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Matched-field processing, geoacoustic inversion, and source
signature recovery of blue whale vocalizations

Aaron M. Thode, G. L. D'Spain, and W. A. Kuperman
Marine Physical Laboratory, Scripps Institution of Oceanography, San Diego, California 92093-0205

(Received 28 December 1998; revised 25 October 1999; accepted 27 Octobger 1999

Matched-field processingVFP) and global inversion techniques have been applied to vocalizations
from four whales recorded on a 48-element tilted vertical array off the Channel Islands in 1996.
Global inversions from selected whale calls using as few as eight elements extracted information
about the surrounding ocean bottom composition, array shape, and the animal’s position. These
inversion results were then used to conduct straightforvard MFP on other calls. The sediment
sound-speed inversion estimates are consistent with those derived from sediment samples collected
in the area. In general, most animals swam from the east to west, but one animal remained within
~500 m of its original position over 45 min. All whales vocalized between 10 and 40 m depth.
Three acoustic sequences are discussed in detail: the first illustrating a match between an acoustic
track and visual sighting, the second tracking two whales to ranges out to 8 km, and the final
sequence demonstrating high-resolution dive profiles from an animal that changed its course to
avoid the research platform FLIHloating instrument platforin This last whale displayed an
unusual diversity of signals that include three strong frequency-moduBkéddownsweeps which

contain possible signs of an internal resonance. The arrival of this same whale coincided with a
sudden change in oceanographic conditions.2@0 Acoustical Society of America.
[S0001-496600)02802-2

PACS numbers: 43.30.Pc, 43.30[8VA]

INTRODUCTION AND REVIEW OF PREVIOUS WORK the coast generally propagate over ranges greater than the
In this paper, matched-field processify(MFP) meth- local water depth, and they become substantially altered

ods have been applied to blue whéRalaenoptera muscu- through interaction with the surface and ocean bottom, mak-
lus) vocalizations, recorded off the California coast in 1996."9 thelzapphcatlon of standard time-of-arrival methods
The research upon which this work is based is an outgrowtfifficult.” The MFP techniques used in this paper have no

of initial work by the Marine Physical Laboratory to conduct SUch limitations; indeed, some signals discussed here have
MFP on whales during an unrelated experiment in 1694 been localized in depth and range to distances greater than

and to use whale vocalizations for geophysical inversfons.80 times the local water depth, and thus experienced multiple
The results presented in this paper show how these tecigHrface reﬂec.tlons and bot_tom refractlgns before being re-
niques can obtain high-resolution ranges and depths of biugorded. In this case no direct acoustic path between the
whale positions out to ranges of 8 km under complex propaWhalé and the receiving array existed.
gation conditions, using as few as eight hydrophones. No After a review of the experimental location, geometry,
previous knowledge of the surrounding ocean bottom wa@nd data analysis procedures in Sec. |, the MFP results are
required, because the needed information was extracted froRfesented in Sec. Il A, using data from three distinct acoustic
the vocalizations themselves, using global inversion techsequences, recorded over a 40-hour time period in 1996 off
niques. When combined with the acoustic vector intensitythe northern Channel Islands in the Southern California
measured from a DIFARsonobuoy, a three-dimensional lo- Bight region. The first sequencease 1 demonstrates a
calization was achieved. Propagation effects could then bgatch between an acoustic track and a visual observation of
removed from the calls, using the derived locations and intwo blue whales. The next sequen@ase 2 demonstrates
ferred ocean bottom properties. This procedure obtained egae maximum ranges obtained from the experiment, covering
timates of both the source time signatures and source leve#s 90-min period wherein two different whales are tracked to
of different vocalization types. ranges of several kilometers. The final sequefcase 3
Most localization work on baleen whales has focused orillustrates a high-resolution track of a single whale that swam
obtaining azimuth and range, usually by employing widelytoward the research platform FLIP, then altered its course to
spaced hydrophone assemblies. Recent examples of these apoid the experiment. This sequence contains three unusual
proaches are given in Refs. 8—11. Previous depth estimatédV signals and three detailed dive profiles.
from cetacean vocalizations have been obtained only under Section Il B compares the sediment properties extracted
restricted conditions, where the acoustic signal has been afom the whale vocalizations with those derived from sedi-
sumed to travel directly from the animal to each receiverment cores taken from the same region. Section Il C uses the
allowing standard time-of-arrival methddgo be employed. MFP positions to compute source levels for the animals in
Some examples of this approach have included captive dotases 2 and 3, and Sec. Il D uses multichannel deconvolu-
phins in a concrete tan,and sperm whales in deep watér. tion technique¥!® to strip away propagation effects from
However, acoustic signals generated by baleen whales alorigree FM sweeps in case 3, demonstrating that the unusual
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FIG. 1. Bathymetry around the 1996
experiment site. The contour interval
is 25 m until 300-m depth, and then
increases to 50 m for deeper depths.
FLIP location is given by star. Note
how the bathymetry to the east and
northwest is only mildly range-
dependent.
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features present in the call are produced within the whalézations presented here will be from animals swimming from
itself, and are not waveguide effects. The discussion in Sec¢he E to SE of FLIP, a region where the water depth changes
[Il discusses whether the unusual FM sweeps in the latteby only 30 m over 10 km.
case might indicate an internal resonance, and notes how the The experimental deployment is illustrated in Fig. 2, and
presence of this whale coincides with a sudden change inonsisted of a 48-eleméntvertical array with a hydrophone
ocean conditions in the area. spacing of 1.875 m, sampled at a rate of 1500 Hz. A General
The “type A” and “type B” eastern Pacific blue whale Oceanics inclinometer was attached 1.7 m above the shal-
vocalizations discussed here are described in greater detddwest hydrophone element, and recorded the array tilt mag-
elsewherdé 1917 18References on blue whale sounds in othemitude and direction, inclinometer depth, and water tempera-
regions of the world®2°MFP 1%26-27and geoacoustic inver- ture every 90 sec. Data from the vertical array were used to
sion method$®?-**have also been provided. conduct the MFP, while information from both the vertical
array tilt and an occasional DIFAR sonobtiogstimated

I. METHODS
A. Experiment location and geometry FLIP

The 1996 experiment was conducted using the research DIFAR
platform FLIP (floating instrument platforii® from July 18 directional
through July 22 off the south coast of San Miguel Island, at sonobuoy
33°59 N, 120°27.221 W. This location lies within the \ 200m

boundaries of the Channel Islands National Marine
Sanctuary’® administered by the National Oceanic and At-
mospheric Administration. Surveys over the past ten years
have observed concentrations of blue, fin, and humpback
whales in the region during the summer months. “Whale
Habitat and Prey Studg&WHAPS)” surveys’’ conducted by
the National Marine Fisheries Service, Southwest Fisheries
Science CentefSWFSQ have concluded that around 100 131 m
blue whales frequent the area each summer. The animals are 90 m
believed to be feeding off krill, which in turn feed off the
plankton blooms growing in the nutrient-rich water up- Vertical Array
welling around the island® (for MFP)
Figure 1 illustrates the bathymetry around the experi-
mental site. The contour maps were constructed using
fathometer-corrected data downloaded from the Nationaf!G. 2. Experimental setup of the MFP experiment. The vertical array is

; ; ; ; ed to compute range and depth of calling animals. Source azimuth could
OceanOgraphIC Service and National GeO|OglcaI Data Ceméc:rcs:casionalIy be estimated by using either a DIFAR directional sonotasy

databases- Dgpend?ng on the tide level, the water depth at thecase 2 or by taking advantage of the vertical array tilt caused by strong
experiment site varied between 129 and 133 m. The vocakurrents in the aretSec. | Q. The thick dark lines represent mooring lines.

float %9 ]
%

<.
\®

Inclinometer
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source azimuti®*! thus yielding a three-dimensional loca- ometry were used. Once a time series was selected, a single

tion. Subsequent work showed that localization could be acglobal inversion typically took 10—20 min using a Sun Ultra

complished using as few as eight hydrophones as long asorkstation. A MFP computation using the inversion results

they spanned 90 m of vertical aperture. took 30-60 sec per call, using routines developed in
MATLAB .

B. Data analysis and inversion procedures

Traditional MFP requires information about the ocean o )
depth, bottom composition, sound-speed profile, and tilt of- Interpreting inverted array tilt
the vertical array, in order to construct an accurate model of  Imagine a tilted vertical array with a total offskt be-
the acoustic field received at the area. Bathymetry informatween the top and bottom hydrophones. Because MFP mod-
tion was independently available, but the other environmenels the two-dimensional acoustic field between the source
tal information was sparse or unknown. The analysis fofand receiver, it is only the projectidiiti’) of the total offset
each case presented in Sec. Il began by selecting sevemhto the MFP plane that influences the received acoustic
large signal-to-noise ratigSNR) calls throughout the se- field. If the source bearing is the same as the tilt direction,
quence for “focalization” or inversion. By applying a ge- thenH’=H; if the source bearing is perpendicular to the tilt
netic algorithr#®*? inversion software packadfe to a  bearing, therH’ =0—the projected offset is zero. Because
normal-mode numerical mod&the required environmental the maximum array tilt and tilt direction were independently
parameters were extracted from the vocalizations themmeasured by an inclinometer, the projected offset can be
selves, while simultaneously recovering the best-fit rang&onverted into a rough source bearing estimate. The conven-
and depth of the whale. The fitness criteria used were théon used in this paper is that a negative valu¢ibindicates
normalized output of the Bartlett processor, incoherently avihe array is tilting away from the source. One important con-
eraged over 3—-10 frequencies between 16 and 130 Hz. Idegequence of this behavior is that if the projected array tilt
tical global optimization procedures were used for each inremains constant over time while the range decreases, then
version, which adjusted 18 parameters in an attempt tehe source must be moving toward the array.
maximize the peak correlation of the incoherently frequency-
averaged ambiguity surfaces. Each inversion was repeated 40
times for each vocalization sample, using a different initial||. RESULTS
population of trial solutions, and the inversion run that . . )
yielded the largest correlation was retained. In this paper all dB ur_1|ts have been expressed in terms
Nine of the 18 inverted parameters defined a geoacoustief Pressure spectral densite 1 uP&/Hz), and source lev-
model of the ocean bottom that assumed a sediment lay&lS in_terms of source pressure level spectral density
overlaying an infinite basement layer. The sediment thick- uP&/Hz @ 1 m).
ness was set to 70 m, deeper than the expected bottom pen-
etration for all frequencies except possibly 17 Hz. A sedi-p MFEP tracks
ment sound-speed profile was constructed by allowing the
inversion to adjust the sediment sound-speed at depths of 23, ) ) )
46, and 70 m beneath the water/sediment interface, as well ds ©aS€ 1—demonstration of an acoustic  /visual
the bottom half-space sound-speed. The sediment soungzamh
speed at the water/sediment interface was allowed to vary The ocean conditions were calm over the 15-min period
between realistic values of 1450 and 4000 m/s, and thehown in Fig. 3, beginning at 14:01 GMT, Julian Day 204,
sound-speed was allowed to increase between 0 and 100®96, and are among the last calls recorded during the ex-
m/s every 23 m, ensuring the physically realistic result thaperiment. The myriad 20—30-Hz pulses that are prominent
the bottom velocity would increase with depth. The inver-around 750 sec may be fin whale cdfis?® In addition, at
sions did not solve for possible large shear speeds in eithéeast three blue whales are vocalizing during this time, gen-
the sediment layer or half-space, as the normal-mode modeéyating two types of signals known to be produced by blue
used for the inversion incorporated a perturbation approactvhales®!”1820495€rhe hroadband pulsed call is convention-
to compute shear, which is valid only for small shear vafues.ally called “type A,” and the harmonic FM sweep is labeled
Baseline water-borne sound-speed profiles were con‘type B.” One animal is producing very faint B calls
structed using temperature data from five XBT casts. Thé~100 dBre 1 uP&/Hz), with only the 50-Hz tone visible,
technique of empirical orthogonal functiofSOF9 was ap-  suggesting that it is greater than 5 km away. Another animal
plied to enable inversion of the water column sound-speedenerated the two A-B sequences that begin at roughly 100
profile using only a few parametet$The MFP results were and 310 sec along the time axis in Fig. 3. A third animal has
insensitive to the exact shape of the sound-speed profilproduced the intense broadband type A calls recorded at 293,
used. The inversion techniques were benchmarked by peb05, and 718 se@abeled “a,” “b,” and “c” in the figure),
forming inversions on the Swellex(3data set, where the and these calls are the focus of this case. Of the three calls,
geoacoustic parameters were already known. the 505-sec call has the best signal-to-noise ratio. The 293-
Once acquired, the inversion parameters were used teec call is also of good quality, but the 718-sec signal suffers
perform MFP on the rest of the calls in the sequence, whildrom contamination from pulsing broadband noise and pos-
ensuring that updated “snapshots” of the vertical array gesible fin whale pulses.
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FIG. 3. Spectrogram of case 1, Julian
Day 204 time sequence, starting at
14:01 GMT. Power spectral density
levels are in units of dBe 1 uP&/Hz.
Note the three strong type A calls at
290("a” ), 505(“b” ), and 720("c” )
seconds. The multiple vertical energy
bands between 20 and 30 Hz may be
fin whale vocalizations.
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The inversion procedure was performed on each of thenodel, the measured vs modeled pressure magnitude across
three high-level type A calls, using an incoherent average othe vertical aperture of the array is plotted in Fig. 5, for six
8-10 frequencies between 16 and 112 Hz. The inversiodifferent frequency components. The fit is excellent across a
results are graphically displayed in Fig. 4. The inverted sediwide range of frequencies, particularly in the high signal-to-
ment sound-speed profiles from the three calls are generaliyoise(SNR) ratio band between 85 and 95 Hz.
consistent to within=50 m/s down to depths of 46 m be- The frequency-averaged ambiguity surfaces for each call
neath the surface, with a mean speed around 1621 m/s at thee displayed in Fig. 6, using the adaptive white-noise con-

water sediment interface. The accuracy of these geophysicatraint (WNC) MFP processot°?

,>“where the constraint has
estimates is explored further in Sec. II B. been set to 3 dB below the maximum white-noise gain. The

The multiple arrival paths from a propagating acousticWNC correlation output is generally less than that of the
signal generate an interference pattern in the received preBartlett processor.
sure field along the array, as a function of depth. To compare  Clues about the whale’s azimuthal position are provided
the received data from the “b” call with that of the best-fit by the projected array geometry obtained from the inver-

sourceat 14:13 GMT sourceat 14:06 GMT
3mdepth 15mdepth
1511 mkec _164kmrnge 275 km range
& Horizontal offset ®
-9.2-9.8 -9.2m ([ J Y
—1] — sourceat 14:09
GMT
.~ Uppermost element Bmdepth
: depth: 2.15 kmrange
: 393 m Water
48 elements FIG. 4. lllustration of best-fit inver-
: sion model for the three type A calls
A »- i
: Search space 1450-4000 m/sec from case 1. Parameters obtained frqm
. the same call share the same shading
Yy - 1486 m/sec and text style.
1615 1640 1610 m/sec  -Om
131 131 131 m Water Depth
g 1646 1640 1670 m/sec 23 ™M
1.00 1.09 1.24 density g/cm 46 m Sediment
0.86 0.22 0.65 dB/A attenuation 1720 1723 1676 m/sec
1757 1784 1979 m/sec ~ ~70M
: |
1.00 2.89 2.78 g/cm Y Basement
0.86 0.73 0.17 B/ ion 2009 1813 2617 m/sec
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FIG. 6. Ambiguity surfaces from case 1 calls shown in Fig. 3, using the
FIG. 5. Comparison between the normalized sound pressure magnitudghite-noise constrairf®WNC) processor. The constraint has been set to 3 dB
from the middle type A calldotted ling, and that predicted by the best-fit pbelow the maximum white-noise gain. Frequencies have been selected from
inversion, as a function of depth for six different frequency components. the 32-, 48-, 65-, 90-, and 112-Hz bands. Generally correlation values of the
WNC are lower than Bartlett value&) 290-sec call, average of nine fre-
guencies between 17 and 112 Hb) 505-sec call, average of seven fre-

sions. For example, the projected horizontql offsét be- 33222:22 E::xsgg 1177 ;nn(;j 111122,_'?) 720-sec call, average of seven fre-
tween the top and bottom hydrophone remained constant at
about—9.5 m, so the whale must have been swimming along
a radial directly toward FLIP. Had the bearing of the animalalso introduces a depth uncertainty, as the true ocean bottom
relative to FLIP changed significantly during the calling se-is not flat. At 2.1-km range, the water depth lies between 110
guence, the inverted array tilt would have changed with timeand 150 m, depending on the azimuth used, which translates
The negative tilt values indicate the array was tilting awayinto an absolute source depth uncertainty of abbadt nP*
from the whale, and since the array was tilting toward theand a range uncertainty of about 15%. Thus the relative
NW, the bearing of the animal must be to the E or SE. Thaanges and depths in Figs. 6 and 7 are probably accurate, but
whale moved 1.1 km over about 430 sec. Its average spedte absolute ranges and depths have uncertainties3ah in
over this time was therefore 2.6 m{8.2 km/hy, consistent depth and=300 m in range.
with estimated swimming speeds between 5 to 33 km/hr for ~ Both Figs. 6 and 7 suggest a swimming speed of 2.6 m/s
blue whales? toward FLIP. Therefore this whale would have taken about
Given the long duration of these calsround 15 séeg it 10.5 min to cover the remaining 1.6 km to the vertical array,
is possible to perform MFP on sequential time segmentsuggesting that a visual sighting of an animal from FLIP
within a call, obtaining the animal’s dive profile while vo- should have been noted between 14:23 and 14:24 GMT on
calizing. The ranges and depths from the resulting ambiguityiulian Day 204. Indeed, this was the case.
surface mainlobes are plotted in Fig. 7, at 1-sec intervals, for  Beginning at 14:23 GMT, a videotape of two whales
the 505-sed*b” ) call. While calling, the animal's range approaching FLIP was recorded using a Cannon Hi 8-mm
decreases by 2.5 to 3 m/s, consistent with the long-ternES5000 camcorder. During this period, the animals ap-
swimming speed derived from Fig. 6. proached from the E/SE, performed a shallow disdeout 30
The animal seems to remain at a constant depth over thm away from FLIB, then altered course slightly to swim
duration of the 505-sec call, to within the resolution of theaway to the NW. Scientists at Southwest Fisheries Science
MFP processor. This theoretical resolution limit, based orCenter identified both animals on the videotape as blue
the Cramer—Rao lower bourids expected to be around2  whales™ If these whales were indeed responsible for the
m in depth and+=10 m in range, for a 89-Hz signal with a recorded calls, then it seems likely that only one of them
20-dB signal-to-noise ratidSNR). Bathymetry mismatch vocalized, due to the consistency in style and timing of the
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a) neously, before the first whale fell silent at around 21:07

22 , . _ , , GMT (75 min into the sequengeFortunately, a DIFAR
218 gD RPN L sonobuoy had begun recording data 5 min earlier, and so
S xxxx - ,x.;.x _________ - ] precise azimuthal estimates were obtained for both animals.
3 N The second animal continued calling for another 15 min be-
52_14 ............................................... ’.‘.x.x....,.,x..: ............ fore suddenly lapsing into silence shortly past 21:22 GMT.
B R S T B T Signal harmonics as high as 135 Hz were detected during
x § : : § this whale’s final vocalizations.
210s 500 pes 510 55 520 25 Several strong type B calls produced by the second
Time (sec) from 14:01 GMT whale around 21:20 GMT88 min into the sequengero-
b ! : : : : vided excellent inversion sources, due to their high SNR and
f j f j Loox the presence of many harmonics. The resultant range and
ok ,,,,,,,,,,,, ............ ............ ............ depth tracks from both anima'S, assuming a range-
B | xoxx xR TOcoooc o iox independent bathymetry, are plotted in Figa)8and (b).
:%-20 AAAAAAAAAA XX X F O R S ),(._ Only the 32_7 50_, and 65-HZ frequency bandS haVE been
© averaged to generate these plots, because they were the only
SOp components present in all calls. Incorporating the higher-
" : : : i ; frequency components, whenever they were present, did not
495 500 505 510 515 520 525 significantly alter these results. Each data point represents a
Time (sec) from 14:01 GMT . .
c) covariance matrix constructed from 4096 &4 seg of
c ! data. Adjacent data points were spaced 1 sec apart, so a
Z09 single call yielded 10 to 15 range/depth estimates. Only
% points whose frequency-averaged peak correlation was
5%8 greater than 0.7 have been plotted. Because of the higher
go7 SNR of the type B tones, the correlations of the type B calls
“goe are generally better than the type A estimates.
z The first whale was detected at nearly 9-km range,

o
)

o P 10 pope pes 505 Whlch steadll_y decreased a_lt a rate of about 8.2 km/hr, again
Time (sec) from 14:01 GMT consistent with known swimming speeds. The depth esti-

FIG. 7. Estimated changes i) range andb) depth during “b” type A mates jhﬁw h;]gh Scatlter untlll thebrange becamedless tharr:_ 5

vocalization. Seven frequencies between 30 and 120 Hz were used in tr*émj and then't e.y .Sett e to values etwee.n 20 an 30_m' This

MFP processing. Plotc) shows the average correlation of the MFP peak animal swam within 1.4 km of FLIP at its closet point of

over time. Estimated Cramer—Rao bound resolutiot=B m in absolute  approach.

depth, =10 m in absolute range. The second whale’s behavior provides an interesting

) contrast, in that its range remained relatively constant over
type A calls. One animal was somewhat smaller than theis min, Gaps in vocalization are visible, which probably

other, so perhaps the pair was a mother and her calf—but thisccurred when the animal surfaced. When first detected, the
will remain a speculation. whale’s apparent depth was shallow, at around 10 m. Over
the next 10 min the source depths increased to a final average
2. Case 2—maximum ranges obtained from MFP value of 20 m, where it remained for the rest of the sequence.
The 90-min sequence analyzed here, beginning at 19:52 Figure 8c) shows the best-fit projected array offsets
GMT on Julian Day 203, demonstrates for the first time how(H’) from 17 global inversions, computed at various times
MFP can track calling whales to ranges in excess of 60 wateirom both animals. As discussed in Sec. |l C, projected array
depths, a situation where no direct path between the sourdits can be converted to azimuthal estimates if assumptions
and receiver exists. While case 1 analyzed three type A callgbout the array geometry are made. Because the array was
over a 15-min period, case 2 contains data from 67 type Bilting toward the west, the initial negative array offsets in-
and 39 type A calls from two different animals, one out to adicate that both animals were first detected roughly east of
range of over 8 km. Azimuthal information provided by a FLIP. The second whale’s projected tilt remains fixed be-
DIFAR sonobuoy was also available during part of the setween —24 to —26 m, suggesting that its bearing did not
guence, enabling high-resolution three-dimensional positiothange much over this time. By contrast, the azimuth of the
estimates. first whale changes considerably, as the projected offset
At first, only a single whale called, making type A-B shifts from —25 to +25 m over 90 min. If the total array
doublet patterns. At approximately 20:36 GM44 min into  offset is assumed to lie between 25 and 30 m, then both
the sequenge a second whale began calling. This animalwhales were first detected at a bearing of around 95°, almost
had a different vocalization pattern, making three to five Bdue east of FLIP. The firsttransiting whale reached its
calls for every pulsed A call. Both whales called at predict-closest approach to FLIP at roughly 330° bearing, and
able intervals, and both also had their own characteristic FMtopped calling at approximately 315° bearing. The second
downsweeps, making it easy to separate individuals from theshale, whose apparent bearing never changed, had a final
spectrograms. For 30 min both animals called simulta-estimated bearing of 1@540°. The DIFAR results from this

e
©
0
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time confirmed the second whale was calling from a bearing. Case 3—close approach with unusual vocal
of 105°, and that the final bearing of the transiting whale wagbehavior

340°. Both measurements thus agree with the rough inverted-
g g Case 3, the hour-long sequence analyzed here, began

array tilt predlctlons._ . with a single type A-B doublet recorded on Julian Day 204,
Because the azimuths of these calls were available, thfgge at 8:30 GMT. After a 10-min gap, two strong bouts of

effects of incorporating a more accurate bathymetric pmf'leunusual calls appeared, lasting about 14 min. These vocal-

COULd be evaluated. For example, the true bathymetry along g vion pouts were striking in their variety. Each FM sweep
105° bearing from FLIP changesl from 133 to 118 m over _5nad a different modulation, from straightforward down-
km. When range-dependent replicas were recomputed Usingyeeps to U-shaped contours. The animal switched between
a parabolic-equation mod# the second whale’s range esti- type A-B doublets and type A calls followed by multiple Bs.
mate became 4.6 km, instead of the 5-km range obtained Between 29 and 30 min, the whale generated several
from assuming a flat bottom. The estimated depth also bq‘leavily modulated type B calls and two unusual FNype
came abou2 m shallower, in agreement with theoretical D1*) sweeps, which are plotted in Fig(a. The whale
expectations? The effects of range-dependent bathymetrymade a third type D call around 100 sec later, then continued
were therefore concluded to be mild for animals approachingalling before lapsing into another 6-min period of silence
from the east, or for animals less than 3 km away from FLIP beginning around 34 min. At 40 min, the animal generated
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depth, and over 2—3 min descended to a depth of 30 to 35 m.
After holding this depth for another 2—3 min, the animal
began ascending while continuing to vocalize. The final calls
were made between 15- to 20-m depth, with an estimated
depth resolution oft5 m. The animal took about 2 min to
surface and breathe, before descending for the next calling
bout.

Figure 1Qc) shows the inverted projected array offsets
of the vertical array. The projected array tilt remained con-

stant at—10 m as the animal approached FLIP, except for a

0 10 SO S 5 80 small excursion at 20 min. At this time the array was leaning
WNW, so the animal must have arrived from an easterly
bearing, similar to those obtained in the previous sections.
The constant projected tilt indicated the animal was swim-
ming directly toward FLIP, just like the two whales in case
1. After the 6-min calling gap, the third calling bout pro-
duced a projected array tilt of 0, indicating that the animal
had veered off to the side of FLIP, increasing its range to 490
m. The increasing positive tilt values following this time
suggest that the animal had swum past FLIP, steadily chang-
ing its bearing with respect to FLIP, and thus swimming
along a different route than its earlier approach.

Separate estimates of the whale’s bearing were obtained
by converting the projected array tilt into a bearing estimate

Frequency(Hz)

50 60 70 80 90 100 110 120

b)

Frequency(Hz)

0 10 20 Tim:(()sec) 40 50 60 (Sec. 1Q, and by using range-dependent MFP runs to obtain
T —— the best-fit bathymetry profile between FLIP and the whale,
50 60 70 80 90 100 110 120

which can be converted into a bearing estintatéhe com-

FIG. 9. Spectrograms of 60-sec segments of unusual calls recorded durifgin€d analyses SUggeS_t the \_’Vhal_e am_Ved from a bearing be-
case 3, expressed in units of pressure spectral defuitye 1 uP&/Hz @  tween 80 and 120°, while swimming directly toward FLIP to

1 m). Both sets of calls were produced when the animal was near the bottoRyithin a range of 390 m. The animal then veered to the
of its dive profile:(a) Strongly modulated type B and D downsweeps, be- . . _
ginning at 8:51 GMT;(b) other examples of highly modulated calls, begin- north,’ and me}y ha_‘ve swum a partlal CerIe arounq '_:I_‘IP’ be
ning at 9:04:30 GMT. fore finally swimming toward 340—350°. Thus the initial and
final bearings of this whale are similar to those obtained

two more bouts of vocalizations, separated by an apparedfo™ the transiting whale in case 2. However, this whale
arly made a course correction to avoid FLIP.

breathing gap at 45.5 min. Some examples of calls generat
over a 1-min period during the last bout are shown in Fig.
9(b). The whale finally fell silent at 55 min, or 9:17 GMT.
Figure 10 shows the final MFP results for this track,
assuming a flat bathymetry. As with Fig. 8, the results dis-  This section summarizes the results from the 48 geo-
played here use frequency components picked from the 32physical inversions extracted from the whale vocalizations
50-, and 60-Hz bands, each point represents an analysis dfscussed in cases 1-3, and compares the estimated sediment
2.4 sec of data, and adjacent points are spaced 1 sec apapeeds with those expected from core samples collected from
By using only these three frequency components, all callshe region. Most inversions used type B calls, due to their
could be included. Using higher-frequency componentshigh SNR ratio. Each inversion also optimized the water-
when available, did not change the localization estimates. borne sound-speed profile, but the results were relatively in-
Figure 1@a) shows the isolated type A-B doublet was sensitive to the details of the profile shape. The low frequen-
generated at around 3 km range, at around 30-m depth. Theées used in the inversion were probably the reason for this
first strong vocalization bout started at 1.67-km range, whichinsensitivity; for frequencies greater than 150 Hz, the sound-
steadily decreased at an average rate of 1.5 m/s to a minspeed profile structure should have more influence on the
mum range of 386 m, after which the whale ceased callingvertical field structure.
After the 6 min gap, the animal produced two more calling The most important geoacoustic inversion parameters
bouts, both showing the animal’s range now increasing. Thevere the sediment sound-speeds at the water/sediment inter-
animal’s radial velocity seemed to increase from 0.58 to 1.23ace, and at depths of 23, 46, and 70 m beneath this interface.
m/s between the two bouts. The last fix on the animal yielded’he inversion also solved for the best-fit sediment density
a range of 1.24 km, after which it fell silent. and attenuation, and for the speed, density, and attenuation
The depth estimates in Fig. @) show four complete of the acoustic half-space that was assumed to lie beneath the
dive profiles. The scatter of adjacent data points4(m) is  sediment. The half-space properties will be ignored here, be-
consistent with theoretical predictions at these frequenciesause the acoustic field energy was not expected to penetrate
and ranges. Generally, the animal began calling at 20-ndeeper than 70 m. The inversion results confirmed this ex-

B. Evaluation of geoacoustic inversion results
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pectation: the inverted half-space parameters were essentialiiata as negative ranges, and westerly data as positive ranges.
randomly distributed. This sound-speed parameter was allowed to vary be-
The inversions assumed sediment properties were not taveen 1450 m/grepresentative of water-saturated madd
function of source location. In reality the bottom was hetero-4000 m/s(typical basalt valuesduring the inversions. De-
geneous, so the results presented here represented a ranggite this wide range, all inversion results lie between 1550
averaged estimate of the bottom properties between eaand 1800 m/s, with 75% lying between 1600 and 1700 m/s,
source and FLIP. or 4% of the allowed search space. These values are associ-
Figure 11 displays the inverted interface sedimeniated with silty/sandy botton.Inversions obtained from the
sound-speeds as both a function of range from FLIP and theame animal over a small range interval also yielded consis-
whale used as the inversion source. As discussed previouslignt results; the scatter of these adjacent inversion points is
the precise azimuths of the calling whales were difficult toabout+ 25 m/s. The scatter is much larger between different
determine, except when DIFAR sonobuoy data were availeases at similar ranges, because the animals are probably
able. However, each inversion indicated whether a particulacalling from different bearings, and the acoustic energy is
call arrived from the east or west, by combining the pro-sampling different sediment profiles. There was no obvious
jected array tilt with knowledge of the array tilt direction. correlation between the spread of the results and the number
Figure 11 incorporates this information by plotting easterlyof frequencies used in the inversion. One might have ex-
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Sediment interface sound speed vs. range and individual animal position. The pIotted core data are restricted to those ob-
2000 ’ ' 9 ' ' tained within 8 km of FLIP, in water depths between 100 and
- 200 m. The reason for restricting the water depth is that there
is a correlation between water depth and sediment sound-
] speed. For example, as the water shallows while approaching
San Miguel shore, both the particle size and sediment sound-
speed increase. Even with this depth restriction, the sediment
+ sound-speed apparently changes west of FLIP. Part of this
: change may reflect the fact that only one core is available
1500} - v Tt IO P PP PR B west of FLIP(for some reason a gap in sampling occurs to
+ : f the west in an otherwise well-covered area
1400, — ' > . . . East of FLIP, the whale inversion data lie within50
range (km) m/s of the average sediment core sound-speed. The inver-
sions underestimate the mean sound-speed betwéeand

_FIG. :il. Inversion results for sediment |nterface_3 speed, as a function 0_[i_4 Kkm range, but this comparison is based on only two
inversion range and whales used as the acoustic source. The dashed line

shows the sound-speeds derived from sediment core mean grain sizes. Tﬁ@dimenF cores. !n general, the invers’.ion resullts ShOViI a good
solid lines show the sound-speeds computed from grain sizes one standandatch with the limited ground truth information available,

deviation from the mean. Triangles indicate the ranges of the core samplei§articu|ar|y Considering that the animals’ bearings are imper-
from FLIP. Negative ranges represent locations east of FLIP, and positiv

ranges are to the west. The “stationary” whale mentioned in the Iegen(?eCtly known. . i .
refers to the animal in case 2 that held its bearing fixed at a steady range of ~ 1able | summarizes the properties and locations of the

about 5 km. sediment cores used in this section. The “AHF#” column
refers to the indexing system used by USC to record their

pected the precision to increase as higher-frequency compsamples.

nents are included; however, higher frequencies also pen-

etrate less deeply into the sediment, and thus involve % Source level estimates

different spatial average. '

The recovered surface sediment speed is the only geoa- Using the range and depth information in Figs. 8 and 10,
coustic parameter for which independent information existsmultichannel deconvolution techniqd2®®'were applied to
in the form of sediment cores collected in the region byestimate the source levels of the harmonic frequencies for the
various institutions, particularly the United States Geologicathree whales in cases 2 and 3. Because the whales’ acoustic
Survey (USGS and the University of Southern California power output varied considerably during a single vocaliza-
(USO)™° over the past several decades. The penetration deptton, it is necessary to perform multiple estimates per call to
of these cores is generally less than a meter. estimate the maximum source levels.

The sediment core data report the grain size distribution  Figure 12 displays the source spectral density le{adis
using a logarithmic measure=1Ilog, (grain size in mm re 1 uP&/Hz @ 1 m) for the five lowest-frequency harmon-
Considerable variation exists in the particle sizes within acs of the whales in case 2. To convert spectral densities into
particular sample, so both the mean and standard deviatidonal spectral level, 4 dB should be subtracted from these
of ¢ are recorded. Sediment grain sizes can be converted t@lues(to account for the 0.4-Hz frequency bin wigltiThe
bottom sound-speed estimates via an empiric&fising a  uncertainty in these estimates are aba& dB.
measured water sound-speed of 1485 m/s. Three sediment Some interesting results are that the 50-Hz tone source
sample speeds are plotted in Fig. 11. The dashed line usésvel is within 5 dB of the 17-Hz tone level, and that both
the meane, and the two solid lines use values lying one animals consistently maintain a maximum source spectral
standard deviation on either side of the mean. The triangledensity level of about 185 dB 1 uP&/Hz @ 1 m(thus total
indicate the ranges of the individual cores from the FLIPpower between 10-100 Hz is about 180 oB1 uPa @ 1

Case 1
Case 2-transiting
Case 2-stationary
Case 3

1900 -

OO+

-

o]

(=3

(=]
T

1700

sound speed (m/s)
>
(=)
o

TABLE I. Sediment core interface sound-speed estimates, based on a water sound-speed of 1485 m/s.

Expected sound-speed

Range (m/seq¢ over =1 standard

(km) Water deviation:

from depth
AHF#  Latitude Longitude FLIP (m) © Skewness  Min. Mean Max.
24237 33.97 120.45 1.51 169 22.1 1.3 1613 1741 1907
24238 33.967 120.433 2.63 135 338 2 1579 1676 1741
24239 33.968 120.418 3.71 128 42.8 1540 1624 1735
23159 33.983 120.435 1.73 115 429 2 1537 1624 1742
23163 33.983 120.42 3.11 107 4£2.6 6.5 1548 1624 1721
23164 33.985 120.402 4.78 100 42.6 1548 1624 1727
23184 33.968 120.400 5.24 115 427 2.5 1544 1624 1728
25192 34.00 120.47 2.39 110 225 0.5 1608 1761 1968
FLIP 33.98 120.454 130
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m). In addition, 43 min into the sequence both animals weravere not products of waveguide propagation effects, as
calling within 2 km of each other, yet neither animal ap- might be reasonably expect®dthe source time signatures
peared to alter its movements or vocalization patterns in rewere estimated for the three calls using a Gauss—Markov
sponse to the other’s presence. estimate[Eq. (4) in Ref. 15. Calibrated spectrograms of
The source levels estimated from case 3 are plotted ithese reconstructed signal estimates are shown in Fig. 14,
Fig. 13. The 17-Hz tones are surprisingly weak, reaching avhere the gray scale is in units of source pressure spectral
typical spectral density level of only 160-170 di&  density(dB re uP&/Hz @ 1 m). The theoretical depth reso-
uP&/Hz @ 1 m,around 10 dB weaker than the levels plotted lution of the MFP results presented here is expected to be
in Fig. 12. However, the source levels of the harmonics aravithin =2 m, because frequencies greater than 110 Hz were

similar for both cases. used in the inversions.
These narrow-band high-intensity regiotsdicated by
D. Source signature recovery for case 3 white arrow$ are not propagation effects, but seem to be

generated within the animal itself. Whenever a harmonic of

Precise knowledge of a blue whale’s acoustic locationhe £y fundamental passes through this region, the signal
allows not only the source levels to be recovered, but als@.,q| increases by around 5-10 dB.

the relative phase between frequency components of a call.

Thus the original time series produced by the whale can be

estimated, using multichannel deconvolution meth5d&®! |11, DISCUSSION AND SPECULATIONS
During its final dive before passing FLIP, this whale

generated three strong “type D” FM downsweéfglotted

in Fig. 9a). Single-element spectrograms of these signals  The four whales tracked in this paper provide interesting

revealed interesting narrow-band regions of high intensityinsights into their acoustic behavior. While blue whales are

levels between 60 and 120 Hz. To verify that these regionsapable of descending to 100-m depth to féedll the

A. General comments
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whales tracked here vocalized between 10- and 40-m deptB, Do blue whales display an internal resonance?

whether statlona_ry ortrar'lsmng. The animal in case 3 yielded The results of Sec. IID suggest the presence of a pos-

four complete dive profiles that show the animal’'s depth_. . I . .
sible internal resonance within the animal. A mechanical

changes only gradually while calling. Most animals swam . : —_—
from east to west at rates of around 2—3 m/s, but one animéiesonance might be present in the oscillating sodgemer-

remained within 500 m of its original position for 45 min. ally assu.med to be or near the arytenoid cartilages, see ref-
The case 2 sequence tracked two vocalizing whales simultg Snees in Ref. 64 oran a”'f'”e‘?' space may apt as areso-
neously, including a period when the animals passed withifator that Cou'ples. with the oscillator, S|m|lqr in manner tp
2 km of each other. However, neither animal appeared t(!')he way the vibration of the double regd within an oboe is
alter its course in response to the other's presence. mfluenceq by the resonant characteristics of the f’abe: .
Having constructed an environmental propagation The limited samples. present here suggest an alr—f|lleq
model, it is a simple matter to compute both the optimal’eSonator may be more likely, because the frequency of this
frequency of propagation, and the depth at which an acoustigyPothetical resonance seems to increase with the animal’s
source should be placed to minimize transmission lo¥ses. depth, which is what would be expected if an air-filled cavity
The optimum depth for transmitting frequencies betweervere being compressed. Unfortunately, the depth-frequency
10-150 Hz in a 130-m deep environment is about 80 mrelationship visible does not fit any simple resonator model.
Over a 10-km propagation range, a 17-Hz source shalloweror example, the resonant frequency of a bubble of fixed size
than 40 m would suffer a large transmission loss due to deis proportional to the square root of the external pres&ure.
structive interference between the source and surface refledhe first and last call depths are 20 and 30 m, so the resulting
tion. Given the fact that most of the energy in blue whaleexternal water pressure increase is about 33%, and the ex-
vocalizations lie under 20 Hz, it seems clear that the vocalpected frequency shift for a resonating bubble is 15%. The
ization depths of the animals were not acoustically optimizedegions indicated by the arrows show a much greater fre-
for propagation under the shallow-water conditions presenguency shift. In fact, the hypothetical resonance frequency
around FLIP. seems to be proportional to the external pressure squared,
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a) Signal recovery: MFP assuming 738 m range, 21.70 m depth a) Inverted source range vs. time
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FIG. 14. Source pressure spectral density spectrogfemu re 1 uPa/Hz . . .
@ 1 m of estimated source signatures for three “type D” FM downsweeps FIG. 15. Comparison between case 3 whale location and local environmen-
obtained using multichannel deconvolution and an optimized inverted envit@! CO:\dItIOﬂS.(a) Range track of blue whale versus tinb) water tempera-
ronment. White arrows indicate speculated resonances of sound-productidire (°C) measured at inclinometer versus tirf@;measured inclinometer
mechanismi(a Starting at J.D. 204, 8:51:18 GMT, 7380 m range, 22  depth versus time.
+2 m depth.(b) Starting at J.D. 204, 8:51:45 GMT, 7130 m range, 25

=2 m depth.(c) Starting at J.D. 204, 8:53:28 GMT, 5240 m range, 29  short-term temperature change recorded over the 42 hours of
+2 m depth. the experiment, and was accompanied by a rapid rotation in
the array tilt direction from 300° bearing to about 200°. Un-
instead of the square root. A Helmholtz reson®tavould  fortunately, heavy cloud cover in the area blocked any useful
also show the same square root dependence on ambient pr&ST satellite measurements recorded at this time.
sure, and a bubble resonator allowed to collapse in volume  An examination of the complete temperature/array tilt
with depth would still only show a linear dependence onrecord showed that three strong disturbances occur approxi-
external pressure. It is clear that more samples of these Fihately every 12 hours, during which the water temperature
downsweeps would be required to answer these questionsyises quickly, and the array tilts to the south. The closest
approach of the transiting whale in case 2 also took place in
C. Do whales associate with tidal bores? the middle of the previous strong disturbance. These distur-
Another interesting feature associated with case 3 is tht@nces last less than 2 hours, and then the ocean returns to
the animal’'s arrival corresponds with a sudden change iff@seliné conditions. The 12-hour spacing of these events
oceanic conditions. Figure 15 demonstrates this associatiopt'99€sts a tidal mechanism, during times when the tide level
by replotting the whale’s range versus time(&, the water |s'cha}ng|ng most rapidly. Such behavior might be as;omated
temperature at the array inclinometer vs timebiy and the ~ With tidal bores generated along the sheif of San I_\/I@ﬁel.
inclinometer depth ir(c). This last plot shows that the tem- There is anecdotal ewd_erﬁ?erelatlng the sightings of
perature change is not caused by a sudden change in tMhales and other sea life with the presence of strong ocean
temperature sensor depthote that the inclinometer depth fronts. Recent work has shown that shorward-propagating
measurements are quantized in increments of about 0.5 mintérnal bores concentrate zooplankfBra propperty that
To within the timing resolution of the inclinomet¢g0 m_lght be ex_ploned by a \{vhale. However, more observatl_ons
9), the point at which the whale reached its closest approacW'” be required to establish whether whales feed along tidal
to FLIP was associated with a 1.0 °C jump in water temperaP0res:
ture, followed 10 min later by another 1.0°C jump. The
eventual total temperature increase is 2.5°C over 30 min /- CONCLUSION
During the previous 11 hours the temperature had remained Matched-field processingMFP) and global inversion
within 0.5 of 11 °C. This temperature jump was the largestmethods have been used to plot the three-dimensional trajec-
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