �Finneran and Houser, 2006�. Thresholds were
more than 20 dB above the ambient noise spectral density at
all frequencies. Differences between PT and FM thresholds
were generally �6 dB, with the largest differences �7 and
9 dB� occurring at 40 and 50 kHz where the audiogram
slope was very steep. Differences between FM thresholds
were less than 5 dB at all frequencies. At 3 kHz, both SFM
and LFM thresholds were higher than the PT thresholds, pos-
sibly indicating FM bandwidths exceeding the auditory filter
at 3 kHz, resulting in a lower detectability compared to the
PT stimulus. False alarm rates were similar, except for the
SFM stimuli, which typically resulted in lower false alarm
rates. Although SFM thresholds were generally higher than
LFM thresholds at the same frequency, there was no obvious
relationship between SFM thresholds and the false alarm
rates that would indicate a consistent shift in response bias.

Threshold SDs were all less than 3.5 dB. PT threshold
SDs were usually larger than those of the FM thresholds,
though the differences were relatively small �1–2 dB�. This
result is somewhat surprising considering the large variations
in the PT SPLs compared to the FM SPLs. To some extent
this validates the two-hydrophone technique used to calibrate
the SPLs—despite large spatial variations in SPL, the cali-
bration procedure yielded thresholds exhibiting small day-to-
day variability. The subject’s body also likely affected the
sound pressures in the pool and may have reduced the SPL
variability in the vicinity of the subject’s head.

The similarity between PT and FM thresholds also raises
the question of whether the use of FM signals is truly nec-
essary. Although there were no obvious advantages to FM
stimuli in terms of reducing the variability in measured
thresholds, the calibration of the FM stimuli can be consid-
erably easier because the need to use multiple hydrophones
and manipulate the measurement locations to avoid pressure
minima/maxima problems is eliminated. The use of FM
stimuli also provides a much greater margin of error for sub-
ject placement and movement since the sound pressures are
more uniform with spatial position and not as dependent on
calibrating at the exact subject position. Of course, for some
experimental questions the use of PT would be required;
however, in circumstances where some finite stimulus band-
width is acceptable, the use of FM stimuli offers significant
advantages over pure tones for testing in small, enclosed
volumes.

V. CONCLUSIONS

Acoustic fields produced by narrow-band and wideband
FM signals exhibited less spatial variability compared to
pure tone sound fields, especially for frequencies above
4 kHz. For many applications in small pools, FM signals
may be good alternatives to pure tones because the sound
fields are more uniform.
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