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Singing humpback whales in Hawaii produce a variety of sounds at high source levels~ca. 185 dB
re: 1 mPa!, in coastal waters 15–500 m deep. These sounds are attenuated and distorted as they
propagate away from a singer, limiting the utilizable range of the sounds. In the current study,
simulations based on normal-mode theory were used to investigate how the effects of shallow-water
propagation constrain humpback whales’ use of sound. It is shown that humpbacks can greatly
affect transmission range by adjusting their positions and sounds in response to environmental
factors. Source depth, in particular, is shown to be a major determinant of which frequencies
propagate the farthest. A preliminary analysis of range-dependent distortion suggests that spectral
cues can potentially provide listening whales with information about how far a sound has traveled.
© 1999 Acoustical Society of America.@S0001-4966~99!01211-4#
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INTRODUCTION

An animal’s ability to use sound is strongly constrain
by environmental factors. In particular, the medium~s!
through which sounds propagate determine not only wh
the sounds will travel, but also to what extent they will
transformed~e.g., through distortion! as they travel. Such
constraints are clearly reflected in the sound repertoires u
by various species. For example, animals that use aco
signals to communicate over short distances tend to
graded repertoires, composed of sounds that vary cont
ously along one or more dimensions; graded vocal sign
are often supported by concurrent visual signals. In contr
animals that communicate over long distances typically
discrete repertoires, consisting of highly stereotyped sou
that differ along many dimensions;1 such signals remain dis
criminable even after significant distortion. Echolocati
species must contend with huge environmental constra
Bats vary their sonar signals continuously as a function
their environment when they are searching for and captu
prey.2–4 When foraging in open spaces, bats tend to prod
stereotyped sequences of constant-frequency s
signals.5–8 By narrowing the frequency bandwidth an
lengthening the duration of their sonar signals, bats are
to put more energy into each frequency band, allowing th
to overcome the relatively high attenuation of sound in
and to optimize their long-range detection of targets.8,9 When
bats are echolocating in more cluttered spaces, or are clo
in on a target, they tend to shift to shorter duration, bro
band signals that are more limited in range. Because e
ronmental properties play such a critical role in shaping h
animals use sound, it is important to carefully consider s

a!Electronic mail: mercado@pavlov.rutgers.edu
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factors when examining the vocal behaviors of a particu
species. This is especially true for species that vocalize
shallow-water environments.

Shallow-water sound propagation has received much
tention from ocean acousticians in the last 50 years, b
theoretically and experimentally~for reviews, see Refs. 10–
14!. The problem is highly complex because it involves m
tiple reflections from the surface and bottom. Propagation
shallow water depends on signal frequency, source and
ceiver depth, sound-speed profiles~SSPs! in the water and in
the bottom, water depth, biomass, bottom variability as
function of range, surface roughness, and so on. The la
number of interacting variables makes predicting h
sounds will propagate in shallow water extremely difficu
This high level of complexity may explain why so few re
searchers have incorporated analyses of propagation ef
into their investigations of the vocal behaviors of shallo
water species. Shallow-water environments place uni
constraints on sound transmission. These constraints h
undoubtedly affected the ways in which vocal marine spec
~e.g., cetaceans! use sound.

Although investigators recognized early on that t
transmission properties of underwater environments pla
an important role in shaping the acoustic abilities
cetaceans,15,16 few studies attempted to rigorously accou
for these factors. The few analyses of propagation that w
attempted were primarily theoretical and based on hig
simplified models.17 Initially, studies of the range and direc
tionality of delphinid echolocation signals18–21 provided the
only data with which to address questions related to pro
gation. The complexities of propagation in real-world en
ronments inhabited by cetaceans have only recently begu
be examined more closely.22–29 Similarly, the constraints on
cetacean sound use resulting from environmental fac
30046(5)/3004/13/$15.00 © 1999 Acoustical Society of America
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~e.g., ambient noise levels! are only now being broadly
considered.12

Effects of propagation become most relevant wh
sounds are transmitted over long distances. No animals tr
mit sounds over longer distances than baleen whales~the
mysticetes!. Empirical research on the propagation of bl
and fin whale sounds has shown that they can be dete
from as far away as 1600 km.30,31Although it is doubtful that
whales actually use sounds over such long ranges, it is c
that the sounds are produced to travel. For whales produ
sounds in shallow water~e.g., less than 200 m deep!, effec-
tive long-range transmission cannot be efficiently achie
simply by increasing the intensity of sounds. In such an
vironment, the spectral and temporal features of sounds c
cally determine how far the sounds will propagate and th
discriminability after distortion. The current study uses co
putational methods to examine how shallow-water envir
ments constrain sound transmission by a notably vocifer
whale, the humpback~Megaptera novaeangliae!.

I. SOUND TRANSMISSION BY HUMPBACK WHALES

A. Characteristics of sounds

In terms of sound production, humpback whales ha
few rivals. Their vocalizations can be extremely loud~up to
190 dB re 1 mPa,12,32,33! and are detectable from long dis
tances~as far away as 160 km30!. When ‘‘singing,’’ hump-
backs may produce sounds for as long as 10–20
nonstop,34,35 and can be heard day and night for seve
months.36,37 Additionally, humpback whales’ sound repe
toire is subjectively more variable than that of any oth
baleen whale. The sound-producing behaviors of humpb
whales have been observed to vary as a function of gen
season, year, social context, geographic location,
individual.22,38–42 Humpback whale sounds have typical
been classified based on context and production mode.41,43–46

For example, distinctions are made between songs~produced
rhythmically, typically by lone males!, social sounds~pro-
duced sporadically in competitive groups/pods of whale!,
and feeding sounds~produced in groups of foraging whales!.

Humpback whale sounds can generally be divided i
two main types: vocal and nonvocal sounds.45,47 Nonvocal
sounds include sounds produced by breaching, slapping b
parts on the surface of the water, and blowing. Humpb
whales produce vocal sounds internally using mechani
that are poorly understood. Most of the spectral energy
humpback whale vocalizations falls between 50–40
Hz,41,48,49with peak energy typically lying below 1500 Hz
Sounds range in duration from 0.1 to 10 s.48,49 The majority
of vocalizations is pulsed sounds. Many are constant in p
with only brief periods of modulation; higher-pitched soun
tend to be modulated more extensively. Gradual or ra
frequency upsweeps are prevalent, with downsweeps b
much less common.48,49The sound repertoire used by hum
back whales is not fixed, but gradually changes o
time.41,49–51This is most clearly evident for sounds produc
within songs. Subjectively, specific sound types used wit
songs tend to be comparable between consecutive years
less so over longer periods of time. Sound types may als
3005 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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continuously modulated along one or more dimensio
within a song.41 Thus, the repertoire of sounds used
humpbacks appears to be graded rather than discrete
though the sounds used by humpbacks are continuously
progressively changing, they appear to modulate within
boundaries of strict constraints that are stable acr
years.49,51 For example, distributions of many sound chara
teristics~e.g., duration! were found to be highly stable over
14-year span.49 Interestingly, the distribution that varied th
most across years was that of the frequency with peak en
~i.e., bandwidths appeared to be used differentially acr
years!. It is important to note, however, that many other fa
tors other than time may account for this variability, inclu
ing variability in recording locations across years.

B. Acoustic environment

Humpback whales are globally distributed, inhabitin
relatively shallow waters. During the summer, humpbac
can be found in high latitudes near continental shelves52,53

where they spend much of their time feeding. In late fall a
early winter, whales begin migrating towards lower-latitu
subtropical areas where they spend the winter in shal
coastal waters. Most mating activities are believed to oc
in the winter. During late winter and early spring, the wha
begin migrating back to the summer feeding areas. Wha
have been observed vocalizing during all stages of this
nual cycle. The majority of humpback whale vocalization
however, has been recorded in the wintering grounds.

Vocalizing humpbacks have been studied most ext
sively in the Hawaiian Islands and the West Indie
Whitehead53 reported that most vocalizing~i.e., singing!
whales located on Silver, Navidad, and Mouchoir Ban
were in water between 15 to 60 m deep. Singers acoustic
located along the coast of Hawaii were found in waters 19
558 m deep; mean water depth was 230 m.22,23Whales in the
Penguin Bank region were located in areas with a mean
ter depth of 94 m.54 Major concentrations of humpbac
whales are known to occur in the coastal waters near M
Lanai, and Molokai, and around Penguin Bank. Water de
between Maui and Lanai ranges between about 30 to 8
deep, and water depth over Penguin Bank ranges betwee
to 200 m deep.52 The bathymetry in Hawaiian coastal wate
has not been extensively studied. Recent reports indicate
the bottom consists primarily of silty sand and clay, wi
occasional outcrops of coral, limestone, and rocks.22,52

Sound speed in the ocean environment determines
only how rapidly sounds can be transmitted, but also h
sounds will propagate. The speed of sound in water increa
with increasing temperature, salinity, and pressure~which
typically vary with depth!. Numerous techniques have bee
developed to estimate sound speed using these three
ables~for a review, see Ref. 10!. In Hawaiian coastal waters
temperatures range between 21 and 29 °C and salinity ra
between 34.2 to 35.5 ppt.52,55,56A similar temperature range
~24–28 °C! has been reported in the Caribbean.53 In oceans,
water near the surface is constantly mixed by wind a
waves. This mixing stabilizes the temperature and salinity
near-surface water at a relatively constant value. So
speed in this ‘‘mixed layer’’ of water slowly increases as
3005E. Mercado III and L. N. Frazer: Environmental constraints
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function of depth due to increasing pressure. The depth
the mixed layer in Hawaii varies between 50 to 140 m52

Below the mixed layer is a layer of water in which tempe
ture changes with depth; this layer is called the thermocl
Temperature decreases with depth in the thermocline, le
ing to a decrease in sound speed. The thermocline in Ha
extends to depths of 275 to 365 m.52 Detailed analyses o
variations in sound speed as a function of depth have
been performed for shallow-water coastal environments
Hawaii or the Carribean. Recently, Frankelet al.57 reported
sound speeds between 1530 and 1535 m/s in the coasta
ters off the island of Hawaii. They noted little change
sound speed down to 60 m, where a moderate thermoc
began~23 m/s gradient!. Measurements taken at Silver Ban
showed that the water was at a constant temperature from
surface to the seafloor.53 The seafloor acts as a lower boun
ary on sound propagation. Bottom features~e.g., composition
and smoothness! affect how sound propagates in the wa
above.11 For example, soft bottom sediments such as m
are penetrable and remove significant fractions of ene
sandy bottoms tend to be much more reflective. Whitehe53

found that singers were concentrated over regions w
smooth bottoms. In such environments, the interaction
tween propagating sounds and the bottom depends prim
upon the materials that make up the bottom.

How well sounds propagate underwater is primarily d
termined by the properties of the environment~e.g., water
temperature, salinity, and depth, bottom type, surface rou
ness! within which they are produced. A final feature o
humpback whales’ acoustic environment that constrains t
use of sound, but that is somewhat independent of prop
tion effects, is ambient noise. Ambient noise in shallo
water coastal environments is quite variable depending
season, location, time of day, wind speed, bottom conditio
and the extent of biological and manmade sound produc
in the area; noise levels can vary by 10–20 dB from one
to the next.12 In general, levels of ambient noise are infl
enced by the same factors that control transmission l
Thus, regions of high transmission loss tend to have lo
noise levels, and vice versa. Measurements of ambient n
levels in the humpback whale wintering grounds in Haw
range from 58–95 dBre 1mPa2/Hz in the 100- to 4000-Hz
band.24,58–62 These values are comparable with those
ported from other shallow-water environments.10,16,63–65

When whales are present in an area, their vocalizations
tribute significantly to ambient noise levels.53,60,66,67Large
boats also generate considerable noise.12,62Although ambient
noise levels do not physically constrain sound transmiss
they may mask sounds produced by humpback whales,
iting the range at which they can be detected.

C. Sound-field control

Humpbacks have some control over the factors that
fect how well their sounds will propagate. First, and pro
ably most importantly, they can control when and where th
produce sounds. Thus, they could choose an area or
period within which to vocalize based on its ‘‘acoustic p
tential’’ ~e.g., propagation characteristics and noise leve!.
Note that knowledge of the relative propagation potentia
3006 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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different locales need not be explicit. Whales could impl
itly learn what locales are effective based on experie
and/or could be genetically predisposed to favor sites that
effective. Evidence suggestive of such site selection is p
vided by observations of increased singer densities in a
with smooth bottoms.53

Other important factors affecting maximum range, th
are more physiologically constrained, include the sou
level, beam pattern, and frequency range used by hu
backs. Source level refers to the relative intensity of sou
radiated by a projector~in this case, the whale!, at a standard
distance from the source. The term beam pattern refers to
directional variability of projected sounds. Of these thr
factors, only the frequency range of produced sounds
known with any certainty for humpbacks. Individual soun
within songs can vary greatly in intensity.41,48,68–70Source
levels of between 144 and 190 dBre 1 mPa at 1 m have been
reported.12,22,32,60,66,71,72These source levels have genera
been derived using estimated ranges, theoretical mode
propagation based on geometrical spreading, and a relati
small number of measurements of received levels. Beca
of the many potential sources of error, current estimates
humpback whale source levels should be taken as po
within the range of possible values~see Ref. 73 for a detailed
discussion of this issue!. Consider that estimates ofaverage
source levels have ranged from 155 to 185 dB over the
20 years~30 dB corresponds to a 1000% increase in e
mated average intensity!.

Even less information is available regarding humpba
whale beam patterns. Levenson71 reported greater differ-
ences in received levels at different positions along a lin
array than would be expected if humpback whales projec
sounds omnidirectionally, and Clark47 noted similar differ-
ences in levels received from vocalizing bowheads based
their relative orientation. These observations may refl
fluctuations in transmission loss resulting from varyi
source–receiver configurations~i.e., their depths relative to
the surface and distances between one another! or other pa-
rameters. It is more likely, however, that they are due
directional properties associated with whales’ beam patte
Although low-frequency sounds will generally be less dire
tional than higher-frequency sounds,74 the common assump
tion that humpback whales project sounds om
directionally17,22,69 seems unlikely given that most voca
mammals produce sounds directionally, and that omnidir
tional sound production would be highly inefficient in
sound channel bounded by the bottom, surface, and sh
line.

II. ASSESSING ENVIRONMENTAL CONSTRAINTS

A. Models of shallow-water propagation

Early models of shallow-water propagation focused
characterizing transmission loss~a parameter describing how
a sound weakens as a function of distance from the sour!.
These techniques integrated models of geometrical sprea
with measurements of transmission loss~TL! in shallow wa-
ter. For example, Marsh75 developed three equations fo
modeling transmission loss in terms of different spread
3006E. Mercado III and L. N. Frazer: Environmental constraints
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conditions. Sound energy was modeled as spherical spr
ing near the source (TL520 logr, where r is range in m!,
spreading between spherical and cylindrical at ‘‘medium
ranges (TL515 logr), and cylindrical spreading at longe
ranges from the source (TL510 logr). Such formulas work
reasonably well when the bottom is uniform. Frankelet al.59

reported a close correspondence between measured tran
sion losses and the losses predicted by the Marsh equa
in environments frequented by humpback whales. Th
equations do not, however, account for variables such
source and receiver depth or complex bottom interactio
This may explain why empirically based estimates of tra
mission loss in Hawaiian coastal waters~derived using
spreading loss models! have ranged from TL510 logr57 to
TL51762.38 logr.22,24

More recent models of sound transmission in shall
water are based on solutions of the wave equation~for re-
views, see Refs. 10, 11, 13, and 14!. The wave equation is a
partial differential equation that relates acoustic pressur
spatiotemporal coordinates. The acoustic field emitted fro
point source can be calculated by solving the wave equat
given a set of initial conditions or boundary values cor
sponding to environmental parameters; such calculations
typically performed using a computer. Several theoretical
proaches have been developed for solving the wave equa
including ray theory, normal-mode theory, spectral metho
and the parabolic equation model.11,13The choice of theoret-
ical approach depends on the propagation ranges of inte
computational power, and sound channel variabil
Normal-mode theory is well suited for modeling sou
propagation in the environments frequented by humpb
whales because bottom properties are only moderately v
able and the propagation ranges of interest are between
and 60 km.11 Additionally, previous studies have found goo
agreement between measurements and predicted v
based on normal-mode theory.11,76–79 Normal-mode solu-
tions have the advantage that once they are solved f
particular environment, the solution can be used for all p
sible source and receiver configurations.

The computations in this paper used Westwoodet al.’s
normal-mode model,ORCA.80–82 ORCA calculates the field
parameters for an acoustoelastic environment with a m
layered bottom. As ORCA is a plane-layered range
independent model, the effects of scattering due to varia
bathymetry or a rough ocean surface are not included in
computation. The main effect of scattering is to increa
transmission loss, whereas bathymetric changes with s
length much greater than a wavelength cause more fu
mental changes in the signal. In general, the problem of
termining optimal frequencies for environments with va
able bathymetry must be considered on a case-by-case b
and is beyond the scope of this paper.

B. Optimum frequencies

By optimum frequency, we mean the frequency th
achieves the maximum propagation range, given a partic
environment and source depth. In any real shallow-water
vironment, there is likely to be an optimum frequency.11,13,83

This follows from the fact that different features of the e
3007 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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vironment affect transmission loss differently at different fr
quencies. For example, at low frequencies fewer mo
propagate, and so transmission loss may be dominated b
effects of water depth. At higher frequencies, on the ot
hand, transmission loss may be dominated by intrinsic
sorption of energy in seafloor sediments. Ignoring tem
rarily the effects of other variables, which can be equa
important, one sees that there is likely to be an intermed
frequency at which neither effect dominates and transmiss
loss is minimized. However, the number of variables affe
ing transmission loss is so large that one cannot predict t
relative effects without actual numerical simulations of t
propagation process.

In addition to optimum frequency, there is also a cuto
frequency below which sound will not propagate at all
shallow water.10,11,14 The cutoff frequency (f c) for a
shallow-water environment can be approximated by

f c5
cw/4h

A12cw
2 /cs

2
,

wherecw is the sound speed in water,cs is the sound speed
in the bottom, andh is the water depth.14 For the water
depths and bottom types encountered by vocalizing hu
back whales,f c ranges between about 1 to 100 Hz~estimated
from Ref. 14, Fig. 5.8!. The optimum frequency (f o) de-
pends on several variables including SSPs for the water
the bottom, and the depths of the water, source,
receiver.11 Optimum frequencies can be calculated theore
cally, using normal-mode methods, or empirically. Jens
and Kuperman11 compared these two approaches and fou
that they produced similar results. They found that wa
depth was a primary determinant off o , and that f o de-
creased with increasing water depth. Optimum frequency
creased when either the source or receiver was not half
between the bottom and the surface. They also noted tha
effects of bottom properties on transmission led to differ
maximum propagation ranges at different water depths.
results of Jensen and Kuperman suggest that for humpb
to maximize their propagation range in shallow water, th
would need to produce sounds~1! with frequencies between
50 to 800 Hz,~2! at mid-depth in water between 30 to 300
deep, and~3! over bottoms consisting primarily of sand an
silt. These criteria correspond closely to the scenario that
been described for singing humpback whales.

Previous studies of humpback whale vocalizations h
often suggested that lower-frequency vocalizations w
propagate longer distances than higher-frequency voca
tions and that vocalizing humpbacks should therefore p
duce low frequencies to achieve the maximum propaga
range.69,84 It has also been suggested that low-frequen
sounds might be used for long-distance communicati
while higher-frequency sounds would be more appropri
for short-range communication.41,69 Such suggestions appea
to be based on~1! the fact that attenuation of sound by se
water increases with increasing frequency,~2! the assump-
tion that lower-frequency signals are produced at levels eq
to or greater than higher-frequency signals, and~3! the as-
sumption that attenuation in the water channel is the prim
3007E. Mercado III and L. N. Frazer: Environmental constraints
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TABLE I. ORCA input files for full geoacoustic models:~a! 60-m water depth, without a thermocline;~b! 200-m water depth, with a thermocline starting
a depth of 70 m. Row 1 defines the physical properties of the upper boundary~air! for each environment, and row 4 defines the lower boundary~a basalt
basement!. The remaining rows define the physical properties of the channels through which sound propagates~i.e., the water and the bottom!.
cp5compressional speed in m/s, cs5shear speed in m/s, rho5density in g/cm3, ap5compressional wave attenuation, as5shear wave attenuation, z5depth in
m, nsvp5number of sound-speed profile points in the ocean, ctol5tolerance used in fitting SSP to eliminate layers (ctol50 keeps all layers!, nbot5number
of layers in ocean bottom, ii5type of compressional speed profile (ii51 is linear!, h5layer thickness, cs15compressional speed at the top of layer
cs25compressional speed at the bottom of layer 1~similarly for rho1 and rho2, ap1 and ap2, as1 and as2!. Note that all environmental parameters are fix
across simulations except for nsvp,z, and cp in the ocean profile, and cp1 in the bottom profile; changes in these parameters reflect changes in S
further details, see Refs. 70 and 116 and Fig. 1.

~a! Hawaiian humpback whale environmental model without thermocline

~1! For upper halfspace: cp5350, cs50.0, rho50.001 21, ap50.0, as50.0
~2! Ocean profile: nsvp52, ctol50, z50, cp51534.3, rho51.05, ap50; z560, cp51535.2
~3! Bottom profile: nbot51, ii51, h550, cp151565.9, cp251600, cs15100, cs25400, rho151.7, rho251.7, ap1520.5, ap2520.5, as150,

as250
~4! For lower halfspace: cp55250, cs52500, rho52.6, ap520.04, as50

~b! Hawaiian humpback whale environmental model with thermocline

~1! For upper halfspace: cp5350, cs50.0, rho50.001 21, ap50.0, as50.0
~2! Ocean profile: nsvp53, ctol50, z50, cp51534.3, rho51.05, ap50; z570, cp51535.4,z5200, cp51519.6
~3! Bottom profile: nbot51, ii51, h550, cp151550, cp251600, cs15100, cs25400, rho151.7, rho251.7, ap1520.5, ap2520.5,

as150, as250
~4! For lower halfspace: cp55250, cs52500, rho52.6, ap520.04, as50
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determinant of how far different frequencies will propaga
in shallow water. Effects of water depth, source depth,
ceiver depth, bottom type, and SSPs do not appear to h
been considered in these previous analyses. The resul
Jensen and Kuperman indicate that such factors can stro
affect which frequencies propagate best, and that in so
environments higher-frequency vocalizations should pro
gate longer distances than lower frequency vocalization
equal energy. The following simulations examine this pos
bility in greater detail.

III. ENVIRONMENTAL EFFECTS ON PROPAGATION

To investigate how shallow-water propagation effe
might constrain how humpback whales use sound, sim
tions were run to calculate optimum frequencies in envir
ments similar to those frequented by singing whales in H
waii, and to assess whether there might be predicta
range-dependent, spectral distortion effects in these envi
ments. To a certain extent, a subset of these analyses ca
viewed as a replication of the analyses performed by Jen
and Kuperman.11 It is thus useful to review the nature o
their simulations, and how they compare with the ones p
formed in the current study.

Jensen and Kuperman looked at the effects of three m
environmental parameters in their study: water depth, bot
type, and sound-speed profiles in the water channel. To
plify the analysis, they used a single, homogeneous bot
layer, always placed the source at mid-depth, and avera
the propagation loss over the water column for each rece
range. Jensen and Kuperman calculated optimum frequen
for ~1! water depths between 25 to 400 m,~2! bottom types
ranging from clay–silt to chalk–limestone; representat
values obtained from the literature were used for poros
relative density, relative speed, compressional speed, s
speed, compressional attenuation, and shear attenuatio
each bottom type, and~3! two sound-speed profiles; one co
responding to typical winter profiles, with a surface speed
3008 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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1490 m/s and a constant gradient of 1.8 m/s, and the o
corresponding to typical summer profiles, with a surfa
speed of 1535 m/s, a surface channel of 20 m, followed b
drop in sound speed to 1500 m/s, and then a constant g
ent identical to the winter profile. The source depths th
simulated ranged from 12.5 to 200 m, depending on the
ter depth, and transmission loss was calculated out to a ra
of about 85 km.

In the current study, environmental parameters for H
waiian coastal waters~in particular, shallow-water region
near Maui! were estimated based primarily on measureme
reported in previous studies or in computer databases m
tained at the University of Hawaii. Effects of the followin
parameters on optimum frequency were investigated: w
depth, source depth, receiver depth, and sound-speed pro
in the water channel. Water depths of 20, 40, 60, 100, 2
and 350 m were simulated. Because humpbacks only sin
Hawaii during the winter, and because previous reports in
cate that a surface channel is not present, the ocean
modeled as a mixed layer over a thermocline. The mix
layer was modeled as being either 70 or 120 m deep.
water depths of 60 m or less, a thermocline layer was
included~see Table I and Fig. 1!. SSPs were calculated usin
an empirically derived formula,85 based on water tempera
ture, salinity, and depth. A constant salinity of 35 ppt w
used for all simulations. Temperature was constant at
above the thermocline and decreased at20.052°/m within
the thermocline~based on slopes from data presented in R
55!. Sound velocities calculated using this formula were co
sistent with measurements~e.g., c51534 m/s near the sur
face!. The bottom was modeled as a 50-m layer of sand
silt over basalt. Sound speed at the water-bottom bound
was set at 1.02c ~after Ref. 11!. Bottom SSP estimates wer
chosen to emulate the bottom properties particular to wa
in Maui coastal regions. Source depths of 5, 15, and 30
were chosen based on past reports of singer depths.86 Sample
ORCA input files for typical environments used in simulatio
3008E. Mercado III and L. N. Frazer: Environmental constraints
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are given in Table I; Fig. 1 illustrates these environments
It is important to note from the outset that the results

these simulations should not be interpreted as precise
mates of the optimum frequencies in environments f
quented by humpback whales. Jensen and Kuperman11 had
to manipulate shear-speed and compressional attenuatio
rameters in order to closely match theoretical results w
measurements~these parameters are held constant in the c
rent analysis; see Table I!. Their calculated optimum fre
quencies were, however, roughly comparable to meas
optimum frequencies even before such manipulations.
important data gained from the current simulations are
relative effects of changes in environmental paramet
rather than the absolute values of calculated optimum
quenciesper se. Field measurements are needed to ass
how accurately the model predicts actual optimum frequ
cies.

FIG. 1. Example environmental models used forORCA simulations. The top
figure corresponds to a 60-m water depth with no thermocline@see~a! in
Table I#, and the bottom figure corresponds to a 200-m water depth wi
thermocline starting at 70 m@see~b! in Table I#. Solid lines show bound-
aries between channels, and dotted lines show how sound speed chan
a function of depth and material~where sound speed increases from left
right!. Ocean sound-speed profiles varied as a function of water depth
thermocline depth. Bottom sound speed changed as a function of the s
speed in water at the interface. There are discrete jumps in sound spe
the air interface, bottom interface, and where the bottom changes to b
Only SSPs for the ocean channel and the first bottom layer were va
across simulations. Note that the figures are to scale vertically, but
horizontally. In a typical scenario~e.g., with a singer in 60-m deep wate
and a receiver 6 km away!, the range to depth ratio is about 100~i.e., the
ocean channel is a very thin disc!.
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A. Dependence of optimum frequency on source
depth, water depth, and thermocline depth

For the current analyses, optimum frequencies were
culated for a number of different scenarios using continuo
wave techniques. Simulations were initially run for 20 fr
quencies evenly spaced between 20 to 4000 Hz. E
simulation calculated the transmission loss~TL! at 200 dis-
tances from the source, evenly spaced between 50 to 60
m, and at 50 receiver depths evenly spaced between the
face and the bottom~resulting in a 503200 matrix of TL
values!. A logarithmic curve of the form TL5a log r, was fit
to each row of the matrix to provide an estimated transm
sion loss curve for each depth~see Fig. 2!. The receiver
depth corresponding to the minimum value ofa for a single
simulation was taken to be the ‘‘optimal receiver depth
(r o) for that simulation. The optimum frequency (f o) for a
given scenario was found by comparing values ofa across
simulations ~i.e., the frequency that led to the minimum
overall value ofa, thereby minimizing TL, was taken to b
the optimum frequency!. Table II summarizes the results o
these analyses for the different scenarios considered.

Some of the data presented in Table II can be compa
with the results reported by Jensen and Kuperman.11 For
example, for a water depth of 60 m and a source depth o
m, they report an optimum frequency between 400 and
Hz. The current simulations yielded an optimum frequen
of 650 Hz. For simulations with a water depth of 40 m and
source depth of 20 m, Jensen and Kuperman report an o
mum frequency of about 1600 Hz. The current analy
found an optimum frequency of 1700 Hz when the sou
was 15 m deep in 40-m-deep water. The current simulati
showed that optimum frequencies increased as the so
moved away from the mid-depth position, as noted in R
11. Interestingly, water depth did not appear to strongly

a

s as

nd
nd
at

alt.
ed
ot

FIG. 2. Fitted transmission loss curve. The solid line is an example
curve calculated byORCA, and the dotted line is a logarithmic fitted curv
calculated usingMATLAB . Note that this estimation of transmission loss
conservative in that a listening whale exposed to varying received levels
detect the maximum received level in a given region~assuming it is above
some perceptual threshold!, as opposed to the average received level. Ad
tionally, horizontally smoothed curves are more biologically relevant th
averages calculated across vertical water columns~as in Ref. 11!, because
listening whales are more likely to be moving approximately parallel to
surface than to be bobbing up and down at a fixed range.
3009E. Mercado III and L. N. Frazer: Environmental constraints
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fect optimum frequencies (r 520.12; wherer is the corre-
lation coefficient between the two variables!, in contrast to
previous reports. Rather, source depth appeared to be
main factor determining the optimum frequencyr
520.80). This apparent discrepancy may be explained
the fact that Jensen and Kuperman always positioned

TABLE II. Optimum frequencies for humpback environments in Hawa
dw5water depth,dt5thermocline depth,ds5source depth,f o5optimum
frequency,r o5optimal receiver depth,am5mini@ai#log r, andā andsa are
the mean and standard deviation over allai .

dw ~m! dt ~m! ds ~m! f o ~Hz! r o ~m! am ā sa

20 NA 5 40001 7.6 15.7 21.1 10.1
NA 15 2740 8.4 16.5 21.2 9.6

40 NA 5 40001 6.6 15.7 17.6 3.0
NA 15 1700 13.7 15.7 16.9 2.5
NA 30 3370 28.1 16.4 17.4 2.2

60 NA 5 40001 8.2 15.7 17.4 2.9
NA 15 1700 13.0 15.8 16.7 2.4
NA 30 650 22.7 16.1 16.9 2.0

100 NA 5 40001 7.1 15.7 17.2 2.3
NA 15 1700 13.1 15.7 16.5 1.7
NA 30 650 25.2 16.1 16.7 1.5
70 5 40001 7.1 15.7 17.4 2.5
70 15 1700 13.1 15.7 16.7 1.9
70 30 650 25.2 16.2 16.9 1.6

200 70 5 40001 9.1 15.7 17.2 1.9
70 15 1700 13.2 15.7 16.6 1.6
70 30 1910 29.4 16.3 16.8 1.9

120 5 40001 9.1 15.7 17.1 1.3
120 15 1910 13.2 15.7 16.4 0.8
120 30 650 25.4 16.1 16.6 2.1

350 70 5 40001 8.1 15.7 17.4 2.1
70 15 1490 15.2 15.7 16.7 1.5
70 30 1910 29.5 16.3 16.9 1.0

120 5 40001 8.1 15.6 17.0 1.6
120 15 1490 15.2 15.8 16.4 0.9
120 30 650 22.4 16.1 16.6 0.6
3010 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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source at mid-depth, such that water depth and source d
were always covarying.

The mean optimum frequency across all simulations w
2400 Hz (s51300 Hz), somewhat higher than what mig
be expected given the data presented in Ref. 11 and the
quencies used by humpback whales. The optimum rece
depth was closely correlated with the source depthr
50.96) and with transmission loss~as represented bya, r
50.79!. The variability of transmission loss as a function
frequency~estimated bysa! appeared to decrease with in
creasing water depth (r 520.51). Variability also seemed to
decrease with increasing source depth (r 520.33). The
presence of a thermocline and its position led to some su
changes in optimum frequencies and estimated transmis
loss curves. For example, simulations where the source
30 m deep and a thermocline was present at 120 m~vs 70 m!
yielded lower optimum frequencies, shallower optimum
ceiver depths, and slightly lowera values.

Propagation contour maps provide a clearer picture
how transmission loss changes as a function of source d
and frequency. Figure 3 shows contour plots for simulatio
in 60-m-deep water. When the source is 5 m deep@Fig. 3~a!#,
there is no evidence of an optimum frequency. When
source is 15 m deep@Fig. 3~b!#, the 74-dB contour shows a
clear bulge near the optimum frequency of 1700 Hz. T
indicates that signals near 1700 Hz will travel a longer d
tance before decreasing by 74 dB. When the source is 3
deep@Fig. 3~c!#, the 74-dB contour shows evidence of alte
nating near-optimum and suboptimum frequencies. The lo
est bulge extends the farthest along the range axis an
centered on the optimum frequency of 650 Hz. Note that
optimum frequency for the source 30 m deep does not pro
gate as well as the optimum frequency for the source 15
deep. In general, Fig. 3 looks the way it does because
depth of the source determines which normal modes are
cited. Optimal propagation occurs for those normal mod
that interact least with the lossy bottom, which typically a
the lowest-order modes. Similarly, optimal propagation o
re
ti-
ter

-
nd
nals
is
ce
ct
ed
ce
d
ft-
0

FIG. 3. Contour plots of transmission loss. Plots a
based on fitted TL curves with the receiver at the op
mal depth. Simulated scenario is for 60-m deep wa
~as described in Fig. 1 and Table I!, with a source at~a!
5-m deep~top plot!, ~b! 15-m deep~middle plot!, and
~c! 30-m deep~bottom plot!. The numbers on the con
tours indicate a particular transmission loss value, a
the shapes of the contours show the range where sig
at different frequencies will have decreased by th
amount. The contours graphically illustrate how sour
depth and signal frequency can dramatically affe
propagation. The high optimum frequencies comput
for a 5-m deep source may in part reflect surfa
decoupling.117 In real environments, scattering woul
likely attenuate higher frequencies preferentially, shi
ing the optimum to some mid frequency below 400
Hz.
3010E. Mercado III and L. N. Frazer: Environmental constraints
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curs when the source and receiver are at the same d
because then the receiver is optimally positioned to rece
those normal modes most effectively excited by the sour

It should be kept in mind that the data displayed in Ta
II and Fig. 3 are based on simplifications of the data gen
ated by theORCA simulations. Propagation loss varies grea
as a function of range and depth from the source. Figur
shows visual representations of the original 503200 matri-
ces for simulations withdw560 m, ds530 m, for two fre-
quencies~650 and 1300 Hz!; lighter areas indicate a large
transmission loss. Although overall propagation losses
clearly reduced for the optimum frequency~650 Hz! at long
ranges, there appear to be larger regions of high los
shorter ranges than for the suboptimum frequency~1300 Hz!.
Clearly, optimum frequencies are not optimal for all poin
within the sound channel, but rather are optimal for achi
ing the maximum range ‘‘on the average.’’ There is no fr
quency that will propagate optimally to every point in th
sound channel.

B. Range-dependent spectral damping

Although knowledge of transmission loss is importa
for determining how far sounds will travel, such knowled
is only moderately useful for predicting how features of
signal other than amplitude will change as a signal pro
gates. One way to address this problem is to model the oc
channel using linear systems theory.27,87Propagation through
an ocean channel can then be modeled as transmission
signal through a set of linear, spatiotemporal-varying filte
The effect of propagation on any signal, for every sourc
receiver configuration, can be described in terms of a se
filter characteristics~specifically, a set of impulse respons
functions, also known as Green’s functions!. Once this set of

FIG. 4. Plots of transmission loss before smoothing. Simulated scenar
again for 60-m deep water~as described in Fig. 1 and Table I!, with a 30-m
deep source~the smoothed contour plot for this simulation is shown in F
3!. Bottom plots show a zoomed portion~the first 5 km! of the plots above
them. Lighter coloration indicates greater losses. Note the complex r
and depth-dependent variations in loss and how they vary with freque
Also note the periodic interference patterns over longer distances. The
timum frequency for this scenario was found to be 650 Hz. At sho
distances, however, regions of high loss are larger for 650 Hz than
1300 Hz.
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filter characteristics is known~either through measuremen
or theoretical calculations!, the signal properties that will be
received at any point in the channel can be determined
arbitrary signals. In practice, it is extremely difficult to pr
cisely determine the Green’s functions across a wide ban
frequencies for real-world environments. Reasonable
proximations to these functions can, however, be obtai
based on solutions of the wave equation~e.g., using wide-
band normal-mode techniques!.

Preliminary calculations of Green’s functions for a pr
totypical humpback whale environment were performed
ing ORCA’s wideband analysis capabilities. Environmen
parameters were identical to those used in the previous s
lations. Water depth was fixed at 60 m. The source and
ceiver were both 15 m deep and at ranges between 1 to 5
from one another. The bandwidth considered in the analy
was between 50 to 475 Hz~i.e., the Green’s functions ar
valid for signals with spectral components limited to th
range of frequencies!. Figure 5 shows the Green’s function
at ranges of 1, 2, 3, 4, and 5 km along with their spec
These spectra, denoted asG(w), reveal how signal feature
will likely be affected by transmission. For example, at 2 k
a clear trough is evident inG(w) near 180 Hz. This indicates
that, for this source–receiver configuration, the channel a
as a band-stop filter, significantly damping spectral ene
near 180 Hz. At 3 km, two troughs are evident, one near 1
Hz and one near 280 Hz~with two minima!. At 4 km, three

is

ge
y.
p-
r
or

FIG. 5. Green’s functions for a humpback’s environment~60-m water
depth, 15-m source and receiver depth!. Waveforms in~a! show from top to
bottom, Green’s functions at ranges of 1, 2, 3, 4, and 5 km; peaks in t
waveforms correspond to various ray paths. Spectra in~b! are of these
waveforms. These spectra can be interpreted as the frequency respon
channel filters; i.e., the effects of propagation on a signal can be simul
by passing the signal through a filter with bandpass/stop features matc
these spectra. Note the systematic, range-dependent spread of spectra
and troughs. It can be seen that the behavior of the Green’s function
comes increasingly complex as the ratio of range to water depth incre
Dotted lines indicate trends in spectral distortion that appear to be corre
with range.
3011E. Mercado III and L. N. Frazer: Environmental constraints



n

th
n

t
i

a-
th

o
e
n
th

m

hi
m
s

ac
el
n

ga
en
ld
re
n
th
um
p
ar
ea
te

en
s

re
e
a

nc
th

o
fo
uc
o
th

n
om
a

ur

Ha-
unt
us
for

as
p-
on-

sion
ode
mp-
m

may
ling
fers
y be

ich
rop-

that
les
vi-
od-
bot-
nted
ur-
ies
the
tud-
ell
ex-

iple
the
ble
. Al-
on-

t
the

ntal
tion
its
ad-
sed
und
nal

cial

e-
of
nti-

s if
en
nc-
troughs can be seen. Visually, these separate troughs ca
correlated across spectra. The single trough inG(w) at 2 km
appears to move to the right~increase in frequency! and de-
velops two deep minima with increasing distance from
source. The 150-Hz trough at 3 km moves to the right a
becomes shallower, and a smaller 90-Hz trough~at 3 km!
moves to the right and becomes deeper. It appears that in
scenario, the distance a sound has traveled can be determ
based on the spectral content of the received signal~indepen-
dent of source amplitude!, assuming the source signal is rel
tively broadband. Note that this result is not an artifact of
simplifying assumptions~e.g., flat bottom and surface! used
in the simulations. A more complex environment would pr
vide even more potential cues for determining the distanc
sound has traveled.88,89The specific effects of the channel o
a particular signal can be derived either by convolving
source waveform with the Green’s function~for a particular
range! or, equivalently, by multiplying the source spectru
timesG(w).27

IV. CONCLUSIONS

The simulations of sound propagation described in t
paper have revealed several intrinsic constraints on hu
back whales’ use of sound that have not been previou
noted. First, the results strongly suggest that humpb
whales cannot increase the distances their sounds trav
shallow water simply by using lower frequencies. In co
trast, all of the simulations indicate that maximum propa
tion ranges would actually be decreased for lower frequ
cies ~below 200 Hz! and that humpback whales shou
typically produce higher frequencies rather than lower f
quencies if they want their sounds to go farther. Seco
source depth was found to be a critical determinant of
optimum frequency, optimum receiver depth, and maxim
propagation range. Other factors such as water depth ap
to be more relevant in determining the bandwidth of ne
optimal frequencies. For example, transmission loss app
to vary less as a function of frequency in deeper wa
whereas very shallow-water environments~20 m deep!
strongly constrain long-range propagation to higher frequ
cies. Third, the large spatial variability in transmission lo
as a function of range and receiver depth~see Fig. 4! sug-
gests that propagation models based on geometrical sp
ing give a misleading impression of how sounds attenuat
they propagate away from a whale vocalizing in shallow w
ter. It is possible~and even likely! that a whale 2 km from a
singer would, at certain times and positions, experie
higher received levels than a whale 1 km away from
same singer. Finally, the results seem to suggest that m
humpback whale sounds are not acoustically optimal
long-range propagation. Although humpbacks do prod
sounds within the range of optimum frequencies, most
their sounds are below this range. Possible reasons for
discrepancy are discussed below in more detail.

The current model is limited in that it does not accou
for the effects of scattering by the ocean surface or bott
or the effects of bottom gradients~e.g., the model assumes
constant water depth and sound-speed field!. Such factors
undoubtedly affect transmission loss. For example, meas
3012 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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ments and theoretical analyses of transmission loss in
waiian shallow-water environments, that take into acco
basic slope profiles~e.g., up-slope versus down-slope vers
cross-slope!, suggest that transmission loss is greatest
sounds propagating up-slope24 ~see also Ref. 90!. Transmis-
sion loss in down-slope and cross-slope conditions w
found to be significantly reduced in comparison to the u
slope condition; loss in the down-slope and cross-slope c
ditions was comparable. Past studies~e.g., Refs. 11, 76–79!
have shown a close correspondence between transmis
loss values predicted by simulations based on normal-m
theory and measured values, despite the simplifying assu
tions made regarding the ‘‘flatness’’ of surface and botto
features. In some cases, the effects of a sloping bottom
be balanced by other factors. For example, sound trave
from shallow water to deeper water spreads out, but suf
less reflection loss, so that transmission loss may actuall
decreased relative to an environment with a flat bottom.12

Although more advanced environmental models, wh
can simulate range-dependent water depths and bottom p
erties~e.g., parabolic equation models!, can potentially allow
more realistic scenarios to be investigated, it is not clear
this would clarify the constraints faced by humpback wha
given the dearth of relevant data. Many of the critical en
ronmental variables needed to develop more veridical m
els have yet to be measured, including the bathymetry,
tom composition, and sound-speed fields of areas freque
by vocalizing whales. Other important factors that are c
rently unknown are source directivity, the relative intensit
of different frequencies produced by humpbacks, and
ranges at which humpbacks make use of sounds. Future s
ies can provide important tests of the current results as w
as better estimates of environmental parameters. For
ample, recordings could be made simultaneously at mult
distances and depths from a vocalizing humpback, and
spectra of these recordings compared to look for predicta
propagation effects and average transmission loss values
ternatively, manmade sources could be placed in envir
ments frequented by humpback whales~projecting broad-
band signals at various depths! to assess how differen
frequencies propagate and which frequencies propagate
farthest. As more precise measurements of environme
conditions are reported, the accuracy with which propaga
effects can be predicted will obviously improve. Despite
limitations, the current model represents a significant
vance over the purely geometric models that have been u
in the past to assess environmental constraints on so
transmission by humpback whales. Previous computatio
studies of sound transmission by fin27 and blue whales28,29,91

indicate that consideration of such constraints is a cru
prerequisite for analyses of mysticete sounds.

The preliminary calculations of Green’s functions d
scribed in this paper illustrate how the distorting effects
propagation through particular environments can be qua
tatively predicted~see also Ref. 27!. Empirically measured
Green’s functions can also be used for this purpose.28,29,91–93

Currently, recorded vocalizations are often analyzed a
they were the ‘‘true’’ signals produced by whales, ev
though this is essentially never the case. If the Green’s fu
3012E. Mercado III and L. N. Frazer: Environmental constraints
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tions for an environment are known, then features attrib
able to propagation effects can be more readily identifi
Knowledge of the Green’s functions associated with a p
ticular sound channel can also allow information that oth
wise might not be available~such as distance from th
source! to be extracted from recorded signals. In theory, su
knowledge allows the exact position of the source to be
termined from a recording made with a single receiver~as-
suming the channel is sufficiently complex88,94!. Knowledge
of Green’s functions for a particular environment can also
used to enhance signal processing.28 Propagation effects ca
cause identical signals to appear to have different feat
depending on where they are received. Studies that atte
to analyze the variability of sounds across individuals th
need to consider the variability due to propagation effe
This can be accomplished either by making sure record
from individuals are made from various locations, or by fin
ing the Green’s functions for the channel of interest.

The natural history of humpback whales suggests
they should have highly developed acoustic abilities.
would be surprising to find that they use sounds that are
well suited for their intended purpose. The mismatch
tween calculated optimum frequencies and those actu
produced by humpbacks suggests that~1! the environmental
model may not accurately simulate the environmental c
straints encountered by vocalizing humpbacks,~2! factors
other than maximum propagation potential may constrain
frequencies used by humpback whales, and/or~3! hump-
backs may only use a subset of the frequencies they pro
for long-range transmission. As noted previously, the o
mum frequencies computed in the current analysis are o
an initial estimate, so possibility~1! alone may account fo
this discrepancy. There have been previous reports, howe
indicating that blue whales91 and other mammalian
species95,96do not always produce frequencies that propag
optimally over long ranges. Possibilities~2! and ~3! should
thus be considered more closely.

Anatomical and functional constraints undoubtedly lim
the frequencies used by humpback whales. If the function
a sound does not require long-range propagation, t
sounds with optimum frequencies for propagation may
be functionally optimal. Wiley and Richards96 suggest that
maximum range of detection is probably not the prima
selection pressure on most animals’ vocal repertoires,
that features that degrade predictably with range are m
important. Physical properties of production mechanis
also limit the frequencies a whale can optimally produ
~however, the wide range of frequencies produced by hu
backs seems to suggest that this is not a strong constra!.
Finally, the spectrum of environmental noise will constra
the range of frequencies that will be maximally discrim
inable over long ranges. For example, in shallow water, lo
frequency noise levels may be lower than in deeper wate12

Consider also that if many animals in a localized region
producing similar sounds that propagate optimally, then
signals may begin to ‘‘optimally’’ interfere with one anothe
Consequently, the effective utilizable range of a sound m
not be reflected by its maximum propagation range;97 maxi-
3013 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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mum range only provides an upper bound on utiliza
range.

Whereas environmental constraints may not account
why humpbacks produce energy at lower frequencies, t
may explain why they are capable of producing such a w
band of frequencies. Humpbacks produce frequencies
are much higher than many other smaller mammals. For
ample, professional sopranos seldom produce frequen
above 1200 Hz, and then only at relatively low intensitie
for short periods of time.98 In contrast, male humpbacks ma
produce frequencies between 1000–4000 Hz, at high in
sities, hundreds of times a day. Other mysticetes have
demonstrated such abilities. It is also important to note t
when humpback whales produce lower frequencies, t
typically also produce a large number of harmonically
lated higher-frequency bands that can extend up to 8000
In some cases, the energy in these higher-frequency harm
ics can be more intense than the energy in the low-freque
fundamental.99 Such tone complexes likely include freque
cies that are optimum or near optimum.

We noted earlier that vocalizing humpback whales c
potentially reduce the limitations on propagation imposed
environmental constraints by properly positioning the
selves. For example, to maximize their range and the pred
ability of propagation effects, singers could select an aco
tic channel based mainly on water depth, bottom propert
and the presence or absence of a thermocline. Given kn
environmental conditions, they could then dive to an ‘‘op
mum’’ depth and produce optimum frequencies. Humpba
whales could also attempt to match their depth to that
potential receivers~assuming this information is known o
can be predicted!. To maximize propagation through pos
tioning, whales would need feedback on how far their sign
are traveling. If the utility of sounds is a function of how fa
they travel, then this ‘‘feedback’’ could be provided by nat
ral selection. For example, individuals that frequently voc
ized in environments/positions with good propagation ch
acteristics would gain a selective advantage. A sec
potential source of feedback is echoes from structures in
environment. It is well-known that humpback song soun
generate strong echoes off the ocean floor, as well as b
and pinnacles, that are clearly detectable in recordings.69,100

Other potential sources of echoes include schools of fish
other whales.32,69,70,101–105Such echoes provide informatio
about how sounds are propagating in particular conte
Whether humpback whales use this information to maxim
propagation ranges is currently unknown. It is known th
various other species do position themselves such that lo
range propagation is enhanced.96,106–109

Humpback whales could also affect propagation ran
by modulating the spectral and energetic properties of
sounds they produce. Although there is currently little e
dence suggesting that humpbacks or other whales cha
sound features to accommodate different nonbiological e
ronmental features~e.g., topology, water depth!, this lack of
evidence may simply reflect the limited attention given to t
issue. Auet al.110 found that belugas used different echol
cation signals when faced with different ambient noise le
3013E. Mercado III and L. N. Frazer: Environmental constraints
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els; differences between signals were highly correlated w
signal amplitude. Singing humpback whales have also b
observed to change their signals in response to change
noise levels.62 Humpbacks sang at a faster rate when no
levels increased moderately. When larger increases occu
~e.g., when large ships passed nearby!, they sang faster and
shifted to higher frequencies. Norris62 suggested that thes
changes reflected increased stress levels rather than atte
by the whales to optimize their signals with respect to no
levels. Other species have been shown to dynamically
nipulate the sounds they produce to match a particular e
ronment or situation. Most notably, bats use different echo
cation signals depending on the environment, target ra
and sounds of other bats in the area.2–4,111 Given the com-
plexities of shallow-water propagation, it would be to
humpback whale’s advantage to attend to the acoustic
relevant physical features of the environment, and to mod
his signals accordingly.

It has been shown previously that some birds can use
degradation of spectral features of known songs to determ
the proximity of other vocalizing birds, and that such cu
are more salient than intensity differences.112,113The results
of the current analysis suggest that humpback whales c
also potentially extract range information from the vocaliz
tions of conspecifics. Although the sound-localization ab
ties of humpback whales are essentially unknown, the
that singers space themselves apart22,23 shows that they can
at least roughly determine their distance from a source. S
ing humpback whales appear to mimic the songs of ot
humpbacks,114,115 suggesting that they are attending close
to the properties of sounds produced by other whales.
perimental playback studies analogous to those used
birds may clarify whether singers are relying more on sp
tral cues or intensity cues to maintain spacing. Given
variability of transmission loss in shallow water~as illus-
trated in Fig. 4!, we expect that spectral cues will be found
be much more salient.

In summary, simulations based on normal-mode the
predict~1! that how far a singing humpback whale’s soun
will propagate will be a function of the frequencies pr
duced, the depth of the singer, and several environme
features such as water depth and bottom type,~2! that the
optimal receiving depth~on average! will be approximately
equal to the source depth,~3! that the bandwidth of near
optimum frequencies will increase with increasing wa
depth, and~4! that distortions caused by propagation c
potentially provide useful information about the position
the source. Given the long evolutionary history of humpba
whales, it seems likely that such factors are ‘‘taken into
count’’ by vocalizing humpbacks, through genetic predisp
sitions and/or behavioral adaptability. Computational mo
els, such as the one used in this study, provide powerful t
for investigating the physical limits on cetaceans’ use
sound and for assessing how propagation effects influe
the sounds they produce.
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