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Singing humpback whales in Hawaii produce a variety of sounds at high source (lexels85 dB

re: 1 uP3g, 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 Amerid&0001-496809)01211-4

PACS numbers: 43.80.Ka, 43.30.Bp, 43.30[RA]

INTRODUCTION factors when examining the vocal behaviors of a particular
species. This is especially true for species that vocalize in
An animal’s ability to use sound is strongly constrainedshallow-water environments.
by environmental factors. In particular, the medigm Shallow-water sound propagation has received much at-
through which sounds propagate determine not only whergantion from ocean acousticians in the last 50 years, both
the sounds will traVel, but also to what extent they will betheoretica”y and experimentawyor reviewsl see Refs. 10—
transformed(e.g., through distortionas they travel. Such 14). The problem is highly complex because it involves mul-
constraints are clearly reflected in the sound repertoires usqpbka reflections from the surface and bottom. Propagation in
by various species. For example, animals that use acoustihallow water depends on signal frequency, source and re-
signals to communicate over short distances tend to USggjyer depth, sound-speed profil&SP3$ in the water and in
graded repertoires, composed of sounds that vary continyne pottom, water depth, biomass, bottom variability as a
ously along one or more dimensions; graded vocal signalgnction of range, surface roughness, and so on. The large
are often supported by concurrent visual signals. In contrashymper of interacting variables makes predicting how
animals that communicate over long distances typically usgounds will propagate in shallow water extremely difficult.
discrgte repertoires, cor_lsistin_g of highly stereotypeq sc_)undfishiS high level of complexity may explain why so few re-
that differ along many dimensiorissuch signals remain dis-  searchers have incorporated analyses of propagation effects
criminable even after significant distortion. Echolocatingjntg their investigations of the vocal behaviors of shallow-
species must contend with huge environmental constraint§yater species. Shallow-water environments place unigue
Bats vary their sonar signals continuously as a function ofgnstraints on sound transmission. These constraints have

their environment when they are searching for and capturing, o ptedly affected the ways in which vocal marine species
prey<~" When foraging in open spaces, bats tend to produc?e_g' cetaceapsise sound.

sfcereot%/PSed sequences of constant-frequency — sonar - zihough investigators recognized early on that the
signals:™™ By narrowing the frequency bandwidth and ansmission properties of underwater environments played
lengthening the duration of their sonar signals, bats are ablg,, important role in shaping the acoustic abilities of
to put more energy into each frequency band, allowing theMetaceands 16 few studies attempted to rigorously account
to overcome the relatively high attenuation of sound in airto, these factors. The few analyses of propagation that were
and to optimize their long-range detection of tardetgvhen _attempted were primarily theoretical and based on highly
bats are echolocating in more cluttered spaces, or are Clos”lﬂmplified models7 Initially, studies of the range and direc-

in on a target, they tend to s_hif_t to _shorter duration, broad‘_tionality of delphinid echolocation signafs2! provided the
band signals that are more limited in range. Because envi5ny qata with which to address questions related to propa-
ronmental properties play such a critical role in shaping howyaiion The complexities of propagation in real-world envi-
animals use sound, it is important to carefully consider suchy,ments inhabited by cetaceans have only recently begun to
be examined more closefy-2° Similarly, the constraints on
dElectronic mail: mercado@pavlov.rutgers.edu cetacean sound use resulting from environmental factors
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(e.g., ambient noise levelsare only now being broadly continuously modulated along one or more dimensions
considered? within a song®! Thus, the repertoire of sounds used by
Effects of propagation become most relevant wherhumpbacks appears to be graded rather than discrete. Al-
sounds are transmitted over long distances. No animals traniough the sounds used by humpbacks are continuously and
mit sounds over longer distances than baleen whéles  progressively changing, they appear to modulate within the
mysticetes Empirical research on the propagation of blueboundaries of strict constraints that are stable across
and fin whale sounds has shown that they can be detectg@ars*®>! For example, distributions of many sound charac-
from as far away as 1600 kifi*L Although it is doubtful that  teristics(e.g., durationwere found to be highly stable over a
whales actually use sounds over such long ranges, it is cled-year spaft® Interestingly, the distribution that varied the
that the sounds are produced to travel. For whales producingost across years was that of the frequency with peak energy
sounds in shallow watde.g., less than 200 m deeeffec- (i.e., bandwidths appeared to be used differentially across
tive long-range transmission cannot be efficiently achievedears. It is important to note, however, that many other fac-
simply by increasing the intensity of sounds. In such an entors other than time may account for this variability, includ-
vironment, the spectral and temporal features of sounds criting variability in recording locations across years.
cally determine how far the sounds will propagate and their
discriminability after distortion. The current study uses com-B. Acoustic environment
putational methods to examine how shallow-water environ-
ments constrain sound transmission by a notably vociferou?el
whale, the humpbackVegaptera novaeangliae

Humpback whales are globally distributed, inhabiting
atively shallow waters. During the summer, humpbacks
can be found in high latitudes near continental shék&s
where they spend much of their time feeding. In late fall and
. SOUND TRANSMISSION BY HUMPBACK WHALES early winter, whales begin migrating towards lower-latitude
subtropical areas where they spend the winter in shallow
coastal waters. Most mating activities are believed to occur

In terms of sound production, humpback whales haven the winter. During late winter and early spring, the whales
few rivals. Their vocalizations can be extremely lowgh to  begin migrating back to the summer feeding areas. Whales
190 dBre 1 uPal?*23j and are detectable from long dis- have been observed vocalizing during all stages of this an-
tances(as far away as 160 kif). When “singing,” hump-  nual cycle. The majority of humpback whale vocalizations,
backs may produce sounds for as long as 10-20 kowever, has been recorded in the wintering grounds.
nonstop***® and can be heard day and night for several  Vocalizing humpbacks have been studied most exten-
months®®3” Additionally, humpback whales’ sound reper- sively in the Hawaiian Islands and the West Indies.
toire is subjectively more variable than that of any otherWhitehead® reported that most vocalizingi.e., singing
baleen whale. The sound-producing behaviors of humpbacihales located on Silver, Navidad, and Mouchoir Banks
whales have been observed to vary as a function of gendewere in water between 15 to 60 m deep. Singers acoustically
season, year, social context, geographic location, anbbcated along the coast of Hawaii were found in waters 19 to
individual 22842 Humpback whale sounds have typically 558 m deep; mean water depth was 23&fWhales in the
been classified based on context and production fibtfe?®  Penguin Bank region were located in areas with a mean wa-
For example, distinctions are made between s¢posiuced ter depth of 94 m?* Major concentrations of humpback
rhythmically, typically by lone malgs social soundgpro-  whales are known to occur in the coastal waters near Maui,
duced sporadically in competitive groups/pods of whales Lanai, and Molokai, and around Penguin Bank. Water depth
and feeding soundgroduced in groups of foraging whajes between Maui and Lanai ranges between about 30 to 80 m

Humpback whale sounds can generally be divided intaleep, and water depth over Penguin Bank ranges between 50
two main types: vocal and nonvocal sourtdt8’ Nonvocal  to 200 m deep? The bathymetry in Hawaiian coastal waters
sounds include sounds produced by breaching, slapping bodas not been extensively studied. Recent reports indicate that
parts on the surface of the water, and blowing. Humpbaclhe bottom consists primarily of silty sand and clay, with
whales produce vocal sounds internally using mechanismsccasional outcrops of coral, limestone, and rdcks.
that are poorly understood. Most of the spectral energy in  Sound speed in the ocean environment determines not
humpback whale vocalizations falls between 50-400M®nly how rapidly sounds can be transmitted, but also how
Hz,*1484%jith peak energy typically lying below 1500 Hz. sounds will propagate. The speed of sound in water increases
Sounds range in duration from 0.1 to 184° The majority  with increasing temperature, salinity, and press(wéich
of vocalizations is pulsed sounds. Many are constant in pitchypically vary with depth. Numerous techniques have been
with only brief periods of modulation; higher-pitched soundsdeveloped to estimate sound speed using these three vari-
tend to be modulated more extensively. Gradual or rapidbles(for a review, see Ref. 20In Hawaiian coastal waters,
frequency upsweeps are prevalent, with downsweeps beirtgmperatures range between 21 and 29 °C and salinity ranges
much less commoff“° The sound repertoire used by hump- between 34.2 to 35.5 ppt:>®>°°A similar temperature range
back whales is not fixed, but gradually changes over24—28°Q has been reported in the Caribbédmn oceans,
time #49-%1This is most clearly evident for sounds producedwater near the surface is constantly mixed by wind and
within songs. Subjectively, specific sound types used withinvaves. This mixing stabilizes the temperature and salinity of
songs tend to be comparable between consecutive years, mgar-surface water at a relatively constant value. Sound
less so over longer periods of time. Sound types may also bgpeed in this “mixed layer” of water slowly increases as a

A. Characteristics of sounds
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function of depth due to increasing pressure. The depth ddifferent locales need not be explicit. Whales could implic-
the mixed layer in Hawaii varies between 50 to 14“m. itly learn what locales are effective based on experience
Below the mixed layer is a layer of water in which tempera-and/or could be genetically predisposed to favor sites that are
ture changes with depth; this layer is called the thermoclineeffective. Evidence suggestive of such site selection is pro-
Temperature decreases with depth in the thermocline, leaddided by observations of increased singer densities in areas
ing to a decrease in sound speed. The thermocline in Hawaiiith smooth bottoms3
extends to depths of 275 to 365 ¥hDetailed analyses of Other important factors affecting maximum range, that
variations in sound speed as a function of depth have naire more physiologically constrained, include the source
been performed for shallow-water coastal environments ievel, beam pattern, and frequency range used by hump-
Hawaii or the Carribean. Recently, Franlatlal® reported  backs. Source level refers to the relative intensity of sound
sound speeds between 1530 and 1535 m/s in the coastal wadiated by a projectdin this case, the whaleat a standard
ters off the island of Hawaii. They noted little change in distance from the source. The term beam pattern refers to the
sound speed down to 60 m, where a moderate thermoclindirectional variability of projected sounds. Of these three
began(—3 m/s gradient Measurements taken at Silver Bank factors, only the frequency range of produced sounds is
showed that the water was at a constant temperature from th@own with any certainty for humpbacks. Individual sounds
surface to the seaflodf.The seafloor acts as a lower bound- within songs can vary greatly in intensity*®¢8-"°Source
ary on sound propagation. Bottom featufesy., composition levels of between 144 and 190 d81 wPa at 1 m have been
and smoothnegsaffect how sound propagates in the waterreported:?22326066.7172rhege source levels have generally
above!! For example, soft bottom sediments such as mudeen derived using estimated ranges, theoretical models of
are penetrable and remove significant fractions of energypropagation based on geometrical spreading, and a relatively
sandy bottoms tend to be much more reflective. Whitetead small number of measurements of received levels. Because
found that singers were concentrated over regions witlof the many potential sources of error, current estimates of
smooth bottoms. In such environments, the interaction behumpback whale source levels should be taken as points
tween propagating sounds and the bottom depends primarilyithin the range of possible valu¢see Ref. 73 for a detailed
upon the materials that make up the bottom. discussion of this issueConsider that estimates aferage
How well sounds propagate underwater is primarily de-source levels have ranged from 155 to 185 dB over the last
termined by the properties of the environméatg., water 20 years(30 dB corresponds to a 1000% increase in esti-
temperature, salinity, and depth, bottom type, surface rougtmated average intensjty
nes$ within which they are produced. A final feature of Even less information is available regarding humpback
humpback whales’ acoustic environment that constrains theivhale beam patterns. Levendbrreported greater differ-
use of sound, but that is somewhat independent of propag@nces in received levels at different positions along a linear
tion effects, is ambient noise. Ambient noise in shallow-array than would be expected if humpback whales projected
water coastal environments is quite variable depending osounds omnidirectionally, and Cldrknoted similar differ-
season, location, time of day, wind speed, bottom conditionsnces in levels received from vocalizing bowheads based on
and the extent of biological and manmade sound productiotheir relative orientation. These observations may reflect
in the area; noise levels can vary by 10—20 dB from one dayluctuations in transmission loss resulting from varying
to the next? In general, levels of ambient noise are influ- source—receiver configuratiorse., their depths relative to
enced by the same factors that control transmission losshe surface and distances between one anptresther pa-
Thus, regions of high transmission loss tend to have lowerameters. It is more likely, however, that they are due to
noise levels, and vice versa. Measurements of ambient noigbrectional properties associated with whales’ beam patterns.
levels in the humpback whale wintering grounds in HawaiiAlthough low-frequency sounds will generally be less direc-
range from 58-95 dBe 1uP&/Hz in the 100- to 4000-Hz tional than higher-frequency sountfsthe common assump-
band?*®8-%2 These values are comparable with those retion that humpback whales project sounds omni-
ported from other shallow-water environmetftg®53-%%  directionally}’?%%° seems unlikely given that most vocal
When whales are present in an area, their vocalizations comammals produce sounds directionally, and that omnidirec-
tribute significantly to ambient noise levefs®®®%%7Large  tional sound production would be highly inefficient in a
boats also generate considerable nd#$é Although ambient  sound channel bounded by the bottom, surface, and shore-
noise levels do not physically constrain sound transmissiorine.
they may mask sounds produced by humpback whales, lim-
lting the range at which they can be detected. IIl. ASSESSING ENVIRONMENTAL CONSTRAINTS
C. Sound-field control A. Models of shallow-water propagation

Humpbacks have some control over the factors that af- Early models of shallow-water propagation focused on
fect how well their sounds will propagate. First, and prob-characterizing transmission lo&s parameter describing how
ably most importantly, they can control when and where theya sound weakens as a function of distance from the spurce
produce sounds. Thus, they could choose an area or timEhese techniques integrated models of geometrical spreading
period within which to vocalize based on its “acoustic po- with measurements of transmission 1§$&) in shallow wa-
tential” (e.g., propagation characteristics and noise lévels ter. For example, Margh developed three equations for
Note that knowledge of the relative propagation potential ofmodeling transmission loss in terms of different spreading
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conditions. Sound energy was modeled as spherical spreadironment affect transmission loss differently at different fre-
ing near the source (T&20logr, wherer is range in m, quencies. For example, at low frequencies fewer modes
spreading between spherical and cylindrical at “medium” propagate, and so transmission loss may be dominated by the
ranges (Tl=15logr), and cylindrical spreading at longer effects of water depth. At higher frequencies, on the other
ranges from the source (F.10logr). Such formulas work hand, transmission loss may be dominated by intrinsic ab-
reasonably well when the bottom is uniform. Frankehl®®  sorption of energy in seafloor sediments. Ignoring tempo-
reported a close correspondence between measured transmirily the effects of other variables, which can be equally
sion losses and the losses predicted by the Marsh equatioimaportant, one sees that there is likely to be an intermediate
in environments frequented by humpback whales. Thes&equency at which neither effect dominates and transmission
equations do not, however, account for variables such aess is minimized. However, the number of variables affect-
source and receiver depth or complex bottom interactiondng transmission loss is so large that one cannot predict their
This may explain why empirically based estimates of trans+elative effects without actual numerical simulations of the
mission loss in Hawaiian coastal watefderived using propagation process.
spreading loss modélsave ranged from TE10logr®’ to In addition to optimum frequency, there is also a cutoff
TL=17+2.38logr. 2224 frequency below which sound will not propagate at all in
More recent models of sound transmission in shallowshallow watert®!''* The cutoff frequency ;) for a
water are based on solutions of the wave equatfonre-  shallow-water environment can be approximated by
views, see Refs. 10, 11, 13, and)1%he wave equation is a
partial differential equation that relates acoustic pressure to Cy/4h
spgtlotemporal coordinates. The acous_tlc field emitted fror_n a fc m
point source can be calculated by solving the wave equation, wes

given a set of initial conditions or boundary values corre- : - ;
sponding to environmental parameters; such calculations a}/vherecw s the sound speed in watd, is the sound speed
P 9 P ' ifi the bottom, anch is the water depth® For the water

typically performed using a computer. Several theoretical apaepths and bottom types encountered by vocalizing hump-

proaches have been developed for solving the wave equatiqqy, ., whalesf , ranges between about 1 to 100 féstimated
including ray theory, normal-mode theory, spectral methodsfrom Ref 14° Fig. 5.8 The optimum frequencyf() de-

. . | 3 . _ k . .
_and the parabolic equation mode.* The _ch0|ce of theo_ret ends on several variables including SSPs for the water and
ical apprqach depends on the propagation ranges of_mt_gre%e bottom, and the depths of the water, source, and
lc\lompu;catmgal thpower,_ and" SO_Ltmg fchanngl I_Var""lb'““(;'receiver?1 Optimum frequencies can be calculated theoreti-
ormal-mode heory 1S well suited for modeling soun cally, using normal-mode methods, or empirically. Jensen

propagation in the environmen?s frequented by humpbac%nd Kupermah' compared these two approaches and found
whales because bottom properties are only moderately Valihat they produced similar results. They found that water

able and the propagation ranges of interest are between Od]epth was a primary determinant 6f, and thatf, de-
1 o . . ' [0}
and 60 k" Additionally, previous studies have found good creased with increasing water depth. Optimum frequency in-

Egree(zjment betwelzen dmeasué%Teﬁ?gsN and Iprec(zljlcted | valu feased when either the source or receiver was not halfway

t_ase hon rlﬁrmaoimote ?h t. ;)hrma-mo el sczju]: between the bottom and the surface. They also noted that the

lons have he advantage that once they are SOVed 10T &iaots of hottom properties on transmission led to different

p_artlcular enwronmenfc, the sol_ut|on can be used for all POStaximum propagation ranges at different water depths. The

5|bIeTiource an(tj trgce|\{ertﬁ9nf|gurat|onsa Westweodl’ results of Jensen and Kuperman suggest that for humpbacks
Ie co(;npu a('joTS n B(ESEaper usel | fs Wth f:SId to maximize their propagation range in shallow water, they

normal-mode MOGelpRCA ORCA calculates the TIeld 614 need to produce soun@® with frequencies between

parameters for an acoustoelastic environment with a multl,-:.)0 t0 800 Hz,(2) at mid-depth in water between 30 to 300 m

layered bottom. ASORCA is a plane-layered range- deep, and3) over bottoms consisting primarily of sand and

: Nabl&iit. These criteria correspond closely to the scenario that has

p y

bathymetry or a rough ocean surface are not included in thBeen described for singing humpback whales

compu'gati_on. The main effect of scat_tering Is to iqcrease Previous studies of humpback whale vocalizations have

transmission loss, whereas bathymetric changes with Scalﬁten suggested that lower-frequency vocalizations will

length much greater than a wavelength cause more furld?)'ropagate longer distances than higher-frequency vocaliza-

mental changes in the signal. In general, the problem of (.jeﬁons and that vocalizing humpbacks should therefore pro-

termining optimal frequencies_ for environments with vari- duce low frequencies to achieve the maximum propagation
able.bathymetry must be cons!dered on a case-by-case basr’ﬁnge‘?g's“ It has also been suggested that low-frequency
and is beyond the scope of this paper. sounds might be used for long-distance communication,
while higher-frequency sounds would be more appropriate
for short-range communicatidt:®® Such suggestions appear
By optimum frequency, we mean the frequency thatto be based of(l) the fact that attenuation of sound by sea-
achieves the maximum propagation range, given a particulawater increases with increasing frequen¢3), the assump-
environment and source depth. In any real shallow-water ertion that lower-frequency signals are produced at levels equal
vironment, there is likely to be an optimum frequertiéy®®®  to or greater than higher-frequency signals, &B)dthe as-
This follows from the fact that different features of the en- sumption that attenuation in the water channel is the primary

B. Optimum frequencies
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TABLE |. orca input files for full geoacoustic modelga) 60-m water depth, without a thermoclindy) 200-m water depth, with a thermocline starting at

a depth of 70 m. Row 1 defines the physical properties of the upper boutaigrjor each environment, and row 4 defines the lower boundanyasalt
basement The remaining rows define the physical properties of the channels through which sound propiegatése water and the bottgm
cp=compressional speed in m/s=cshear speed in m/s, rkalensity in g/cm, ap=compressional wave attenuation=ahear wave attenuation=zepth in

m, nsvp=number of sound-speed profile points in the ocean=dwmkrance used in fitting SSP to eliminate layers (€t@lkeeps all layeps nbot=number

of layers in ocean bottom, sitype of compressional speed profile={il is linea), h=layer thickness, csicompressional speed at the top of layer 1,
cs2=compressional speed at the bottom of layésiinilarly for rhol and rho2, apl and ap2, asl and.as®te that all environmental parameters are fixed
across simulations except for ns\g,and cp in the ocean profile, and cpl in the bottom profile; changes in these parameters reflect changes in SSPs. For
further details, see Refs. 70 and 116 and Fig. 1.

(a) Hawaiian humpback whale environmental model without thermocline

(1) For upper halfspace: ep350, c¢s=0.0, rho=0.001 21, ag- 0.0, as=0.0

(2) Ocean profile: nsvp 2, ctol=0, z=0, cp=1534.3, rhe=1.05, ap=0; z=60, cp=1535.2

(3) Bottom profile: nbot1, ii=1, h=50, cpl=1565.9, cp2= 1600, csk 100, cs2=400, rhol=1.7, rho2=1.7, apl= —0.5, ap2=—0.5, as¥0,
as2=0

(4) For lower halfspace: ¢p5250, cs=2500, rhe=2.6, ap= —0.04, as=0

(b) Hawaiian humpback whale environmental model with thermocline

(1) For upper halfspace: ep350, ¢s=0.0, rho=0.001 21, ag- 0.0, as=0.0

(2) Ocean profile: nsvp 3, ctol=0, z=0, cp=1534.3, rhe=1.05, ap=0; z=70, cp=1535.4,z=200, cp=1519.6

(3) Bottom profile: nbot1, ii=1, h=50, cpl=1550, cp2= 1600, cs¥t 100, cs2=400, rhol=1.7, rho2=1.7, apk= — 0.5, ap2= - 0.5,
asl=0, as2=0

(4) For lower halfspace: ¢p5250, cs=2500, rhe=2.6, ap= —0.04, as=0

determinant of how far different frequencies will propagate1490 m/s and a constant gradient of 1.8 m/s, and the other
in shallow water. Effects of water depth, source depth, recorresponding to typical summer profiles, with a surface
ceiver depth, bottom type, and SSPs do not appear to hawpeed of 1535 m/s, a surface channel of 20 m, followed by a
been considered in these previous analyses. The results dfop in sound speed to 1500 m/s, and then a constant gradi-
Jensen and Kuperman indicate that such factors can strongént identical to the winter profile. The source depths they
affect which frequencies propagate best, and that in somsimulated ranged from 12.5 to 200 m, depending on the wa-

environments higher-frequency vocalizations should propater depth, and transmission loss was calculated out to a range
gate longer distances than lower frequency vocalizations adf about 85 km.

equal energy. The following simulations examine this possi-  In the current study, environmental parameters for Ha-

bility in greater detail. waiian coastal wateréin particular, shallow-water regions
near Mauj were estimated based primarily on measurements

IIl. ENVIRONMENTAL EFFECTS ON PROPAGATION reported in previous studies or in computer databases main-

To investigate how shallow-water propagation effectstamed at the University of Hawaii. Effects of the following

might constrain how humpback whales use sound, simulglarameters on optimum f_requency were investigated: watgr
tions were run to calculate optimum frequencies in environ-d€Pth, source depth, receiver depth, and sound-speed profiles
ments similar to those frequented by singing whales in Hail' the water channel. Water depths of 20, 40, 60, 100, 200,
waii, and to assess whether there might be predictabléind 350 m were simulated. Because humpbacks only sing in
range-dependent, spectral distortion effects in these envirofii@Wwail during the winter, and because previous reports indi-
ments. To a certain extent, a subset of these analyses can g€ that a surface channel is not present, the ocean was
viewed as a replication of the analyses performed by JensdRodeled as a mixed layer over a thermocline. The mixed
and Kupermar! It is thus useful to review the nature of layer was modeled as being either 70 or 120 m deep. For
their simulations, and how they compare with the ones perwater depths of 60 m or less, a thermocline layer was not
formed in the current study. included(see Table | and Fig.)1SSPs were calculated using
Jensen and Kuperman looked at the effects of three maidn empirically derived formul& based on water tempera-
environmental parameters in their study: water depth, bottorftire, salinity, and depth. A constant salinity of 35 ppt was
type, and sound-speed profiles in the water channel. To sintsed for all simulations. Temperature was constant at 25°
plify the analysis, they used a single, homogeneous bottordbove the thermocline and decreased-8052°/m within
layer, always placed the source at mid-depth, and averagdtie thermoclingbased on slopes from data presented in Ref.
the propagation loss over the water column for each receivédd). Sound velocities calculated using this formula were con-
range. Jensen and Kuperman calculated optimum frequencigistent with measuremente.g., c=1534 m/s near the sur-
for (1) water depths between 25 to 400 (8) bottom types face. The bottom was modeled as a 50-m layer of sand and
ranging from clay—silt to chalk—limestone; representativesilt over basalt. Sound speed at the water-bottom boundary
values obtained from the literature were used for porositywas set at 1.02 (after Ref. 1]. Bottom SSP estimates were
relative density, relative speed, compressional speed, sheahosen to emulate the bottom properties particular to waters
speed, compressional attenuation, and shear attenuation for Maui coastal regions. Source depths of 5, 15, and 30 m
each bottom type, an@®) two sound-speed profiles; one cor- were chosen based on past reports of singer dép®smple
responding to typical winter profiles, with a surface speed obRcA input files for typical environments used in simulations
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For the current analyses, optimum frequencies were cal-
FIG. 1. Example environmental models usedderca simulations. The top  culated for a number of different scenarios using continuous-
figure corresponds to a 60-m water depth with no thermodiee (@) in a4y techniques. Simulations were initially run for 20 fre-
Table I, and the bottom figure corresponds to a 200-m water depth with a )
thermocline starting at 70 rfsee(b) in Table [ Solid lines show bound- qUENCIES evenly spaced betwe_en_ 20 to 4000 HZ-_ Each
aries between channels, and dotted lines show how sound speed changesséig1ulation calculated the transmission I¢34.) at 200 dis-

a function of depth and materiavhere sound speed increases from left to tgnces from the source, evemy spaced between 50 to 60 000
right). Ocean sound-speed profiles varied as a function of water depth an

thermocline depth. Bottom sound speed changed as a function of the soufg' and at 50 receiver dept_hs eyenly spaced between the sur-
speed in water at the interface. There are discrete jumps in sound speed@&C€ and the bottontresulting in a 56200 matrix of TL
the air interface, bottom interface, and where the bottom changes to basaitalues. A logarithmic curve of the form TEalogr, was fit

Only SSPs for the ocean channel and the first bottom layer were variegy each row of the matrix to provide an estimated transmis-
across simulations. Note that the figures are to scale vertically, but not .

horizontally. In a typical scenarite.g., with a singer in 60-m deep water, sion loss curve fF’r each deP('?‘ee Fig. ?' The rec_e'ver
and a receiver 6 km awaythe range to depth ratio is about 10@., the depth corresponding to the minimum valueaofor a single

ocean channel is a very thin djsc simulation was taken to be the “optimal receiver depth”
(r,) for that simulation. The optimum frequency,j for a
given scenario was found by comparing valuesaaicross
are given in Table I; Fig. 1 illustrates these environments. simulations (i.e., the frequency that led to the minimum
It is important to note from the outset that the results ofoverall value ofa, thereby minimizing TL, was taken to be
these simulations should not be interpreted as precise esthe optimum frequendy Table Il summarizes the results of
mates of the optimum frequencies in environments frethese analyses for the different scenarios considered.
quented by humpback whales. Jensen and Kuperhiad Some of the data presented in Table Il can be compared
to manipulate shear-speed and compressional attenuation paith the results reported by Jensen and Kuperfiaor
rameters in order to closely match theoretical results witrexample, for a water depth of 60 m and a source depth of 30
measurement&hese parameters are held constant in the curm, they report an optimum frequency between 400 and 800
rent analysis; see Table. ITheir calculated optimum fre- Hz. The current simulations yielded an optimum frequency
guencies were, however, roughly comparable to measureaf 650 Hz. For simulations with a water depth of 40 m and a
optimum frequencies even before such manipulations. Theource depth of 20 m, Jensen and Kuperman report an opti-
important data gained from the current simulations are thenum frequency of about 1600 Hz. The current analysis
relative effects of changes in environmental parameterdpund an optimum frequency of 1700 Hz when the source
rather than the absolute values of calculated optimum frewas 15 m deep in 40-m-deep water. The current simulations
guenciesper se Field measurements are needed to assesshowed that optimum frequencies increased as the source
how accurately the model predicts actual optimum frequenmoved away from the mid-depth position, as noted in Ref.
cies. 11. Interestingly, water depth did not appear to strongly af-

3009 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 E. Mercado IIl and L. N. Frazer: Environmental constraints 3009



TABLE Il. Optimum frequencies for humpback environments in Hawaii, source at mid-depth, such that water depth and source depth
d,,=water depth,d,=thermocline depthds=source depthf,=optimum
frequency r,=optimal receiver depthg,,,= min[a]logr, anda and o, are
the mean and standard deviation overagll

d,(m dom dm foH) oM ay & o,

20 NA 5 4000+ 7.6 157 211 101
NA 15 2740 8.4 16,5 21.2 9.6

40 NA 5 4000+ 6.6 15.7 17.6 3.0
NA 15 1700 13.7 15.7 16.9 2.5

NA 30 3370 28.1 16.4 174 2.2

60 NA 5 4000+ 8.2 157 174 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 4000+ 7.1 15.7 17.2 2.3
NA 15 1700 131 15.7 16.5 1.7

NA 30 650 25.2 16.1 16.7 1.5

70 5 4000+ 7.1 157 174 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 4008 9.1 157 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 40006~ 9.1 157 171 1.3
120 15 1910 13.2 157 164 0.8

120 30 650 25.4 16.1 16.6 2.1

350 70 5 40006 8.1 157 174 2.1
70 15 1490 15.2 157 16.7 15

70 30 1910 29.5 16.3 16.9 1.0

120 5 40006~ 8.1 156 17.0 1.6
120 15 1490 15.2 158 164 0.9

120 30 650 22.4 16.1 16.6 0.6

fect optimum frequenciesr & —0.12; wherer is the corre-
lation coefficient between the two variables contrast to
previous reports. Rather, source depth appeared to be tliepth of the source determines which normal modes are ex-
main factor
=—0.80). This apparent discrepancy may be explained byhat interact least with the lossy bottom, which typically are
the fact that Jensen and Kuperman always positioned théhe lowest-order modes. Similarly, optimal propagation oc-

determining

were always covarying.

The mean optimum frequency across all simulations was
2400 Hz (¢=1300Hz), somewhat higher than what might
be expected given the data presented in Ref. 11 and the fre-
quencies used by humpback whales. The optimum receiver
depth was closely correlated with the source depth (
=0.96) and with transmission lo$as represented bg, r
=0.79. The variability of transmission loss as a function of
frequency(estimated byo,) appeared to decrease with in-
creasing water depthr & —0.51). Variability also seemed to
decrease with increasing source depth=(0.33). The
presence of a thermocline and its position led to some subtle
changes in optimum frequencies and estimated transmission
loss curves. For example, simulations where the source was
30 m deep and a thermocline was present at 12051770 m)
yielded lower optimum frequencies, shallower optimum re-
ceiver depths, and slightly lower values.

Propagation contour maps provide a clearer picture of
how transmission loss changes as a function of source depth
and frequency. Figure 3 shows contour plots for simulations
in 60-m-deep water. When the soursesim deepFig. @],
there is no evidence of an optimum frequency. When the
source is 15 m deefFig. 3(b)], the 74-dB contour shows a
clear bulge near the optimum frequency of 1700 Hz. This
indicates that signals near 1700 Hz will travel a longer dis-
tance before decreasing by 74 dB. When the source is 30 m
deep[Fig. 3(c)], the 74-dB contour shows evidence of alter-
nating near-optimum and suboptimum frequencies. The low-
est bulge extends the farthest along the range axis and is
centered on the optimum frequency of 650 Hz. Note that the
optimum frequency for the source 30 m deep does not propa-
gate as well as the optimum frequency for the source 15 m
deep. In general, Fig. 3 looks the way it does because the

the optimum frequencyr ( cited. Optimal propagation occurs for those normal modes

4000

3000

2000

1000

FIG. 3. Contour plots of transmission loss. Plots are
based on fitted TL curves with the receiver at the opti-

mal depth. Simulated scenario is for 60-m deep water
(as described in Fig. 1 and Table With a source ata)
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5-m deep(top plot, (b) 15-m deep(middle ploy, and

(c) 30-m deep(bottom plo}. The numbers on the con-
tours indicate a particular transmission loss value, and
the shapes of the contours show the range where signals
at different frequencies will have decreased by this
amount. The contours graphically illustrate how source

depth and signal frequency can dramatically affect

propagation. The high optimum frequencies computed
for a 5-m deep source may in part reflect surface

decouplingt!” In real environments, scattering would
likely attenuate higher frequencies preferentially, shift-
ing the optimum to some mid frequency below 4000
Hz.

3010 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999

E. Mercado Il and L. N. Frazer: Environmental constraints 3010



SRC =30 m, 650 Hz SRC =30 m, 1300 Hz (a) (b)
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FIG. 4. Plots of transmission loss before smoothing. Simulated scenario is M/\/\/\/\—/\f\/\/\“J\‘* 5km 3
again for 60-m deep watéas described in Fig. 1 and Table Wwith a 30-m k
deep sourcéthe smoothed contour plot for this simulation is shown in Fig. } S B }

3). Bottom plots show a zoomed portigtie first 5 km of the plots above 100 200 300 400

them. Lighter coloration indicates greater losses. Note the complex range Frequency (Hz)

and depth-dependent variations in loss and how they vary with frequency.

Also note the periodic interference patterns over longer distances. The og=IG. 5. Green’s functions for a humpback's environme¢go-m water

timum frequency for this scenario was found to be 650 Hz. At shorterdepth, 15-m source and receiver dgpiVaveforms in(a) show from top to

distances, however, regions of high loss are larger for 650 Hz than foPottom, Green’s functions at ranges of 1, 2, 3, 4, and 5 km; peaks in these

1300 Hz. waveforms correspond to various ray paths. Spectrgbjnare of these

waveforms. These spectra can be interpreted as the frequency responses of

. channel filters; i.e., the effects of propagation on a signal can be simulated

curs when the source and receiver are at the same depgh passing the signal through a filter with bandpass/stop features matching

because then the receiver is optimally positioned to receivihese spectra. Note the systematic, range-dependent spread of spectral peaks
those normal modes most effectively excited by the SOurce_and trogghs. It_ can be seen that the pehavior of the Green’s function be-
. . . . comes increasingly complex as the ratio of range to water depth increases.

It should be kept in mind that the data displayed in TabIeDotted lines indicate trends in spectral distortion that appear to be correlated
Il and Fig. 3 are based on simplifications of the data generwith range.
ated by theoRCA simulations. Propagation loss varies greatly
as a function of range and depth from the source. Figure
shows visual representations of the originak&D0 matri-
ces for simulations withd,,=60m, d,=30m, for two fre-
quencies(650 and 1300 Hg lighter areas indicate a larger
transmission loss. Although overall propagation losses ar
clearly reduced for the optimum frequen@50 H2 at long
ranges, there appear to be larger regions of high loss
shorter ranges than for the suboptimum frequeii&p0 H2.
Clearly, optimum frequencies are not optimal for all points
within the sound channel, but rather are optimal for achiev
ing the maximum range “on the average.” There is no fre-
quency that will propagate optimally to every point in the
sound channel.

Lflnter characteristics is knowteither through measurements
or theoretical calculationsthe signal properties that will be
received at any point in the channel can be determined for
grbitrary signals. In practice, it is extremely difficult to pre-
cisely determine the Green’s functions across a wide band of
éEequencies for real-world environments. Reasonable ap-
proximations to these functions can, however, be obtained
based on solutions of the wave equati@ng., using wide-
band normal-mode technigyes

Preliminary calculations of Green’s functions for a pro-
totypical humpback whale environment were performed us-
ing ORCA's wideband analysis capabilities. Environmental
parameters were identical to those used in the previous simu-
lations. Water depth was fixed at 60 m. The source and re-
ceiver were both 15 m deep and at ranges between 1 to 5 km

Although knowledge of transmission loss is importantfrom one another. The bandwidth considered in the analyses
for determining how far sounds will travel, such knowledgewas between 50 to 475 Ha.e., the Green’s functions are
is only moderately useful for predicting how features of avalid for signals with spectral components limited to this
signal other than amplitude will change as a signal proparange of frequencigsFigure 5 shows the Green'’s functions
gates. One way to address this problem is to model the oceat ranges of 1, 2, 3, 4, and 5 km along with their spectra.
channel using linear systems thedfy’ Propagation through These spectra, denoted @$w), reveal how signal features
an ocean channel can then be modeled as transmission ofadll likely be affected by transmission. For example, at 2 km,
signal through a set of linear, spatiotemporal-varying filtersa clear trough is evident iG(w) near 180 Hz. This indicates
The effect of propagation on any signal, for every source-that, for this source—receiver configuration, the channel acts
receiver configuration, can be described in terms of a set adis a band-stop filter, significantly damping spectral energy
filter characteristicgspecifically, a set of impulse response near 180 Hz. At 3 km, two troughs are evident, one near 150
functions, also known as Green'’s functipn®nce this set of Hz and one near 280 Havith two minima). At 4 km, three

B. Range-dependent spectral damping
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troughs can be seen. Visually, these separate troughs can trents and theoretical analyses of transmission loss in Ha-
correlated across spectra. The single trougB{w) at 2 km  waiian shallow-water environments, that take into account
appears to move to the rigfincrease in frequengyand de-  basic slope profilege.g., up-slope versus down-slope versus
velops two deep minima with increasing distance from thecross-slopg suggest that transmission loss is greatest for
source. The 150-Hz trough at 3 km moves to the right andounds propagating up-sldésee also Ref. 90 Transmis-
becomes shallower, and a smaller 90-Hz troygh3 km) sion loss in down-slope and cross-slope conditions was
moves to the right and becomes deeper. It appears that in thisund to be significantly reduced in comparison to the up-
scenario, the distance a sound has traveled can be determinsidpe condition; loss in the down-slope and cross-slope con-
based on the spectral content of the received signdépen-  ditions was comparable. Past studiesy., Refs. 11, 76—79
dent of source amplitudeassuming the source signal is rela- have shown a close correspondence between transmission
tively broadband. Note that this result is not an artifact of theloss values predicted by simulations based on normal-mode
simplifying assumptionge.g., flat bottom and surfagesed theory and measured values, despite the simplifying assump-
in the simulations. A more complex environment would pro-tions made regarding the “flatness” of surface and bottom
vide even more potential cues for determining the distance features. In some cases, the effects of a sloping bottom may
sound has travele:®*The specific effects of the channel on be balanced by other factors. For example, sound traveling
a particular signal can be derived either by convolving thefrom shallow water to deeper water spreads out, but suffers
source waveform with the Green’s functi¢ior a particular  |ess reflection loss, so that transmission loss may actually be
rangg or, equivalently, by multiplying the source spectrum decreased relative to an environment with a flat bottém.

times G(w).*’ Although more advanced environmental models, which
can simulate range-dependent water depths and bottom prop-
IV. CONCLUSIONS erties(e.g., parabolic equation modglsan potentially allow

The simulations of sound propagation described in thignore realistic scenarios to be investigated, it is not clear that
paper have revealed several intrinsic constraints on humghis would clarify the constraints faced by humpback whales
back whales' use of sound that have not been previouslﬁive” the dearth of relevant data. Many of the critical envi-
noted. First, the results strongly suggest that humpbackonmental variables needed to develop more veridical mod-
whales cannot increase the distances their sounds travel fis have yet to be measured, including the bathymetry, bot-
shallow water simply by using lower frequencies. In con-tom composition, and sound-speed fields of areas frequented
trast, all of the simulations indicate that maximum propagaby vocalizing whales. Other important factors that are cur-
tion ranges would actually be decreased for lower frequentently unknown are source directivity, the relative intensities
cies (below 200 Hiz and that humpback whales should of different frequencies produced by humpbacks, and the
typically produce higher frequencies rather than lower frefanges at which humpbacks make use of sounds. Future stud-
quencies if they want their sounds to go farther. Second€s can provide important tests of the current results as well
source depth was found to be a critical determinant of thé@s better estimates of environmental parameters. For ex-
optimum frequency, optimum receiver depth, and maximun@mple, recordings could be made simultaneously at multiple
propagation range. Other factors such as water depth appe@distances and depths from a vocalizing humpback, and the
to be more relevant in determining the bandwidth of nearspectra of these recordings compared to look for predictable
optimal frequencies. For example, transmission loss appeagsopagation effects and average transmission loss values. Al-
to vary less as a function of frequency in deeper waterternatively, manmade sources could be placed in environ-
whereas very shallow-water environment80 m deep ments frequented by humpback whalgsojecting broad-
strongly constrain long-range propagation to higher frequenband signals at various depihto assess how different
cies. Third, the large spatial variability in transmission lossfrequencies propagate and which frequencies propagate the
as a function of range and receiver degsee Fig. 4 sug- farthest. As more precise measurements of environmental
gests that propagation models based on geometrical spreagbnditions are reported, the accuracy with which propagation
ing give a misleading impression of how sounds attenuate a&ffects can be predicted will obviously improve. Despite its
they propagate away from a whale vocalizing in shallow wa-imitations, the current model represents a significant ad-
ter. It is possiblgand even likely that a whale 2 km from a vance over the purely geometric models that have been used
singer would, at certain times and positions, experiencén the past to assess environmental constraints on sound
higher received levels than a whale 1 km away from thetransmission by humpback whales. Previous computational
same singer. Finally, the results seem to suggest that mostudies of sound transmission by#imnd blue whaled:2%%1
humpback whale sounds are not acoustically optimal foindicate that consideration of such constraints is a crucial
long-range propagation. Although humpbacks do produce@rerequisite for analyses of mysticete sounds.
sounds within the range of optimum frequencies, most of = The preliminary calculations of Green’s functions de-
their sounds are below this range. Possible reasons for th&ribed in this paper illustrate how the distorting effects of
discrepancy are discussed below in more detail. propagation through particular environments can be quanti-

The current model is limited in that it does not accounttatively predicted(see also Ref. 27 Empirically measured
for the effects of scattering by the ocean surface or bottomGreen’s functions can also be used for this purg8ge-%
or the effects of bottom gradients.g., the model assumes a Currently, recorded vocalizations are often analyzed as if
constant water depth and sound-speed fieBlich factors they were the “true” signals produced by whales, even
undoubtedly affect transmission loss. For example, measur¢hough this is essentially never the case. If the Green’s func-
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tions for an environment are known, then features attributmum range only provides an upper bound on utilizable
able to propagation effects can be more readily identifiedrange.
Knowledge of the Green’s functions associated with a par- Whereas environmental constraints may not account for
ticular sound channel can also allow information that otherwhy humpbacks produce energy at lower frequencies, they
wise might not be availabldsuch as distance from the may explain why they are capable of producing such a wide
source to be extracted from recorded signals. In theory, suctband of frequencies. Humpbacks produce frequencies that
knowledge allows the exact position of the source to be deare much higher than many other smaller mammals. For ex-
termined from a recording made with a single receifas- ample, professional sopranos seldom produce frequencies
suming the channel is sufficiently compfX%. Knowledge above 1200 Hz, and then only at relatively low intensities,
of Green’s functions for a particular environment can also beor short periods of timé& In contrast, male humpbacks may
used to enhance signal processifi@ropagation effects can produce frequencies between 1000—-4000 Hz, at high inten-
cause identical signals to appear to have different featuresities, hundreds of times a day. Other mysticetes have not
depending on where they are received. Studies that attempgemonstrated such abilities. It is also important to note that
to analyze the variability of sounds across individuals thusvhen humpback whales produce lower frequencies, they
need to consider the variability due to propagation effectstypically also produce a large number of harmonically re-
This can be accomplished either by making sure recordingkted higher-frequency bands that can extend up to 8000 Hz.
from individuals are made from various locations, or by find-In some cases, the energy in these higher-frequency harmon-
ing the Green’s functions for the channel of interest. ics can be more intense than the energy in the low-frequency
The natural history of humpback whales suggests thatundamentaf® Such tone complexes likely include frequen-
they should have highly developed acoustic abilities. ltcies that are optimum or near optimum.
would be surprising to find that they use sounds that are not We noted earlier that vocalizing humpback whales can
well suited for their intended purpose. The mismatch bepotentially reduce the limitations on propagation imposed by
tween calculated optimum frequencies and those actuallgnvironmental constraints by properly positioning them-
produced by humpbacks suggests ttiatthe environmental selves. For example, to maximize their range and the predict-
model may not accurately simulate the environmental conability of propagation effects, singers could select an acous-
straints encountered by vocalizing humpback®, factors tic channel based mainly on water depth, bottom properties,
other than maximum propagation potential may constrain theand the presence or absence of a thermocline. Given known
frequencies used by humpback whales, andBrhump-  environmental conditions, they could then dive to an “opti-
backs may only use a subset of the frequencies they produceum” depth and produce optimum frequencies. Humpback
for long-range transmission. As noted previously, the opti-whales could also attempt to match their depth to that of
mum frequencies computed in the current analysis are onlpotential receivergassuming this information is known or
an initial estimate, so possibilityl) alone may account for can be predicted To maximize propagation through posi-
this discrepancy. There have been previous reports, howeverpning, whales would need feedback on how far their signals
indicating that blue whal8S and other mammalian are traveling. If the utility of sounds is a function of how far
specie®>%do not always produce frequencies that propagatéhey travel, then this “feedback” could be provided by natu-
optimally over long ranges. Possibiliti€2) and (3) should ral selection. For example, individuals that frequently vocal-
thus be considered more closely. ized in environments/positions with good propagation char-
Anatomical and functional constraints undoubtedly limit acteristics would gain a selective advantage. A second
the frequencies used by humpback whales. If the function opotential source of feedback is echoes from structures in the
a sound does not require long-range propagation, theanvironment. It is well-known that humpback song sounds
sounds with optimum frequencies for propagation may nogenerate strong echoes off the ocean floor, as well as banks
be functionally optimal. Wiley and Richarfssuggest that and pinnacles, that are clearly detectable in recordindf®.
maximum range of detection is probably not the primaryOther potential sources of echoes include schools of fish or
selection pressure on most animals’ vocal repertoires, andther whales26%70.101-1055,,ch echoes provide information
that features that degrade predictably with range are morabout how sounds are propagating in particular contexts.
important. Physical properties of production mechanismdVhether humpback whales use this information to maximize
also limit the frequencies a whale can optimally producepropagation ranges is currently unknown. It is known that
(however, the wide range of frequencies produced by humpvarious other species do position themselves such that long-
backs seems to suggest that this is not a strong constraintange propagation is enhanc&d-10°
Finally, the spectrum of environmental noise will constrain Humpback whales could also affect propagation range
the range of frequencies that will be maximally discrim- by modulating the spectral and energetic properties of the
inable over long ranges. For example, in shallow water, lowsounds they produce. Although there is currently little evi-
frequency noise levels may be lower than in deeper wWater. dence suggesting that humpbacks or other whales change
Consider also that if many animals in a localized region aresound features to accommodate different nonbiological envi-
producing similar sounds that propagate optimally, then theonmental featurege.g., topology, water depththis lack of
signals may begin to “optimally” interfere with one another. evidence may simply reflect the limited attention given to the
Consequently, the effective utilizable range of a sound mayssue. Auet al!'° found that belugas used different echolo-
not be reflected by its maximum propagation rafgmaxi-  cation signals when faced with different ambient noise lev-
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els; differences between signals were highly correlated witlstoy for many helpful conversations and Whitlow Au for his
signal amplitude. Singing humpback whales have also beethought-provoking questions. Roy Wilkeri&niversity of
observed to change their signals in response to changes htawaii, Department of Geophysigsrovided information re-
noise level$? Humpbacks sang at a faster rate when noisegarding the bottom properties particular to waters in Maui
levels increased moderately. When larger increases occurr@dastal regions. Louis Herman and three anonymous review-
(e.g., when large ships passed nearhlyey sang faster and ers provided useful comments on previous versions of this
shifted to higher frequencies. Noffissuggested that these manuscript. We especially thank Evan Westwood for making
changes reflected increased stress levels rather than attemtiie ORCA software freely available. Support of the National
by the whales to optimize their signals with respect to noiseScience FoundatiofGrant No. EAR95-26786is gratefully
levels. Other species have been shown to dynamically macknowledged.
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