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ABSTRACT

An investigation was made of the potential effects of
underwater noise from petroleum industry activities on the
behavior of feeding humpback whales. The investigation was
conducted in Frederick Sound and Stephens Passage in southeast
Alaska in August, 1984, using a 100 cu. in. air gun source and
playback of representative recorded sequences of drillship,
drilling platform, production platform, semi-submersible drill
rig, and helicopter fly-over noise. Sound source levels and
acoustic propagation losses were measured to permit estimation of
sound exposure levels at whale sighting positions., The movement
patterns of whales were determined by observations of whale surf-
acing positions. A computer-implemented analysis was conducted
to determine the distribution of ranges from the sound source to
the whale sighting locations under pre-exposure, exposure, and
post-exposure conditions. No clear evidence of whale avoidance
of the area near the active sound source was obtained. Whales
" were observed at ranges corresponding to sound exposure levels of
up to 172 dB effective pulse pressure level (re 1 uPa) for the
air gun source and up to 116 dB (re 1 uPa) for continuous sound
from industrial noise playback. 1In the test areas, a 172 dB
effective pulse pressure level was obtained at ranges of 140 to
260 m from the air gun. Scaling the playback sound levels to
levels reported for the original industrial sources showed that a
116 dB sound exposure level would generally be obtained at ranges
less than 100 m from the source, except for the drillship where

the level would occur at a range of about 1 km.
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1. SUMMARY

This report presents the results of an investigation of the
potential effects of underwater noise from petroleum industry
activities on the behavior of feeding humpback whales (Megaptera
novaeangliae). The objective of the study was to determine the

nature and degree of any observed behavioral response to con-
trolled sound exposure levels from industrial noise sources, The
noise sources used were a single 100 cu. in. air gun and playback
of sounds from selected petroleum industry activities. The play-
back sounds were obtained from tape recordings of drillship,
drilling plattform, production platform, semi-submersible drilling
rig, and helicopter overflight noise., The work was performed in
Frederick sSound and Stephens Passage in southeast Alaska during
August 18-29, 1984, '

Experimental Procedure

To start an experiment, observers and the sound source
vessel were positioned in a concentration of whales. The time
and location of observed surfacings were then recorded during a
nominally 30 min pre-experiment control period, a 60 min.
experimental period, and a 30 min. post-experiment control

period.

Horizontal azimuths and vertical elevation angles were used
to locate whales if a suitable land site was available near whale
concentrations. When whales were not near a land site, a new
procedure was developed to locate whales using triangulation of
azimuths from two vessels. The large number of whales present,
their variable movement patterns, and the continual interchange _ _
between whale groups made it difficult to follow individual
whales from surfacing to surfacing. We therefore concentrated on
determining the location of whale sightings relative to the sound

source position as one guantitative response measure and did not
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collect respiration data or detailed observations of individual

behavior.

Acoustic propagation loss was measured to obtain information
for estimating the sound exposure levels at sighted whale posi-
tions., The output source levels of the air gun and playback
sounds were measured. These measurements allow calculation of
received sound level for each whale sighting. Ambient noise
levels in the test reyion were measured and found to be generally

low, except when influenced by nearby ship traffic.

whale Movement Analysis

A computer-implemented whale movement analysis proygram was
developed to combine the results of triangulation and theodolite
range measurements and to produce a set of whale position data
for each test condition. The data were organized into cumulative
distributions showing the number of sightings versus range for
both control and experimental conditions. Sighting density
distributions were then obtained from the cumulative distribu-
tions to determine if a general shift occurred in the whale posi-
tions relative to the source during the presentation of the

industrial noise sequence.

The hypothesis being tested was that the cumulative dis-
tributions during experimental conditions would be different than
the distributions during their adjacent control periods.
Specifically, if the distribution of sightings during playback
showed whales sighted at ranges farther from the source than
during control periods, this would give evidence of avoidance of _
the source. By comparing the ranges and calculated received
levels at which this avoidance was most significant, one could

scale avoidance to received level,
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Results

Comparison of the distribution of sightings under control
and stimulus conditions showed no clear avoidance response of
whales, Of the 13 air gun and playback experiments, seven
yielded significant (p < 0.05) differences, but three of these
seven showed an apparent approach response while only four showed
apparent avoidance. None of the significant differences in
control and experimental distributions appeared to be a direct
response to the sound source for they were not stronyer at closer
range to the source. Results from one air gun experiment did
show an avoidance response that was stronger at closer range.
This was the first air gun test at close range. Subsequent tests
in the same area during the same day did not show similar

results, suggesting possible habituation.

Results from all of the airgun experiments and all of the
playback experiments were pooled in order to test whether the
apparent lack of an avoidance response might result from the

relatively small sample sizes of individual experiments,

Both merged airgun and merged playback experiments showed
highly significant differences when either pre-experiment or
post-experiment control distributions were compared to
experimental distributions, but this difference was much less
significant for combined pre- and post-experiment control vs
experiment., This effect was due to the slow increase in range of
pre-experiment, experimental, and post-experiment distributions.
This increase in range was not necessarily a response of whales
to the sound stimulus, because a comparison of the first and last
halves of the pre-playback control periods showed a similar -
effect. Since we started each experiment by motoring into a
concentration of whales, boat drift and undirected movements of

whales are enough to explain the steady increase in range.
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If whales were avoiding the stimulus source, the effect
should be greater at closer range where whales are exposed to
higher sound levels. To test for this effect, a probability of
avoidance was calculated scaled to received level. There was no
steady increase in avoidance with increasing level except for the
highest exposure levels in the merged playbacks. Here, there was
some weak evidence for an effect similar to that seen for migrat-
ing gray whales (Malme et al. 1984), but the otherwise nonsystem-
atic fluctuations in this measure cast doubt on the significance

of this effect.

While the quantitative analysis of sightings showed no
persistant avoidance response, for three airgun experiments (Air
Gun 1, 4, and 5), we observed short duration movements or
"startle responses" of humpbacks as soon as the air gun was
turned on. These startle responses were evoked at received sound
levels ranging from 150 to 169 dB (re 1 uyPa). This suggests that
the startle responses were related more to the novelty of the air

gun sound rather than to its intensity.

Discussion

Our methods were designed to detect an avoidance response
within a group of whales. While observers paid attention to any
possible response, our methods were not sensitive indicators of
all potential responses. For example, if whales stopped feeding
but did not move away from the playback source, we would not
necessarily have detected it. Since we were unable to follow
individual whales, we were also unable to test whether a small
fraction of the population was particularly sensitive to play-
back. In a study of migratory gray whales exposed to seismic and
other industrial signals, Malme et al (1983, 1984), showed avoid-
ance responses to all of the sound stimuli used in this study.

In that study the whales were on well-directed migratory tracks
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and, hence, the track analysis scores were very sensitive to
slight deflections in the whales' swimming patterns. The move-
ment patterns of undisturbed feeding humpbacks in this study were
much more variable than those of migrating gray whales, so avoid-
ance analysis may be a less sensitive response measure. However,
since no avoidance response was seen in feeding humpbacks that
were exposed to sound levels sufficiently loud to evoke signific-
ant avoidance in gray whales, the avoidance criteria derived from
the gray whale study should provide a conservative guide for

maximum industrial noise exposure for feeding humpback whales.

Conclusions

The results of this study of feeding humpback whales show no
overall pattern of avoidance for air gun sound or for any of the
industrial noise playback sounds. Comparison of the exposure
levels of feeding humpbacks, where no strong avoidance response
was detected, to migrating gray whales, where avoidance responses
were systematically scaled with received level, shows roughly
equivalent patterns of sound exposure. For air gun tests,
humpbacks were observed to be exposed to effective pulse levels
up to 172 dB (re 1 yPa)., For continuous playback of industrial
noise, sightings were obtained in estimated sound exposure levels
up to 116 dB (re 1 yPa).

In the absence of data at sound levels high enough to
produce statistically significant avoidance behavior in feeding
humpback whales, application of the maximum sound level criteria
determined for the various test noise sources in the gray whale
study would seem to be a conservative approach. The criteria _._-
were determined by the avoidance reaction observed for gray

whales travelling near the surface during migration,
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Recommendations

Further work is recommended using a seismic array to obtain
levels high enough to quantify any observed avoidance behavior by
humpback whales. Detailed observations using radio tagging to
determine depth of dive and dive intervals would be useful to
quantify behavioral measures other than avoidance. A long-term
study using a controlled noise source in an established humpback
feeding area would be useful to establish whether or not the
daily and seasonal feeding patterns in the area are disturbed by
the sound source., Again, individual tracking procedures should
be used in addition to general observations to determine if

habituation occurs during a feeding season.




Report No., 5851 BBN Laboratories Incorporated

2. BACKGROUND

This report presents the results of research on the
behavioral response of feeding humpback whales to various under-
water noise stimuli representative of o0il and yas exploration and
development activities. The work was performed by Bolt Beranek
and Newman Inc. and a whale behavioral consultant staff under
Minerals Management Service Contract No. 14-12-0001-29033.
Previous work performed under MMS sponsorship concerning the
behavioral response of migrating gray whales to the same set of
industrial noise stimuli has been reported in BBN Report No., 5366
(Malme, Miles, Clark, Tyack and Bird 1983) and BBN Report No.
5586 (Malme, Miles, Clark, Tyack and Bird 1984).

Two major summer feeding areas for humpback whales were
considered in selecting the site for this study. The Gulf of the
Farallones about 48 km west of San Francisco has been attracting
an increasing number of humpback whales. This area is near the
site used for the previous yray whale studies. The second area
considered was Frederick Sound and Stephens Passaye in southeast
Alaska about 130 km south of Juneau. This area is freguented by

large numbers of humpback whales in June through September.

After an evaluation of the advantages of the two sites, the
Alaska location was selected because it was in protected water
permitting the use of small craft as secondary observation
vessels., A number of potentially useful land sites for
theodolite observations were also available. The ongoing studies
of the feedinyg ecology of humpback whales in the Frederick Sound
area (Krieger and Wing 1983, Dolphin and McSweeney 1983) were
seen as a potential source of additional information on the
behavior and feeding patterns of the whales in this area. This
area also had the advantage of having acoustic environmental data
available from a previous study (Malme, Miles and McElroy 1981).
The cost of operating in an area more remote than the Gulf of the
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Farallones was offset by eliminating the need for a second large
observation vessel and extensive aircraft observations, which
would have been required if the study was conducted in the

Farallon Island area,

Based on whale sighting data reported by previous studies,
particularly the work conducted by Baker, Herman, and co-workers
(Baker et al. 1982), it was determined that the field work should
be conducted in August to obtain the highest probable whale

densities during a limited time schedule,

The work was performed under Permit No. 451 issued by the

National Marine Fisheries Service,

The experimental procedure used in performing the work is
described in Sec. 3. Section 4 contains a description of field
environmental conditions and a chronology of the observations.
The acoustic measurements and results are presented in Sec. 5,
with behavioral observations and analysis given in Sec. 6.
Sections 7 and 8 contain an interpretation of the results,

conclusions, and recommendations.

The earlier reports contained a literature review on whale
responses to acoustic stimuli (Malme et al. 1983, Appendix A) and
a review of the seismic survey history with respect to gray whale
migration off the California Coast (Malme et al. 1984, Appendix
A). An updating of the information presented in these two
previous reports is included here in Appendix A as a review of
the effect of seismic operations on marine mammals. Appendix B
presents a series of charts showing all of the whale position
sightings during control and experimental conditions. Appendix C
presents the one-third octave spectra of the playback sounds used
in the study. Appendix D is an error analysis of the whale posi-

tion determination procedure.
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3. EXPERIMENTAL PROCEDURE

3.1 Overall

The general area where the field work was performed is shown
in Fig. 3.1. The specific sites where playback or air gun
experiments were performed are indicated. Land-based observa-
tions, using a theodolite for whale position data, were made from
Round Rock, Entrance Island in Hobart Bay, and from the heli-
copter pad at the Five Finger Light Station. At the other loca-
tions, an azimuth triangulation method, using two vessels, was

used to obtain whale position data.

To start our experiment, we would find a concentration of
whales and position the observers and the source vessel, We
would then locate all whale surfacings during a nominal 30 min.
pre-experimental control period. After this, a nominal 60 min,
experiment (source on) would be performed, followed by a 30 min.
post-experimental control period. In order to test whether
whales avoided the sound source during the experiment, we
statistically compared the distributions of sightings as a func-
tion of range for control and experimental conditions. Two
control conditions were used - the pre-experimental control alone

or pooled pre- and post-experimental control periods.

The following discussion covers the procedures used for

behavior monitoring, acoustic measurements, and data analysis.

3.2 Behavior Monitoring
3.2.1 Introduction .-

During all of our sound exposure experiments, observers
searched for any changes in whale behavior that might be asso-
ciated with sound exposure. But in our experimental design, we
focused primarily on gathering data that could be used to
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assess the approach or avoidance of whales with respect to the
sound source, Secondarily, we were prepared to gather respiratory
data on whales similar to that used by Riéhardson et al. 1982,

and Baker et al., 1983, to demonstrate responses of whales to
vessel traffic. We subsequently found that this was not

feasible.

Initially we had prepared to follow individual whales or
groups of whales to obtain movement tracks and respiratory data.
In the field we found that it was not possible to follow indivi-
dual whales with any confidence. We intentionally conducted our
experiments near aggregations of many whales. The movement pat-
terns of these whales were not predictable, thus we could not

follow whales from surfacing to surfacing.

For these reasons, we did not attempt to keep track of
individual whales or groups of whales except under a few excep-
tional circumstances when this was possible for short periods of
time (10 to 30 min.). This occurred in the rare cases where an
animal had a very distinctive marking or there were only a few

groups that were widely separate.

3.2.2 whale position observations

The primary objective of the behavioral monitoring effort
was to acquire bearings to whale groups under normal conditions
and a variety of experimental conditions simulating industrial
noise types. There were three basic methods for obtaining these
data. The first method was nearly identical to that used in pre-
vious theodolite tracking studies (Malme et al. 1983, 1984); a
single land-based theodolite station of known altitude was estab:
lished and theodolite bearings were used to compute the locations
of whale groups and vessels, The second method required two
observation sites, one on land and one on board the VARUA. The

third method used two observation vessels; the VARUA and a
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"Boston Whaler." 1In these latter two methods, observers at both
sites obtained synchronous horizontal bearings to a group (see
Fig. 3.2), and the distance between the two sites was obtained
throughout the observation period from radar (Raytheon 3400) on
the VARUA., In order to maintain precision (%10 m) in the radar
measurement of this baseline distance, the separation between the
Whaler and the VARUA was kept between 100 and 450 m. These
technigues enabled us to obtain data showing the location of most

whale surfacings out to a range of approximately 5 km.

Each platform was manned by three observers, not including
VARUA or BBN personnel. The responsibilities of the three
observers were as follows: 1) theodolite (Topcon TC-20 or Lietz
TM-1) or binocular compass (Fuji 7 x 50 MTRC) operator, 2) data
recorder, and 3) observer and inter-station coordinator. 1In
practice, the theodolite operator, and to a lesser extent, the
data recorder served as second and third observers. Positions
were rotated periodically so that all personnel were involved in
all phases of data collection. Communication between platforms

was conducted by CB radio.

The followinyg information was recorded by personnel on the
Whaler: 1) type of entry (i.e., whale, boat, comment), 2) time
of day (hr., min., sec), 3) sequence or identification number of
whale, 4) compass heading to the whale, 5) compass heading to the
VARUA, 6) group size, and 7) whale behavior or general comments
(i.,e., weather conditions). Personnel on the VARUA recorded most
of the above information, except that items 4 and 5 were replaced
with the angle between the whale and the Whaler, the radar dist-
ance to the Whaler and, at times, the distance to the NANCY H.
Radar distances to various points of land were also taken so that

the VARUA position could be determined.
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Each observation entry was given a specific numerical code
rather than a group identification. During the few occasions
when groups could be followed for some time, a series of sight-
ings were linked by a common group identifier. 1In conjunction
with a sighting entry number, each observation record contained
the following information: type of entry (whale, boat or
comment), time, sighting number, magnetic bearing to the second
sighting station, magnetic bearing to whale group, estimate of
group size, estimate of direction of movement, changes in
conditions and general behavior. Radar range readings to the

Whaler were taken approximately every five minutes,
3.3 Acoustic Instrumentation, Measurement, and Analysis
Procedures

The instrumentation for the principal measurements was
installed on the VARUA, a 73-ft (93-ft OA) brigantine. The air
gun source was handled from the NANCY H., an 80-ft cargo/supply

vessel normally chartered by the oil industry.

3.3.1 Acoustic environmental measurements

Navigation

A Furuno, Model LC-80, Loran-C on the NANCY H. was used to
obtain absolute position references for the whale sighting data.
The Loran-C was calibrated to minimize local terrain effects by
inputing a correction based on observations using local charted
landmarks. When the NANCY H. was not present, the radar on the
VARUA was used for determining the location of the observation
vessels using charted topographic features. Radar was also used
to determine ranges to the air gun vessel and ranges to passing
ships which were contributing to the local ambient noise level.
A Rangematic optical rangefinder was used for range measurements

under 100 m when radar readings became imprecise.
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A recording fathometer was used for determining the water
depth,

Oceanographic Measurements

The variation of water temperature and salinity with depth
was measured with a Beckman Model RS$S5-~3 conductivity, temperature,
and salinity probe. This instrument provided a salinity measure-
ment based on the temperature and conductivity data. Measurements
were made at selected depths down to 50 m. The measured data were

then used to calculate the sound velocity profile.

Wave height was estimated visually.

Ambient Noise Measurements

A standard hydrophone system that combined an ITC Type 6050C
hydrophone with a low-noise preamplifier and tape-recorder was
used to obtain ambient noise data. The hydrophone sensitivity
and electrical noise-floor characteristics are shown in Fig. 3.3.
The acoustic noise measurement system block diagram is shown in
Fig. 3.4, Overall frequency response of the measurement system
was generally flat from 20 Hz to 15 kHz. All components of the
system were battery operated during ambient noise measurement,
Cable fairings and a support float system were used to minimize
strumming and surge noise effects on the ambient measurement

hydrophone.

Sonobuoy Measurements

AN/SSQ-57A pre-calibrated sonobuoys were used to obtain
ambient noise data and sound level data during some of the
playback experiments. These buoys were released from the VARUA
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and allowed to drift with the tidal current, to obtain data at
some distance from the VARUA.

An equalizer circuit was used to correct the low-frequency
de~emphasis of the sonobuoy as shown in Fig. 3.4. The resulting
receiver channel response was flat within +1 dB from 10 Hz to 20

kHz with a sensitivity of -115 dB re 1v/yuPa.

Transmission Loss Measurements

Transmission loss information was obtained by measurements
using the air gun source., Data were obtained for several ranges
extending from 25 m to 7.5 km. When the air gun vessel was not
present, transmission loss was measured using the playback pro-
jector system, The source levels of both the air gun and
projector system were established by measurement of the direct
signal at close, measured ranges using a calibrated reference
hydrophone. Transmission loss was then determined as the dif-
ference between the received sound level and the previously
determined source level as the range from the source to the

receiving hydrophone was increased,

3.3.2 Acoustic playback procedure

Projector System

The acoustic playback system was designed to provide sound
levels and frequency response capable of realistically simulating
the designated range of petroleum industry activities, 1In order
to keep the system within the required operational constraints, a
compromise was necessary to boost the low frequency response of _
the projector system. Two USN/USRD Type J-13 projectors were
used to provide response down to 32 Hz, While some industrial
noise sources have spectra extending below this frequency, play-

back sources for reproduction of ultra-low frequencies are very

3-10
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heavy and require special mechanical and electrical support

equipment.

Because of the required broad frequency range needed to
reproduce the industrial noise spectra, three sound projectors
were used. In addition to the two low frequency projectors, a
USN/USRD Type F-40 projector was used to provide high frequency
sound above 2 kHz., Electrical equalization and cross-over net-
works were used to enable all of the projectors to be driven from
a Crown 300-watt power amplifier. As a result of the use of two
low frequency projectors and the electronic equalization network,
the useful response of the system extended from 32 Hz to 20 kHz.

The playback system and its response curve are shown in Fig. 3.5.

The three projectors were mounted vertically in a support
frame to maintain correct acoustic alignment of the radiating
surfaces and to facilitate handling. The spacing between
acoustic centers was 26 cm. The assembly was lowered to a depth
of 12 m with the cargo boom on the VARUA. A vane was mounted on
the projector assembly to keep the J-13 projectors pointed away
from the current. This facilitated operation during high tidal
current conditions by minimizing drag forces on the projector

pistons which could cause signal distortion.

A reference monitor hydrophone (ITC Type 6050C) was mounted
at a distance of 6 m from the projector system to monitor the

calibration of the projected sound levels.

During a playback sequence, a pre-recorded industrial noise
stimulus on a cassette tape was used to generate a test signal.
Two cassette recorders coupled to a fader control (previously
shown in Fig. 3.5) permitted uninterrupted continuous sound for
as lonyg as desired. Playback periods of 30 min to 1 hr were

generally used.
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stimuli Projection and Monitoring

The acoustic levels reported for the original sources of the
playback stimuli varied over a wide range. Playback at source
levels designed to reproduce the original signal levels was not
feasible for some stimuli because of the high acoustic power
required. For other stimuli, the original sound levels were low
enough so that reproduction of the original level could limit
whale behavioral reaction to areas in close proximity of the
VARUA., The presence of the VARUA would be a potential confound-
ing factor in interpreting the results for the lower level

stimuli.

Thus, to provide a potential behavioral reaction zone at
some distance from the VARUA for all of the playback sequences,
the output level of the projector system was set to provide a
source level which was 60 to 70 dB above the measured ambient
noise level in the dominant bandwidth of the stimulus. An
effective range of 2 to 5 km was maintained to the zone where the
playback level became approximately equal to the ambient noise
level in the dominant band of the stimulus., This procedure pro-
duced an acoustic test zone where any behavioral reaction of the
nearby whales would probably occur within visual range of the

observation vessels but also at some distance from the VARUA,

The sound levels used were subsequently scaled to levels
reported for the actual sources and range corrections were de-
rived by using the transmission loss characteristics measured at
the test site. This procedure‘is described in detail in Sec. 5.

Selection and Level Calibration

Five petroleum industry development and production noise
examples were used for the playback stimuli, Descriptive
information for these test examples is contained in Table 3.1.




vi-¢

TABLE 3.1. PLAYBACK STIMULI INFORHMATION.

Original Nominant Roported Est. 100 m Playback Difference
Recording Dist, ¥requencios Level Level 100 m Lovel (PB-Origy) bata
stimulus (Code) Meters nz db//uPa d8//uPa du//uPa dn 7 Ref.
Drilling Platform (HOLLY) 30 5 (t) 119 109 - - Gales
’ 13 (t) 107 97 - - p. 66
80-315 (st) 99 69 125 36
DRILLSHIP (DS) 185 278 (¢} 123 126 122 ~4 Greane
(EXPLORER I1) $0-315 (bb) 133 136 127 -9 p. 322
Production Platform (PP) 9 20 (t) 134 118 93 25 Gales
(SPARK) 63-250 (st) 125 109 123 14 p. 64
Helicopter (M) 152 ) 20 (t) 114 118" ‘ 99 -19 Greano
(bell 212) {altitude) 32 (t) 99 103* 113 10 P. 311
$0~-200 (st) 99 103+ 116 13
Semisubmersible Rig (SS) 12 28 (t) 129 111 105 -6 Gales
(OCEAN VICTURY) 63-250 (st) 119 101 123 22 p. 65

Keys
{t) tonal, (bb) broadband, {(st) summed tonals.
*These values are tor a flyover at 100 m altitude. Estimate based on relationships developed for aircraft-underwater

sound transmission in deep water. In shallow water, levels would be higher, depending on the acoustic properties of
the bottom material. Values assume a recelver position near the surface. (Urick, 1972)

*ON 3jaoday
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As shown in the table, the acoustic recording used for each
of the test stimuli was obtained at various ranges from the
respective source. Hence, to standardize the playback comparison
process, we corrected the reported acoustic level data to an
equivalent 100 m range from the source., Since the water depth
and sound propagation characteristics diftered for the various
sources, we considered that correction to a 100 m range repre-
sented a smaller potential error than correction to the usual 1 m
range. In each case measured transmission loss data were used,
if available, or the best estimate of transmission loss was used
based on stated range and water depth values. In deriving the
appropriate comparison with the projected playback level, a 100 m
sound level estimate was also used. Thus, we were able to derive
a scaling factor for the playback level which allowed us to
compensate for local transmission loss characteristics and for
differences between acoustic levels from the actual sources and
the achievable levels from the playback projector. Table 3.1
shows the differences in levels between the playback stimuli and
the reported values as corrected to an equivalent 100 m range.

We wished to operate at a relatively constant signal-~to-noise
ratio (S/N) at the source and therefore have a uniform exposure
region for all test stimuli., Thus, as shown in the table, the
projected level was louder than the actual source for some
stimuli, and quieter than the actual source for others.

Table 3.1 lists the maximum measured levels for the stimuli
when they were originally recorded. These sound levels are based
on the reported data for the actual tape dubs used. The refer-
ence cited was used as the basis for establishing the original
sound field level because of the difficulty in recovering and
preserving a calibration chain through the dubbing and playback
process. The original data were used to determine the dominant
spectrum components of the original sound field and the frequency

region of the principal output., Because of the low frequency

3-15
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limitation of the J-13 projectors below 32 Hz, it was not pos-~
sible to reproduce the required levels for sources with very low
dominant frequencies. 1In this case, the degree to which the
frequency response above 32 Hz matched the original source was
examined independently by comparison of this part of the playback
spectrum with the comparable part of the reported original source
spectrum, This is shown as the "summed tonal level" value in
Table 3.1.

The sound level output produced during playback is compared
with the original sound source values in the last column of the
table. The comparison shows that while low frequency components
are often appreciably reduced on playback, the components above
32 Hz are generally greater than their original levels. The
exception to this is the drillship stimulus where the achievable
level is below that of the actual source at all frequencies. The
procedure for scaling level differences between playback and
actual sources will be discussed in Sec. 5 usinyg the measured TL

and ambient noise data for the observation site,.

3.4 Analysis Procedures

3.4.1 statistical analysis of sighting data

A computer program was written to compare the distribution
of ranges from whale sightings to the sound source under stimulus
and control conditions. This program first tallied the cumula-
tive distributions under the two conditions and calculated the
likelihood that these two distributions were drawn from different
populations using the Kolmogorov-Smirnov and Cramer-von Mises

two-sample statistical tests.
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3.4.2 Development of an approximate sighting density function

In order to facilitate visual comparison of the sighting
distributions under control and stimulus conditions, the program

also plotted the density of sightings as a function of range.

If the cumulative sighting distributions were continuous
functions of the range from the source then differentiation of
these functions would yield sighting probability density func-
tions. Comparison of these functions would provide a more direct

measure of a shift in sighting density due to avoidance than

comparison of the cumulative distribution functions. Unfortunately,

the sighting distributions have discrete increments so direct

ditferentiation or slope analysis is difficult.

An approximation to the probability density function was
derived by the procedure illustrated in Fig. 3.6. The number of
sighting increments contained in a finite "window" along the y
direction is proportional to the slope of the cumulative sighting
distribution at the window location. The window must be wide
enough so that a relatively smooth averaged output is obtained.
If the window is made too wide, resolution of small scale density
changes is lost. It can be shown that resolution of density
changes of a scale equal to one-half of the window width is
possible. A 200 m window was used since the average range error
in the sighting data was estimated to be about 100 m within 1 km
of the source. The density of sightings was calculated by moving
a window across the range axis and tallying the number of sight-
ings within the window. In order to create a smooth distribu-
tion, a raised cosine (hanning) window was used with an area
equal to a 200 m rectangular window of unit height. Each
sighting within the window was multiplied by the value of the

window function at that range.
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The density of sightings was normalized so that it repre-
sents the fraction of the total number of sightings per kilometer
seen within the window. Since the window has an area equivalent
to a 0.2 km rectangle, if all the sightings fell within one
window, the value could be as high as 5, (100% of sightings/km in
0.2 km = 1/0.2 = 5). If none of the sightings fell within the
window, the sighting density would obviously be 0.

3.4.3 Temporal analysis of surfacing data

Richardson et al. (1982) and Baker et al. (1983), reported
significant changes in respiration of whales in response to the
approach of vessels, One of the strongest effects was that
whales tended to blow more frequently just after the start of
exposure., We tested whether whales were surfacing more fre-
guently at the start of our playback experiments in two ways. We
plotted all sightings vs range and time after the onset of
stimulus to look for an effect by inspection. We also used a
rank-order statistic* as a distribution free test of the prob-
ability that the median time of sighting lies in the first half
of the time period. We calculated these probabilities both for

control and experimental periods for comparison,

*pquation 32-22 from Kendall and Stuart, "The Advanced Theory of
Statistics, vVol. 2, p. 547.
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4, DESCRIPTION OF THE FIELD ENVIRONMENT AND OBSERVATION
CHRONOLOGY

Field observations of humpback whales during presumably
undisturbed periods and during periods of acoustic playback and
controlled air gun operations are summarized below. A summary of
weather conditions for each period of observation is also

provided.

4,1 Test Schedules

Playback Schedule Considerations

The playback schedule was designed to present the five sound
stimuli in relatively short playback periods. This was necessary
because a whale group or concentration could not be expected to
remain in a given area for a long period of time., A typical
playback sequence consisted of a 30 min. pre-experiment coﬁtrol
period, a 60-min. stimulus period, and a 30-min. post-experiment

control period.

Because of drift of the vessel and changes in whale
grouping, it was often necessary to move the VARUA to a new
location following a playback sequence in order to increase the
number of whales in the useful acoustic test zone for the next

playback sequence.

Since the VARUA was used as an observation vessel in
addition to beinyg the source vessel, it was not possible to use a
blind test method where the observers did not know the playback
schedule., However, this is not expected to cause significant

bias in the sighting data.

One complete block of all five stimuli was completed with

one additional drillship playback during the test period.
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Air Gun Source Schedule

Five days of observations were made with an air gun source
vessel present., The results obtained during the 1984 air gun
measurements with gray whales showed that behavioral changes were
not observed at ranyges greater than 1 to 2 km. Thus, a pre-
liminary set of measurements were performed for this study where
the air gun ranyge was gradually decreased from about 3 km to a
position near the center of the feeding zone. Following this
test, two days of whale behavior observations were made with the
air gun vessel operating at slow speed near the VARUA. These
tests provided measurement geometry very similar to that used for
the playback observations and permitted use of the same statisti-
cal testing procedures for both playback and air gun data. Two

tests were performed with the air gun vessel moving at 2 to 3 kts.

A chronological list of the control, playback and air gun
sequences obtained during the field period is shown in Table 4.1.

4.2 Field Observations in August 1984

Table 4.2 presents a summary of observations by date and
experimental period. Observation periods generally lasted
between 2 to 3 hrs. Our daily starting time depended on the
length of time it took us to locate a concentration of whales and
the observation conditions. Overall, we had generally good to
excellent observation conditions (see Table 4.3). We did,
however, lose one full day, 25 August, and parts of two other
days, 22 and 23 August, to adverse weather conditions. We
achieved a total of 39.7 hrs, of field observation during the
season. This figure was determined by counting a 2 hr experi-
mental period using two platforms as 2 total hours of field
observation. During the entire field season, approximately 375

whales were observed. However, because individual identification
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TABLE 4.1. TEST SUMMARY FOR HUMPBACK WHALE STUDY, 18 THROUGH 29
AUGUST 1984.

Stimulus/

Date/Time Stimulus Duration
8/19 1600-1800 Controll 120 min.
8/20 1044-1244 Control 120 min.
1645-1826 Control 101 min.
1826-1920 Drillship 54 min.
1920-1932 Control 12 min.,

8/21 0929-1205 Control 156 min,
1205-1307 Drilling Platform 62 min.
1307-1340 Control 33 min.
1509-1621 Control 72 min,
1621-1724 Helicopter 63 min.
1724-1809 Control 43 min.

8/22 1143-1153 Control 10 min,
1153-1242 Ailr Gun 49 min,
1242-1258 Control 16 min.,
1509-1540 Control 31 min.
1540-1647 Air Gun 67 min.
1647~-1715 Control 28 min,
1748-1820 Control 32 min,
1820~1922 Air Gun 62 min,
1922-1953 Control 31 min.

8/23 1817-~-1853 Control 36 min.
1853-1928 Air Gun 35 min.
1928-2000 Control 32 min.

8/24 0943-1015 Control 32 min.
1015-1109 Air Gun 54 min.
1109-1146 Control 37 min.
1426~1500 Control 34 min.
1500-1601 Air Gun 61 min,
1601-1639 Control 38 min.
1818-1950 Control 92 min.

8/26 0922-1017 Control 55 min.
1017-1115 Air Gun 58 min.,
1115~-1149 Control 34 min,
1413-1439 Control 26 min.
1439-1607 Air Gun 88 min.
1607-1709 Control 62 min.
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Stimulus/
Date/Time Stimulus Duration
8/26 1804-1825 Control 21 min,
1825-1910 Semi-Submersible Rig 45 min,
1910-1920 Control 10 min.
8/27 1202-1232 Control 30 min.
1232-1308 Production Platform 36 min.,
1308-1418 Control 70 min.
8/28 1803-1835 Control 32 min.
1835-1913 Drillship 38 min,
1913-1943 Control 30 min.
Total Acoustic Test Time
Stimulus Time Test Periods
Drillship 1 hr, 32 min. 2
Drilling Platform 1 hr, 2 min. 1
Production Platform 36 min., 1
Semi-Submersible Rig 45 min, 1
Helicopter 1 hr, 3 min. 1
Air Gun 7 hrs, 54 min. 7

NOTE 1: All control periods were performed with source and
observation vessels present., The auxiliary equipment on
the NANCY H. (air compressor and diesel generator) was
running. No auxiliary equipment was running on the
VARUA during either playback or observation periods.




TABLE 4.2. DATA SUMMARY FOR HUMPBACK WHALE - STUDY 18-29 AUGUST 1984
Part I - Estimated Number of Whales versus Test Conditions

Date Time $Sightings #Whales Stimulus Location

19 Aug. 1600-1800 112 20 Control Land & Boat: -
Lighthouse & VARUA
Realize difficulty of tracking groups.
Whale concentrations continually moving,
making land-based observation difficult.

20 Aug. 1044-1244 67 25-30 Control 2 Land stations:
Whitney Island,
; Bill Pt. & Bartlett
Reinforced our opinion of the day before.
Concentrations originally near shore
remained there, but groups constantly
joining and splitting making tracking
impossible,

20 Aug. 1645-1932 209 30-40 Drillship 1 2 Boat Stations:
VARUA & Whaler
New approach: start numbering sightings to
coordinate data rather than keeping track of
groups. Whales moved away, came back near end.
Used two boats.

21 Aug. 0929-1340 208 20-30 Drilling Platform 1 2 Boat Stations:
VARUA & Whaler
Number of sightings decreased throughout the
experiment.

21 Aug. 1509-1809 69 10 Helicopter 1 2 Boat Stations:
VARUA & Whaler
Number of sightings decreased throughout the
experiment., All distant,

Pt.
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TABLE 4.2.

Date

22 Aug.

22 Aug.

22 Aug.

23 Aug.

24 Aug.

(Cont.)

Time

1143-1258

1509-1715

1748-1953

1817-2000

0943-1146

DATA SUMMARY FOR HUMPBACK WHALE - STUDY 18-29 AUGUST 1984
Part I - Estimated Number of Whales versus Test Conditions

#Sightings $#whales Stimulus Location

106 30-40 Air Gun Land & Boat:
Round Rock & VARUA
Very close whales, Saw probable startle when
air gun started. Wwhales moved south then
return. Terminated early due to heavy fog.
Whales were feeding.

145 20 Air Gun Two Boat: Round Rock
Distant whales. No obvious reaction.,
126 15 Air Gun Two Boat: Round Rock

Mostly distant whales., Some close. No
obvious reaction. One ygroup passed close
to NANCY H, when air gun was operating.

62 10 Air Gun Two Boat: VARUA &
NANCY H., Hobart Bay
Bad weather. Tried using NANCY H. and VARUA,
Only distant whales. Whales moved off during
experiment,

120 20 Air Gun Two Boat: VARUA &
Whaler, Hobart Bay
Some obvious response to air gun start. Close,
discrete groups. We were able to track groups.

*oN 3aodey
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TABLE 4.2. (Cont.)

Date Time

24 Auyg. 1426-1639

24 Aug. 1818-1950

26 Aug. 0922-1149

26 Aug. 1431-1709*

DATA SUMMARY FOR HUMPBACK WHALE - STUDY 18-29 AUGUST 1984
Part I - Estimated Number of Whales versus Test Conditions

#Sightings $Whales Stimulus Location

187 20-25 Air Gun 2 Boats: VARUA &
Whaler, Sunset I
Whales generally moved away throughout.
Obvious startle response,

84 20-25 Control 2 Boat: VARUA &
wWhaler, Sunset I,
Whales moved away but returned very close to

NANCY H.
83 15-20 : Air Gun 3 boat stations:
(moving) NANCY H.,* VARUA,
Hobart Bay

Whales seemed to move to the south, southeast,
and southwest as the NANCY H. came through area.
Some whales moved back into our area during the
post-playback control period,

*One observer on NANCY H, getting orientations and
distances.

76 20-30 Air Gun Land & Boat:
(moving) Entrance Island &

NANCY H., Hobart Bay

No obvious reaction noted. One group clearly
stayed in same place as NANCY H. moved through.
Overall - no flight response observed.

*Observations from Entrance Island were con-
tinuous from 1413-1920
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TABLE 4.2.

26

27

28

28

Date

Aug.

Aug.

Auyg.

Aug.

(Cont.) DATA SUMMARY FOR HUMPBACK WHALE - STUDY 18-29 AUGUST 1984
Part I - Estimated Number of Whales versus Test Conditions

Time $Sightings #Whales Stimulus Location

1804-1920 68 20-30 Semi-Submersible 1 Land & Boat:
Entrance Island &
VARUA, Hobart Bay
No obvious reaction noted. Several groups
approached close to VARUA with one group of
3 whales passing VARUA within 50 m.

1202-1418 76 10-20 Production Land & Boat:
' Platform 1 Lighthouse & VARUA

No obvious reaction noted. VARUA in current
eddies and then drifted rapidly to the south,
Whales appeared to be feeding underwater -
staying down for long periods.

1300-1415 (approximate) Airflight,

We could not find a concentration of whales

so an airflight was called. A major concentra-
tion of whales was found near Pt. Hugh at the
entrance to the Seymour Canal so we motored
north for approximately 33 km. '

1803-1943 105 30-40 Drillship 2 Two Boats:

VARUA & Whaler,
Pt. Hugh

After an aborted control period (1732-1748)

we did a playback. No obvious reaction noted

with many of the whales moving generally in a

southerly direction. Some whales (6-8) passed

within 200 m of the VARUA.
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TABLE 4.3.

19 August:

20 August:

21 August:

22 August:

23 August:

5851

WEATHER SUMMARY.

1542-1755

1045-1244

1645-1933

0929-1340

1509-1809

1143-1258

1509-1715

1748-1953

1817-2000

Lighthouse:
&
VARUA

Land
Stations:

VARUA &
Whaler

VARUA &
Whaler

VARUA &

Whaler

VARUA &

Round Rock

VARUA &

Whaler

VARUA &
Whaler

NANCY H. &
VARUA

BBN Laboratories Incorporated

Seas choppy with some white
caps. Wind 8-12 kts (no
direction noted). 100%
cloud cover,

Intermittent rain. Wind SW
0-5 kts. 100% cloud cover,

Seas calm. Light rain up
to 1844. Wind S 0-5 kts by
1921, Visibility very good
to excellent. 100% cloud
cover.

Seas calm. No wind. Some
fog 2-3 km away at start.
Visibility excellent. Cloud
cover 100% down to 35% by
end.

Seas calm. No wind.
Visibility excellent.
cover 60-75%.

Cloud

Fog making visibility fair
at start. By 1216, thick
fog making viewing from
VARUA impossible - slightly
better at Round Rock.

Seas calm. No wind.

Visibility excellent. Cloud
cover 40%.

Seas calm. No wind.
Visibility excellent, Cloud

cover 60-90%

Seas choppy, swells at start -
calmer by end. Wind SE 5-15
kts at start down to 5 kts at

end. Visibility fair. Light
rain at end. Cloud cover
100%.
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24 August: 0943-1146 -~ VARUA & Visibility good at start
Whaler deteriorating as time went on
because of fog - improving at

end. Cloud cover 100%.

1426-1639 - VARUA & Seas calm., Visibility
Whaler excellent to good at end.
Cloud cover 100%.

1818-1950 - VARUA & Seas calm. Wind up from SE by
Whaler end, Visibility excellent at
start deteriorating as rain
and fog came in by 1910.
Cloud cover 100%.

26 August: 0921-1150 - VARUA & Seas choppy, swells at start -
Whaler & calmer at end. Wind up to 15
NANCY H. kts at start (no direction

noted) down to 3-5 kts
(variable) at end., Visibility
good with rain at start.

Cloud cover 90% down to 60% at

end.
1414-1920 - Entrance Seas calm. 1530-1700 - wind
Island & line with rain (no direction
NANCY H. & noted). Visibility excellent
VARUA except 1530-1700 when good to
fair.

27 August: 1201-1418 - Lighthouse Seas calm., Current/eddies
and VARUA causing VARUA to drift south.
Light variable wind.
Visibility excellent, Cloud
cover 30%.

28 August: 1732-1943 - VARUA & Seas calm. Light variable
Whaler wind. Visibility excellent,
fair to east, Cloud cover 30-
40%.
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identification was not critical to our experimental design, it
should be presumed that some of these whales were resightings.

During our observations we saw three other species of marine

mammals: Dall porpoise (Phocoenoides dallii), harbor seal (Phoca

vitulina), and the northern or Steller's sea lion (Eumetopias

jubatus). On 22 August, we observed a group of northern sea lions
breaching very close to 4 or 5 surface active humpback whales, We
also observed associations between humpback whales and northern
phalaropes (Lobipes lobatus). The phalaropes were presumably

taking advantage of the disturbed water surface to feed on prey
items brought to the surface (MaclIvor 1984).

S
!
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5. ACOUSTIC MEASUREMENTS AND RESULTS

This section contains a description of the acoustic measure-
ments made during the August 1984 field season and a summary of
the results obtained. The analytical background for many of the
procedures used was developed during previous studies with gray
whales (Malme et al. 1983). Some of that discussion will be
included here to facilitate understanding of the results and

minimize refererence to the earlier report.

The test procedure requires establishment of a controlled
sound field in a region where humpback whales are present. To
accomplish this, a calibrated source of sound must be used and
knowledge of the attenuation rate of the sound with propagation
distance must be obtained. This permits estimation of the signal
levels at the observed positions of whales without requiring
specific measurements at each position., The following discussion
describes source calibration procedures, transmission loss
measurements, ambient noise measurements, and procedures for

estimation of noise exposure levels,

5.1 Acoustic Source Characteristics

The air gun and playback projector system were identical to
those used in the January 1984 study, (Malme et al. 1984). A

description of these sources was given previously in Sec. 3.3.

5.1.1 Air gun source characteristics

The previous measurements of a single 100 cu. in. air gun
(Malme et al. 1983, Sec. 5.1.2) showed that the effective pulse
pressure level was a useful measure of the received level of the
transient signals from an air gun. This quantity is a measure of
the effective energy of a noise pulse in terms of an average
pressure level defined as (Urick 1983, Sec. 4.4)
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* P2
E = 1 [ p2(t)dt = pT (Joules) (1)
c 2pcC

p
where 0

pc = the specific acoustic impedance of water

the original pulse pressure waveform

i o]
(a3
g

]

P = the effective pulse pressure

T = the effective pulse duration (the time required for
p2(t) to decay to less than 10% of the initial

value).

The instrumentation used to analyze air gun signals to
obtain the effective pulse pressure incorporated a squaring and
integrating circuit to provide a voltage output proportional to
the integrated acoustic energy of the pulse. The time duration
of the signals was determined by visual inspection of the pulse
envelope on a digital transient recording of the waveform.
Figure 5.1 illustrates a typical air gun signature and the
analysis procedure. Generally it is more convenient to express
acoustic pressure in logarithmic terms. Consequently, the
effective pulse pressure level is defined as

L— = 20 Loglo(F/Pr dB (2)

P ef)

where

Prafg = lyPascal.

Air gun signature analysis

A narrowband analyzer was used to analyze air gun signatures
tor various ranges. The time waveforms of the pulses were also

recorded to obtain peak pressure data and examine time duration
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FIG. 5.1. CHART RECORD SHOWING PULSE SIGNATURE AND PULSE ENERGY
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as a function of range. Because of multipath transmission, peak
pressure values were found to be quite variable., The time
duration of the signals was observed to generally increase with
range due to reverberation. Separate discrete multipath pulses
were often received, especially in areas where the water depth

was greater than 100 m,

The air gun was operated at ranges of 6 km (3.2 nm) to 20 m
at a firing rate of 6 pulses/min. The pressure signature observed
at close range was found to agree quite well with the data
obtained during the previous work with gray whales, also using a

100 cu. in. gun,

5.1.2 Playback system response measurement

As described previously in Sec. 3.3, the low frequency
response of the playback system was improved by adding a second
low-frequency projector. In addition, an equalization network
was used to provide a smooth frequency response in the mid-band
and high-frequency regions. The accuracy of the playback system
was examined by recording the output of the source monitor
hydrophone and comparing the spectrum of the reproduced signal
with the relative spectrum of the original tape recording. An
example of this comparison is shown in Fig. 5.2 for the drillship
stimulus. A complete set of comparison spectra is contained in

Appendix C for all of the industrial noise stimuli,

5.2 Transmission Loss Measurements

5.2.1 sShallow water sound propagation characteristics

Acoustic transmission loss in shallow water is highly
dependent on the acoustic properties of the bottom material
since, in most areas, sound energy is transmitted mainly by paths
that are multiply reflected from the bottom and surface. The
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average number of reflections (or "bounces") depends on the water
depth, bottom slope, acoustic properties of the water column
(sound velocity gradient), acoustic properties of the bottom, and
any directional properties of the source and receiver. 1In most
shallow water areas, the relationship between acoustic pressure
and distance from the source (range) has been found to be modeled
quite well by considering a spreading loss which is midway
between that of unbounded deep water (spherical spreading or 20
log range) and that of ducted horizontal spreading (cylindrical
spreading or 10 log range) (Urick 1983, Sec, 6.6). To the
spreading loss must be added a loss due to molecular absorption
in the water, a loss due to the scattering and absorption at the
surface and bottom, and an energy increase due to the surface and
bottom "image" sources. The resulting sound propagation model

can be expressed in equation form as:

Lr = Ls - 15 Log(r) - Av(r) - Ar(r) + I (dB//luyPa) (3)
where

L, = Received level at range r (dB//1luPa)

Lg = Source level (dB//l1lyPa at 1 m)

r = Range in meters
A, = Molecular (volumetric) absorption (dB per meter)
A._ = Reflection loss at surface and bottom (dB per meter)

I = Change in effective source level due to proximity of

surface and/or bottom (dB).

For the previous gray whale studies off the California coast,
a version of this sound propagation model was developed which
incorporated an experimentally derived reflection loss coeffi-

cient. Transmission loss data were obtained using both the air
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gun and the projector sources. Regression analysis of the data
provided a best fit value for the reflection loss in terms of an
average "loss per bounce." Fortunately, the bottom character-
istics in the test area were uniform and the sound velocity
gradients were neutral so a single propagation loss eguation was
found to be applicable to all of the data.

This is not the case for the test area in Frederick
Sound/Stephens Passage. Bottom reflection characteristics were
found to be quite variable in previous measurements in this area
(Malme, Miles and McElroy 1982). Moreover, appreciable sound
velocity gradients were found to exist as a result of the lower
salinity and higher temperature of the water near the surface.
These gradients can cause variable sound shadowing or sound
focusing effects which make transmission loss depth dependent as
well as range dependent. Since the depth at which whales were
spending most of their time was not determined, it was not
feasible to measure the transmission loss versus range at an
appropriate depth., A compromise procedure was followed in which
transmission loss data measured at a depth of 10 m were used
together with a computer implemented transmission loss model
based on an augmented version of Eq. (3) to predict the trans-
mission loss at the estimated feeding depth of the whales. Depth
values of 50 to 100 m were used based on data reported by Krieger
and Wing (1983). Measured sound velocity profile (SVP) data were
incorporated into the computer model as well as an estimate of
the bottom loss characteristics. The transmission loss data
measured at 10 m were compared with computer model predictions
for the same receiver depth. If a good comparison was obtained,
the computed transmission loss at the estimated feeding depth of
the whales was then used to derive the sound exposure level
estimate for the specific test area. The following subsections

describe this process in more detail.
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5.2.2 Water temperature, salinity, and sound velocity profiles

variations in the speed of sound with depth in the water
column (gradients) can impose important variations on the trans-
fer of acoustic energy from one point to another. Depending upon
the average gradient of the sound velocity profile, acoustic
energy can be refracted downward (neyative gradient conditions -~
decreasing sound speed with depth), upward (positive gradient
conditions -~ increasing sound speed with depth), or have little
path curvature under neutral (mixed water column) conditions.
sound channeling occurs at the depths of local minima in the
sound velocity profile, when acoustic energy becomes trapped
(propagates without boundary reflections). An understanding of
the variability of the sound velocity profile in various regions
of the test area is particularly important, since the average
profile will dictate the degree to which sound energy will
interact with the ocean bottom and surface. Bottom and surface
losses imposed on the incident acoustic energy can vary
considerably with bottom material and roughness, and sea surface

roughness,

Sound velocity in water varies directly with temperature,
salinity, and pressure. One algorithm that defines this
relationship was derived by Wilson and is used in many underwater

sound texts such as Urick (1983). Wilson's equation states:

c = 1449.2 + 4.623T - 0.0546T2 + 1,391(S-35), (m/sec) (4)

where ¢ is the speed of sound, T is the temperature (°C), and S
is the salinity in parts per thousand. Wilson's equation also
contains a term which depends on pressure. Because the depths of
interest here are 50 m or less, the pressure term contribution is

negligible and has been ignored in Eq. (4).
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Temperature and conductivity were measured and salinity
calculated at discrete depth increments to a maximum depth of
50 m. It was found, by comparing the acquired data with data
reported by Krieger and Wing (1983), that temperature and |
salinity become quite stable and predictable at depths beyond
about 40 m. Sound velocity profiles were computed from the
resulting temperature and salinity profiles with a hand-held

calculator that was preprogrammed with Wilson's equation.

Figures 5.3 and 5.4 give typical sound velocity, temperature
and salinity profiles in the test area. The data are representa-
tive of measurements taken in the inlets of southeast Alaska
where cold water, having a low salinity, is often present in a
surface layer. Measurements taken at stations further away from
tidal glaciers and snow/ice melt run-off generally show a clear
trend of warming and increased salinity near the surtface. 1In
areas where there is strong mixing due to tidal currents and/or
high wind speeds, the temperature and salinity profiles are
nearly constant with depth. The ebb and flow of the tide has
some second-order influence on the temperature and salinity

profiles in slow current areas at some distance from the ocean.

Near the surface, lower salinity and warmer temperature
conditions produce opposing effects on the speed of sound. The
sound velocity profiles shown in Fig. 5.3 result when the
temperature is high enough near the surface to offset the effect
of low salinity. The profiles shown produce downward refraction
which results in the loss of the direct sound path at a
relatively short range between a source and receiver shallower
than 15 m. Bottom reflected sound is dominant in determining
acoustic transmission loss for shallow source-receiver ygeometry.
The sound velocity profile for 8/26 shows the result ot surface
layer mixing due to a 15 kt wind. Here, the surface layer
extends down to a depth of 30 m rather than to the 8 to 10 m
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depth seen to be typical of calm conditions. For a shallow
source - deep receiver geometry, the direct sound path as well as
reflected paths are important in determining transmission loss.
This consideration is applicable for the general test conditions
where the air gun or projector was at a depth of 8 to 12 m with
whales feeding at depths estimated to be 50 to 100 meters,

Sound velocity profiles showing the possible existance of a
surface sound channel were obtained at the entrance of the
Seymour Canal. These conditions are shown in Fig. 5.4. The data
obtained south of Five Fingers Light also show the presence of a
possible shallow surface sound channel. In this case, the eftect
is not very pronounced and may not be significant compared to the
general downward refraction trend caused by the negative gradient

below 8 m.

5.2.3 Sound propagation measurements and predictions

The air yun source was used for most of the transmission
loss measurements, Figure 5.5 shows the effect of downward
refraction on the direct signal at relatively short ranges.
Figure 5.5A shows the air gun signature at a range of 125 m.
Here, the direct signal is dominant and the first bottom reflec-
tion considerably weaker. At a range of 250 m (Fig. 5.5B),
refraction causes the direct signal level to drop much more
rapidly than would be caused by spreading loss alone. Here, the
first bottom signal becomes the dominant component. Later,

bottom-surface multipath returns can also be seen.

The effect of different water depths and different bottom
properties is illustrated in Fig. 5.6. Figure 5.6A shows the air
gun signature and its spectrum for propagation in an area with an
average depth of 180 m. Figure 5.6B shows the results of air gun

signal propagation to about the same range, but in a region with
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region with an average depth of 130 m and with more absorptive
bottom material., Note that frequencies below 200 Hz are highly
attenuated.,

A representative set of measured values of effective pulse
pressure versus range is shown in Fig. 5.7. These data were
obtained in Hobart Bay for conditions where the SVP data shown
for 8/26/1150 in Fig. 5.3 are appropriate, Estimated sound
levels at 100 Hz from the RAYMODE algorithm of the Generic Sonar
Model (Weinberyg 1981) developed for sonar research, are also
shown in this figure. The computer output was obtained for both

the depth used for the data (10 m) a well as for the estimated
feeding depth for the whales in the area (100 m). The levels for
the shallow receiving depth can be seen to drop off rapidly near
the source as a result of the downward refraction, whereas the
computer estimated values for 100 m do not show this trend. A
simplified best-fit exposure prediction model based on Eg. (3)
was also developed to facilitate sound exposure level estimates
for whales at a depth of 100 m. The values predicted by this

model are also shown in the figure.

The effective variation of sound exposure levels with depth
and range can be visualized by using a ray trace diagram, This
is a diagram showing the path of sound rays transmitted from the
source at selected initial angles with respect to horizontal. A
ray trace diagram was developed using the SVP conditions pertain-
ing to Fig. 5.7. The results are shown in Fig. 5.8. This figure
shows the paths followed by rays projected from an omnidirectional
source at 5° increments over a sector of + 40° where 0° is hori-
zontal. Note that most of the rays near the source are bent
sharply downward (the horizontal scale is greatly compressed
compared with the vertical scale). The sound exposure variation
with depth can be estimated by observing the density of the ray
paths. Note that the density near the surface is low compared

with that at depth but that, for depths greater than 30 m, the
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ray density is fairly uniform., Thus, the sound exposure levels
would not be expected to vary greatly with depth below 30 m and
knowledge of the exact feeding depth of whales is not critical

below this value when predicting their sound exposure levels due

to a source near the surface.

A ray trace diagram for the potential surface duct condi-
tions represented by the SVP for 8/28/1850 previously shown in
Fig. 5.4 is presented in Fig. 5.9. This diagram illustrates that
some rays are indeed trapped near the surface and that a region
of low ray density exists beneath the surface layer. However, at
depths below 50 m, the ray density becomes more uniform, Since
the whales were not observed to be feeding at the surface in this
area, it is probable that they were feeding on prey layers below
80 m (Kreiger and Wing, 1983) and that sound exposure estimates
based on predicted levels at these depths are more appropriate

than the levels existing in the surface duct,.

5.3 Ambient Noise Measurements

Ambient noise levels in the Frederick Sound/Stephens Passage
are quite low compared with normal ocean ambient levels. Wind
speeds were generally low or zero during the test period. As a
result, the dominant contributions to the ambient noise was from
vessel traffic and from humpback whale vocalizations. The
traffic consisted of fishing vessels, pleasure craft, tugs with
tow, and cruise ships. The whale vocalizations consisted of

yrunts, squeaks, moans, and possible song fragments.

Ambient spectra for two guiet conditions are shown in Fig.
5.10. The data were obtained in relatively shallow water in
Hobart Bay and in deeper water near Five Fingers Light. The

deeper water data are influenced by distant traffic noise.

5~19
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The range of ambient conditions is illustrated in Fig. 5.11
which shows the contrast between guiet conditions and the effect
of a nearby tug with tow. An ambient noise spectra for rela-
tively "quiet" conditions at the gray whale test site off the
California coast is also shown. Fortunately, the shrimp noise
contribution peaking at 5 kHz is not present in Frederick Sound.

5.4 Acoustic Exposure Estimation

The procedure using a combination of transmission loss
measurements and computer model estimation outlined previously in
Sec. 5.2.3 was carried out for all of the test areas shown
previously in Fig. 2.1. It was found that sound propagation
characteristics for some of the areas were similar so that a
combined characteristic could be used, Where significant
differences were obtained, specific sound level characteristics
were developed and used to predict sound exposure levels from

range observations at that test area.

S.4.1 Air gun exposure estimate

The simplified sound exposure level equations for predicting
the levels in the various test areas are shown in Table 5.1.
These equations were derived using an average value for the
bottom depth in each test area. The actual depth varied appre-
ciably in some test areas. It was not possible to incorporate
depth variation in the computer model for prediction of exposure
level at depth. Hence, the computer exposure level predictions
would be expected to be higher or lower than the actual value
depending on the difference between the actual average depth
alony the transmission path and the value used in the computer
model. The estimated standard deviation of this error is %2 dB.
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TABLE 5.1. RELATIONSHIPS FOR ESTIMATION OF EFFECTIVE PEAK
PRESSURE VERSUS RANGE FOR AIR GUN OBSERVATIONS.

Observation Effective Peak Pressure Equation
Date/Time R » 0.1 km
8/22-all periods L§ = 163 - 15 log R - 1.1R dB re 1lyPa (5)
8/23/1853-1926
8/24/1015~1109
8/26/1017-1115
8/24/1500~-1601 Lﬁ = 161 - 15 log R - 0.5R dB re 1lyPa (6)
8/26/1439~1607 LF = 159 - 15 logR - 0.5R dB re lyuPa (7)

r < 500 m
all observations L§ = 223 - 20 log r dB re luPa (8)

where R is the range in km, and
r is the range in m
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5.4.2 Playback exposure level and signal-to-noise ratio

The results of the playback experiments with migrating gray
whales (Malme et al. 1983, Malme et al. 1984) showed that two
types of behavioral reactions occurred. An initial "detection"
reaction occurred at ranges where the loudest portion of the
playback spectrum approached the ambient noise level in the same
frequency band (0 dB S/N). This reaction was generally observed
as a change in swimming speed and often a slight change in
heading. As a result of this change in swimming pattern, the
whales would pass the region of the source at a greater distance
than would be the case under control (no playback) conditions. A
second type of behavioral reaction observed for some playback
tests was a change in swimming direction occurring at a
relatively close range to the source. 1In either case, the
reaction could be considered as an "avoidance" of the region with
loud sound levels. Accordingly, we have analyzed the playback
data to provide information not only on the absolute level and
spectrum of the reproduced signals but also on their relative

level in relation to local ambient noise conditions.

The sound exposure levels versus range tor the playback
tests were estimated using the equations derived for the air gun
tests in the areas where they were relevant. In other areas,
transmission loss was measured using the playback projector as a
source. The exposure level versus range at the estimated feeding
depth of the whales was then derived using the same techniques

developed for the air gun data.

The "available S/N ratio" was estimated for each playback
stimulus using the following procedure. The effective signal
level for the playback signal was determined by calculating the
RMS signal level for the "dominant" bandwidth. Referring back to
Fig. 5.2, the dominant signal bandwidth was determined by observ-

ing the highest 1/3 octave band level in the signal as measured
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by the monitor hydrophone, and then including the total number of
1/3 octave bands which had levels within 10 dB of the maximum,
The ambient noise spectra measured before and after the playback
sequence were averaged and the RMS noise signal for the same
dominant bandwidth was calculated. The available S/N ratio was
obtained by subtracting the effective masking noise level (dB).
Thus, in developing our estimated signal-to-noise (S/N) ratios
for the playback stimuli, we have considered that the dominant
masking of the playback signal is produced by ambient noise in

the same frequency range.

Table 5.2 lists the results of analyzing the playback
stimuli and the ambient noise levels at the time of projection
according to the procedure discussed in the preceding section.
The results are presented in terms of available S/N ratio, 1 m
from the projector, and the estimated range for an effective S/N
ratio of 0 dB or 10 dB. These ranges are presented both for the
entire dominant bandwidth as well as for the highest 1/3 octave
band in the respective stimulus. The last measure is appropriate
for determining if observed response changes are the result of

stimulus detection at low levels.

The transmission loss relationships pertaining to the
various test areas are also listed in Table 5.2. These equations

were used to obtain the range values given in the table.
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TABLE 5.2.
Date/Time
8/20 1826-1920
8/21 1205-1307
8/21 1621-1724
8/26 1825-1910
8/27 1232-1308
8/28 1835-1913

*Referred to 1 m,

TL Relationships

TL = 55
TL = 53
TL = 54

stim Bweff
Code Hz

ps-1 50-315
DP-1 80-1.6K
H~-1 31.5-315
§8-1 50-1K
PP-1 63-500

Ds-2 50-315

for R > 0.1 km

+ 15 log,; R + 0.7R

+ 15 log;oR + 1

.1R

+ 15 log,; 4R + 0.5R

TL Relationships for r < 50 m,

Exposure Level

=LS-TL

By = highest 1/3 octave band

TL =

Lg* Ly
dB/1yPa dB/1pPa
160 97
158 87
150 110
156 76
153 84
157 86

dB re 1 m

20 log,,r

S/N
dB

63
71
40
80
69

71

PLAYBACK SIGNAL/NOISE DATA AND EFFECTIVE RANGE.

dBre lm R ~ km

R ~ km

r

~

dBrelm R ~Kkm

m

a5
250 68
100 74

50 57
250 85
125 73
125 75
Eq.

(9)
(10)
(11)
(12)
(13)

Ly var = variation observed in ambient noise level between start and
finish of playback

Ly Var
dB

13

10

TL
Eq.

10

11
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6. BEHAVIORAL OBSERVATION AND ANALYSIS

A total of 18 experiments were conducted between 20-28
August (see Data Summary Table 4.2). Of these, five were judged
to be unacceptable due to inclement weather (n = 2) or a poor
data set (n = 3). All data from the remaining 13 experiments
were reduced to scatter plots of sightings and a set of ranges
relative to the experimental source location. These range data
were then used to construct cumulative distribution and density
of sighting plots for each experimental period and two control
periods. One control was the pre-experimental period only, while
the second control was the sum of the pre- and post-experimental
periods. These data were then analyzed statistically using the
Kolmogorov-Smirnov (KS) test (Siegel 1956) and the Cramer-von
Mises (CVM) test (Anderson and Darling 1952). These analytical
and statistical procedures are similar to those used pfeviously
by Malme et al. (1983, 1984).

The hypothesis being tested was that the cumulative
distributions during experimental conditions would be different
from the distributions during their adjacent control periods.
Specifically, if the distribution of sightings during playback
showed whales sighted at ranges farther from the source than
during control periods, this would give evidence of avoidance of
the source. By comparing the ranges and calculated received
levels at which this avoidance was most significant, one could

scale avoidance to received level.

6.1 Sighting Data Analysis

The following is a brief presentation of the statistical
results for each of the 13 experiments, A tabulation of the
experimental periods, condition, sample sizes, and statistical

results is given in Table 6.1.




SUMMARY OF 13 EXPERIMENTS.

TABLE 6.1.

$ Date
1 20 Aug 84
2 21 Aug 84
3 21 Aug 84
4 22 Aug 84
5 22 Auy 84
6 22 Aug 84
7 24 Aug 84
8 24 Auy 84
9 26 Aug 84
10 26 Aug 84
11 26 Aug 84
12 27 Aug 84
13 28 Auy 84

Start-End
Time

1645-1826
1826-1920
1920-1932

0929~-1205
1205-1307
1307-1340

1509-1621
1621-1724
1724-1809

1143-1153
1153-1242
1242-1256

1509-1540
1540-1647
1647-1715

1748-1820
1820-1922
1922~-1953

0943-1015
1015-1109
1109-1146

1426-1500
1500-1601
1601-1639

0922-1017
1017-1115
1115-1149

1413-1439
1439-1607
1607-1709

1804-~1825

Condition

Pre Control
brillship
Post Control

Pre Control
Post Control

Pre Control
Helicopter
Post Control

Pre Control
Air Gun #1
Post Control

Pre Control
Air Gun #2
Post Control

Pre Control
Air Gun #3
Post Control

Pre Control
Air Gun #4
Post Control

Pre Control
Air Gun #5
Post Control

Pre Control
Air Gun $6
Post Control

Pre Control
Air Gun %7
Post Control

Pre Control

1825-1910 Semi Submersible

1910-1920

1202~1232
1232~1308
1308~1418

1803~1835
1835~1913
1913-1943

Post Control
Pre Control
Post Control
Pre Control

Drillship
Post Control

Drilling Platform

Rig

Production Platform

Sample
Size

103
54

119
46
10

28
16
23

20
60

34
78
16

31
58
18

38
52
20

42
57
20

20
23
10

7
35

16
42
10

28
20
31

27
31
25

Pre vs Experimental

KS

p<0.001

0.025<p<0.05

0.025<p<0.05*

CVM

- p<0.001

0.001<p<0.01

p VALUES GREATER THAN 0.05 ARE LISTED AS N.S. (NOT SIGNIFICANT).

Pre & Post vs Experimental

Ks

p<0.001

N.S.

0.025<p<0.050

p<0.001

0.01<p<0.0S
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Drillship, 20 August

Figure 6.1 shows the cumulative distributions and density of
sighting plots using the combined pre- and postplayback period.
These results are very similar to those using the pre-playback
control only. The difference between experimental and either
preplayback or pre- and post-playback control distribution is
significant to the p < 0,001 level using either the KS or CVM

tests.,

o

Inspection of Fig. 6.1 reveals that the distribution of
whales shifted away from the experimental sound source during
playback. One might interpret this to demonstrate a sta-
tistically significant avoidance response to this playback. But
before reaching this conclusion, one must examine the scatter
plot of whale sightings and sound source track in Fig. B.l of
Appendix B for pre-playback control, experimental, and post-
playback control periods. 1In Fig. B.l.a, one can see that the
sound source vessel had positioned itself in the middle of a
tight clump of apparently feeding whales at the start of the pre-
playback control. By the end of the pre-playback control, the
source vessel had drifted S to SW and some of the whales were
dispersing from the group and drifting in the same direction.
During the playback period, part of the group of whales moved
west of its original location, while the other whales continued
to disperse in a generally southwest direction. The drift of the
source vessel during the 54 minute playback was approximately
0.76 km, a large amount compared to the approximately 0.5 km
average difference between the cumulative distributions under
experimental and control conditions. It thus appears that most
of the apparent avoidance response in this experiment may well
have been due to drift of the source vessel away from the whales

rather than vice versa.
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Drilling Platform, 21 August

Figure 6.2 shows the cumulative distributions and density of
sighting plots using the combined pre- and post-experimental
period. Figure B.2 in Appendix B shows a scatter plot of the
sighting locations during the experimental and combined control
periods. There were no significant differences between the
experimental and control distributions using either the pre-

playback or combined control periods (see Table 6.1).

Helicopter, 21 August

Figure 6.3 shows the cumulative distribution and density of
sighting plots using the combined pre- and post-experimental
period. Figure B.3 in Appendix B shows a scatter plot of the
sighting locations during the experimental and combined control
periods. There were no significant differences between the
experimental and control distributions using either the pre-
playback or combined control periods (see Table 6.1).

Air Gun #1, 22 August

Figure 6.4 shows the cumulative distribution and density of
sighting plots using the combined pre- and post-experimental
control period. Figure B.4 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
There were no significant differences between the experimental
and control distributions using either the pre-control or
combined control periods (see Table 6.1). Since this was the
first air gun experiment performed with humpbacks, we did not
work at a very close range but started with the nearest
concentration of whales 3 to 4 km away, in case there was a
dramatic response at this long range. This is why there were few

sightings at ranges of < 3,0 km,
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Drilling Platform, 21 Aug 84
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Helicopter, 21 Aug 84
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Airgun #1 near Round Rock
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During the pre-exposure control period of this playback, a
group of approximately 30 humpbacks were feeding within a few
hundred meters of Round Rock, Within 10 min. of the start of the
air gun firing, most animals were moving south away from where
they had been feeding (see Sec. 6.5). Most whales seemed to move
no more than 500 m to the south where they milled., This effect
can be seen on the sighting density graph of Fig. 6.4. The large
cluster of sightings centered at 3 km in the control distribution

shifted right to greater ranges in the stimulus distribution,

While this movement pattern is consistent with our avoidance
model of increasing response at closer range, the movement was
not pronounced enough to yield a significant difference in our

statistical tests.

Air Gun #2, 22 August

Figure 6.5 shows the cumulative distribution and density of
sighting plots using the combined pre-~ and post-experimental
control periods. Figure B.5 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
All of the diftferences between the experimental and control
distributions using either the pre-experimental or the combined
control periods were significant at the p < 0.001 level (see
Table 6.1).

The sighting density plot on Fig. 6.5 shows a large cluster
of sightings at ranges of 1.0 to 1.5 km from the source., During
air gun operafion, this cluster spread out, with sightings tend-
ing to occur at increased range. This same effect is obvious in
Fig. B.5. During the pre-playback period shown in Fig. B.5.a,
whales were clumped along a line between Round Rock and the San
Juan Islands, During the stimulus period, shown in Fig. B.5.b,
the distribution of sightings was much more dispersed, with most
apparent motion to the southwest away from the sound source. The
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source vessel moved very little during this experiment, and so
should not have contributed significantly to the apparent
movement of whales. There appears to have been a significant

avoidance response during this experiment.

Air Gun #3, 22 August

Figure 6.6 shows the cumulative distributions and density of
sighting plots using the combined pre- and post-experiment
control period. Figure B.6 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
There was no significant difference between the experimental and
pre-experimental control distributions but there was one signifi-
cant difference between the experimental and the combined control
periods using the Cramer-von Mises Test (see Table 6.1). Inspec-
tion of Figs. 6.6 and B.6 shows that this difference is a result
of the same groups being further away during control periods
compared to the experimental period. However, there is very
little difference in the sighting distributions for the 0 to 1 km

range where whales are exposed to the highest sound levels.

Air Gun #4, 24 August

Figure 6.7 shows the cumulative distributions and density of
sighting plots using the combined pre- and post-experiment
control period. Figure B.7 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
There was a significant difference between experimental and pre-
experiment control distributions, while there was no significant
difference between the experimental and the combined control
periods (see Table 6.1). Inspection of Figs. 6.7 and B.7 indi-
cates that the primary difference in pre-experiment control and
experimental distributions was a large clump of sightings just
under 2 km in the control condition that moved to ranges greater
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than 2 km in the experiment., This apparent response does not fit

our avoidance model of response increasing at decreasing range.

Air Gun #5, 24 August

Figure 6.8 shows the cumulative distributions and density of
sighting plots using the combined pre- and post-experiment
control periods. Figure B.8 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
There were no significant differences between the experimental
and control distributions using either the pre- or combined

control periods (see Table 6.1).

Air Gun #6, 26 August

Figure 6.9 shows the cumulative distribution and density of
sighting plots using the combined pre- and post-experiment
control period. Figure B.9 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
There were no significant differences between the experimental
and control distributions using either the pre- or combined

control periods (see Table 6.1).

Air Gun #7, 26 August

Figure 6.10 shows the cumulative distribution and density of
sighting plots using pre- and post-experimental control period.
Figure B.10 shows a scatter plot of the sighting locations during
the experimental and combined control period. There were sig-
nificant differences between the experimental and control
distributions using both the pre- and combined control periods
(see Table 6.1). Inspection of Figs. 6.10 and B.10 reveals that
groups weré further away during control periods than they were
during the experimental period; a result similar to the previous

14
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Airgun #6 near Entrance Island
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air gun experiment, indicating a possible approach by whales

during the experimental period.

Semi-Submersible Rigy, 26 August

Figure 6.11 shows the cumulative distribution and density of
sighting plots using the combined pre-~ and post~playback control
period. Figure B.1ll shows a scatter plot of the sighting loca-
tions during the experimental and combined control periods.

There were no significant differences between the experimental
and control distributions using either the pre-control and

combined control periods (see Table 6.1).

Production Platform, 27 August

Figure 6.12 shows the cumulative distributions and density
of sighting plots using the combined pre- and post-playback
control period. Figure B.12 shows a scatter plot of the sighting
locations during the experimental and combined control periods.
There was a significant difference between experimental and pre-
control distributions, while there was no significant difference
between experimental and the combined control period (see Table
6.1). Inspection of Figs. 6.12 and B.12 reveals that more groups
were sighted between 0 to 1 km during the pre-control period than
during the subsequent experiment. However, the placement of the
peaks in the density of sighting plot below the 1 km range
indicates that some whales in the pre-playback control period
actually moved closer to the air gun during the experiment,

Thus, while there is some indication of avoidance from 0.0 to 0.5

km, there is also an indication of approach from 0.5 to 1.0 km.
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Production Platform, 27 Aug 84
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Drillship, 28 August

Figure 6.13 shows the cumulative distribution and density of
sighting plots using the combined pre- and post-playback control
petiod. The Kolmogorov-Smirnov tests showed significant differ-
ences between both the experimental and pre-playback control
distributions and the experimental and the combined control
period (see Table 6.1l). Inspection of Fig. 6.13 reveals that
more groups were sighted closer to the source during the

experiment than during the control periods.

6.2 Summary of Sighting Analysis Results

A summary of the behavioral analysis indicates that 19 of
the 52 tests were significant. However, inspection of the
control and experimental distributions revealed that in 7 of
those 19 cases, control sightings were distributed further away
from the source than experimental sightings, indicating approach
toward the stimulus. Since four statistical tests were performed
on each playback, a better comparison would count each playback
only once. Table 6.2 lists all playbacks that showed significant
differences between control and experimental distributions of
sightings. Of the seven playbacks, three showed apparent
approach and four showed apparent avoidance. The strongest
response was observed with Air Gun Experiment #2, the first air
gun test at close range. If the same whales remained in our
study area, the later lack of response may reflect habituation to

the air gun stimulus.
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Drillship 2, 28 Aug 84
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TABLE 6.2.

20
22
22
24
26
27

28

Date
August
August
August
August
August
August

August

5851 BBN Laboratories Incorporated

LIST OF EXPERIMENTS SHOWING SIGNIFICANT DIFFERENCES
BETWEEN EXPERIMENTAL AND PRE- OR PRE- AND POST-
EXPERIMENTAL CONTROL PERIODS. THE RESPONSE OF WHALES
IS EVALUATED AS APPROACH OR AVOIDANCE DEPENDING ON
WHETHER THE CUMULATIVE DISTRIBUTION OF WHALE SIGHTINGS
DURING STIMULUS PRESENTATION IS AT CLOSER OR FARTHER
RANGE THAN THE CONTROL DISTRIBUTION.

Stimulus Response
1984 Drillship Avoidance*
1984 Air Gun #2 Avoidance
1984 Air Gun #3 Approach
1984 Air Gun #4 Avoidance**
1984 Air Gun #7 Approach
1984 Production Platform Avoidance
1984 Drillship Approach
0 to 2 km

*Primarily caused by drift of source vessel away from whales.

**Insignificant in range 0 to 1 km.

(=2
1

23
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6.3 Pooled Air Gun Results

Two factors make pooling of different experiments difficult
to interpret. 'First, experiments were performed in different
sites with different characteristics of sound propagation. This
means that the same stimulus sensed at the same range in two
different sites may yield different received sound levels. For
this reason, we scaled the pooled results against received level
as well as range. Second, the whales' behavior and movements
changed from day to day and site to site, so each experiment can
most appropriately be compared only with a control from an

adjacent time period.

With recognition of these problems, we pooled results from
all of the air gun experiments in order to test whether the
apparent lack of avoidance response might result from relatively
small sample sizes., Figure 6.14 shows the cumulative distribu-
tions and density of sightings as a function of range from these

merged air gun experiments.

Figure 6.15 shows the cumulative distribution and density of
sightings as a function of received level for the merged air gun
experiments. Received levels were calculated using the trans-
mission loss characteristics for each experiment. Received
levels calculated for control periods were the levels that whales
would have experienced had the source been on. Most sightings

were exposed to levels of 150 to 160 dB.

There were no significant differences between experimental
and combined pre- and post-experimental control distributions in

spite of sample sizes of > 300 in both distributions.

However, as Table 6.3A demonstrates, there were highly

significant differences between experimental and either pre-
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TABLE 6.3. STATISTICAL RESULTS FROM MERGING ALL AIR GUN
EXPERIMENTS OR ALL PLAYBACK EXPERIMENTS. RESPONSES
ARE SCALED AGAINST RECEIVED LEVEL. p VALUES GREATER
THAN 0.05 ARE LISTED AS N.S. (NOT SIGNIFICANT).

A. Merged Air Gun Experiments

Condition Number of Sightings

Pre Control 192

Air Gun 363

Post Control 123

KS oM

Pre Control vs Exp. p < 0,001 0.001 < p < 0.010
Pre and Post Control vs Exp. N.S. N.S.
Post Control vs Exp. 0.01 < p < 0,025 0,001 < p < 0,010

B. Merged Playback Experiments

Condition Number of Sightings
Pre Control 276
Playback 147
Post Control 83
kS cvm
" Pre Control vs Exp. p < 0.001 p < 0.001
Pre and Post Control vs Exp. 0.005 < p < 0.01 N.S.
Post Control vs Exp. p < 0.001 p < 0.001
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experimental or post-experimental control conditions. Figure
6.16 shows why each half of the control yielded such a signifi-
cant difference while combined controls showed no effect. During
the pre-experimental control condition, whales were significantly
closer to the source than during experimental conditions, while
during the post-experimental control condition, whales were
significantly farther from the source than during experimental

conditions.

These results could indicate one of two possibilities. When
we started an experiment we would position the observation
vessels in the middle of a group of feeding whales, as close to
the center of concentration as possible, and we would position
the air gun source vessel also close to the whales. Once we
started the pre-experimental control, the source vessel either
ran a pre-established course, or slowly drifted away from the
whales., These results could simply result from the drift of the
source vessel, or random movement of whales away from the center
of concentration where we started the experiment. On the other
hand, these results are consistent with a potential response
where whales started moving away from the source during the
period of exposure and continued to move away during the post-

experimental control period.
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A separate test was performed to discriminate between the
boat drift and continued whale avoidance interpretations. This
test assumed that whales would not show any motion away from the
sound source during the pre-experimental control. In order to
perform the test, each pre-experimental control period was divi-
ded into two equal time periods. Whale sightings from the first
half of each period was accumulated in a nominal ”"Control"
distribution while sightings from the latter half were accumu-
lated in a nominal "Experimental" distribution. Figure 6.17
shows the results for the merged air gun experiments. Since
whales were closer to the source during the first half of the
pre-experimental control period, this test supports the boat
drift interpretation. The difference between the two distri-
butions scaled to received level is significant to p < 0.010 (KS

statistic).

It was not possible to make one scatter plot of the merged
whale sighting positions since the data were obtained at differ-
ent sites. Instead, plots of range vs time after onset of
stimulus during merged pre-experimental periods (Fig. 6.18) and
merged air gun experimental periods (Fig. 6.19) were produced to
allow inspection for avoidance at any combination of range and
duration. In this figure sightings from different air gun test

periods are represented by different symbols,.

These plots are designed to show if the presence of the
NANCY H, resulted in avoidance of the region near the vessel
during the pre-experimental control periods and further show if
the air gun pulses during the experimental periods produced
avoidance behavior. Since time information is retained in this
type of presentation, any transient reactions of the whales to
either the presence of the vessel, or to the start of the air gun
source would be shown as general movement in the sighting posi-
tions as a function of time after the start of the control or

stimulus periods.
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Controls Preceding Airgun Runs
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No obvious movement patterns can be seen in either the control or
the experimental data.

Because the various test areas had different acoustic
propagation conditions, the scatter plots in Fig. 6.20 and Fig.
6.21 were also developed to show the sighting data as a function
of received level. As seen in Fig. 6.21, the data for Air Gun
Test 3 had whale sightings in the highest sound exposure range
with the sightings at the highest levels occurring about 30 min.
into the test. No clear avoidance pattern can be seen in the

sighting data for any of the tests.

6.4 Pooled Playback Results

As in the case of the air gun experiments, there are
problems with pooling different playback experiments, The
different playback stimuli might elicit different patterns of
response as was observed for migrating gray whales (Malme et al.
1984). Whales on different days might be engaged in different

activities with different patterns of response to noise.

Not only did the sound propagation conditions vary from
playback to playback, but the different playback stimuli had
different source levels. It is thus meaningless to scale pooled

playback sighting distributions to range from the source.

With these caveats, we pooled playback results as a function
of received level to test whether the apparent lack of an avoid-
ance response might result from the relatively small sample sizes
associated with each individual playback., Figure 6.22 shows the
cumulative distribution and sighting density for stimulus and

combined pre- and post-playback control conditions,

As the results of Table 6.3B indicate, there were highly
significant differences in either the pre- or the post-playback
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control distributions compared with the experimental distribu-
tion, but this effect is much less significant comparing the
combined pre- and post-playback distributions to the experimental

distribution.

This result is similar to those from the pooled air gun
experiments, and it stems from the same reason. Inspection of
Fig. 6.23 shows that the distribution of whale sightings shifted
progressively farther from the source in the pre-playback control,
experimental, and post-playback control distributions, As with
the air gun experiments, the pre-playback control periods were
divided in half and these two distributions were compared to test
if this progressive increase was due to boat drift or to whale
response to sound. The two distributions scaled to received
level were significantly different (p < 0.001 ks test). The
distributions are plotted in Fig. 6.24 which shows that whales
were already farther from the source during the second half of
the pre-playback control, a result consistent with the boat drift

interpretation.

The significant difference between the combined pre- and
post-playback distributions is probably due to the dominance of
pre-playback control sightings compared to post-playback sight-
ings. As Table 6.3 shows, the number of sightings was relatively
balanced for the merged air gun control periods, which showed no
significant differences in experiment vs combined controls. 1In
these experiments, the effects of boat drift evidently cancelled
out because of the well balanced controls, but the merged play-
backs had extremely unbalanced samples in pre- and post-playback
controls, 276 vs 83. Here, the combined pre- and post-playback
distributions were heavily weighted by the large closer pre-

playback sample.
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Figures 6.25 and 6.26 show all whale sightings made during
the merged playbacks scaled for time since stimulus onset as a
function of received level. These show no obvious pattern of

avoidance at any combination of levels and times.,

6.5 Analysis of the Temporal Distribution of Sighting Data

Some researchers have reported increased blow rates after
the onset of a disturbing stimulus. We were unable to gather
blow rate or down time data on individual whales. But since we
were able to record almost every whale surfacing within an
approximately 5 km range, our data should show an increase in
sightings just after stimulus onset if individual whales are

surfacing more frequently.

Investigation of plots of range vs. time after stimulus
onset showed no obvious pattern of increased sightings following
onset of playback. We developed a statistical test for the
hypothesis that our sighting rates were higher in the first part
of our playback periods. Since we did not have any expectations
as to the exact timing or range dependence of a possible
response, we used as assumption free a statistical test as
possible. We used a distribution-free rank-order statistical
test to measure the probability that the median sighting occured
in the first half of the exposure period, as predicted by the
increased blow rate model, or in the second half. In two out of
eleven playbacks, the probability that the median sighting
occurred in the first half of the period was greater than 0.95,
indicating a significant validation of the hypothesis. However,
in 3 of the 22 pre- or post-experiment control periods, the
probability was also > 0.95 even though there was no stimulus
onset. There were also 3 out of 22 control periods when the
probability was, less than 0 to 0.05. This indicates a large

degree of variability in the sighting conditions and range to
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to whales. Thus, this temporal analysis of sightings gives some
support to the hypothesis that sightings increase after the onset
of playback, but the result is weak.

6.6 Specific Behavioral Observations

On three occasions during air gun experiments, we observed
what we believed were startle responses by individual whales
under observation prior to the onset of air gun firing. We also
observed what may have been the use of a sound shadow by a group

of two whales,

These three incidents were the only reactions we observed in
the field which we could tentatively attribute to experimental
conditions., Startle reactions by whales to loud noise have been
reported on many occasions in the marine mammal literature (see
Malme et al. 1983 and Appendix A of the present réport).

On 22 August, the VARUA was located 100 to 200 m west of
Round Rock in a concentration of approximately 30 humpback whales
that were presumed to be feeding because of their surface be-
havior and numerous red patches of feces in the water. A single
whale, labeled #13 in our field notes, was logging or "resting at
the surface" within 200 m west of the VARUA. The air gun began
firing at 1153. At that time the experimental boat, the NANCY
H., was 3.2 km WSW of the VARUA. At approximately the same time
as the air gun was activated, whale #13 was observed to stop
logging and move rapidly to the south. Although none of the
other whales under observation were seen to exhibit this be-
havior, it was noted at the time that by 1200 most whales in the
area appeared to be moving to the south. By 1230, visibility

conditions were very poor because of heavy fog, however, the
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number of loud, in-air exhalations near the VARUA led us to

believe that many whales were now moving north through the area.

The fourth air gun experiment was conducted on 24 August
between 0943 and 1146. We were stationed in Hobart Bay. It was
noted in our field notes that there were a number of logging
whales in the area, however the overall behavior of the whales
under observation could not be determined. Two whales, labeled
Group B in our field notes, were logging at the surface at least
from 1008. Within seconds after the air gun was activated (1015)
both whales in Group B blew and surfaced higher out of the water
than had been observed previously. Both whales raised their tail

flukes and dove, moving rapidly in a SSW direction.

Later in the afternoon of the 24th (1426-1639), we conducted
our fifth air gun experiment west of Sunset Island. The behavior
of the whales in the area could not be determined. A group of
three whales, labeled Group A in our field notes, was moving to
the south when the air gun began firing at 1500. 1In the next 11
minutes, this group made a number of direction changes. By 1501
the group was observed moving to the east, At 1507, personnel
aboard the VARUA observed the group heading in a northerly direc-
tion. The group was then seen moving to the northwest at 1509.
By 1511, Group A was moving south, their original heading. this
group was still heading in a southerly direction until at least
1521. At the start of our observations, Group A was within 1 km
of the NANCY H. and was estimated to be experiencing stimulus
levels around 160 dB (re 1lyuPa).

During the first air gun experiment on 22 August, we
observed what may have been the use of a sound shadow by a pair
of whales. Approximately 30 minutes after the onset of seismic
noise a group of two whales was observed to move south then

around to the east side of Round Rock. This movement placed
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Round Rock between the whales and the experimental vessel, the
NANCY H. The interpretation that this group was using Round Rock
to effectively lower the sound level that they were receiving
remains speculative., However, similar incidents involving the
possible use of a sound shadow by humpback whales were reported
by Jurasz and Palmer (1981) and Malme et al. (1984), reported
that gray whales may, on occasion, exhibit similar behavior.

6-46
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7. INTERPRETATION AND APPLICATION OF RESULTS

7.1 Interpretation of Results

The locations of whale sightings during these controlled
noise exposure experiments were measured in order to test whether
whales avoid an area surrounding an active sound source, A
statistically significant difference in sightings from control
and experimental distributions could be interpreted as an
avoidance response if there were more sightings at close ranges
in the control distribution than in the experimental one. The
shift in distributions would have to start only after the onset
of playback. If the response scaled with range from the source,
showing a greater avoidance at higher sound levels, this would
provide even stronger evidence that the whales avoided the

sounds.,

The results of the meryed air gun and merged playback
experiments both show highly significant differences in sighting
distributions from pre-playback, experimental, and post-playback
periods with whales progressively being sighted farther from the
sound source. But an equally significant difference is obtained
if one compares the first halves of the merged pre-experiment
control periods to their second halves (Figs. 6.17 and 6.24).
Since this continual steady increase in the distance between
whale sightings and the sound source occurred even before the
sound started, it can be interpreted as a consequence of drift of
the sound source vessel and whales., Since we started all experi-
ments by positioning the sound source close to the whales, even
random whale motions would tend to increase the ranges of

sightings.

Our response measures were thus sensitive enough to find a
significant effect from boat drift but do any of the responses
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scale with sound level in a way consistent with our avoidance
model? A probability of avoidance measure was developed in our
previous study of migrating gray whales (Sec. 8,2, Malme et al,
1984) to quantify avoidance as a function of received sound
level. For the gray whale study, we were able to follow the
tracks of most groups of whales, and the response measure used
for the probability of avoidance analysis was track density at
the closest point of approach to the sound source,

Since we were unable to follow individual humpbacks or
groups of humpbacks in the present study, the only measure we
could use for probability of avoidance analysis is the density of
sightings calculated as described in Sec. 3.4.2 of this report,

The probability of avoidance P, at a particular exposure
level is calculated as:
(P (Lg) = P(LL))

(7-1)
PC(LR)

Pa(LR)

where P, is the density of sightings under control conditions,

and

P. is the density of sightings under stimulus conditions.

s
This index becomes 1 if no sightings are found under stimulus
conditions, 0 if equal sightings are found under stimulus and
control conditions, and negative if more sightings are found
under stimulus conditions than under control conditions.* Where
sample sizes are very small, this index shows large swings even
for insignificant differences so P, was only calculated for

received levels where more than 2 sightings occurred within a

*If Pg(Lp) > Py (L ), the denominator in Eq. (7-1) should be
Pg (L ) §o obtaln the correct normalization., This case is really
approach rather than avoidance.
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2.5 dB increment, Increments of 2.5 dB were selected as
appropriate for the measurement precision in range observation

and in sound level calibration.

Figure 7.1 shows the result of probability of avoidance
analysis for the merged air gun experiments and Fig. 7.2 shows
the result for merged playbacks. The equivalent results from the
gray whale study are indicated with a dotted line. For the gray
whale study, migrating gray whales exposed to air gun pulses or
each of the five playback stimuli showed a generally monotonic
increase in probability of avoidance as a function of received

level.

For the merged air gun experiments, not only does the
probability of avoidance not increase with increasing sound
level, but at the received levels where avoidance was observed,
the humpbacks showed negative P, or apparent approach. The
merged playback experiments also show highly variable probability
of avoidance, but at the highest levels (> 110 dB) there does
appear to be an increase in P, slightly greater than, but

paralleling the increase for the gray whale track data.

Given the amount of apparently random fluctuation of P, at
lower received levels, this apparent avoidance between 110 and
115 dB should be retested in an experiment preferably including
exposure to higher levels as well. Overall, the random
fluctuations of P, as a function of Ly give no strong evidence of
a systematic avoidance response of feeding humpbacks comparable

to the obvious responses of migrating gray whales.

while the probability of avoidance analysis provides a
powerful method to quantify systematic avoidance responses, it
does not incorporate a measure of the significance of each P

estimate. This varies as a function of the sample size for each
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L increment. How do the sample sizes of the humpback and gray

whale studies compare?

Figures 7.3 and 7.4 show the sample sizes of merged air gun
experiments for feeding humpbacks and migrating gray whales,
respectively. These samples are not directly comparable because
each gray whale track was made up of many sightings, but they
both served as measures for the probability of avoidance
calculations., The important area to compare these distributions
is for received levels above 165 dB where gray whales showed a
significant response. A total of 36 humpback sightings and 34
gray whale tracks were counted above this level under stimulus
conditions, while 22 humpback sightings and 23 gray whale tracks
were counted in control conditions at ranges at which they would
have been exposed to levels above 165 dB had the source been
on. Thus, the sample sizes for both sets of experiments are
quite similar, so low sample size seems an unlikely explanation
for the lack of humpback avoidance, unless tracks are much more

sensitive measures than individual sightings.

7.2 Application of Results

As shown in Figs. 7.3 and 7.4, a comparable number of hump-
back whales were exposed to sound levels which produced an
avoidance reaction in migrating gray whales. Thus, in the
absence of evidence showing that humpback whales are adversely
aftected by short-term exposure to the noise levels achieved in
the study, it seems that the avoidance criteria derived from the
gray whale study could be used as a conservative interim guide
for the maximum industrial noise exposure for feeding humpback

whales,
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Tables 7.1 and 7.2 summarizing the gray whale results,
obtained from Malme et al. (1984), are repeated here for con-
venience. The effective range values given in Table 7.2 are
based on sound propagation conditions off the California coast.
No attempt at correction for application to the southeast Alaska
test area has been made since that would be applying conjecture
to conjecture in view of the observed highly-variable sound
propagation conditions. Application of site-specific sound
propagation measurements or estimates is most important for
determining the minimum range for a seismic array. The other
sources have a much shorter minimum range and hence are less

affected by sound propagation variability.




01-L

TABLE 7.1. COMPARISON OF PROBABILITY OF AVOIDANCE LEVELS FOR THE TEST STIMULI. (Malme et al. 1984)

stimulus Level, dB re 1y Pa

Drilling Production sSemi-~- Avg. Air Gun
| 79 Drillship Platform Platform Helicopter submersible Playback (Seismic Array)
0.1 110 114 120 115 115 115 164
8.5 117 117 123 120 120 119 170
0.9 122 >128 >129 >127 >128 >127 >180

TABLE 7.2. BEFFECTIVE RANGE IN TEST AREA FOR P, = 0.5. (Malme et al. 1984)

brilling Production Semi-

Drillship Platform Platform Helicopter submersible Air Gun Seismic Array5
Sound Level  136{1} 89 109 103(3) 101 180 212 (dB re 1luPa)
at 100 m (109)2 (118) (118) (111)
Sound Level 117 117 123 120 120 170 170 (dB re 1lyPa)
for P,=0.5
Required 19 ~28 -14 -17 -19 10 42 (dB re 1 m)
TL Change (-8) (-5) (~2) (-9)
Est. Range 1.1 km am 20 m 14 o4 1w W0 m 2.5 km
for P,=0.5 (40 m) (56 m) (79 m) (35 m)

Notes: (1)

(2)

Estimated sound
original source

Estimated sound

level at 100 m tor broadband or summed tonal components of
included with good fidelity in playback (from Table 3.1).

level at 100 m of loudest low treguency tonal components of

original source not reproduced adequately by playback (from Table 3.1).
{3) These levels are estimated tor a direct flyover at an altitude of 100 m.

(4) These values are altitude predictions for producing 120 dB in the water at
a point just below the surface for a direct flyover.

(5) Data from Report Malme et al, 1983, array orientation-broadside.

(6) Referred to transmission loss at 100 m.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Comparison of the distribution of whale sightings under
control and stimulus conditions showed no clear avoidance
response of whales. Of the 13 air gun and playback experiments,
seven yielded significant (p < 0.05) differences, but three of
these seven showed an apparent approach response while only four
showed apparent avoidance. Of these four "avoidance" responses,

one is more a result of boat drift than whale movements,

One might interpret the significant approach or avoidance
responses as differential responses to the different playback
stimuli, but this is unlikely for several reasons. The only
stimulus to yield more than one significant response was the air
gun, and this stimulus evoked both approach and avoidance
responses, The significant responses did not appear to scale
with range, and were not stronger closer to the stimulus as one
would predict if they were responses to the received level of the
stimulus, When these same stimuli were played back to migrating
gray whales (Malme et al. 1984), they all evoked statistically
significant avoidance responses. There was no suggestion that

gray whales approached any of these stimuli.

It appears more likely that the significant movements of the
humpbacks were either a response to some stimulus other than our
playbacks or were due to the effect of drift of the sound source
vessel. During many of these playbacks, whales were apparently
feeding. In some cases, they worked against currents to remain
in one location, while in others they showed highly variable but
coordinated movement patterns. Both kinds of movement could have
yielded significant apparent responses, but were more likely a
result of feeding patterns than of the influence of our sound

source.
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The method for localizing whales from two boats developed
for this study worked successfully in our application although it
was not as easy nor as precise as land-based theodolite localiza-
tion. We were unable to track individual whales for useful .
periods of time, but were able to localize most whale surfacings
sighted within approximately 5 km of the sound playback source.
The sighting range error was estimated to be less than 10% within
1 km.

8.2 Recommendations

We recommend that the sound exposure levels which were found
to produce observable avoidance for migrating gray whales be
considered as interim exposure level criteria for humpback
whales. A given avoidance probability level, such as 50%, can be
selected and the associated exposure levels for the various
industrial sources, as given previously in Table 7.2, can be used
as guidelines. These exposure levels together with source level
information for a given industrial source and site-specific
transmission loss data can be used to estimate the zone of
influence for an existing or planned industrial activity which
may impact feeding humpback whales. These interim exposure level
criteria can be modified as data from further experiments with
feeding humpback whales become available. Recommendations for

these experiments are presented in the following discussion,

Our methods were designed to detect an avoidance response
within a group of whales, While observers paid attention to any
possible response, our methods were not sensitive indicators of
all potential responses., For example, if whales stopped feeding
but did not move away from the playback source, we would not
necessarily have detected it. Since we were unable to follow
individual whales, we were also unable to test whether a small

fraction of the population was particularly sensitive to playback.
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These questions would be better addressed by concentrating
on responses of focal animals which are kept under close observa-
tion. This might be best performed with the implantation of
radio tags equipped to telemeter depth of dive or heart rate.
Data from such a study on movements, surface time, dive time,
depth of dive, and physiological responses, would be a useful
supplement to the overall approach/avoidance responses which were

the focus of this study.

We were unable to expose feeding humpbacks to sound levels
of our experimental stimuli loud enough to evoke unequivocal
avoidance responses., It would be very difficult to expose
feeding humpbacks to higher sound levels without either boosting
source level, approaching whales during playback, or eliminating
the pre-exposure control period. In the present study, we
positioned the source in the middle of a group of humpbacks at
the start of an experiment. But by the start of playback, the
whale concentration often had changed and moved beyond the source
range of a few hundred meters which was found to be required to
evoke a response in gray whales. This drift is unavoidable given
our experimental design. Even if the sound source were moored
during each experiment, the often erratic movements of feeding

whales would be likely to produce the same effect.

One approach to alleviate the problem for the air gun
source, which is usually moving for seismic surveying, would be
to plan a series of passes near feeding whales with a randomized
schedule of source on or source off, For playback tests simulat-
ing sources which are usually in a fixed location, long-term
studies should be made wherein a controlled industrial noise
source is located in a previously established humpback whale
feeding area. This would permit observation of day-to-day
feeding patterns to determine if any general avoidance of the
area near the source occurred over the course of a season.
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This type of study should be coupled with a study of focal
animals so that any habituation which occurred for resident

animals could also be detected.

A study of the response of humpback whales to a full-scale
seismic array would provide information on their behavior in the
presence of the loudest industrial noise source. This type of
source would expose humpbacks to sound levels loud enough to
elicit an avoidance response if they respond similarly to

migrating gray whales.
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APPENDIX A: THE EFFECT OF SEISMIC OPERATIONS ON MARINE MAMMALS;
A LITERATURE REVIEW UPDATE

In 1983, we reviewed the literature on the effects of off-
shore o0il and gas exploration and development on baleen whales
under contract #AA851-CT2-39 for the Minerals Management Service,
Anchorage (see Malme et al. 1983, Appendix A). This review was
undertaken in order to better understand past research in this
area and to put our own experimental work on migrating gray
whales (Eschrichtius robustus) in proper perspective. The
results of this literature review revealed that there has been

little experimental work done to assess the acoustic effects of
offshore industrial development and related activity (i.e., boat
tratfic, helicopter transport, etc.) on baleen whales. Many of
the reports of responses of whales to acoustic stimuli are anec-
dotal in nature and ancillary to other work which was conducted
(i.e., censusing, survey work, etc.). However, a few recent
studies have been dedicated to determining, experimentally, the
possible effects of these sounds on marine mammals. Some of
these studies were reviewed by Malme et al. (1983). These
studies include work on the bowhead whale (Balaena mysticetus) in
the eastern Beaufort Sea, the humpback whale (Megaptera
novaeangliae) in southeast Alaska (Baker et al. 1982, 1983), the
gray whale in the lagoons of Baja California, Mexico (Swartz and
Jones 1978, 1980, 1981, 1983, and recent work by Dahlheim) and
our own work on migrating gray whales along the central
California coast (Malme et al. 1983, 1984).

One of the major acoustic sources associated with offshore
industrial development is seismic profiling. Since completion of
our literature review in 1983, several new and relevant publica-
tions have been released that present the results of studies on
the effects of seismic activity on baleen whales. It is the
purpose of this brief literature review to update our 1983 report

with regard to these studies. As this present report is an
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extension of our above mentioned contract coverinyg our gray whale
work (see Malme et al. 1983, 1984), we will not review the
results of our seismic experiments here, but refer the reader to
these two reports for review, Also, in Malme et al. (1984), a
history of offshore seismic surveying in California is presented
investigating potential relationships with the migration char-
acteristics of gray whales in that region.

Richardson et al. (1983) completed a report entitled:
"Effects of offshore petroleum operations on cold water marine
mammals: A literature review." This report was prepared for the
American Petroleum Institute, Washington, DC. In this extensive
review, the authors address a variety of topics that are of
interest to those working in this subject area. Among the topics
covered include general background information on underwater
acoustics, sources of noise associated with offshore exploration
and development, sound propagation in water, sound production
capabilities of both toothed and baleen whales and also pinni-
peds, a review of the status of knowledygye on hearing in marine
mammals, zones of influence, and the documented response of
marine mammals to noise - including a section on reactions to
seismic profiling and shock waves., This is an excellent litera-
ture review of available (October 1983) knowledge on the subject.

Reeves et al. (1983) reported on their work monitoring the
behavior of béwhead whales in the presence of seismic operations
in the Alaskan Beaufort Sea. Observations were made trom a
Grumman Goose (G21C), twin-turbine, high-wing configuration air-
craft flying at altitudes of between 411 to 457 m (above sea
level - a.s.l.). Behavioral observations were made on six days
during the period from 14 September to 2 October, 1982. On 14
September, a possible response to the onset of seismic activity
was observed. A spread out assemblage of approximately 18 bow-

heads were noted. These whales were in groups ranging in size
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from 1 to 6-7 individuals, with group separation between 0.25 to
1 Km. Orientation of individuals was termed random and both
synchronous and asynchronous surfacing patterns were observed. A
"quiet" seismic vessel was within 3 km of the whales. The vessel
began shooting at 1502 and by 1530, the observers noted a
complete change in the behavior of the whales, Most of the group
had come together into one assemblage with a few single whales
within 1 km of the coalesced group., The members of this close-
together group of 12 to 14 individuals were synchronized in their
surfacings and in close proximity, orienting towards each

other. A similar incident was noted on 15 September. On this
occasion, the whales were 9 km from the seismic vessel. Reeves
et al, speculate that the onset of seismic sound may have caused
this behavior, however they state that without experimental
control, this interpretation remains speculative. They also
observed, on 24 September, a group of 6-7 bowheads exhibiting a
similar behavior, however in this incident no seismic sounds were

detected over the sonobuoy.

This same type of behavior, termed "huddling," was also
reported by Ljungblad et al. (1984a) during aerial survey work in
the Beaufort Sea. This response was noted as possibly being
caused by the approach of the survey aircraft (Grumman Turbo
Goose-~G21G) flying at an unspecified altitude of between 305 to
460 m (a.s.l.). On two different occasions, single concentra-
tions of 5 bowheads, with each whale in the group separated from
the others by 100 to 500 m, were seen to come together "...with
their heads nearly touching either lateraly or rostrum to
rostrum” (p. 66). The whales coalesced within 5 minutes of the
aircratt's approach., This response may have resulted from the
onset of loud noise, however, as Ljungblad et al. note, this

interpretation is speculative,
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On 23 September, two individually identifiable bowheads were
observed by Reeves et al, in an assemblage of approximately 13
whales, 38 km away from a seismic vessel. Observations were made
during and after seismic blasts. The altitude of the aircraft
was 457 m (a.s.l.). No close contact was noted and the group of
whales was catagorized as resting or moving slowly throughout.
Respiration data was taken on the individually marked bowheads
during the observations. However, the data set was not suffi-

ciently large enough to test for significance.

A group of 20 bowheads was observed on 24 September under
pre-seismic and seismic conditions. This group of whales
included 6 to 7 whales exhibiting the "huddling" behavior noted
earlier. The altitude of the aircraft was 457 m (a.s.l.). The
number of blows per surfacing and the surface time of individual
whales was found to be significantly greater just after the
seismic impulses started than before them. At the time of the
observations, the seismic vessel was 135 km from the whales,
Again, on 25 September, the authors had the opportunity to
observe whales under both conditions (altitude of aircraft -~ 457
a.s.l.), however, on this occasion the whales, two individually
identifiable bowheads, were seen under seismic and post-seismic
conditions. This time the number of blows per surfacing and the
surface time were greater right after the seismic vessel stopped
shooting, however, the results were not statistically signifi-
cant. Based on available data, the seismic vessel was determined
to be 154 Km from the whales,

In summarizing, Reeves et al. (1983) stressed that the
behavioral changes noted above may have been the result of
variety of factors, including, but not limited to, water depth,
group size and composition, or the various behaviors in which the
whales were engaged at the time of the observation. They comment
on the need for experimental control when assessing the effects

of seismic profiling on marine mammals.
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Ljundblad et al. (1984b) attempted to conduct controlled
experiments on the effects of seismic profiling on bowhead whales
in the Beaufort Sea during the fall of 1983, however, severe ice
conditions in the study area precluded any experiments. Observa-
tions were carried out using a deHavilland Series 300 Twin Otter
with two turbo-prop engines and high wing configuration.
Behavioral observations were conducted at an altitude of approxi-
mately 460 m (a.s.l.). The following criteria were used in
categorizing undisturbed whales: 1) altitude of aircraft not
below 457 m (a.s.l.), 2) "...no moving vessel within 5.0 km of
the whales, and 3) no underwater industrial activity noise could
be heard via sonobuoys monitored in the aircraft" (p. 24).
Although no controlled experiments could be conducted, a limited
amount of respiration data was collected on whales exposed to
seismic noise and whales that were presumably undisturbed. On
the three days when useable data was collected on whales exposed
to seismic activity, the operatiﬂg vessels were 42 to 57 km from
the whales. Results of the analysis found that: 1) the number
of blows per surfacing was significantly lower for whales that
were exposed to seismic operations, 2) blow intervals were longer
for potentially disturbed whales, however, not significantly, and
3) the length of surfacing and length of dive were not signifi-
cantly different when the two conditions were compared, but
showed a tendency to increase during potentially disturbed
periods. Ljungblad et al. (1984) then compared their findings
with those of Reeves et al. (1983). They note that in 1982, the
whales under study were characterized as milling and possibly
feeding as opposed to the whales in 1983 which were characterized
as travelling. Comparisons were also made with observations made
during the summer. Based on the outcome of their field season,
Ljungblad et al. (1984) delineated two conditions which should be
met in the future, in order "...to successfully conduct seismic/
bowhead behavior studies..." (p. 72): 1) light ice conditions
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should prevail to allow for arranged movement of seismic vessels,
and 2) the whales under study "...should be non-travelling, e.g.,
whales feeding or milling in an area for extended periods of
time, to facilitate resighting of individuals and the documenta-
tion of any progressive changes in their behavior during an

experiment" (p. 72).

Richardson et al. (1984), in their fourth report on the
effects of offshore industrial noise on bowhead whales in the
eastern Beaufort Sea, observed whales near operating seismic
vessels on tour days, two in early August and two in late August,
early September, 1983. The vessels were 26 to 99 km from the
whales., It was estimated that the received sound levels to the
whales were at least 107 to 135 dB. They note that there was a
possible overload in their receiving equipment because of strong
pulses which would have made their received level estimates
conservative. Observations were carried out using two types of
aircraft: from 1 to 12 August, a deHavilland Series 300 Twin
Otter, with two turbo-prop engines, high-wing configuration was
used; and from 13 August on, a Britten-Normal Islander, with twin
piston engines, high-wing configuration was used. Behavioral
observations were conducted at altitutdes of 457 m or 610 m
(a.s.l.). Richardson et al, found that in 1983 no observed
response was noted to either the start-up or shut-down of seismic
operations. The values for the four surfacing and dive param-
eters used to access possible effects (mean number of blows per
surfacing, mean blow interval, mean surface time, mean dive time)
were not inconsistent with the range of values for presumably

undisturbed whales. They note that:

"The mean values of behavioral variables sometimes did
differ in the presence and absence of seismic noise.
However, when all available data from 198(0-83 were
considered, the directions of the apparent effects were
not consistent, and the overall trends were not
statistically significant." (p. 159)
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They also examined several other behavior variables in the
presence and absence of seismic operations. Using four rate of
movement categories (no movement, slow, medium, or fast), no
differences were noted between seismic/no seismic conditions.

The rate of turning during surfacings on 31 August and 1
September, when whales were exposed to seismic operations, was
founda to be significantly less when compared to the presumably
undisturbed period, 22 August - 1 September. This difference was
not found when data from earlier years were analyzed. Data
gathered on 7 and 9 August could not be compared to a control
period because of sample size. No difference in the number of
predive flexes was noted between seismic/no seismic conditions
from 22 Auygust through 1 September.* Again, low sample size
precluded comparison of the data from 7 and 9 August. When
comparing the incidence of whales raising their flukes above the
water's surface when diving, a significant increase was noted
during the seismic period, 31 August, 1 September, when compared
to the presumably undisturbed period 22 August through 1 September,
This increase could possibly be explained by behavioral activity
differences between the two periods. Again, low sample size
precluded comparisons during the first part of August. A
comparison of the rate of bowhead sound production and sound type
between seismic/no seismic periods was also made. No statistical

difference was detected,

A single air gun experiment was conducted on 28 August.
Data collected on the four surface and dive variables durinyg pre-
air gun and air gun conditions showed a trend for an increase in
mean blow interval and a reduction in mean length of surfacing

and mean number of blows per surfacing. Sample sizes during the

*predive flex is ".,..a distinctive concave bending of the back,
with the back about 0.5 m to 1 m below the level of the rostrum

tip and the tail." (Wursig et al. 1984, p. 40.)
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ailr gun exposure period were low, however., When the results from
the three air gun experiments conducted during 1981 and 1983 were
pooled there was a trend for the number of blows per surfacing
and the mean length of surfacing to be reduced during air gun
periods. The mean blow interval showed a significant increase
during air gun periods. A comparison of the other behavioral
indicators mentioned above showed no significant differences.

Regarding the effects of seismic operations and air guns on

the behavior of bowhead whales, the authors conclude:

"Overall, our results show that behavior of bowheads
summering in the Canadian Beaufort Sea is not altered
in a conspicuous, consistent manner by noise from
seismic vessels 6 km or more away or by a single air
gun simulating such a vessel." (p. 170.)

They also stress the need for higher received levels of seismic
noise and controlled experiments that can be replicated in order

to determine if bowheads are effected by seismic operations.

In summary, these reports add to our knowledyge of the
effects of seismic operations on marine mammals, particularly the
bowhead whale. However, they emphasize the fact that on at least
this species, controlled experiments with higher received levels
of seismic noise are needed in order to determine the effect of
seismic profiling. Again, we would like to refer readers to two
main literature reviews on the effects of offshore oil and yas
exploration and development on marine mammals: Richardson et al.
(1983) and Malme et al. (1983).

I would like to thank the tollowiny individuals for sending
me copies of reports or for providing information on their
availability: Janet T. Clarke, Donald K. Ljungblad, Marilyn
Dahlheim, Dr. W. John Richardson, and Dr. Bernd Wirsig.
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APPENDIX B: SIGHTING POSITION PLOTS

This appendix contains computer-implemented plots of whale
sighting positions and sound source vessel positions during '
control periods (no sound emissions) and during experimental
stimulus presentation. These figures have been previously

discussed in Sec. 6.

To assist the reader in interpreting the figures, coded
symbols have been used to designate the source and whale sighting
locations., The symbol for a whale sighting represents either a
single whale or a closely-spaced group of whales. For the
stimulus periods the whale sightings have been coded to
distinguish sightings in successive 15-min. intervals after the
start of the stimulus. The track of the source vessel has also
been segmented into 15-min. sections if the source was in motion
during stimulus presentation. This was done to show the
relationships‘between the source location and the whale positions
as a function of time after the start of the stimulus. Source

movement direction is indicated by an arrow.

The plots show all whale sightings used in the analysis out
to a maximum range of about 5 km. Maximum accuracy in the
sighting locations was achieved within a range of 1 km where
errors of less than 100 m were estimated, based on the results
presented in Appendix D. The findings of this report depend
primarily on the data obtained within 1 km of the source., The
average error beyond 1 km is estimated to scale proportionally

with range.

Table 4.1 in Sec. 4 provides a summary of dates and time
periods for control and experimental conditions., The computer
header on each plot provides the applicable date, time and

location information for the data shown.
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FIG. B.4.a. SIGHTING POSITION DATA: AIR GUN #1 PRE-TEST CONTROL
PERIOD (22 AUGUST 1984).
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FIG. B.4.b. SIGHTING POSITION DATA: AIR GUN #1 OPERATION
(22 AUGUST 1984).
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FIG. B.4‘c.

SIGHTING POSITION DATA: AIR GUN #1 POST-TEST
CONTROL PERIOD (22 AUGUST 1984). i
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FIG. B.5.a. SIGHTING POSITION DATA: AIR GUN #2 PRE-TEST CONTROL
PERIOD (22 AUGUST 1984).
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FIG. B.5.b. SIGHTING POSITION DATA: AIR GUN #2 OPERATION
(22 AUGUST 1984).
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Legend: A = whale position x = source vessel position

FIG. B.5.c. SIGHTING POSITION DATA: AIR GUN #2 POST-TEST
CONTROL PERIOD (22 AUGUST 1984).
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FIG. B.6.a. SIGHTING POSITION DATA: AIR GUN #3 PRE-TEST CONTROL
PERIOD (22 AUGUST 1984).
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FIG. B.6.b. SIGHTING POSITION DATA: AIR GUN #3 OPERATION

(22 AUGUST 1984).
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Legend: A = whale position x = source vessel position

FIG. B.6.c. SIGHTING POSITION DATA: AIR GUN #3 POST-TEST
CONTROL PERIOD (22 AUGUST 1984).
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FIG. B.7.b. SIGHTING POSITION DATA: AIR GUN #4 OPERATION
(24 AUGUST 1984).
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Legend: A = whale position x = source vessel position

FIG. B.8.a. SIGHTING POSITION DATA:

AIR GUN #5 PRE-TEST CONTROL
PERIOD (24 AUGUST 1984).

Rew?22




Report No. 5851

£ CRIR FRCM FILE 24FUG.RNG
‘BL 2CF PCSITICN FROM FILE m.s NHC
2\ 1502 1C 801

3R Lad=)
ll"

{! .

-

1

8

BBN Laboratories Incorporated

bh%ﬁFéK'5;4*ﬁﬁﬁ%%306&97~«1£k5»¢9&“4¥§5§?

™

Z

w

#]

Whale Position

Interval (min) 0-15-30-45-end
Sighting code Do & +

FIG. B.8.b.

(24 AUGUST 1984).

R 2A

SIGHTING POSITION DATA:

Source Vessel Position

AIR GUN #5 OPERATION




Report No. 5851

7 ol FROM FILE £4HUG.RNG , LOWER LEF
~TIME 1601 TO 1639

BBN Laboratories Incorporated

*T CORNER A% N LAT 572500, W LONG 13343&@

=
\\\ .
w H
3 \
i
!
) \
> b
|
w 13
[
wa '
>
[~»
<>
a a
A ‘A
A AA
z. a
o a y
¥ - a
S L a

- i
‘{W,,n

T amep oompet
0*

-

Legend: A =

FIG., B.8.c. SIGHTING POSITION DATA:
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FIG. B.9.a. SIGHTING POSITION DATA:

AIR GUN #6 PRE-TEST CONTROL
PERIOD (26 AUGUST 1984).
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FIG. B.9.b. SIGHTING POSITION DATA: AIR GUN #6 OPERATION
(26 AUGUST 1984).
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Legend: A = whale position x = source vessel position

FIG. B.10.a. SIGHTING POSITION DATA: AIR GUN #7 PRE-TEST CONTROL
PERIOD (26 AUGUST 1984).
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F1IG. B.10.b. SIGHTING POSITION DATA: AIR GUN #7 OPERATION
(26 AUGUST 1984).
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FIG., B.,11l.a. SIGHTING POSITION DATA: SEMI-SUBMERSIBLE RIG PRE-
TEST CONTROL PERIOD (26 AUGUST 1984).
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FIG. B.1l1l.b. SIGHTING POSITION DATA: SEMI-SUBMERSIBLE RIG
PLAYBACK (26 AUGUST 1984).
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Legend: A = whale position x = source vessel position

FIG. B.l2.a., SIGHTING POSITION DATA: PRODUCTION PLATFORM PRE-
TEST CONTROL PERIOD (27 AUGUST 1984).
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FIG. B.12.b. SIGHTING POSITION DATA: PRODUCTION PLATFORM PLAY-
BACK (27 AUGUST 1984).
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Legend: A = whale position x = source vessel position

FIG., B.12.c. SIGHTING POSITION DATA: PRODUCTION PLATFORM POST-
TEST CONTROL PERIOD (27 AUGUST 1984).
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FIG. B.13.a. SIGHTING POSITION DATA: DRILLSHIP PLAYBACK
(28 AUGUST 1984).
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APPENDIX C

PLAYBACK STIMULI SPECTRA
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APPENDIX C: PLAYBACK STIMULI SPECTRA

This appendix contains a set of 1/3 octave band spectra for
each of the playback stimuli used in the study. Spectra for both
the original recording dub and the playback are included for
comparison. The playback spectra were obtained by analyzing the
recorded output of the projector monitor hydrophoﬁe located 6 m
from the projector system. The projector depth for all playbacks
was 12 m., Spectra from analysis of the original recording dub
are shown with their relative level adjusted to facilitate
comparison with the playback spectra. Note that some of the
industrial stimula used were obtained from recordings having
considerable fluctuation in level and spectrum content. Thus, it
was difficult to obtain an exact match of the machinery operating
condition for the dub-playback comparison. Hence, some of the
figures presented here show spectra differences which may not be

due entirely to system response effects,

The response data for drillship, drilling platform,
production platform, helicopter, and semisubmersible rig, are
presented in Figs. C.l1 through C.5 on the following pages.
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APPENDIX D
SIGHTING ERROR ANALYSIS
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TriéngulatIOh’Efrors

The method of triangulating whale sightings using azimuths
from two vessels, which was developed for this study, has not to
our knowledge been used or tested before. 1In order to determine
its accuracy and precision, we performed an error analysis on
sightings of the NANCY H., comparing ranges derived from tri-
angulation to radar ranges measured directly. Figure D.1l shows
the error in triangulation ranges as a function of radar ranges
to the NANCY H. The 33 triangulation ranges include all cases
where triangulation ranges were bracketed by radar ranges of the
NANCY H. Where the two ranges were not obtained at the same
time, the radar range was interpolated to the time of the tri-
angulation range. The data presented in the figure indicates
that the method worked with reasonable precision (+ 100 m) at
ranges of up to 1 km, but beyond 1 km, errors of several hundred

m were common.,

Navigatiéhal'Errors

As mentioned in Sec. 3.3.1, a Loran-C on the NANCY H.
provided location of this vessel, which was the sound source
during air gun experiments, When the NANCY H. was close to land-
marks such as islands, the Loran position indications were
checked against the charted position to determine the required rf
propagation correction, The correction was found to remain

constant throughout the test area.

The VARUA did not have a Loran, so radar navigation was used
to fix its location by measuring ranges to 3 landmarks., A full-
time observer was not available to record radar positions, hence
data were obtained at 15 to 30 min. intervals., . The radar posi-
tion data were used to estimate VARUA position drift during
playback experiments. Depending on wind and current conditions,
the total drift during an experiment was found to be as high as

several hundred meters.




Report No. 5851 BBN Laboratories Incorporated
TRIANGULATION ERROR
04 from sightings of the NANCY H.
0.3 (]
0.2 -
o
0.1 - o
o o
~ [=] =] _g e
g o oo
f=d a (w]
g ~0.1 - a o
&
& —0.2 4 o
-0.3
[m}
-0.4 ~
-0.5
_0‘6 1 ¥ 1 1 L 1 1 1 ¥ ' 1 ¥ ' I 1 Dl 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
RADAR RANGE (KM)
o N=233
FIG. D.l. TRIANGULATION ERROR VS RANGE FOR TWO VESSEL SIGHTING

PROCEDURE.
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The accuracy of the radar fixes of the VARUA was tested by
comparing sightings of the NANCY H., made using the VARUA -
Whaler triangulation technique, with the NANCY H. Loran data. A
comparison of 18 sightings from 1020 to 1635 on 24 August reveals
an average error of 555 m (range = 342 to 1135 m). This error is
more than an order of magnitude greater than that due to the
triangulation technique alone, and indicates that the precision
of VARUA radar fixes was much lower than all other measurements
in this study. Since the complex bathymetry of Frederick Sound
made it impossible to incorporate exact bathymetry in our trans-
mission loss calculations (Sec. 5.4.1), this lack of precision in
absolute location was not important for our playback experiments
where the VARUA was the sound source, for all whale sightings

were made relative to the VARUA,

For the air gun experiments where the NANCY H. was the sound
source, sightings of the NANCY H. from the VARUA were used in the
boat triangulation technique to éalculate the positions of the
VARUA with respect to the NANCY H. This brought the possible
errors of VARUA location into line with possible errors of whale
sightings. Since the accuracy of the triangulation was assessed
using the sightings of the NANCY H., we know these sightings were

accurate to approximately 10% of the range for ranges up to 1 km.
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