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ABSTRACT

Previous studies of the reactions of bowheads to noise fromoil industry
operations have all been conducted during |ate summer or autum. Concern has
arisen about potential reactions of bowheads and white whales to oil industry

noi se in leads through which whales mgrate around northern Al aska in spring.
Hence , MVS funded an experinental study to determi ne physical acoustic condi-
tions , especially rates of sound attenuation, in spring |lead systens: and the
short-term behavioral responses of whales to sounds from production platforns.
i cebreakers, and aircraft. The work nust be done without interfering with sub-
sistence whaling or other research. After consultation with |ocal groups and
other scientists. a study area centered -60 km ENE of Pt. Barrow was sel ected.
During the first field season, in 1989. priority was given to testing whale
reactions to continuous noise recorded near a drillrig on a grounded ice pad.

The primary field procedure was to use an underwater sound projector to
broadcast recorded industrial noise into the water such that the reactions of
approachi ng whal es could be observed. The projector was also used to broadcast
various test sounds in order to oeasure sound attenuation rates. Bet ween 29
April and 30 May 1989, a helicopter-supported crew conducted sound transm ssion
| oss experinments on five days and aircraft noise neasurements on two days. They
also projected drilling noise into the water for several hours on each of 11
days. On five of these days. whales were observed within the ensonified area.
An aerial -observation crew conducted reconnai ssance surveys on 24 days from 1
to 30 May, behavioral observations of whales on 10 days, and bowhead photogram-
metry on 8 days. Because of difficult ice conditions, all ice-based work had
to be done fromthe pack ice rather than the landfast ice edge, and sanple sizes
for oost types of biological observations were snaller than desired.

During playback experinents. |owfrequency (<300 Hz) drilling noise was
projected into the water at a source level of -164 dB re 1 pPa. This noise was
strong within -1 kmof the projector. and faintly detectable out to at I|east
4-5 km (occasionally to 9-10 km. Underwat er sound attenuated nore rapidly
under pack ice conditions NE of Pt. Barrow in spring than found previously in
open waters of the Beaufort Sea during l|ate summer.

During playbacks of drilling sound, several bowheads mgrated NE within
1 km of the projector, well within the ensonified area; one whale swam within
120 m  However. one nother/calf pair swam west away from the projector, possib-
ly exhibiting avoidance. These limted data show that sone bowheads tol erated
| ow-frequency drilling noise without interrupting or diverting their migration:
others may have reacted strongly. It would be premature to generalize these few
data to the whole population, or to other types of industrial sounds.

White whales migrating toward the projector traveled toward it until they
came within a few hundred meters. Sone then continued past it without apparent
hesitation or turning. Qhers definitely reacted at distances on the order of
200-400 m they slowed, nmilled and in sone cases reversed course tenporarily.
However, within a few mnutes, they continued past the projector, sonetines
passing <50-100 mfromit. We saw no evidence that white whal es reacted at
di stances >200-400 m Again, it would be premature to generalize these observa-
tions to other situations or other types of noise.

Al though additional data are required before definite conclusions can be
reached, the 1989 work provided useful results on sound propagati on and whale
responses, and deronstrated that it is possible to conduct a study of this type
despite the logistical and other difficulties involved.



EXECUTI VE SUMMARY

Previ ous studies of the reactions of bowhead whales to noi se from oil
i ndustry operations have all been conducted during late summer or early autum.
in open water or at nost light ice conditions. Concern has arisen about poten-
tial reactions of bowheads to man-made noise in the leads through which bowheads
mgrate in spring. Particular concern has arisen about the possible effects of
continuous noise from structures that mght be used for oil production in or
near spring |ead systens.

bj ecti ves

Ceneral (bjectives

In response to this concern, the Mnerals Mnagement Service funded the
present experinmental study of the effects of noise from oil production activ-
ities on bowhead and (secondarily) white whales during their spring mgrations
around Al aska. The overall objectives of the study can be summarized as

1. To quantify sound transmi ssion loss and anbi ent noise within nearshore
| eads off northern Alaska in spring, enphasizing propagation of under-
wat er sounds produced by production platforns and icebreakers.

2. To quantify the short term behavioral responses of spring-mgrating
bowhead whales and, if possible, white whales to sounds from production

platforns and icebreakers.

3. To assist and coordinate with other studies and local resource users to
maxi m ze col |l ection of needed data and avoid conflict with subsistence

whaling activities.

4. To analyze the data in order to test hypotheses concerning the effects
of oil industry noises on the novenent patterns and behavior of bowhead

and white whal es.

Specific 1989 (hjectives

Prior to the 1989 field program it was decided that the study would
include at |east a second spring field season, in 1990. It was agreed that the
hi ghest priority during the initial 1989 field program was to study the
reactions of bowheads to noise froma bottomfounded drilling or production
platform  When possible, reactions of white whales to this sound were to be
determned as well. The basic field technique to be used for these tests
consi sted of underwater playbacks of recorded industrial sound. In 1989, all
opportunities for playbacks were to be devoted to replication of a single type
of experinent in order to obtain sufficient data to allow neaningful interpre-

tation. However, as a lower priority, the reactions of bowheads and white
whal es to actual helicopter overflights were to be determined if that could be
done on occasions when playbacks of drilling platform noise were inpractical

The specific 2989 objectives were as follows:
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1. To record and characterize the underwater noise froma drilling opera-
tion on a grounded ice pad in shallow water during late winter.

2. To measure anbient noise levels and characteristics along the spring
mgration corridor of bowhead and white whales in the western Beaufort
Sea.

3. To measure and nodel transm ssion |oss of underwater sound al ong that
part of the spring nmigration corridor, based on playbacks of test tones
and the continuous drilling platform sound recorded in (1).

4. To measure the short-term behavioral responses of bowhead and (as poss-
ible) white whales visible in open water areas along their spring mgra-
tion corridor in the western Beaufort Sea to underwater playbacks of the
continuous drilling platform sound in (I).

5. To neasure the short-term behavioral responses of bowhead and (as poss-
ible) white whales visible in open water areas along their spring mgra-
tion corridor in the western Beaufort Sea to helicopter overflights

6. To docunent, as opportunities allow, other aspects of the nmovenents,
behavi or, basic biology. disturbance responses, and acoustic environment
of bowhead and white whales along their spring Uigration corridor in the
western Beaufort Sea.

7. To assist and coordinate with other studies and |ocal resource users to
maxi m ze collection of needed data and to avoid interference with sub-
sistence whaling and other studies.

8. To analyze the data to test hypotheses concerning effects of the drill-
ing platform sound recorded in (1) on novement patterns and behavior of
bowhead and white whales visible along their spring mgration corridor
in the western Beaufort Sea

Approach and Procedures

No oil production facilities have yet been constructed in or near the
spring lead systenms, so no recording of underwater sounds from such an opera-
tion exists. It was decided that sounds from one of the bottom founded caissons
used for exploratory drilling in the Beaufort Sea would be the npst appropriate
sounds to use. No recording of sounds from such a caisson operating in wnter
or spring ice conditions existed at the tinme of the 1989 field program It had
been hoped to record such sounds in the winter of 1988-89, but no cai sson-based

drilling was done in the Beaufort Sea during that season. Instead, as part of
this project, sounds fromdrilling on a grounded ice platform were recorded near
Prudhoe Bay in |late March 1989. These sounds were used for all playback

experiments in the spring of 1989

The study had to be conducted in such a manner that it did not interfere
and was not perceived to interfere, wth either subsistence whaling or the
spring bowhead census. Barrow is the northeasternmost community where there is
spring whaling, and the census is also done just north of Barrow. After

X
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consultation with the Barrow Whaling Captains’ Association, the Al aska Eskino
Whal i ng Conmmi ssion and the North Slope Borough's Dept of WIldlife Managenent,
it was agreed that the nost suitable location for playback experiments was about
60 km NE or ENE of Pt. Barrow.

It was hoped that much of the playback work could be done fromthe edge of
the landfast ice. However, ice-based studies of bowheads have not previously
been done nuch to the east of Pt. Barrow. It was realized that it might be
inpractical to work from the |andfast ice edge in that area. Heavy pack ice
commonly occurs adjacent to the landfast ice edge, and the whale mgration
corridor tends to be farther away fromthe landfast ice edge 60 km east of Pt.
Barrow than it is near Barrow. In part because of these anticipated conplica-
tions, a Bell 212 helicopter was dedicated to the project for the duration of
the 1989 field season. This provided the flexibility to work from the pack ice
rather than the landfast ice edge when necessary.

In fact, ice conditions east of Pt. Barrow in the spring of 1989 were
severe. There was no nearshore lead along the |andfast ice edge until 20 My,
and there was little open water amdst the pack ice seaward of the |andfast ice
edge until md-Muy. Even after 20 May, when the nearshore lead formed, nost of
the passing whal es noved through the pack ice or along the offshore side of the
nearshore lead. Hence, all playback attenpts were fromthe pack ice rather than
the edge of the |andfast ice. The absence of a consistent whale migration
corridor reduced the nunber of opportunities for observations of whales passing
the sound projector. By the last week of My, when weather and ice conditions
were greatly inproved, few whales were passing. Nonetheless, useful data were
obtained on the reactions of bowhead and white whales to drilling noise, and
most of the desired physical acoustic data were collected. The availability of
full-time helicopter support allowed us to work from different |ocations on the
movi ng pack ice each day.

The field crew consisted of two teamns. » A helicopter-supported crew
deployed a U S. Navy J-11 underwater sound projector fromice pans, and used it
to project recorded drilling platformsound into |eads. Wen whales canme within

visible range of the projector site, the ice-based crew docunented whale
oovenents and behavior, using a surveyor’'s theodolite to nmeasure the successive
bearings and distances of whales fromthe projector. In addition, this crew
neasured the rate of attenuation of underwater noise with increasing distance
fromthe source (in this case the projector). » A second crew, in a Twin Oter
aircraft, located whal es and suitable projector sites, docunented the behavior
of whales as they swamtoward and past the projector, and obtai ned known-scal e
vertical photos of bowheads in order to identify individuals and neasure their
sizes. The aircraft crew also used naval sonobuoys to nonitor underwater sounds
near whal es exposed to projected drilling sounds

Whal e observations obtained by the two crews were conpl enmentary. The ice-
based observers obtained nore detailed data on the paths and speeds of sone
whal es that passed within 1-2 km of the projector, and observed whal es even when
there were | ow cl ouds. The aerial observers could observe whales at any
di stance fromthe projector site, and could follow them for |onger distances.

Xii
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Aerial observers also had a better vantagepoint for viewing the details of
behavi or. However, aerial observations were only practical when the cloud
ceiling was at |east 457 m (1500 ft) above sea |evel. since bowheads sonetines
react to a circling observation aircraft if it flies |lower than that altitude.

The helicopter-supported crew worked from the ice on 18 days between
29 April and 30 May 1989. They conducted sound transm ssion |o0ss experinents
on five days, aircraft noise, measurenents on two days, and projected drilling
noi se into the water for several hours on each of 11 days. On five of these
days, bowhead whales were observed within the area ensonified by the projector.
On four days, white whales were also observed near the operating projector.
Whal es near the operating projector were observed fromthe ice on two dates,
and fromboth the ice and the air on three dates. Overall. the aircraft crew
conduct ed reconnai ssance surveys on 24 days from 1l to 30 Muy, behavioral obser-
vations on 10 days. and photogrammetry on 8 days.

Physi cal Acoustics

Underwat er noi se from the Karluk drillsite. on a grounded ice pad, was
concentrated below 300 Hz. I nfrasoni ¢ conponents of the Karluk sounds--those
below 10 Hz--were not studied, and nmay have been significant. Mst conponents
of the noise above 10 Hz had di m nished bel ow background |evels after propagat-
ing only 2 km through the shallow (6-7 n), ice-covered waters. However. tones
at 25 Hz and 294 Hz were still evident at that range.

Underwat er noise fromaircraft overflights was nmeasured systematically by
conducting a series of passes at several altitudes over a pair of hydrophores
suspended 3 mand 18 m bel ow the edge of an ice pan. As expected, helicopter
noi se contained nore tonal conponents than did Twin OQter noise. Hel i copt er
noi se was usually stronger at 3 mdepth than at 18 m, but this trend was not
evident for the Twin Qter. Underwat er noi se increased and decreased nore
gradual ly when the aircraft was high than when it was |ow. The peak |evel.
recorded when the aircraft was overhead, was higher when the aircraft was |ow
than when it was high. Al'l of these trends are consistent with theory and
previ ous neasurenents. However, there was evidence that the presence of ice had
a nmodi fying influence on some of these trends.

Ambi ent noise was recorded in small to |arge open areas am dst the pack
ice, and occasionally through thin ice covering recently-refrozen | eads. No
nmeasurenents were obtained during periods of strong w nd. The anbi ent noi se
was usual ly domi nated by ice noises, wave slap, and nmarine mammal calls.
Bearded seal calls were ubiquitous and often strong; white whale calls were also
heard conmmonly. Bowhead calls were |ess comon. Mst measurenents of anbient
noi se were averaged over 8.5 s. Much of the variability in anbient noise.
especi al |y above about 500 Hz, was attributable to the variable occurrence and
level s of marine Oammal calls in these 8.5 s sanples.

Wien no sounds were being projected, tonal sounds from the generator used
to power the underwater projector were detectable underwater (18 m deep) at
di stances as great as 400 m but not at 1 km These tones consisted of a harm-

Xiii



Executive Sumnmary

onic famly with fundanental frequency 60 Hz. However, when the projector was
in operation, the generator sounds were nuch |ess intense than the projected
sounds at corresponding frequencies. Hence, the generator would not have been

audible to whales during playbacks.

During playback experinents, Karluk drilling platform noise was projected
into the water at a source |level of about 164 dB re 1 yPa. Received levels of
the projected drilling noise were strong at distances within ~1 km of the
proj ector. The drilling sound was usually weakly detectable out to distances
of about 4-5 km and occasionally to 9-10 km but not farther than that.

Sound propagation experinments were done on five days, and four of these
tests provided interpretable results. Three types of signals were projected
using the J-11 projector: pure tones at eight frequencies ranging from50 Hz to
10 kHz; frequency-nodul ated tones oscillating within |/3-octave bands centered
at seven frequencies from50 Hz to 5 kHz; and sanples of the Karluk drilling
sound. During each propagation experinent, underwater sounds were recorded (at
18 m depth) at distances ranging from 100 mto 9 or 18 km As expected, pure
tones often were detectable about twice as far away as were the Karluk sounds
(typically 9-18 km for tones vs. 4-10 kmfor Karluk sounds). This occurred
because all of the projected power was concentrated at a single frequency when
tones were projected, but not when broadband drilling sounds were projected.
A special matched-filter signal processing technique was effective in measuring
received levels of the oscillating tones at distances greater than those where
they could be neasured by conventional nethods

Sem -enpirical Weston/Smith sound propagation nodels were fitted to the
transm ssion |oss data acquired during two propagation experiments. Bottom |oss
and ice scattering |loss coefficients tended to increase with increasing
frequency. At frequencies in the kilohertz range, volunetric absorption was
also a factor. Underwater sound attenuated nore rapidly under pack ice condi-
tions northeast of Pt. Barrow in spring than had been found previously in
largely open water conditions in the central and eastern Beaufort Sea during
late sunmer. It is not known whether all of this difference can be attributed
to the difference in ice conditions. It may also have been partly attributable
to increased bottom loss in our study area. The propagation results fromthis
study were generally consistent with those found during a previous late wnter
and sunmmer study in the Chukchi Sea.

Bowhead Whal es

Movenent s and CGeneral Behavi or

Bowheads migrated northeast and east through the study area throughout |ate
April and May 1989, often through heavy pack ice conditions. Even in late My
when a nearshore lead extended east along the landfast ice edge through the
study area, the migration corridor 40-80 km ENE of Pt. Barrow was mainly al ong
the offshore side of the lead or through the pack ice north of the |ead.
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Bowhead cal ves and their nmothers were seen only in the latter half of May
in 1989, and constituted the majority of the bowheads present in the |ast week
of May. They did not nmigrate as strongly or consistently eastward as did other
bowheads. A few nother/calf pairs traveled west for at least a few kiloneters.
based on direct observations or photoidentification. One not her/cal f pair
traveled only 12 kmin 44 h. Sone of these pairs may have been waiting for ice
conditions to aneliorate before continuing east.

During travel. bowhead calves often “rode” on the backs of their Oothers
The calves apparently were pulled along by hydrodynam ¢ forces created by the
motion of the nothers. It is not known whether the aninals touched one another
during this “riding” behavior. Ri ding has not been seen in |ate summer or
autumm, when the calves are older and |arger.

One adult seen on 24 May 1989 was cl osely acconpanied by a presuned
yearling.

Phot ogrammetric data showed that the bowheads without calves present in
md and late May 1989 were mainly adults (>13 mlong). The nothers that were
measured were 13.9-15.9 mlong (n=9); calves were 4.0-5.0 m long (n=8). Four
i ndi vidual | y-recogni zabl e adults were photographed on two or three different
days in May 1989 either by ourselves or by National Marine Fisheries Service
personnel. At |east four adults photographed by ourselves or NMM. in May 1989
had al so been photographed in earlier years, including two photographed as early
as 1982. (One of the latter had a calf in both 1982 and 1989

Bowheads visible under undisturbed conditions in My 1989, mainly am dst
the pack ice, were engaged in traveling (migration). socializing, and resting
Several behaviors that have been observed commonly in late summer and autumm
were seen only infrequently in My 1989: pre-dive flexes. fluke-out dives, and
aerial activities. A few bouts of sexual activity were observed. Many bowheads
apparently mgrated through the study area unseen during periods of heavy ice
cover and poor weather. It is not known whether the observed frequencies of
behaviors in visible whales were representative of frequencies in the population
as a whole

Drilling Noi se Pl aybacks

Because of the difficult field conditions in 1989, there were only five
days when we were able to observe bowheads that were exposed to projected
drilling noise. Al data had to be collected from holes and | eads am dst the
pack ice rather than along the landfast ice edge. The nunber of bowheads seen
near the sound projector in 1989 was too small to allow detailed statistica
anal ysis of acoustic effects on distribution or novenents. However. sone
noteworthy data were obtained

Several bowheads were observed migrating east past the projector while it

was broadcasting continuous drilling sounds, The ‘closest observation was on
19 May, when one bowhead swam al nmost directly toward the operating projector
until it was only 100-120 m away. This whale then dove. The drilling noise :
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anbient noise ratios 100-120 m from the projector were estimated to be SN =
41 dB in the 20-1000 Hz band and S:N = 49 dB in the third-octave band centered
at 200 Hz. On the sanme day, another bowhead swam al nost directly toward the
projector until it was 720 m away, whereupon it dove and disappeared. Two nore
bowheads swam past with a closest point of approach 1 km away. Al of these
positions were deternmi ned by theodolite. During this period the sounds received

1.1 km from the projector were nonitored via a sonobuoy. The drilling sounds
were quite promnent there, well above the natural background noise. Hence, it
seens inevitable that all of these whales were able to hear the drilling sounds.

Simlarly, on 24 My, at least three migrating bowheads passed as close as
500 mto the side of the projector while it projected continuous drilling
sounds, and a fourth passed 900 mto the side. Two of these whales were obser-
ved fromthe circling aircraft for ~1% hours as they swam NE and N, generally
toward the projector. Again, the drilling sounds were nonitored 1 kmfromthe
projector, and confirmed to be well above background noise levels there. S:N
500 m from the projector was -13 dB in the 20-1000 Hz band and 24 dB in the
third-octave band centered at 80 Hz.

The bowheads nentioned above were migrating NE past the operating sound
projector, wth no evidence of hesitation or diversion. However. ot her bow-
heads may have been diverted when they cane that close. On 23 May, we saw a
mot her and calf swimming north and then west, directly away from the projector,

while it emtted drilling noise. They were 1 km away when first seen, and were
still heading away when |ast seen 5 km west of the projector. Below 350 Hz,
the drilling noise was quite prominent 1 kmfrom the projector. S:N 1 km from

the projector was -8 dB in the 20-1000 Hz band and 15 dB in the third-octave
band centered at 200 Hz. However, it was barely detectable 5 km away, where the
whal es were still heading west away from the projector.

The westward travel by this pair of bowheads was inconsistent with the
normal NE, E or SE novenents of bowheads migrating in the study area in spring,

and was suggestive of a disturbance reaction. However, we cannot be certain
that these whales reacted to the sound projector. O her bowheads, particularly
mot hers and cal ves, occasionally traveled west in the absence of drilling noise.
It is well known from previous studies that the sensitivity of bowheads to man-
made noise varies. It is possible that there is additional variation in sensi-
tivity in spring because sone bowheads, before reaching our study area, are
pursued by whaling crews. Thus, it would not be surprising if sone individual

whal es migrated past the projector at relatively close distances while other
bowheads showed avoi dance reactions even to quite weak industrial sounds.

In sunmary, only linmted data have been acquired to date on reactions of
bowheads to noise playbacks in spring |ead systems. However, some bowheads that
were visible mgrating through the pack ice east of Pt. Barrow in spring toler-
ated |owfrequency drilling noise without interrupting or diverting their nigra-
tion. Some bowheads tolerated |evels of industrial noise as high as or higher
than the levels that elicited avoidance reactions during playbacks to summering
bowheads. Gt her individuals may have reacted strongly to drilling noise no
strongér than that tolerated by certain bowheads. It would be premature to
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generalize these few observations. In particular, it should not be assuned that
all bowheads migrating in spring would tolerate sounds as strong as those a few
hundred neters fromthe projector. The ice present near all 1989 observation
sites made it inpossible to determ ne whether sone whales were reacting at
greater distances. Also, it should not be assuned that bowheads woul d behave
in the same way when exposed to other types of industrial sounds differing in
spectral characteristics or source |evel.

Aircraft Disturbance

Only a few opportunistic observations of reactions of bowheads to aircraft
were obtained in 1989. Qur prelimnary inpression is that bowheads are no nore
sensitive to fixed wing aircraft like the Twin Otter during spring mgration
t hrough pack ice than they are in late sumrer in largely open waters. In the
one observed case of repeated exposure to lowaltitude helicopter passes, a
not her and calf bowhead did not flee, but may have dived in response to sone
passes. No generalizations should be drawn from these prelimnary data on reac-
tions to helicopters.

Wiite Whal es

Movenents and Ceneral Behavi or

Sightings of white whales were nuch nore numerous than those of bowheads
in My 1989. As previous workers have reported, white whales tended to be nore
wi dely scattered and slightly farther offshore than bowheads, but their mgra-
tion corridors overlapped broadly. Most of the white whal es seen were am dst
the pack ice, although in late May a few were traveling east on the offshore
side of the lead bordering the landfast ice edge.

Most white whales were either mgrating in a generally NE direction or
resting on the surface. Mgrating white whales tended to follow | eads or
cracks. changi ng heading as necessary to remain within the crack. Sever al
groups of white whales were seen resting quiescent beneath the thin ice cover-
ing recently-refrozen cracks am dst heavy pack ice. In one case. a group of
-25 white whales vigorously swam back and forth between two holes -15 m apart,
apparently trying to keep the holes from freezing over.

Driliing Noi se Plavbacks

We observed migrating white whales close to the operating projector on four
dates in May 1989. On three of these dates, at least a few white whales cane
within -200 m of the operating projector, including a few within 50-75 m of the
projector. \Wiite whales that were migrating toward the projector appeared to
travel unhesitatingly toward it until they came within a few hundred neters.
Some white whales that came that close to the projector continued past it wth-
out apparent hesitation or turning. However, others did react tenporarily to
the noise (or perhaps visual cues) at distances on the order of 200-400 m
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On 14 May, a substantial proportion of the white whales that canme within
200-400 m of the projector slowed down, mlled, and in some cases reversed
course tenporarily. This interruption of migration was very obvious. but lasted
only several mnutes. Then the whales continued past the projector, in some
cases passing within 50-100 m of it.

We sawno evidence that white whales reacted at distances greater than 200-
400 m W suspect that this was related to their poor hearing sensitivity at
the low frequencies where the Kariuk drilling sounds were concentrated. On nost.
days during the study, received levels of the lowfrequency drilling sounds (on
a |/ 3-octave basis) were less than the neasured hearing sensitivity of white
whal es at all distances beyond -200 m This suggests that white whales nay have
been unable to hear the |lowfrequency drilling sounds at distances much beyond
200- 400 m, even though the sounds were detectable by hydrophores (and audible
to humans) up to several Kkiloneters away.

These results provide prelimnary evidence about the seemingly low sensi-
tivity of white whales to the one type of continuous drilling sound used in the
1989 experiments. However, the sanple sizes were small. Also, the results
refer to a particular experinental situation. Sone oil industry activities have
hi gher source levels than we could simulate with a J-11 sound projector. Reac-
tion distances are expected to be greater in such cases. Sone other activities
have | ower source levels than did the J-11 projector.

Also, sensitivity of white whales to other types of oil industry sounds
probably differs. The hearing sensitivity of white whales inmproves greatly with
increasing frequency, Thus, reaction distances are likely to be greater in the
cases of industry noises containing higher frequency components. In the
Canadi an high arctic, spring-mgrating white whales react strongly ‘co noise from
vessel s tens of kiloneters away. To understand the effects of industrial noises
related to oil production on spring-migrating white whales in the Beaufort Sea
we need to test their reactions to additional types of noise whose character-
istics differ fromthose studied in 1989.

Aircraft Disturbance

Only a few opportunistic observations of the reactions of white whales to
aircraft overflights were obtained in 1989. Twin Otter: Two white whales
rolled slightly and |ooked up at the Twin Otter as it flew over at altitudes of
260 and 457 mASL. A group of seven white whal es dove abruptly and steeply when
it flew almost directly over them at 200 m Bell 212: Two groups of white
whal es dove immediately when the helicopter flew over at altitudes of 152 and
457 m ASL. A single white whale dove rapidly and steeply when the helicopter
flew 50 mto the side at 120 m ASL. Additional data are needed before
concl usions can be drawn about reactions of white whales to aircraft over-
flights during spring mgration through the study area
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prior to the 1989 field season, doubts had been expressed about the feas-
ibility of a study of this type, given the logistical problenms and potenti al
for interference with whaling or other research prograns. The initial 1989
phase of the study denonstrated that it is possible to conduct an experinmenta
study of noise effects on whales migrating through leads in spring. and to do
so without interfering with spring whaling.

O the four general objectives stated above, objectives 1-2 were partially
met, but additional data are needed. Objective 3, involving coordination wth
other studies and |ocal resource users, was nmet. Objective 4 concerned anal yses
and hypothesis tests: the 1989 data have been anal yzed, but formal tests of
hypot heses have been deferred because of the generally |ow sanple sizes fromthe
1989 experinental work. Sanpl e sizes were small because of the difficult ice
and weat her conditions encountered in 1989. |In a year with different weather
and ice conditions, considerably larger sanple sizes [light be obtained.

After additional data are collected, the results of this study should be
useful in assessing the acoustic effects of oil exploration and devel opment near
spring lead systens on nigrating bowhead and white whales. These results should
hel p resol ve questions about possible jeopardy to bowheads if oil devel opment
proceeds near spring |eads.

Xi X



ACKNOWLEDGEMENTS

W thank the Barrow Waling Captains’ Association (BWCA), Alaska Eskinp
Whal i ng Conmi ssi on (AEWC), and North Sl ope Borough (NSB) for their agreenent
that this project could be conducted near Barrow during the spring whaling
season. Individuals from Barrow who provided much val uabl e advice or assistance
i ncluded Thomas Al bert, Geoff Carroll, J. Craig George and Ben Nageak (NSB Dept
of Wldlife Managenent), Edward E. Hopson (AEWC and BWCA), Rosi e Habeich (AEWC),
Rosemary Watt (UIC-NARL), M ke Aanodt (Arctic Enterprises) and John Trent
(Al aska Dept of Fish & Game).

We thank the menbers of the project’s Scientific Review Board for their
advi ce and constructive criticisnms concerning plans for the 1989 fiel dwork, as
reviewed in April 1989, and the draft report, as reviewed in April 1990. The
SRB menbers were as foll ows:

Dr. Thonas Al bert North Slope Borough Dept of WIdlife Minagenent.
M. Mark Fraker BP Exploration (Al aska), Inc.,

Dr. Roger Green University of Western Ontario (1990 only),

M. Alen Milne Sci. Rev. Board Chairman,

Dr. Byron Morris Nat. Mar. Fish. Serv. (1989 only),

M. Ron Morris Nat. Mar. Fish. Serv. (1990 only),

M. Thomas Napageak Al aska Eskim Waling Conmi ssion,

M. Burton Rexford Barrow Wal i ng Captains’ Association, and

Dr. Steven Swartz Marine Mammal Commi ssion.

For help in the field, we thank Kenneth Toovak Sr. of Barrow, who particip-
ated in nuch of the ice-based fieldwork. Oher field participants, besides the
LG and Geeneridge authors, were Greg Silber and Dave Schnidt of LG (ice based
crew), Dave Gardner and Carl Anderson of NOAA (helicopter crew), and Frank Henn-
essey and Ron Sprang of Aklak Airways (Twin OQtter pilots). Terry Carpenter of
LG Alaska assisted with |ogistical arrangenents. We are grateful to all of
these individuals. The National Cceanic & Atnospheric Administration supplied
the helicopter and some other equipnent; we thank John Dernpdy of NOAA. W al so
val ued the cooperation and assistance provided by the National Mrine Mammal
Laboratory photogrammetry field crew, led by David Rugh and David Withrow. and
by their pilots Jim Brown and John Klepac of Enpire Airways. W are grateful
to Chevron U S. A (Thomas Cook) for help in recording under-ice sounds propagat -
ing fromthe Karluk exploration well near Prudhoe Bay.

For help with analysis, we thank ¢. Holdsworth (LGL), R. Blaylock and
K Ote (Geeneridge), and AL Ownen (BBN Systems & Technol ogies Corp.). W thank
D. Rugh and D. Wthrow (NMML) for allowing us to conpare bowhead photos obtained
by themin 1989 with our 1989 bowhead photos, and for providing unpublished data
on their bowhead sightings near Barrow in 1985-87 and 1989. J. Groves and
w. Stringer (University of Alaska) kindly supplied satellite imagery, and
J.C. George supplied data fromthe ice-based bowhead census in previous years.

W thank the Al aska OCS Region, U S. Mnerals Minagenent Service, for
conceiving and funding this project, and for constructive coments on the draft
report. Dr. Jerone Montague, Dr. Cleve Cowles and Jerry Imm of MVB provided
i nval uabl e assistance in initiating the work and in overcom ng various
obstacles .  This project was conducted under Pernit 670 issued by the National
Marine Fisheries Service under the provisions of the Marine Manmmal Protection
Act and the Endangered Species Act.

XX



INTRODUCTION

The possible effects of underwater noise from offshore oil and gas activ-
ities have been a significant concern to Mnerals Mnagement Services (MMS), the
National Marine Fisheries Service (NMFS), and other agencies for several years
Hence . MMS has funded studies to docunent the characteristics of oil industry
noi ses and their effects on the behavior of bowhead and gray whales (e.g. Cales
1982: Malme et al. 1984. Richardson et al. 1985b: Mles et al. 1987; Ljungblad
et al. 1988). The oil industry has funded related studies of the reactions of
bowhead whales to oil industry operations in the Al askan Beaufort Sea (e.g. LG
and G eeneridge 1987).

Al of the bowhead disturbance studies done to date have been done in
sunmmer or early autumm when the whales are either in open water or in |oose pack
ice where their novenents are relatively unrestrained by ice. There has been
no work on the disturbance reactions of bowheads migrating in | eads through
areas of heavy ice cover--the normal situation in spring. A so, there has been
no systematic scientific study of the suggestion by Inupiat whal ers that
bowheads are especially sensitive to noise in the spring

The sounds considered in the sumer-autum studies conducted in the
Beaufort Sea have been those associated with sone of the mmjor offshore explor-
ation activities, viz aircraft and boat traffic, marine seismc exploration
drillships, and offshore construction. Only a very limited effort has been
devoted to the reactions of bowheads to icebreaking, which is a particularly
noi sy activity (Richardson et al. 1983; Geene 1987a). Reactions of bowheads
to sounds froman oil production platform have not been studied, in part because
no production platfornms exist in arctic waters deeper than a few neters.
Reactions of mgrating gray whales to noise froma production platformwere
studi ed by Malme et al. (1984), but the type of platforminvolved was very .
different fromthe types likely to be used in the arctic.

The National Marine Fisheries Service took note of the above situation in
its recent Biological Opinions on lease sales in the Beaufort and Chukchi seas
NVFS bel i eves that devel opnent and production activities in spring |lead systens

used by bowheads might, in certain circunstances, jeopardize the continued
exi stence of the Western Arctic bowhead whal e popul ation (Evans 1987: Brennan
1988) . The possibility of significant disturbance in spring |ead systens. when

bowheads may have few or no optional migration routes, was one of the factors
about which NVFS was concerned

The beluga or white whale is the one other cetacean that migrates through
the spring lead systens in a manner simlar to the bowhead. The sensitivity of
various popul ations of white whales to several types of human activities and
underwat er noi ses has been studied in sumer in Alaska. in late spring and
sutmer in the Mackenzie Delta area, and in spring in the eastern Canadi an high
arctic. The sensitivity of the white whales in these situations varied wdely.
There was great tolerance in some situations. However, white whal es exhibited
strong avoi dance reactions to ships and icebreakers at very great distances
during spring in the eastern high arctic (LGL and G eeneridge 1986: GCosens and
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Dueck 1988). Their responsiveness to underwater noise during the spring mgra-
tion around western and northern Al aska has not been studied previously.

In order to answer some of these questions, MVS has funded this study.
The main objectives are to determne the short-term effects of production plat-
form noi se and icebreaker noise on the novements and behavior of bowhead and
white whales migrating through open l|eads and pack ice near Pt. Barrow, Al aska,
in spring. A related objective is to deternmine the characteristics of sound
propagation and of natural anbient noise in spring | ead systens. These physic-
al acoustic phenonena affect the received |evels and promi nence of man-nade
noi se. Reactions of whales to helicopter overflights are also to be deternined
when possi bl e.

This report describes the first year of a continuing study. Fieldwork in
1989 provided useful data concerning several of the objectives. However, nore

data will be required before definite conclusions can be drawn about disturb-
ance effects on spring-mgrating bowheads and white whales.

Backgr ound

Spring Mipration of Bowhead Whal es

Bowhead whales spend the winter in and near the pack ice of the western
Bering Sea from St. Lawence Island south to St. Matthew Island and west to the
USSR coast (Braham 1984). They | eave their wintering grounds in March and
follow the nearshore flaw lead (“NW Al aska Lead”) through the Chukchi Sea to
Point Barrow (Fig. 1; Ljungblad et al. 1985). Al though a few sightings have
been nade at the Barrow i ce-edge as early as March (Brewer 1942: Dronenburg et

al. 1983), the main migration usually does not begin until late April. The
majority of bowheads pass Pt. Barrow and enter the Beaufort Sea during May but
sone stragglers continue passing until nmid- to late June (Fig. 2). The early

mgrants tend to be small whales and the later migrants tend to be |arge ones,
including mothers with newborn cal ves (Nerini et al. 1987).

In 1980, wunusually severe ice conditions in the Bering Strait region
apparently blocked the nigration route of bowheads until nmid My (Johnson et
al . 1981). Although the first bowhead was not seen passing Pt. Barrow until
21 May (~1 nonth late), the mgjority of the whales had passed Barrow by early
June --the normal end time of the migration past Barrow.

The direction of movement of bowheads appears to turn slightly from north-
east to ENE or east after they pass Pt. Barrow (Marko and Fraker 1981; Braham
1984; Ljungblad et al. 1985: Rugh 1987). The turning point tends to be about
35 km beyond Pt. Barrow, where the landfast ice edge also tends to turn from NE
to about east or ESE.  Once east of Pt. Barrow. nost bowheads follow the “E-W
of fshore shear zone” through the pack ice rather than the nearshore flaw |ead
along the edge of the landfast ice (Fig. 1. 3). The whales are nore dispersed
there than when they are southwest of Barrow. and bowheads are frequently found
anong the pack ice (Ljungblad et al. 1985). As bowheads nove eastward their
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mgration corridor beconmes wider and they are nore likely to be found am dst the
pack ice both north and south of the main shear zone (Marko and Fraker 1981).
Ljungblad et al. (.1984) found the eastward migration route to be -25 km wi de at
Barrow but -50 km wide fromnorth of Smith Bay to Harrison Bay.

The width of the spring migration route through the planned study area east
of Pt. Barrow varies from year to year. Locations where bowheads were sighted
during surveys flown by the U.S. National Mrine Fisheries Service during the
springs of 1985-87 are shown in Figures 4A-4C. The migration corridor in 1987
was narrower than the corridors in 1985-86. In 1987, the corridor was apparent-
ly less than 11 km wi de even as much as 50 km east of Pt. Barrow (Fig. 4C). In
each of these years, there was a concentration of bowheads along a route orient-
ed ENE fromPt. Barrow, gradually turning to the right as the whales progressed
east war d.

Al available evidence indicates that few if any bowheads migrate in the
“Nearshore Flaw Leads” that occasionally formalong the |andfast ice edge off
the NE Al aska coast (Fig. 1). Alnost all travel east through leads in the EEW
of f shore shear zone.

Spring Migration of Wite Wal es

White whales winter anong the pack ice of the Bering and sout hern Chukchi
seas (Seaman et al. 1985). They begin their mgration one to two weeks earlier
t han bowheads (Braham et al. 1984). The earliest recorded passage of white
whal es past Point Barrow was on 2 April, but white whales are known to utilize
of fshore leads during spring mgration and it is possible that sone pass Pt.
Barrow unnoticed on earlier dates. Frost et al. (1988) suggest that they nmay
pass Barrow as early as late March. The peak of the spring migration past Pt.
Barrow occurs fromlate April to the third week of My, and varies according to
ice conditions. The spring migration past Pt. Barrow may continue through at
| east early July (Qdiver 1987).

Wiite whales follow the nearshore flaw lead through the Chukchi Sea to Pt.
Barrow (Ljungblad et al. 1985), and are nore |ikely to nove through the offshore
pack ice than are bowheads (Braham et al. 1984). Once they have passed Pt.
Barrow, white whales follow offshore |eads in deep water northeast or east
toward Banks Island (Fig. 1, 5: Fraker et al. 1978: Hazard 1988: Fraker 1979).
They tend to nmigrate in waters north of the usual bowhead m gration route.

al though there is some overl ap. Ljungblad et al. (1984) referred to the
distribution of the two species east of Pt. Barrow as “partially segregated”
with white whales comonly seen farther north than bowheads. Braham et al .

(1984) found white whales near the northern ends of survey lines flown north of
Pt. Barrow in May 1976 (sightings near 72°10'N), and as far north as -73°15
northeast of Pt. Barrow in late May 1977. The latter sighting was about 300 km
north of the coast between Harrison and Prudhoe Bays. Farther east, in the
Canadi an Beaufort Sea, Fraker (1979) found white whales as far north as he flew
(75°36'N), and he suggested that sone white whales could nove through waters as
far north as 77°N.  Frost et al. (1988) napped spring white whale sightings in
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t he Chukchi and Al askan Beaufort Sea by two-week periods (Fig. 5). These maps
also indicate a mgration path sonewhat farther north and nore dispersed than
the relatively narrow bowhead mgration corridor. The scarcity of white whale
sightings north of 72°N on Figure 5 may, in part, reflect little survey coverage
in that area.

Di sturbance Reactions of Bowhead \WWal es

The short-term behavioral reactions of bowhead whales to several types of
oil industry activities have been studied on the sumer feeding grounds in the
eastern Beaufort Sea (Richardson et al. 1985a,b, 1986, 1990; Wartzok et al.
1989) and during autumm feeding and migration in the Al askan Beaufort Sea
(Reeves et al. 1984: LG and G eeneridge 1987, Ljungblad et al. 1988). The
maj or types of oil industry activities whose disturbance effects have been
investigated are aircraft and vessel traffic (including, to a limted extent,
i cebreakers) , marine seismc exploration, drillships, and offshore construc-
tion. These and other related studies have included work on the spectral
characteristics , source and received levels, and propagation |osses of the
underwat er noi se fromeach of the main oil industry activities occurring in the
Beaufort Sea during sumrer and autumm.

The sunmmer/early autum data fromthe eastern Beaufort Sea came from very
different circunstances than those found in spring. The data came from areas
of open water or, at nost, 1loose pack ice, and involved whales that were
remaining in specific feeding areas rather than actively traveling. However .
the eastern Beaufort work is noteworthy in that it did involve controlled
experiments on the reactions of bowheads ‘co continuous industrial sounds
Recorded drilling and construction sounds were projected into the water, and
t he behavi or of bowheads before, during and sonetinmes after the playbacks was
conpared (Richardson et al.1985b, 1990; Wartzok et al. 1989) However, the
durations of the experinments were limted to 30-105 mn by |logistical
constraints, and the sound levels emtted during these tests were |ess than
those of the actual industrial activities being simulated

The bowhead disturbance data acquired during summer (up to 1985) have been
used, along with data on underwater noise fromoil industry activities, to
predict the likely radii of audibility and responsiveness around various oi
i ndustry activities (Mles et al. 1987: Ri chardson et al. 1990). Thes e
predictions refer to late summer conditions in the Canadian Beaufort and early
autum conditions in the Al askan Beaufort. The Mles et al. nodeling study
assuned that each industry activity operated during autum, in turn, at each of
Six specific drillsites in the Al askan Beaufort Sea

The avail abl e data on disturbance reacti ons of bowheads during autumm
mgration may be the nost relevant results with respect to spring mgration
LGL and G eeneridge (1987) studied the reactions of bowheads to full-scale
drilling operations involving a drillship and several support ships. Drilling
activities of this nature may be nore disruptive to whales than production
activities froma single stationary platform LG and G eeneridge (.1987)
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found that westward-mgrating bowheads whose courses would have brought them
within 10 km of the drillship altered course to pass nmore than 10 km north or
south of the drillsite. By mmking such a diversion, they avoided exposure to
strong industrial noise. Several migrating whales were observed 15-30 km from
the drillsite. Their responses to the weaker noise at those ranges were
descri bed as none to mld. On one occasion. a bowhead altered its course
repeatedly, apparently to divert around the drillsite. It renmnined 23-27 km
fromthe drilling operation as it [ligrated westward past the operation. In
spring, ice conditions mght often prevent bowheads from undertaking simlar
di versi ons. In that case. it is unknown how the whales would react.

There have been a few late winter and spring observations of bowhead
reactions to fixed wing survey aircraft (e.g. Ljungblad et al. 1984: Ljungblad
1986) and helicopters (Dahlheim 1981). Wth these few exceptions, there is
virtually no information in the scientific literature concerning the reactions
of bowheads to human activities and noise in spring.

Thus . previous disturbance studies of bowheads have been inportant in
assessing potential short-term disturbance responses, at |east in the open water
and loose ice conditions common in sunmer and early autum. However. available
data are not sufficient for predicting short-term reactions of bowheads in
spring when ice conditions and whale activities are very different. Exi sting
data also are not sufficient for predicting the |ong-term consequences of
continuous , stationary industrial activities at any season, and especially in

spring.

Di sturbance Reactions of Wite Wales

Davis and Thomson (1984) and Richardson et al. (1989) reviewed the avail-
abl e published and unpublished information on responses of white whales to
di sturbance. There is great variation in responses depending on the population
involved, time of year, and other factors such as presence of potential food.

Popul ations that have been exposed to noderate to high levels of shipping
in open water seemto have habituated to the shipping noise. \Wite whales in
areas with nmuch vessel traffic (St. Lawence estuary: Cook Inlet, Al aska:
Churchill, Manitoba) are not displaced by nearby shipping or by oil production
facilities [Davis and Thonson 1984). In the Bristol Bay area (Al aska). white
whal es were relatively insensitive to playbacks of taped drilling noise froma
sem - subnersi bl e vessel, although they did “startle” when the playback started
and stopped suddenly. However, white whales responded nore noticeably to
out board motor noise, perhaps because whales are hunted from outboards (Stewart
et al. 1982,1983; Awbrey and Stewart 1983). Pl aybacks of drilling noise to
captive animals caused little behavior change and no evidence of physiological
stress even though received levels were as high as 153 dB re 1 pPa (Awbrey et
al. 1986). The latter study, along with Johnson et al. (1989), also confirmed
that hearing sensitivity below 1000 Hz. where industrial noise is concentrated,
is quite poor even though white whal es have very sensitive hearing at high
frequencies (Fig. 6).



Introduction 1I4

160
140 o
X
x
120 sy A
] Xv«wm
5 100 = x
P A
2 ol [a .
a White 78 % N
6011 Awbrey 88 4 _»
- ek
40-1{ Johnson 89 AL
NO H H L “ 1k} H 1 Fryl 1 . Tryn T T LR R B 1] ¥ ¥l
0.01 0.1 1 - 10 100 1000

_nqmn:mnww (kHz)

Fig. 6. Absolute hearing sensitivity of white whales listening underwater, plotted in relation to
frequency. Data are from White et al, (1978, average of two animals), Awbrey et al. (1988,

n = 3), and Johnson et al. (1989, n = 1).
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In addition to general habituation, the activity of the animals nmay affect
their response to disturbance. \Wite whales actively feed on salnmon in inner
Bristol Bay in June and early July. The area contains a najor salnmon fishery
wi th hundreds of fishing boats supported by high-powered tender boats and fl oat
pl anes. Wil e feeding on the salmon. the whales consistently nove anong the
boats and nets (Frost et al. 1983: L. Lowy in Davis and Thonson 1984). It
appears that feeding white whales will sometinmes tolerate |large amunts of noise
and di sturbance.

Ice conditions apparently can influence the disturbance responses. In open
waters of the Mackenzie estuary, white whales were relatively tolerant of
stationary noise sources, although they did take evasive action at distances up
to 2.4 km from noving vessels. Wi te whal es seenmed nore sensitive when in
confined areas, such as leads in the ice. than when in open water. They also
appeared to be nmore sensitive in shallow than in deeper water (Fraker 1977a.b,
1978: Fraker and Fraker 1979; Norton Fraker and Fraker 1982: M.A. Fraker in
Davis and Thomson 1984).

In the Canadian high arctic, white whales of a different stock are very
sensitive to ship noise when the first ship of the season approaches (LGL and
G eeneridge 1986: Cosens and Dueck 1988). Alarm calls and fleeing responses
were detected when the ship was still tens of kilometers away and its sound was
barely detectable. These extrenely large reaction distances may have been
partly attributable to good sound propagation conditions in deep water.
However, other reasons for the high sensitivity of the whales nay have included
the partial confinement of the whales by heavy ice cover in spring, and the
novelty of industrial noise in that area and season. These last two possibil-
ities mght also apply in the Beaufort Sea in spring

To summarize, available data show that reactions of white whales to man-
made noise are highly variable. Based on these data, it is not possible to
predict how white whales migrating through the ice near Barrow will respond to
pl aybacks of industrial noise. Available data suggest that white whal es whose
nmovenents are partly confined by ice in spring nmay be quite sensitive to
i ndustrial noise.

Sounds from Spring Production Activities

There are published data on the spectral characteristics and | evels of

underwat er noise from many activities of the offshore oil industry. Many of
t hese neasurenents were obtained in the Beaufort Sea or el sewhere in Al askan
waters .  However, offshore oil production has not yet begun from arctic waters

deep enough to be used by bowhead whales, so there are no data on noise from
oil production activities in the arctic.

Sounds from production platfornms were studied by Gales (1982). but the
types of platforms that he studied are not at all typical of those that would
be used in arctic waters. Future hydrocarbon production near the spring migra-
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tion routes of bowheads and white whales in the arctic is likely to be from
| arge, bottomfounded caissons or islands. These structures, unlike those
studied by Gales, are expected to have large areas of contact with the bottom
in order to withstand expected ice conditions. Sounds from bottom founded
expl oration cai ssons have been recorded in the Canadian and Al askan Beaufort

Sea. Alnpst all published results concern the open water season (G eene 1985.

1987b; Ml es et al. 1987: Hall and Francine 1990).

Exi sting bottomfounded drilling platforns used in the arctic (CIDS,
Molikpag, SSDC) are usually encircled by a grounded mass of ice when operating
in winter. This ice is seeded by hoses from the platformin order to build up
a thick barrier around the structure. This barrier provides additional protec-

tion agai nst noving pack ice. The presence of this ice barrier may signif-
icantly reduce the amount of noise that radiates into the waters surrounding
the drilling platform Thus , sounds from summer drilling operations may be
quite different than noise from winter/spring drilling operations even if

conducted from the same platform

The only data on sounds enmtted by a bottomfounded platform surrounded by
ice “were recorded near the CIDS in late Novenber 1989, after the present study
was conducted (Hall and Francine 1990).* The received broadband |levels in the
30-1000 Hz band were relatively low (-89 dB re 1 uyPa at range 1.4 km). However.
there was much nore energy at frequencies below 30 Hz, including a strong tone
near 1.5 Hz. That tone was interpreted as being the fundamental frequency of
the rotary table on the drillrig. Oher studies of noise fromindustrial activ-
ities in the Beaufort Sea have not considered sound conponents below 16 or 20
Hz. It is not known whether bowheads are sensitive to frequencies in this range
(see p. 208-210). Wite whales alnost certainly do not have useful sensitivity
below 20 Hz, based on neasurenments from 40 Hz upward (Fig. 6).

Of fshore production platforns typically support many directionally-drilled

wells. Drilling of additional wells nay continue long after production fromthe
first well begins. Hence, it would be reasonable to study the reactions of
whal es to sounds from existing bottomfounded drilling caissons used in the

arctic, even though these structures are not fully equivalent to anticipated
production facilities.

The attenuation of received noise levels with increasing distance from
i ndustrial sources has received considerable attention in arctic waters.
However, nost of these data were acquired during seasons other than spring, and
very few of the published propagation data were obtained near Barrow. Seasonal
variations in ice conditions and water mass characteristics are known to have
strong effects on underwater sound propagation in the arctic. A review and

' Greeneridge Sciences was funded. under the present project, to obtain such
recordings during the winter of 1988-89 if a caisson had been drilling in the
Al askan or Canadian Beaufort Sea at that tine. However, there were no caisson-
based drilling operations in the Beaufort Sea during that winter.
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analysis by BBN Systens & Technologies Corp. during the planning phase of this
project indicated that propagation conditions in and near spring |ead systens
vary widely, depending largely on variable ice characteristics (Appendix A).

bj ecti ves

General (Obj ectives

G ven the above concerns and data gaps, in early 1988 MMS requested propos-
als for an experimental study of the effects of noise fromoil production activ-
ities on bowhead and (secondarily) white whales during their spring migrations
around Al aska. The overall objectives of the study, as defined by MMS. were

1. “To quantitatively characterize the marine acoustic environment includ-
ing sound transmission |oss and ambient noise within the nearshore |eads
of the Al askan Chukchi Sea and Beaufort Seas in the spring.

2. “To quantitatively describe the transmission |oss characteristics of
underwat er sound produced by production platforns and icebreakers in the
spring lead study area.

3. “To quantitatively docunent the short term behavioral response of spring
m grating bowhead and, as possible, beluga [white] whales resulting from
exposure to the [above] sources (see objective 2} of production sounds.

4. “To assist and coordinate with other MMS sponsored studies and |ocal
resource users to maximze collection of needed data and avoid conflict
wi th subsistence whaling activities

5. “To analyze acquired and synthesized data to test the generalized null
hypot hesis. ”

Specific 1989 Objectives

Prior to the 1989 field program it was decided that the study woul d
include at least a second spring field season. in 1990. It was recognized that
the overall objectives could not be net in a single season. The highest prior-
ity during the 1989 field programwas to study the reactions of bowheads to
noi se froma bottomfounded drilling or production platform When possible
reactions of white whales tov this sound were to be determned as well. Under-
wat er pl ayback techniques were to be used to sinulate the noise froman actua
platform As a lower priority, the reactions of bowheads and white whales to
actual helicopter overflights were to be determined if opportunities allowed

The specific objectives for the first field season, in 1989. were as
foll ows:
1. To record and characterize the underwater noise froma drilling opera-

tion on a grounded ice pad in shallow water during late winter.
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2. To neasure anbient noise |levels and characteristics along the spring
mgration corridor of bowhead and white whales in the western Beaufort
Sea.

3.To nmeasure and nodel transmssion |oss of underwater sound al ong that
part of the spring migration corridor, based on playbacks of test tones
and the continuous drilling platform sound recorded in (1).

4. To measure the short-term behavioral responses of bowhead and (as poss-

ible) white whales visible in open water areas along their spring mgra-
tion corridor in the western Beaufort Sea to underwater playbacks of the

continuous drilling platform sound in (1).

5. To neasure the short-term behavioral responses of bowhead and (as poss-
ible) white whales visible in open water areas along their spring mgra-
tion corridor in the western Beaufort Sea to helicopter overflights.

6. To docunent, as opportunities allow, other aspects of the novenents.
behavi or, basic biology, disturbance responses. and acoustic environment
of bowhead and white whales along their spring migration corridor in the
western Beaufort Sea.

7. To assist and coordinate with other studies and local resource users to
maxi m ze collection of needed data and to avoid interference with sub-
sistence whaling and other studies

8. To analyze the data to test hypotheses concerning effects of the drill-
ing platform sound recorded in (1) on nmovenment patterns and behavior of
bowhead and white whal es visible along their spring migration corridor
in the western Beaufort Sea.

The Null and Alternate Hypotheses

MMS initially indicated that the primary purpose of the study was to test
the follow ng generalized null hypothesis:

“Noi ses associated with offshore oil and gas production activities will
not significantly alter the mgratory novenents, spatial distribution
or other overt behavior of bowhead whales during the spring mgration
in the eastern Chukchi and western Beaufort Seas. *

MMS i ndi cated that the secondary purpose of this study was to test a
simlar generalized null hypothesis concerning white whales

During the planning phase of this study, the hypotheses to be assessed in
1989 were nade nore specific in four areas: (1) the types of oil and gas activ-
ities of concern, (2) the criteria of whale behavior to be considered, (3) the
geographic location and environmental circunstances of the tests, and (4) the
fact that playback techniques were to be used to sinulate the noise froma plat-
form Four null hypotheses of a nore specific nature were devel oped for each

of the two whal e species.
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1. Pl aybacks of recorded noise froma bottomfounded platformw |l not (or
alternatively will) significantly alter neasures of migration routes
and spatial distribution of whales in the open water of nearshore |ead
systens during the spring mgration near Pt. Barrow Al aska.

2. Pl aybacks of recorded noise froma bottomfounded platformw Il not (or
alternatively will) significantly alter subtle aspects of individual
whal e behavior in the open water of nearshore |ead systems during the
spring migration near Pt. Barrow, Al aska.

3. Helicopter overflights will not (or alternatively will) significantly
alter neasures of migration routes and spatial distribution of whales
in the open water of nearshore lead systems during the spring migration
near Pt. Barrow, Al aska.

4.Hel icopter overflights will not (or alternatively will) significantly
alter subtle aspects of individual whale behavior in the open water of
nearshore |ead systens during the spring [ligration near Pt. Barrow.
Al aska.

MVB indicated that greater enphasis should be placed on hypotheses (1) and (3)
relating to effects on migration routes and distribution, than to hypotheses
(2y and (4), relating to subtle aspects of the behavior of individual whales.
However. LG undertook to address hypotheses (2) and (4) as well, at least for
bowheads. Difficulties in observing some aspects of the individual behavior of
white whales froman aircraft circling at high altitude made it doubtful whether
hypot heses (2) and (4) could be assessed for white whales.

Appr oach

This is a conplex study with many interrelated tasks or conponents. This
section provides a brief description of the overall approach. This nay be help-
ful in understanding the relationships anmong the various tasks. Met hods are
described in nore detail in a later section (METHODS).

The general concept was that reactions of bowhead and white whales to
i ndustrial noises woul d be tested by using an underwater sound projector to
i ntroduce recorded noise into a |ead through which whales were igrating. The
novenents and behavi or of whal es woul d be docunented as they approached and
passed the sound projector. Industrial sound |evels reaching the whales at
various distances fromthe projector were to be neasured w th sonobuoys or
hydr ophores. suppl enented by acoustic []odeling procedures. Reactions to heli-
copter overflights were to be determined using an actual helicopter rather than
pl ayback techniques.

L& is responsible for the project as a whole. and for all biological
conponents of the work. Subcontractor Geeneridge Sciences Inc. is responsible
for providing and operating acoustical equipnent, and for analyzing and report-
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ing nost of the physical acoustics results. Subcontractor BBN Systens & Tech-
nol ogies Corp. is responsible for sound propagation nodeling.

The contract was awarded to LGL in the autum of 1988. Funding was provid-
ed in two stages. Initial funding covered the planning phase (October 1988 to
April 1989). After it was determined that the project likely would receive the
necessary approvals and pernmits. increnental funding was provided for the 1989
fieldwork, analysis and reporting

During the planning phase, we contacted and net with representatives of
three local organizations: the North Sl ope Borough (NSB), Al aska Eski no Wal i ng
Conmi ssion (AEWC), and Barrow Wialing Captains’ Association (BWCA). The
pur poses of these conmunications were (1) to obtain information about |oca
conditions that would be helpful in planning the study, and (2) to avoid any
actual or perceived interference with their ongoing activities, nost notably
whal i ng and the spring bowhead census. As part of this consultation process,
proj ect personnel attended a public neeting in Barrow in January 1989 and a
meeting of the BWCA in February 1989. In addition, we contacted and nmet with
representatives of the National Mrine Ml Laboratory (NMML) aerial photo-
grammetry group, who were also planning to work” near Barrow in the spring of
1989.

Prior to the 1989 fiel dwork, the acoustic environnental conditions near
Pt. Barrow during spring were reviewed, nodeled and interpreted (Malme et al.
1989; Richardson 1989). The nmain objective was to determne how far from Barrow
this study would have to be conducted in order to avoid acoustic interference
with whaling or the census near Barrow. (The report by Malme et al. (1988) is
i ncluded as Appendix A of the present report. ) In addition, MIller (1989)
reviewed available literature on spring ice conditions and the spring whale
mgration near Barrow to assist in deternmining the best site for the fieldwork

A study area was then selected based on all of the above nmentioned discus-
sions and considerations. It was decided that experinental work should be
centered about 60 km northeast or east of Point Barrow. To confirm that sounds
projected into the water in that region would not reach the whaling or whale
census areas, two prelininary sound transm ssion |oss tests were conducted there
in late April 1989, prior to the main field season in May 1989. These tests
were designed to check the acoustic predictions devel oped by Malme et al. (1989)
and Richardson (1989)

At the end of March 1989, a trip was nade to Prudhoe Bay to record the
sounds produced by drilling on a grounded ice platform ("Kariuk") in 6 m of
wat er . Production platforns sinmilar to those that might be used in or near
spring lead systenms have not been constructed, and no recording of sounds from
an icebound concrete or steel drilling caisson were avail able. In the absence
of recordings of such sounds, the under-ice noise fromthe Karluk platform was
selected as having the nost suitable characteristics for use during playback
experiments during 1989. In order to nexinize the sanple size, it was decided
to use this one type of industrial noise in all playback tests during 1989
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Plans for the 1989 fieldwork were reviewed and refined at a nmeeting of the
project’s Scientific Review Board (SRB) held in early April 1989. The SRB
i ncl uded representatives of the three concerned | ocal groups (AEWC, BWCA and
NSB) as well as independent biologists and acousticians (see Acknow edgenents).
MVS and project personnel also attended.

The main field program was conducted during May 1989 using two crews of
researchers .  One crew (aerial crew) conducted surveys and aerial observations
of bowheads and white whales froma fixed-wing aircraft. This crew also dropped
sonobuoys into the sea to docunent the underwater sounds near whal es and ot her
sites of interest. The second crew (ice-based crew) operated a sound projector
to project recorded sounds into the sea and sound recording equipnent to nonitor
those and other sounds. They also used a theodolite to track the novenents of
whal es observable from the ice edge.

No open lead was present along the edge of the landfast ice NE of Barrow
until 20 May, and openings in the pack ice seaward of the |andfast ice edge were
al so scarce and small until about that date. As a result, wuntil 20 May there
was no persistent or predictable open water area, although there were transient
areas of open water am dst the pack ice. FEven after the nearshore |ead opened
on 20 May, nost whales traveled through the pack ice or along the offshore side
of the Iead. Therefore, a suitable projector site on the pack ice had to be
| ocated each day by aerial reconnaissance. The ice-based crew spent the nights
in Barrow, and used a helicopter to nove to and fromthe chosen field |ocation
on each day when weather and ice conditions pernitted.

After arriving on the pack ice each day, the ice-based crew deployed the

sound projector and a nonitor sonobuoy about 1 km away. Before beginning to
project the drilling sounds into the sea, they recorded anbient noise |evels.
When the drilling sound was being projected, they nonitored the transmtted

sound | evel and recorded the noise received at the sonobuoy 1 km away. During
sound pl aybacks, two of the ice-based observers watched for whal es, docunented
behavi oral observations, and used a theodolite to track whal e movenents. The
hi ghest avail abl e observation platform was usually an ice ridge, so the theodo-
lite was only 2-5 m ASL (Above Sea Level). Because of the low elevation, ice-
based observations were restricted to whales within -1 km of the projector. In
addition, even some of the whales within a few hundred neters of the projector
could not be detected because of obstruction by intervening ice.

Whal es approaching the projector from greater distances were observed from
a fixed-wing aircraft (Twin Qter) circling at an altitude high enough to avoid
di sturbing the whales (457 m ASL). The aerial observers were able to document
whal e movenments (albeit |less precisely than via ice-based theodolite), observe
behavi or of individual whales, determne whale distribution relative to the
sound projector, and drop and nonitor soncbuoys to determ ne sound |evels at
whal e | ocati ons. None of these tasks could be done adequately fromthe ice
pl atf orm when the whal es were beyond -1 km fromthe theodolite Site.



I ntroduction 22

To provide nore information concerning noise attenuation in the water under
different environmental conditions, three nore transmi ssion |oss experinents
were conducted by the ice-based crew during the main field season in May 1989.
These conplemented the two simlar propagation tests conducted in late April
1989. These data are used in nodeling studies to estinmate sound |evels at
vari ous di stances from noi se sources under different ice conditions.

Assunptions and Limtations

A nunber of assunptions had to be made in designing an experinental field
study that woul d address the general project objectives and the specific ,1989
objectives. This section lists several assunptions that nmay need to be nade in
using the results to predict the reactions of whales to actual oil industry
operations . Associated with nost of these assunptions are various limtations.

(1) The study area, |ocated ENE of Point Barrow, is assuned to be reasonably
representative of locations where bowheads and white whales mgrating around
northern Al aska in spring mght encounter oil industry activities.

Limtations: (a) All sound propagation tests and behavi oral observations
in 1989 were necessarily performed in pack ice conditions or along the
south side of the pack ice (north side of the nearshore lead). The applic-
ability of these data to whales migrating along the south side of the near-
shore lead, near the landfast ice, is not verified

(b) The applicability of the 1989 results to the Chukchi Sea is not verif-
ied, since all 1989 data were necessarily obtained well to the ENE of Pt
Barrow in the western Beaufort Sea. (However, see p. 148.)

(c) Water depths at many of the 1989 study | ocations were greater than
t hose where bottomfounded drilling or production platforms are likely to
be constructed. \Water depth affects sound propagation.

{(2) In order to draw conclusions about zal! whales mgrating around northern
Alaska in spring, it would be necessary to assume that whales visible in |eads
and am dst the pack ice (i.e. those studied here) react to underwater noise in
about the same way as those that are not visible. The accuracy of this assunp-
tion is unknown, so we restrict our discussion (and the title of the report) to
whal es visible during spring mgration.

Limtations: (a) Some whales mgrate along the open nearshore lead, others
t hrough extensive |leads and cracks in the pack ice, and others through
cl osed-1ead or heavy pack ice conditions. The |ikelihood of detecting
whal es differs greatly anong these three habitats. Also, once detected.
the likelihood of successfully observing them for a prol onged period
differs greatly among habitats. Alnost all 1989 data on reactions to noise
were fromwhal es [igrating through open pack ice or along the north side
of an open nearshore lead. W obtained no data on whales mgrating through
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closed lead conditions, and very few data on whales traveling through heaw
pack ice (but see 30 April 1989 results. p. 174).

(b) Even in open pack ice, some individual whales are likely to behave in
ways that make them nore visible than other whales. Because observations
are concentrated on the area close to the noise source, whales that come
close to the source are nost likely to be seen. Based on the limted
observations obtainable in the difficult ice conditions encountered in
1989, we could not determine what proportion of the bowheads approached
within various distances of the noise source.

(c) Acoustic nonitoring and |ocalization nethods. which have proven very
val uabl e in studying the movenents of whales [Jigrating under the ice during
spring mgration past Pt. Barrow. are not nearly as useful in a study of
this type. The noise enmitted during playbacks woul d mask all but the
strongest bowhead calls received near the projector site

(3) Underwater playback of recorded underwater sounds from an industrial opera-
tion is assumed to be a useful nethod for evaluating the likely reactions of
whal es to actual industrial operations of corresponding types. In 1989, specif-
ically, we assumed that playbacks of underwater sounds recorded near a drillrig
on a bottomfounded ice pad were a useful nethod for testing the reactions of
whales to an actual drilling operation of that type

Limtations: (a) Underwater playback techniques simulate the sounds emtted
by an industrial site, but exclude other stinuli to which whales may be
sensitive, e.g. sight, snell, effects of physical presence on water flow
This is an advantage in the sense that it allows an assessment of the
effects of noise per se, but a disadvantage in that the playback does not
simulate all aspects of the actual industrial operation.

(b) The types of sounds available for use in this study were limted, and
it is uncertain how simlar the sounds froman actual drilling/production
platformw |l be to the Karluk sound used here. To date, neither drilling
nor production have been done in or near spring | ead systens off northern
Al aska. Therefore, it has not been possible to record or study the sounds
emanating from such an operation. It was desirable to conduct tests of the
reactions of whales to simulated industrial activities prior to the start
of actual industrial activities. There is some reason for optimsmthat
whales may react in a simlar way regardless of the specific type of
industrial noise used for playbacks, provided that it is continuous (Malme
et al. 1984: Richardson et al. 1990). Nonet hel ess , any extrapol ation of
the 1989 playback results to situations involving other types of industria

sounds nust be considered specul ative

(c) Sounds emtted during playbacks do not simulate the full range of
sounds that an actual industrial site would emt over tine. In 1989. we
repeatedly projected a 3-mnute segment of sounds emtted by the Karluk
drillsite while it was drilling, sinulating a continuous drilling operation
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with no interruptions. There was no attenpt to sinulate the noise from
other activities that occur intermttently on a drillrig.

(d) Sounds emtted during playbacks do not sinulate the full frequency
range of sound and vibration enitted by an industrial site. Procedures used
in 1989 provided a reasonable sinulation of the conponents of Karluk sound
within the 50 to 12,000 Hz band. However, the playback system could not
adequat el y reproduce conponents at frequencies much below 50 Hz (p. 99).
White whales are not sensitive to these low frequency components unless
their levels are very high (Fig. 6), so the inability to project them was
not a problem during playback tests on white whal es. It is not known
whet her bowhead whales are sensitive to these |ow frequency conponents.
In sumer, bowheads seem at |east as sensitive to playbacks of drillship
and dredge sounds as they are to actual drillships and dredges (Ri chardson
et al. 1990). This suggests that playbacks can provide relevant data

(4) It is assuned that the presence of the observers did not bias the results.
Three potential problenms existed (see itens a-c, below), but these sources of
bias were present during nost control observations as well as during playbacks
Furthernore, the potential for bias of all three types is believed to be low:

Limitations: (a) \Wales are known to react to aircraft overflights in some
situations; nost 1989 observations were obtained from an aircraft circling
above the whales. Studies in summer and autumm have shown that an observa-
tion aircraft circling over bowheads causes no significant disturbance
reaction provided that it remains at an altitude of at least 457 m (1500
ft) at a | ow power setting, and avoids passing directly over the whal es
(Ri chardson et al. 1985a,b). Anecdotal data suggest that white whales also
tolerate aircraft at that height (reviewed by R chardson et al. 1989).
Limted data fromthe 1989 study suggest that sensitivity to aircraft is
no greater in spring than during sumrer or autumm (see p. 210 and 239).
Gven this, and the fact that we excluded observations from periods when
the aircraft was below 457 m, the presence of the aircraft is not
consi dered to be a significant problem

(b) The projected drillsite noise canme froma small canp | ocated on the
edge of an ice pan. This canp, including the ice-based personnel, may have
been visible to sone of the closer whales while they were at the surface.
However, reactions to visual cues would be mnimzed by the small size of
the ice-based operation, the limtations of vision through the air-water
interface, and the frequent presence of visual obstructions (ice floes)
between the canp and the whales. Also, interpretation problens arising
fromany bias that does exist can be avoi ded by conparing behavior of
whal es passing the canp when the projector is operating vs. silent. (This
type of control is scheduled for the 1990 field season. )

(c) It was necessary to operate a small gasoline-powered generator at the
ice canmp during playbacks and sone control periods. This emtted sone
underwat er noi se, This noise was detectable underwater within a few
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hundred neters of the canpsite during control (quiet) periods, but the
generator noi se was masked by the projected sound during playbacks (see
p. 97).

(5) It is assumed that disturbance of whales is evident by visual observations
of their distribution and novements near the noise source, and (for bowheads)

vi sual observations of the details of their individual behaviors. Previ ous
studi es have shown that bowhead and white whales often react in visually observ-
abl e ways when subjected to strong noise fromactual or sinulated oil industry
operations

Li mi tations: (a) Even the nost conspicuous whales are visible for only a
fraction of the time--typically less than 20% in mgrating bowheads.
Whal es migrating past a disturbance source are often bel ow the water and
i nvisible when at their closest point of approach. During periods while
whal es are underwater or under ice, it usually is not possible to observe
them directly. However, sone aspects of their novenments underwater or
under ice often can be inferred fromtheir diving and re-surfacing posi-
tions, headings, and times. Also, mgrating whales occasionally travel at
sufficiently shall ow depths that they can be seen bel ow the surface
t hroughout part or all of a dive in open water.

(b) The calling rates of whales could not be conpared under playback vs.

control conditions. Sone other studies of whales have suggested, often
based on equivocal evidence, that call rates dimnish in the presence of
Oan-made noi se. This could not be studied here because the majority of
the calls heard in the absence of projected noise woul d be undetectable due
to masking even if they were present during playbacks.

(c) No direct nmeasure of physiological stress is possible during field
observations of passing whales. However, in the case of bowheads. surfac-
ing, respiration and diving cycles were nonitored quantitatively. These
variables may provide indirect and limted indications of stress. These
vari abl es could not be observed reliably for white whales. so we had no
simlar indicator for that species

(d) No data of any type could be collected on any whal es that avoi ded
detection, e.g. by renmaining amdst heavy ice (see lintation 2b, above)

(e) This study concerns the short-termreactions of migrating whales to one
source of industrial noise. The |long-term consequences with respect to the
wel | -being of individuals and the popul ation are not addressed directly.
However, data on the short-termreactions to one noise source nay provide
an indication of the likely severity of the long-termeffects of one or
more sources of that type of noise
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STUDY AREA

Selection Criteria

In choosing a study area, it was necessary to conpronmise between choosing
(a) an area where many whal es woul d be encountered and (b) an area where project
activities would not interfere (or be perceived to interfere) with native
subsi stence whaling or other scientific studies.

Local Concerns

This study could not have been conducted if it had been opposed by local
organi zations such as the North Slope Borough, the Alaska Eskim Waling Comm s-
sion, and the Barrow Whaling Captains’ Association. Strong opposition would
have occurred if the proposed study site were southwest of the northeasternnmost
of the spring whaling comunities (Barrow). Whalers undoubtedly would have been
strongly concerned about a proposed disturbance experinent anywhere “upstreant
(south or southwest) of any whaling site. They would have been concerned that
such a study mght block the passage of some whales, or interfere with the
subsequent timng or route of the whale mgration past the whaling comunity.
For the same reasons, the study area could not have been near Barrow.

In addition, for nmore than a decade there has been an annual spring bow-

head census near Pt. Barrow (Fig. 2). In 1988, a very intensive census effort
was conducted, and in 1989 a scal ed-down census effort was planned for late
April and May. This census at Barrow has been very inmportant to the |ocal
people, to Us. regul atory agencies, and to the International Waling
Conmi ssi on. The census procedures have becone very precise and highly
sophi sti cat ed. Present census and data anal ysis procedures depend on the
consistent mgratory behavior of the whales. Di sturbance-rel ated changes in

whal e behavior mght include changes in sw nmmng speeds, average di stance from
the ice edge, or the distribution of mgration directions. Any one of these
changes could significantly affect the results of the census. Also, acoustic
nmonitoring techniques are now an inportant part of the census (Clark et al
1986; Ko et al. 1986; Gentleman and Zeh 1987). 1f background noise levels were
el evat ed because industrial sounds were being projected into the water nearby.
the range of effective acoustic nonitoring (and especially of call |ocalization)
woul d be reduced. Any real or potential interference with the census would have
been unacceptable to a variety of local, national, and international interests

G ven these considerations, the project would not have received local
acceptance if the proposed field site were anywhere near or southwest of Barrow.
Locations well to the east of Pt. Barrow appeared to be the only locations that
m ght be acceptable to local people and to agencies concerned about the whale
census.
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Specific Study Locati on

As part of the planning process for this study. MIler (1989) reviewed the
avail able information on ice conditions and on whale distribution in the area
east and northeast of Pt. Barrow during spring. Results of this review are
summari zed in the preceding “Background” section. Logi stically, the nost
advant ageous |ocation for the study area and ice canp were expected to be along
the landfast ice edge where a permanent canp could have been established. How
ever, MIller (1989) noted that open |eads are found infrequently along the land-
fast ice edge east of Barrow. and that the migrating bowheads start to oove away
fromthe |andfast ice edge about 35 km ENE of Pt. Barrow. Beyond that point.
the whales tend to follow the E-W offshore shear zone rather than the nearshore
flaw | ead al ong the landfast ice edge (Fig. 1). The white whale mgration
corridor is broader: it overlaps with the corridor used by bowheads but also
extends farther offshore. Thus, few whales are found along the landfast ice
edge nore than about 35 km east of Barrow

During nost years the best location for the sound projector would be along
the landfast ice edge within 35 kmof Pt. Barrow Gven that such a site m ght
be too close to whaling and census areas, LG recognized from the start of the
pl anni ng process that the projector mght have to be set up on pack ice along
the E-W offshore shear zone NE of Pt. Barrow. However, the whale mgration
corridor w dens as the whales travel east of Pt. Barrow, reducing the nunbers
of whal es expected to pass close to any given site, and logistic support becones
progressively nore difficult.

Gven the above, it was clearly desirable to work as close to Barrow as
possi bl e without causing real or perceived interference to whaling and to the
census. The nost appropriate distance east of Barrow was determined through an
acoustic nodeling study (Appendix A) and consultation with |ocal Barrow
organi zations, individuals and scientific investigators. To provide convincing
“safety” margins and to avoid opposition fromthe various concerned groups, we
selected an area about 60 km (32 n.mi.) NE or ENE of Pt. Barrow as the
approximate |location for the industrial noise playback experinments. W al so
undertook not to fly within 10 kmof the census or whaling sites (unless these
were within 10 km of Barrow s airport).

Because of the 60 kmrestriction, there were several days during the first
hal f of the study when playbacks of drilling sounds could not be done even
t hough open water and whal es were present closer to Barrow. On some of these
| atter occasions we conducted aerial observations of bowhead behavi or and/or
aerial photogrammetry efforts within 60 kmof Pt. Barrow During these
activities we renmined at least 10 km from the traditional whaling sites. W
al so avoided overflying the whale census area, although ice conditions prevent-
ed an effective ice-based census in My 1989.
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Ice Conditions

Gener al

Sea ice dom nates the Al askan Beaufort Sea, with ice cover of alnpst 100%
for 9 to 10 nonths each year (Norton and Weller 1984). There are three prin-
ci pal zones of ice cover in the Beaufort Sea: | andfast ice, the shear zone,
and the pack ice (Fig. 1).

The landfast ice fornms gradually in fall and by late winter extends from
25 to 75 km offshore, depending on the position along the coast. During the
initial phases of freeze-up, multiyear ice floes become grounded as they enter
t he nearshore region. As freezing continues, new ice |ocks these multiyear
floes in place. These grounded multiyear floes, in turn, act to anchor new ice,
contributing to its stability and shorefast tendency during spring breakup.

The pack ice is conposed of floes of multiyear ice that are consolidated
and suppl enented by each year’s annual ice. Miltiyear ice in the Beaufort Sea
averages 4 min thickness and new ice can grow to 2.4 min thickness during one
W nter season. Circulation patterns tend to nove the pack westward along the
Al askan coast. This circulation is largely wind driven, and is |less energetic
in winter. During periods of westerly winds, the direction of ice drift can be
reversed tenporarily, beconming eastward.

Between the fast ice and the pack ice lies the shear zone. In this area
pressure ridges form where shearing and conpressive forces are exerted by the
mobil e pack ice on the less nmobile pack ice and the fast ice. Pressure ridges
may exceed 10 min height (Tucker et al. 1984; Kovacs and Mellor 1974).

Marko and Fraker (1981) presented an idealized representation of spring
ice cover in the Beaufort Sea showing typical |ocations of nmajor leads (Fig. 1).
The |l ead al ong the E-Woffshore shear zone is an extension of the NW Al aska
Lead, although the shear zone typically deviates 5-10° to the south at a point
about 35 km east of Pt. Barrow Marko and Fraker (1981) note that the |ead
along this shear zone does not coincide with the edge of the |andfast ice at
points nore than about 35 km east of Pt. Barrow. Instead, it is situated well
of fshore am dst the pack ice. The E-Woffshore shear zone is apparently the
result of the shearing of the relatively nobile “Ofshore Pack Ice” against the
more stable “Close Ice” zone (Fig. 1).

Al though the E-W offshore shear zone is the predom nant area of lead form
ation in the A askan Beaufort Sea, |eads also develop closer to shore. al ong or
near the landfast ice edge that parallels the NE coast of Al aska. In general,
this ice-edge is oriented WNW-ESE, and parallels the A askan coast froma point
northeast of Pt. Barrow to the Mackenzie Delta. Based on the locations shown
by Marke and Fraker (1981) for md My, the fast-ice edge is -25-55 km off the
coast between Pt. barrow and Cape Hal kett in different years. The |ead along
this fast ice edge is the “Nearshore Flaw’ shown in Figure 1.
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The maps presented by Marko and Fraker (.1981) for 20 April-10 June show
that. in nost years, there are periods when |leads are present in our study area
either in the E-W offshore shear zone or in both the shear zone and al ong the
fast ice edge. O the 8 years considered (1973-80), 1979 was the only year when
| eads were noticed only along the fast-ice edge. In 31 nmaps of ice features
during various years and periods, there was a nearshore lead along the fast-
ice edge in 13 cases (42% and offshore leads in 29 cases (94%.

Marko and Fraker (1981) noted that few leads formin the Cose lce Zone
(Fig. 1), and those that do form often subsequently close. This occurs because
the prevailing easterly winds that tend to form |eads el sewhere in the Beaufort
Sea force the ice of the southwestern Beaufort Sea against the Al askan coast,
tending to consolidate it. Burns et al. (1980) found that |eads were present
in this zone only 26 to 43% of the time during the January to May period.

Lead | ocations and configurations can change [ arkedly during a season
(Marko and Fraker 1981). For exanple on 6 May 1978 there was a wel | devel oped
| ead east of Pt. Barrow in the E-Woffshore shear zone (Fig. 7A). On 16 May
this major |lead was no |onger evident and only some snall |eads well north of
the 10 May lead | ocation were present. The nearest open water north of Cape
Halkett was about 100 km of fshore on this date. By 30 May a nmjor |ead that
extended fromPt. Barrow all the way into Amundsen Qulf was present in the E-W
of f shore shear zone. At this tine the lead was within about 65 km of Cape
Halkett. The data also show rapid shifts in |ead positions between the E-W
of fshore shear zone and the fast ice edge. and |ead configurations that were
intermediate between the two “typical” locations.

Thus, leads in the southwestern Beaufort Sea tend to formoffshore in the
E- W of fshore shear zone amidst the pack ice, and nearshore along the edge of
the landfast ice. Because these two typical |ead configurations forman acute
angle with an apex east of Pt. Barrow, there is usually a lead in that area
regardl ess of which lead configuration (offshore or nearshore) devel ops.

Farther east of Pt. Barrow, |eads are also common in the E-Woffshore shear
Zone. However, the maps presented by Marko and Fraker (1981) indicate that
| ocations of leads within this zone vary considerably anong and wthin years.
The ice in this area is |l ess stable than that near Pt. Barrow. Nearshore |eads
are unconmon along the fast ice edge off eastern Alaska, and those that do form
are often short-lived. Thus, the area just east of Pt. Barrow is nore favorable
for the present study than is the area farther east.

1989 | ce Conditions

Ice conditions in 1989 were nore closed than in the typical years describ-
ed above.

Wien the study was initiated in late April, no nejor |ead was present
either along the fast ice edge or in the area where the E-Woffshore shear zone
usually forms. The overall ice cover was 98 to >99% The few open water areas
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consisted of small holes anong pans plus narrow cracks and |leads that tended to
be oriented NWto SE These conditions were maintained until 7 Muy. M nor
shifts in the pack ice fornmed small holes. cracks and small |eads at about the
same rate as older ones were freezing. The amount of open water or thin newly-
refrozen ice decreased as one went east from Pt. Barrow. In the area 60 km or
nore to the NE, ENE and E, there were no extensive |eads or open areas, and
indeed very little open water in any configuration. From 7 to 11 My slightly
col der tenperatures (-6 to -23°C offshore) and calmwi nds resulted in freezing
of virtually all open water in the study area (Plate 1),

On 12May noderate NNE winds (26 kmh) shifted the offshore pack ice and
formed several Oinor leads oriented SWto NE The overall ice cover recorded
during the aerial survey on that date had decreased to 95% Mbderate NE wi nds
continued for the next few days and the NWAl aska Lead finally devel oped al ong
the fast ice edge as far north as several Kkiloneters to the northeast of Barrow
However, this lead was farther offshore than usual and a broad shelf of rough.
rubble ice between the stable landfast ice and the |ead made access to the |ead
from Barrow al nost inpossi bl e by snowrachi ne. Because of this, the ice-based
whal e census nornally done by the North Sl ope Borough could not be conducted
during our 1989 study period. In oost years, the NW Al aska Lead is present off
Barrow. at least intermttently. by md-to-late April.

By 13 May no major | eads had devel oped in our study area either along the
fast ice edge or in the offshore shear zone, but the overall ice cover had
decreased to 85% The open water areas consisted of short leads up to 5 kmin
length and large irregular-shaped areas of open water anidst the pack ice.
Al'though nost of the short |eads were oriented generally SWto NE, there was no
wel | defined migration corridor for whales to follow

On 15 May the wind decreased to 15 kmih and some of the open water areas
began to freeze. On 16 May the wind was light (13 kmh) fromthe SWand the
open water areas in the study area were further reduced to 5% by freezing and
conpression of the pack ice by the w nd.

Ice conditions remai ned about the sane until 20 May when the ice started
to open up. The lead along the fast ice edge extended well east of Pt. Barrow
for the first time, and ice cover in the study area decreased to 90%  Strong
winds on 21 May further | oosened the pack ice in the study area to 80%ice
cover, and a lead 1-6 km w de devel oped along the landfast ice edge as far east
as 60 km east of Pt. Barrow. This was a northeastward and eastward extension
of the NW Al aska |ead. The ice cover north of the |ead was 90% this pack ice
contained open water areas having irregular shapes and no particular
orientation.

From 22 to 29 May there were no major changes in ice conditions. The |ead
along the landfast ice edge widened slightly and extended farther east. to 85 km
east of Pt. Barrow (Plate 2). However. no notable changes occurred in the pack
ice north of the |ead.
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On 30 May the pack ice noved south and partially blocked the nearshore |ead
west of 155°30° and east of 154030°. The 35 km stretch of |ead between these
| ongi tudes had widened. On that date, the last day of our field season, open
wat er areas among the pack ice north of the | ead had al so expanded.

Specific information on ice conditions near each experimental site appears
in the “Bowhead Results - Reactions to Playbacks” section. For each experinment,
that section maps and describes the ice near the sound projector and the whales,

Weat her

Gener al

As part of the planning process, spring weather data fromnorthern Al aska

were revi ewed. Weat her was expected to have strong influences on project
| ogi stics and the feasibility of various field procedures. \ather data have
not been collected systematically within our offshore study area. However,

systematic data have been reported for May from two coastal stations near the
study area (Barrow, 1948-74 period, and Lonely DEWsite. 1957-75).  Qpportun-
istic weather observations in marine areas to the north and west of Barrow have
al so been summarized for May of 1872-1974 (Fig. 8; Brewer et al. 1977).

The mean tenperatures recorded in May at Barrow, Lonely and marine areas
NW of Barrow were -7, -6.5 and -10.5"C. Tenperatures appear to have been
related only weakly to wind direction, but tended to be 2-4 C° warner when w nds
were out oftheS SWorW (Fig. 9).

The predom nant winds at all |ocations during May were out of the E and
NE. At the two coastal stations, winds fromthe E or NE sectors occurred over
50% of the time during May. In the offshore area, these w nds occurred over

40% of the time (Fig. 10). The nean wind speeds at Barrow, Lonely and offshore
were, respectively, 18.7 kmh (10.1 knots), 14.8 kmih (8.0), and 19.2 km/h
(10.4). The wind direction did not change with tine of day at the two coastal
sites, but there was a tendency for slightly lower wind speeds during the early
norning (00:00 to 08:00 h) except at Lonely (Fig. 11, 12).

Precipitation was recorded at 37% of the May observation tines at Barrow,
9% at Lonely and 25% offshore (Fig. 13). Mbst of this precipitation was in the
form of snow

Visibility and ceiling have direct influences on the feasibility of the
aircraft operations necessary for the project. Horizontal wvisibility during
May is surprisingly good according to Brower et al. (1977). Visibility was
>9.3 km (5 n.mi.) about 70% of the tine. The ceiling was =610 m (2000 ft) only
-34%of the time at Barrow, but it was 305-610 man additional -22%of the time’.

* Actual percentages may be as nuch as 4% hi gher, given the manner in which
Brewer et al. (1977) present the data.
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Plate 1. NOAA Satellite imagery taken on 8 May 1989 showing the extensive offshore ice cover
near Barrow, Alaska.
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Plate 2. NOAA Satellite imagery taken on 28 May 1989 showing the NW Alaska lead and the
extensive offshoreice cover near Barrow, Alaska
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Fig. 10. Wind speed in relation to wind direction at selected locations near the study areain May
(from Brewer et a. 1977). Datafor Bar r ow and Lonely are from 1948-1974 and 1957-
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In of fshore areas the reported ceiling tended to be much higher: =610 m 60% of
the time and =305 ma full 79%of the tine (Fig. 14). It should be noted that
the accuracy of ceiling data is variable: some observations may be based on
visual estimates of dubious reliability.

Fog was relatively infrequent during May (Fig. 15). Overall, it was
reported only 12% of the time at Barrow and 18% of the time at Lonely. As
expected, fog was nost conmon during the early [l orning [18% of the tine at
Barrow during the 02:00-05:00 period) and rare during the afternoon (.7% of the
time at Barrow during the 14:00-17:00 period). Fog tended to be nobst common
during periods of calm E and SE wi nds.

1988 \Weat her

Addi tional weather data were provided by the North Slope Borough’'s Depart-
ment of WIdlife Management, which recorded weather data by 2-h periods during
their 1988 ice-based whale census near Barrow. Table 1 summarizes their cloud
information for 1988.

Table 1. Proportion of days having clear (upper) or clear and partially
cloudy (Il ower) weather near Barrow during the 1988 census period.
Data provided bv J.C. George, Dept of WIdlife Managenent, North
Sl ope Borough, Barrow, AK

No Cl ear
GOear >6h Clear < 6h Peri ods
26-30 Apri | 0.33 0.00 0.67
1-15 My 0.53 0. 20 0.27
16-31 May 0.06 0.00 0.94
1-10 June 0.67 0.00 0.33
26 April-10 June 0.35 0.08 0.58
C ear or Clear or No Cear or
Partially Partially Partially
Cloudv = 6 h Cloudv < 6 h Cloudy Peri ods
26-30 April 0.75 0.CO 0.25
1-15 May 0. 80 0.00 0.20
16-31 My 0.19 0.06 0.7%
1-10 June 0.83 0.00 0.17

26 April-10 June

o
al
o))
o
o
)
o

~

(Ui

Behavi oral observations would have been possible from an aircraft circling
above whales during all periods with clear skies and nost periods with partly
cl oudy ski es. In addition, observations could be conducted during an unknown
portion of cloudy periods, i.e. those when the ceiling was >460 m ASL. Based
on the 1988 data, extended periods of observation froman aircraft would have
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been possible during at |least 35% of the days (Table 1). Brief periods of
observation woul d have been possible on at |east 43% of the days (0.35 + 0.08),
and probably on at |east 58% of the days (0.56 + 0.02). Addi ti onal observa-
tions probably would have been possible on sone cloudy days--those when the
ceiling was >460 m

It appears that, in the spring of 1988, behavioral observations could have
been conducted froman aircraft circling at 457 m ASL for parts of at |east 60%
of the days. This was so even though the spring of 1988 was a season with
extensive open water, which would tend to cause fog and |ow cloud.

1989 Weat her

We did not record weather conditions systematically during this study, but
weat her was recorded at the ice canp when it was set up on the pack ice, and at
Barrow on a non-systematic basis.

The winds were fromthe WSWand SWduring the last few days of April and
first three days of May. This noved the pack ice in the northern Chukchi Sea
nort heast war d. The closed ice conditions that resulted prevented formation of
the NW Al aska | ead sout hwest of Barrow. Except for periods of fog during the
nmor ni ng, skies were clear and weather conditions were suitable for observing
whal es had nore open water been present.

From5 to 8 May, the tenperature was cold (lows of about -20 to -30°C) and
the few open water areas amidst the offshore pack ice froze. During this
period, winds were light and fromthe E to NE Ceilings inproved from | ow
overcast on 4-6 May to partially cloudy and clear on 7 and 8 May. On 9 May, the
tenperature rose to -6°C in offshore areas, wnds were light. and the sky was
partly overcast--ideal conditions for observing whales. However, there was
virtually no open water.

Weat her conditions were poor during the 10-13 My period. Ceilings were
low (<335 m) and visibility was poor in snow and fog. Wnds were out of the NE
quadrant but were light to noderate (<25 kmh). Consequently. some |eads formed
am dst the offshore pack ice.

The ceiling lifted tenporarily to >460 m during the norning and early
afternoon of 14 May. The tenperature was warm (-7°C) and the w nds were

moderate (23-27 kmh) out of the NE

The tenperature, ceilings and visibility decreased on 15 May with snow
flurries occurring throughout nost of the day. Sinmilar weather continued until
20 May. Ceilings varied between 150 and 460 m (occasionally to 670 m); w nds
were light to noderate, primarily fromthe NE sector; tenperatures were -2 to
-7°C and light snow and snow squalls were present nuch of the tine.

The winds increased to 24-41 kmih on 20 and 21 May and the upper cloud
| ayers thinned out. Fog and bl owi ng snow reduced visibility to 1-9 km The
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strong winds fromthe NE to SE started to open a lead along the fast ice edge
north and NE of Barrow.

Low ceilings and poor visibility due to snow and fog persisted throughout
22 May and the norning of 23 My. Conditions inproved on the afternoon of 23
May: winds were 19-26 knmih fromthe NE to SE, ceilings were 365-460 m and the
tenperature offshore was -2 to 4°G.

Low ceilings (with freezing rain on the nmorning of 24 Muy) and variable
visibility persisted from24 to 26 May. Wnds were light from the SE and
tenperatures were -2 to 4°C

The weather cleared early on 27 May and renmained clear for the rest of the
study .  Wnds were light fromthe S (27 May) and E [28 and 29 May), and air
temperatures were +1 to +7°C. Ceilings were usually unlimted with occasional
partially overcast periods.

In summary. weather and ice conditions in 1989 were worse than nornal for
conducti ng bowhead whal e studies. Weather was clear at the end of April and
early May, but little open water was present. Unusually cold weather from5 to
8 May froze existing open water areas and consolidated the offshore pack ice.
From 10 to 26 May. low ceilings, snow and fog prevented aerial observations from
>460 m ASL nost of the time. Cbserving conditions were ideal on 27-30 My, but
post bowheads had migrated past Barrow by this tine.
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METHODS

Acoustical Field Methods

| ndustrial Noise

Specific objective 1 was to record and characterize the underwater noise

froma drilling operation on a grounded ice pad in shallow water during late
winter. At the end of March 1989. a trip was nade to Prudhoe Bay to record the
sounds produced by drilling on a grounded ice platform (Karluk). The site was

at 70°19.5’'N, 147°30.3'W, 8.1 km south of Narwhal Island (in the MCOure Islands)
and 38.7 km ENE of the Deadhorse airport at Prudhoe Bay. A drillrig was instal-

led on an ice platform about 150 m in dianeter. It had been built by spraying
sea water into the air to formice granules. In this construction nethod, the
| ayer of ice formed by these granules gradually thickens until it rests on the

bottom  The rig used a conventional rotary table and kelly to drive the drill-
string. Recordings were made at six distances, ranging from0.13 to 5 km al ong
each of two bearings fromthe drillrig: southeast and northwest. At each
receiving station, a hole was drilled through the landfast ice and an | TC nodel
6050C hydrophone was | owered to mid-depth. Water depth was 6-7 m, ice thickness
was close to 2 m the wind was light, and the air tenperature ranged from -25°
to -17°Cc. Chevron U S. A provided full support in permtting us to make the
sound recordings at Karluk. They also provided the drilling operation logs to
permit us to deternine the rig activity at the recording times.

Underwat er sounds froma Bell 212 helicopter and a deHavilland DHC-6-300
Twin Oter were recorded by having the aircraft fly over a pair of |TC 6050C
hydr ophores suspended over the edge of an ice floe via faired cables. Both of
these aircraft are powered by twin Pratt & Witney Canada PT6 turbi ne engines:
the Bell 212 by the PT6-T turboshaft and the Twin Oter by the PT6A-27 turboprop.
Hydr ophore depths were 3 and 18 m The helicopter flyover sounds were recorded
on 17 and 28 May: the Twin Oter sounds were recorded only on 28 May. For each
aircraft and date, at |least two passes were made (in opposite directions) at each
of four altitudes. On 17 May, altitudes were 76. 152. 305 and 457 m (250-1500
fe)y. On 28 May, altitudes were 76, 152, 305 and 610 m (250-2000 ft) for the
helicopter and 152, 305, 457 and 610 m (500-2000 ft) for the Twin Oter, The
passes were oriented perpendicular to the ice edge along which the hydrophores
were deployed. Helicopter passes were nade at normal cruise speed (185 km/h).
Twin Oter passes were made both at normal cruise speed (285 kmh) and at a lower
power setting (185 kmh).

Sound Propagation

Specific objective 3 was to neasure and nodel transm ssion | oss of under-
wat er sound. Sound propagation tests. also called sound Transmi ssion Loss (TL)
tests , were conducted on five dates: 29 and 30 April, and 2, 9 and 25 NMay 1989.
Each test was conducted from a base canp on the pack ice at which a U S. Navy
J-11 sound projector was installed. The locations are shown as the five squares
on Fig. 19, in the “1989 Chronol ogy” section, p. 72. The projector was suspended
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fromthe edge of an ice pan at a depth of 9 m for TL tests 1 and 2, and 18 mfor
tests 3-5. Power was supplied by a 2.2 kW gasol i ne-powered Honda generat or
sitting on snow covered ice. typically about 20 m back fromthe ice edge

A cassette tape had previously been recorded with three types of sounds to
be projected: tonal sweeps, pure tones, and sounds fromthe drillrig at Karluk.
» The tonal sweeps were special “hyperbolic frequency nodul ation” (HFM) signals
synt hesi zed by BBN (Rihaczek 1986). Each 5-s sweep spanned one-third octave at
a center frequency of 100, 200, 500, 1000, 2000, or 5000 Hz. Each sweep was
sent twice (TL tests 1-2) or four tines (tests 3-5) with no pauses between
sweeps . e« The pure tones were at 50, 100, 200, 500, 1000, 2000, 5000, and 10.000
Hz. Each tone was transmitted for 10 s (TL tests 1-2) or 20 s (tests 3-5). wth
5 s between tones. .The Karluk sounds were a 37-s (or |longer) segment from the
recording made 130 maway fromthe Karluk drillsite. The operator rewound the
tape after each transm ssion ended

The sound projected by the J-n was nonitored with an | TC nodel 1042
spherical hydrophore placed at a nom nal distance of 0.8 min front of the
projector face. The actual distance was neasured during each installation. and
a correction termof 20 log (distance) was applied to the neasured sound | eve
to conpute the source level at 1 m  The waveform from the nonitor hydrophore
was di splayed on an oscilloscope to ensure that the projector was not overdriven
to the point of distortion. The source level of the projector depended on the
frequency content of the signal, but was typically near 165 dB re 1 yPa at 1 m

The receiving/recording equi pment consisted of an |ITC nodel 6050C hydro-
phone , a 0-60 dB sel ectable gain postamplifier, and a Sony TC-D5M cassette
recorder. The receiving station crew used a Rolotape distance [l easuring whee
to locate receiving sites at ranges 100, 200, and 400 m (if possible) along the
edge of the ice pan. At each distance, the hydrophore was |owered on a faired
cable to 18 mdepth, and a recording of the anmbient noise was made. The record-
ing crew then radi oed the base canp to request transmi ssion of the taped signal
When transm ssions ended, anbient noise was recorded again. During some tests.
anbi ent noi se was recorded at ranges 100-400 owith the generator at the base
camp turned off as well as operating. This was done to determ ne the
characteristics and range of detectability of the generator sounds

More distant receiving stations were reached by helicopter. The crew
attenpted to find suitable recording stations at ranges 0.5, 1.0. 2.0, 5.0 and
10 n.mi. (0.9-18.5 km). Suitable sites were those along the edge of an ice pan
bordered by open water or thin recently-refrozen ice. The helicopter’s GNS-500
VLF navigation systemwas used for positioning. The GNS was not designed for
such precise navigation, but OGNS readouts of the relative positions of two
stations overflown at short intervals nornmally are accurate within a few hundred
neters . When there was doubt about the accuracy of the GNS, the helicopter
returned to the ice canp in order to re-calibrate the GNS. This was al so hel pfu
inallowing for the rapid drift of the ice (and thus the projector) on sone
days. The absolute position of the ice canp was determined nore accurately
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using a Si-Tex nmobdel A-310 satellite navigation system’. \Wen beyond radio
range, the base canp operator played the tape at prescribed times, generally at
10-min intervals commencing on the hour. The renmpte recording crew then knew
when the signals were being transmtted even if the signals could not be heard

About 4 h were required to neasure received signals at eight ranges from
100 mto 18.5 km, exclusive of the time (4-5 h) needed to set up and renove the
projection equipnent.

Acoustical Mbonitoring During Pl aybacks

Manually-deploved Sonobuovs.--Prior to each drilling noise playback test,

a sonobuoy was installed manual ly at a nominal distance of 1 kmfrom the projec-
tor. The helicopter was used for transportation to this site. On npbst occas-
ions, we used a Sparton Defense El ectronics AN/SSQ-41B wideband sonobuoy t hat
had been modified to use external batteries for longer life. Also. its cutoff
mechani sm had been disabled so as to allow operation for nore than the usua

maxi mum of 8 h. Hydrophore depth was 9 o. On sone days, we used a Sparton
AN/ SSQ 57A sonobuoy that was standard except that the hydrophore depth was 12 m.
Both types of sonobuoys provide useful data from 10 to 20,000 Hz.  These buoys
telemeter the received sounds on VHF frequencies 162.25-173.5 MHz. The distance
of the sonobuoy fromthe ice canp was determned roughly via the helicopter’s
GNS system as described in the previous section. On nost days this was checked
Vi a theodolite, as described on p. 59-60.

A calibrated L-tronics nodel LS44 receiver was set up at the base canp to
monitor the sounds received at this sonobuoy. The sane telenetered signals were
often received and recorded aboard the project’s Twin Otter aircraft. Sounds
projected during playback experinments were nonitored and recorded with this
renote installation, thus providing received |evel data at one known range
(<1 km) in addition to the known |evel at the projector

Air-dropped Sonobuovs . --Sonobuoys were dropped fromthe Twin Gtter aircraft
during playback experinments and at certain other tines. This allowed us to
neasure the levels and spectral characteristics of sounds reaching whale |oca-
tions. It also allowed us to nonitor whale calls. W used Sparton AN/SSQ-57A
buoys; they were standard naval sonobuoys except that the hydrophore depl oyed
only to 12mdepth. The signals were received via an RF preanplifier and cali-
brated Regency MX5000 wi deband FM receiver on the aircraft. These signals were
recorded on a calibrated Marantz PMD430 cassette recorder for |ater analysis.
Sonetimes the presence of faint Karluk drilling sounds could be detected by
spectrum anal ysis of these recordings even if they could not be distinguished
by listening. (To the human ear, bearded seal calls often tended to obscure the
drilling sounds. )

*A homing beacon left at the ice canp provided increased assurance that the
canp could be re-located even in poor visibility or if other navaids failed.
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Anbi ent  Noi se

Specific objective 2 was to measure anbient noise. During the five trans-
m ssion | oss tests, anbient noise was recorded at each range station before and
after the tones and other signals were received. These data were recorded with
an ITC 6050C hydrophore at 18 m depth. Each of these ambient noise recordings
was typically 2-4 min in duration.

Ambi ent noi se al so was recorded at the beginning and end of each playback
experiment. Most of these data were telenetered fromthe wi deband -41B or -57A
sonobuoys that were deployed manually about 1 km from the ice canp, as described
above. Recordings usually were 2-4 min in duration

When -57A sonobuoys were air-dropped near whales. the signals were generally
recorded aboard the aircraft from splash-down until the aircraft departed the
area. During some of these periods the sound projector was inactive or too far
away to be audible, and aircraft sound was detectable only a mnority of the
time. These sonobuoy recordings provided additional anbient noise data.

Acoustical Analysis Mthods

Industrial and Anbient Noise

The basic tool for sound analysis was a conputer workstation progranmmed
for narrowband spectrum analysis and for third-octave and one-octave band |eve
conmputation. The tape-recorded sounds were filtered (passband from5 Hz up to
slightly less than half the sanple frequency) and anplified as necessary. Thes e
signals were sanpled and digitized (12 bit resolution) in blocks, usually 8.5 s
in duration. The sampling rate varied depending on the frequency band to be
anal yzed. extending from 2048 sanpl es per second for 10-1000 Hz analysis to
32. 770 sanples/s for 10-16,000 Hz anal ysis. Spectrum anal ysis was by an FFT
(Fast Fourier Transform) algorithmusing block sizes of 2048-8192 sanples
Bl ackman-Harris w ndowi ng. 50% overlap of blocks, and averaging of results from
all blocks within the 8.5 s sanpling period, The various conbinations of
sanpling rate, frequency range. and effective analysis resolution were as
foll ows:

Sample Rate Anal . Freq. Range Eff. Analysis Wdth
1024 Hz 10 - 500 Hz 1.7 H
2048 10 - 1000 1.7
4096 10 - 2000 1.7
8192 10 - 4000 1.7
16384 10 - 8000 1.7
32770 10 - 16000 3.4

The averaged spectra for the tape recorder outputs were referenced to volts
squared per Hz. These “raw’ spectra were converted to spectra referenced to
uPa’s/Hz by applying calibration corrections for the tape recorder. sonobuoys and



Methods 48

their receivers (if involved), preanplifiers, postamplifiers and hydrophores.
These corrections were frequency dependent.

The acoustical powers in the analysis cells were added appropriately to
compute third-octave band levels, one-octave |levels, and the 20-1000 Hz broadband
level . The frequencies and levels of peaks in the spectrum were printed to aid
in identifying tonal conponents and harmonic famlies of tones. Results from
each spectrum analysis were printed, plotted, and saved in a disk file for
further summarization

In analyzing the sounds from aircraft overflights, just over a mnute's
signal was digitized at a rate of 1024 sanples/s. Successive power spectra were
computed from bl ocks 1024 sanples |ong and overlapped 50% These were nornalized
relative to the strongest spectral peak within the set of spectra (121) in order
to derive a waterfall spectrogram spanning the 1 mn segnent of overflight sounds
(see Fig. 27, p. 90). Gaphs of the aircraft sound levels vs. time were prepared
for each overflight, based on the levels in the |-rein sequence of spectra. Two
levels were graphed: the level in the 20-500 Hz band level, and the level in
the strongest one-third octave band

Measured Propagation LOSS

Data used to determ ne propagation |loss were (1) the signals fromthe
moni tor hydrophore in front of the J-11 projector, and (2) the recorded signals
received at distances 0.1 to ~18.5 km

Signals from the nonitor hydrophore were used to calculate source |evels
of the tones and the transmtted sanples of Karluk drilling sounds. » During
TL tests 1 and 2, the J-n nonitor hydrophore signals were neasured with an AC
voltneter (true rms meter) to determine the signal |level at the nonitor hydro-
phore. The distance of this hydrophore fromthe projector varied over the range
0.75-0.85 nfrom day today. The spherical spreading nodel was used to determne
the level at a standard distance of 1 m, the reference distance for all source
levels quoted in this report. (The spherical spreading nodel assunes that sound
level varies with the square of the distance. ) » For TL tests 3-5, the nonitor
hydrophore signals were tape recorded and |ater analyzed by conputer. Thi s
procedure provi ded spectrum analysis of the emtted signals. 8.5 s averaging,
and accurate determnation of source levels. This procedure also provided source
I evel s for each third-octave conponent of the broadband drilling sounds during
TL tests 3-5

The signals recorded at the various receiving stations were analyzed using
the conputerized spectrum analysis procedures described above, with 8.5 s of
aver agi ng. For each TL test and range, Geeneridge deternmined the received
| evel of each of the eight pure tones, the sanple of Karluk drilling sounds, and
t he anmbi ent noise immediately before and/or after these sounds were projected.
For TL tests 4 and 5, Geeneridge alsc determned the received levels of the
audi bl e HFM sweeps at each range. BBN repeated sone of these neasurements and.
for the nore distant receiving stations where the signals were inaudible, also
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applied a specialized cross-correlation signal processing technique in an attenpt
to detect and neasure the HFM signals (see bel ow).

The difference between the source |l evel and received | evel of correspond-
ing signals was the transmssion loss. This difference was deternmined for each
tone and for each of the prominent third-octave bands in the Karluk drilling
noise . Thus. acoustic transmssion |oss was neasured as a function of frequency
and range on five occasions.

Mat ched Filtering of HFM Signal s

The Concept. --Where background noise is high, a signal processing technique
known as matched filtering can be used to obtain an estinmate of signal energy
(intensity) with better noise rejection than is possible with conventiona
met hods. A common signal used for matched filtering is an HFM (Hyperbolical ly
Frequency Modul ated) sweep. HFM sweeps centered at 100, 200, 500, 1000. 2000
and 5000 Hz were projected during all transmission |oss tests. The HFM signa

is unique in that it is doppler invariant. Matched filtering can be perforned
Wi thout having to account for any doppler shift in the received signal. Any
doppler shift is observed in the matched filter results as a shift in the
apparent arrival tine. Thus . the waveform forgoes arrival time accuracy in

order to be doppler-insensitive (R haczek 1986).

Matched filtering is effectively a correlation operatio, between the
received acoustic signal and a “replica”. The acoustic signal is the signa
received by a hydrophore. It contains a nunber of conponents including, for
exanple, the signal transnmitted by the underwater sound source (nodified by
transmssion loss effects). ice cracking, wave slap, and biological noise. The
purpose of matched filtering is to obtain a neasure of the signal energy received
from the underwater source wthout including the acoustic energy from the other
noi se sources. The nmeasurenment is obtained by correlating the acoustic signa
with a “replica” of the signal transmtted by the source. The key difference
between an energy estimte obtained froma matched filter and an energy estimate
obt ai ned by conventional methods is that the matched filtering process uses phase
information in the replica to aid in discrimnating signal vs. noise.

The processing gain ¢, which is the increase in signal-to-noise ratio
obtained by the filtering process, is
G = 10 log( W-T )

where Wis the bandwi dth of the signal and T is the signal duration. The noise
attenuation AN is

AN = 10 log ( W )
where Wis the replica bandw dth

Signal Processing. - -Processing of the received HFM signals involved two
steps :  digitization and matched filtering. Analog tape dubs of the signals
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received during transm ssion tests were played on a Sony Model MbD cassette tape
recorder. The signal was filtered using antialiasing filters and digitized on
a MASSCOMP 5500 data acquisition conputer system One HFM sweep was digitized

for each range-frequency conbination of interest. The specific sweep to be
digitized was chosen based primarily on the anmount of biol ogical noise (mainly
bear ded seal calls). If the signal was not audible, digitization was begun

based on the known time of the transm ssion. Mat ched filtering was performed
on a general purpose VAX/VMS conputer using existing software, which perforned
a frequency domain “fast convolution” and plotted the results (e.g. Fig. 16)

Two different signals were available for use as the replica for the matched
filter: the signal monitored by the hydrophore <1 mfromthe projector, or an
i deal replica representing the original HFM waveform |f the magnitude response
of the projector is flat and its phase response is |inear over the band of the
signal, then the signal nonitored in the water will be identical to that sent
to the projector. In this case, either signal can be used as the replica with
equal success. However, if these conditions are not net. or if the source
distorts the signal through sone non-linear process, then the filtering should
be perfornmed with a replica that represents the signal that was actually put
into the water--i.e. the signal from the nonitor hydrophore near the projector.

Prelimnary anal yses were conducted to conpare the results obtained using
t hese two types of replica signals. The original “ideal” HFM waveform proved
to be a better replica than did the signal monitored by the hydrophore near the
projector. The signals from the nonitor hydrophore had apparently been degraded
somewhat by tape speed flutter and multiple dubbing steps. Use of the ideal HFM
wavef orm provi ded the greatest inprovenment in signal-to-noise (S:N) ratio. The
following two subsections sunmmarize our tests of the effectiveness of this
procedure. Based on this analysis of effectiveness, the matched filter procedure
was used to obtain oeasurements of received signal levels at sone of the distant
receiving stations during TL Tests 4 and 5.

Test Results with Strong Signals. --Figure 16 shows a matched filter analysis
of a 1000 Hz HFM signal, as monitored near the projector, with itself as the

replica. In this artificial case, the signal and replica are identical. The
peak in the spectrum (Fig. 16A) is broad because the signal is a tone whose
frequency oscillates within the |/3-octave band centered at 1000 Hz. Because
the signal and replica are identical, the matched filter produces a single
“clean” cross-correlation peak (Fig. 16%. Based on the characteristics of that
peak, the received level of the signal can be derived

This is the ideal type of result that m ght be obtained froma matched
filter analysis. However, in practical circunstances. the received acoustic
signal is not identical to the replica, and the filter output is not as “clean”
a peak as shown in Fig. 16B. It is comon to see several peaks. This general-
l'y indicates that several conponents of the signal arrived along different propa-
gation paths, If there is nore attenuation along one propagat:on path than
al ong another, the peak corresponding to the nore attenuated conponent will be
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lower. Sonetines the peak is snmeared over a wider time interval: this is conmon
in ducted environments where there is tenporal spreading of the signal

Figure 17 shows the results for the 1000 Hz sweep as received 100 m from
the projector during TL Test #4. The ideal HFM waveformwas used as the replica.
Because the data were obtained only 100 m from the projector. the SN ratio was
high and the analysis produced a single sharp peak (Fig. 17B).

Representative Low S:N Data. --An exanple of the effectiveness of the match-
ed filter nmethod when the signal-to-noise ratiois lowis given in Fig. 18.
This analysis was based on the 2000 Hz sweep received at range 9.2 km during
TL Test #5. Again, the ideal HFM waveform was used as the replica. The received
| evel of this HFM sweep could not be neasured by conventional nmethods at this
range (see Table 11B, p. 122),athougha pure tone at 2000 Hz was audi bl e and
measurable at this range (Table 12, p. 123).

The bandwi dth for this 5 s sweep was 460 Hz, so the theoretical processing
gain (G was 33.6 dB and the noise attenuation (AN) was 26.6 dB. Based on
conventional analysis methods, the neasured RMS band-limted intensity for this
waveform was -39.5 dBV. Wen the signal was passed through the matched filter,
the noise |evel should have been reduced by 26.6 dB, so the average matched
filter noise output intensity should have been -66.1 dBV. 1In fact, the matched
filter output in Fig. 18B shows a peak occurring at tine 0.07 s with signal
energy of -48.8 dBV-s; the average noise intensity is around -65 dBV, as
predicted. Thus the matched filter was able to extract a signal whose energy
was about 16 dB bel ow the noise energy in the correspondi ng band. The out put
S:N was 17 dB.

In conclusion, matched filter processing of the HFM wavefornms was effective
in inproving the energy estimates of the signals received at distant sites where
S N ratios were low. The nmatched filter processing of the data worked better
when the replica was the ideal waveformthan it did with the nmonitored signal
as the replica. This was attributable to tape speed flutter in one of severa
record and playback stages associated with the nonitor hydrophore signals. The
flutter problem presunably could be overconme in a future application of this
method: ideally, a digital recorder should be used. However. even in the absence
of a suitable nonitored signal replica, the ideal waveform replica appeared to
be adequate for the processing.

Received levels of pure tones generally were neasurable using conventiona
nmet hods at distances as great as those where HFM signals were neasurable with
mat ched filter methods (see Physical Acoustic Results. later) . However. the HFM
approach is expected to provide a better representation of the average transm s-
sion loss of sounds within a |/3-octave band. The HFM signal oscillates across
a | /3-octave band, whereas a pure tone involves only a single frequency. Differ-
ent frequencies within a single I/3-octave can be attenuated differentially, so
pure tone TL data do not necessarily apply to all frequencies within the assoc-
iated |/3-octave band.



Met hods 53

SPECTRA
TL4, 198 m, 1000 Hz

-40.0

A.

-50.8

dB//1 V~2 sec/Bin
-68.0

-70.0

0.0  2ee.e  400.0  600.0  800.0  1eee.e  4200.0
FREQ (Hz]

-80.9

M. F. OUTPUT
Signal w/ Ideal Rep

e
S
B B

® . -
o 8 INSTANT
o — - CuMuL
n
o~
(
> ®
— &
~ 7
~
m
©

e

[}

©

i 1

2.15 2.2 2.25 2.3 2.35 2.4
TIME [See)

Fig. 17. Matched filter processing of signal received at 100 m range during transmission of 1000
Hz HFM signal with the ideal source waveform asthe replica (high S/N ratio). (A) Power
spectrum. (B) Matched filter cross-correlation output.



Methods 54

SPECTRA
TLS, 5 M, 2000 Hz

s/ A
e o
DT
\ 4
(]
©
[/¢]
< Il
> ®
- ® |
~ @
~
m
U I
@ '
G'D [
8.6 500.0 1900.8 1500.8 £000.8 £580.0

FREQ (Hz)

M. F. OUTPUT
TLS, 5 M, 2000 Hz

®
d 3 I T T T T
—  INSTANT
B » CUMUL
< 0
(3]
o N
'
/2]
N
{
> o
v—@ o CE— Ga— — o— — —
r
Qﬁ' ——
m
O
«
[+*]
©

-8.85 e.e 8.85 e.1 8.15 e.2
TIME (Sec)

Fig. 18. Matched filter processing of signal received at 9.2 km range during transmission of 2000
Hz HFM signal, with the ideal source waveform as the replica (low SN ratio). (A) Power
spectrum. (B) Matched filter cross-correlation output.



Methods 55

Pr opagati on Mdeling

A version of the Wston,/Smth sound propagati on nodel was used to derive
“best-fit” transnission |oss curves, based on the TLdata obtained by Greeneridge
during TL Tests 4 and 5. \Wen the TL data are obtained with a projector whose
source level is known. as was the case in this study. it is possible to obtain
the “true” transm ssion |oss by subtracting the known projector source |evel from
the nmeasured received level. Wen a Weston/Snith Dodel is fitted to such data,
it is asem-enpirical mdel. Its predictions are partly controlled by theoret-
ical considerations, but are strongly affected by coefficients derived from the
enpirical data.

The Weston/Smith nodel, as originally fornulated by Weston (1976). Smith
(1986) and Malme et al. (1986), was nodified by incorporating a term that
provides for the additional scattering loss incurred during sound transm ssion
under ice (Milne 1967). Scattering loss is a function of the roughness of the
underice surface. Scattering loss is also proportional to the average nunber
of reflections along the transmi ssion path, which is inversely related to the
wat er depth. To minimze the influence of depth variations along different
propagation paths on scattering parameters. a normalization factor was obtained
by assuming that the average nunber of reflections (bounces) in the transm ssion
path is proportional to RH,.: He is the average water depth along the
transmission path and R is the range

A conputer program was used to fit the Weston/Smith nodel to the enpirica
data by regression nethods. The following coefficients were estinated

b, a paranmeter related to the bottomreflection coefficient
Sin ¢.. the sine of the critical angle

L.(eff), the effective source level (includes site effects)

A the scattering term due to ice roughness (dB/ bounce)

The difference (if any) between the known source level at 1 m L.. and the
effective level estimated by the regression nodel. L.(eff). represents the |oca
transm ssion anonmaly, in dB:

A, = L(eff) - L,

The local transmi ssion anomaly results fromthe effect of the local bottom and
surface conditions in producing a reverberant sound field near the source. This
field may either be stronger or weaker than predicted by the tran-mission nodel
producing a positive or negative value for A

The TL data obtained by G eeneridge included the results of conventiona
anal yses of received HFM sweep tones, pure tones. and sanples of the Karluk
drilling noise analyzed by I/3-octaves. The rns pressure average of these three
test signals was determined at 50, 100. 200, 500. 1000, 2000 and 5000 Hz for
each transmission range during TL Test 4, and separately for TL Test 5. These
average TL values were then used in the regression analyses that determ ned the
coefficients of the Weston/ Smth nodels. Above 200 Hz, only the pure tone and
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sweep tone data were used because the Karluk signals data did not contain signif-
icant energy above 315 Hz. BBN’s matched-filter estimates of the received |evels
of HFM sweeps at certain |ong-range stations were considered when interpreting
the Weston/Smith results, but were not included in the datasets used to devel op
t hose nodel s.

The Weston/ Smith models for different frequencies and for TL Tests 4 and 5
were conpared to help evaluate the factors affecting transmission loss in the
study area. In addition, the sem-enpirical Weston/Snmith results were conpared
with prelimnary theoretical nodels of transm ssion loss that had been derived
for the study area (see Appendi x A) before any site-specific enpirical data on
TL were available.

Aerial Reconnai ssance and Surveys

General Approach

Aerial reconnai ssance and surveys were a necessary conponent of the work
required to meet specific objective 4, “To measure the short-term behaviora
responses of . . . whales. . . to underwater playbacks. . .“. Aircraft-based work
was al so inportant in addressing specific objective 6, “To document, as oppor-
tunities allow, other aspects of the novenents, behavior, basic biology, disturb-
ance responses and acoustic environnent. “

Aerial surveys were necessary to determne the best |ocation for the
projector site each day and to deternmine the nunber and spatial distribution of
whal es noving east near the projector site. Because of the difficult ice condi-
tions (see “Study Area--lce Conditions”), it was not prudent to |eave the ice-
based crew on the ice overnight. There was no open lead along the landfast ice
edge until late in the study period, and even then the whales were not noving
al ong the nearshore side of the lead (see p. 149). Locations of open water
am dst the pack ice varied fromday to day. Consequently. the first priority
each day was to deternmine a suitable |ocation on the pack ice for the sound
proj ector. Ideally, this location would have been a large nulti-year ice pan
along an open E-W lead through which bowheads and white whales were nigrating.

Each day when conditions were suitable for flying. a reconnai ssance survey
of the study area was conducted to docunent ice conditions, including the |oca-
tions and orientations of leads, and to determine the distribution, nunbers,

general activities and directions of movement of whal es. The flight route
depended on ice conditions. In general. a series of widely-spaced transects
was flown initially to determine the overall ice conditions and the |ocations

and orientations of leads. A location for the sound projector was then select-
ed. Wiile the projector was being set up, additional surveys were conducted as
far as 20 km west and southwest of the projector site. These additional surveys
foll owed any prom nent leads that might bring whales to the projector site. On
the few occasions when a nore extensive area of open water was present, the
survey consisted of a series of closely spaced parallel transects west of the
projector site.
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The need to avoid disturbing whal es near Barrow necessitated setting up the
projector =60 km east of Pt. Barrow (see specific objective 7 and “Study Area--
Selection Criteria”). On several days during early and md My 1989, there were
no locations with suitable ice conditions or whales 260 kmto the east. On these
dates. aerial surveys were extended west, closer to Pt. Barrow, in order to find
whales .  Wen this was successful. behavior of undisturbed whales was docunented
and vertical photographs of bowheads were sonetines taken. W avoi ded flying
over or west of the location where the North Slope Borough's whale census was
to be based even though ice conditions prevented a census during May 1989.

Survey Met hods and Data Recording

Aerial surveys were conducted from1 to 30 May 1989 in a DHC-6-300 Twin
Oter aircraft. The Twin Oter is a high-wing aircraft powered by two turbo-
prop engines. The aircraft was equipped with an internal auxiliary fuel tank
for extended endurance, a GNS 500A Very Low Frequency navigation system a radar
altimeter, an inverter for 120 V/60 Hz power, three bubble wi ndows (right center
left center, left rear). a ventral canera port, and an intercom system for
communi cation anmong the three observers and two pilots. The aircraft was flown
at -200 km h airspeed and, when possible, at 305 m (1000 ft) or 457 m (1500 ft)
above sea |l evel (ASL). Vhen ceilings were |lower than 305-457 m the maxi mum
possi bl e altitude below the cloud |ayer was mai ntai ned. During the m dday
peri ods when a NMFS/National Marine Mammal Lab crew was conducting |lowaltitude
photogrammetric work with another Twin Qtter in the same region, we normally
either flew at 457 maltitude or stayed on the ground. Thi s avoi ded sone
aircraft safety concerns, and fulfilled a condition of the research pernit issued
by NWFS for this project (see specific objective 7).

Three observers were present during all surveys. During surveys. they
recorded observations onto audi o cassette recorders. During surveys, one
observer (right front) was in the co-pilot’s seat and the other two were at
bubbl e wi ndows on the left and right sides of the aircraft two rows behind the
pilot’s seat. For each whale sighting, observers recorded the tine, |ocation,
nunber, species, general activity, orientation, and ice conditions. Each
observer also noted the ice conditions throughout the survey, particularly
whenever a change in ice type or cover occurred. Aircraft position was recorded
fromthe OGNS and altitude fromthe radar altimeter whenever sightings were made,
and whenever the aircraft changed course or altitude

When a whale was sighted, the observer notified other nenbers of the crew
over the intercom In nost cases bowhead whales were circled at least briefly
to obtain information on the activity of the whale and to determ ne whether
additional whales were present nearby. Wiite whales usually were not circled
but large groups of white whales were circled to obtain nore accurate counts
and heading information.

No standardized surveys were conducted by helicopter. However, |ocations
of bowheads seen from the helicopter during ferry flights were noted
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Behavi oral (bservations

Aerial Observations

On 17 occasions in May 1989, the aerial observation procedures of Richardson
et al. (1985a.b) were used to observe the behavior of bowhead or white whales,
as required to nmeet specific objectives 4 and 6. Three observers in the Twn
Oter aircraft circled high above the whales. |If possible, the aircraft circled
at 457 m ASL, which has been found to be high enough to avoid significant air-
craft disturbance to bowheads, at |east during summer and autum. (As noted on
p. 210, sensitivity to the observation aircraft appeared to be no greater during
this spring study than during previous summer and autumm work.) Airspeed during
circling was 165 kmh. The 17 behavioral observation sessions ranged fromO0.1
to 3,3 hin duration and totalled 25.6 h. During five of these sessions on four
different days, 9.2 h of aerial observations were conducted near the ice canp
in co-ordination with broadcasts of drilling platform sounds (see Fig. 19 on
p. 72).

Throughout each observation session, two observers on the right side of
the aircraft dictated standardi zed behavioral observations via the intercominto
a single tape recorder. These observers were in the co-pilot’s seat and the
seat two rows behind it. During each surface/di ve sequence by bowheads. t hey
described the same behavioral attributes =as were recorded in our previous
behavi oral studies (Warsig et al. 1984, 1985a; Richardson et al. 1985b, 1987b:
Koski and Johnson 1987). For white whales, we recorded as many as possible of
the same vari abl es. However, blows by white whales often could not be seen
while circling at 457 m altitude. For white whales, nore enphasis was placed
on recording direction and speed of movement relative to the ice edge and sound
projector, and |ess enphasis was placed on recording respiration, surfacing and
dive variabl es.

The third observer, also on the right side during behavioral observations
oper at ed sonobuoy recei ving equi pnent and, whenever whales were at the surface
an 8-mm video camera. The video canera was a Sony CGCD-V11 with 12-72 nm | ens
and 2x teleconverter. The video camera was usually operated with manual focus-
ing and 171000 s shutter speed to provide sharp images when viewed in stop-
frame node. On nost occasions the behavioral dictation on the intercom was
recorded onto the audio channel of the video tape recorder.

Behavioral data were transcribed from audi ot ape between flights. and the
vi deot ape was examned for details not noted during the real-tinme behavioral
dictation. The conbined data were coded nunerically as in our previous work
(see Richardson and Finley 1989 for details). These records were hand checked
and then entered into an | BM conpatibl e mcroconputer for conmputerized valida-
tion and anal ysis.

For bowheads, 380 surfacing and 242 dive records were obtained by aeria
observers during 1989. O these, 218 and 124 were obtained under “presunably
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undi sturbed” conditions. O the data obtained under “potentially disturbed”
conditions. 90 surfacing and 69 dive records were obtained during playback of
the drilling platformsounds. In addition. 44 surfacing and 23 dive records were
obtai ned during periods when the observation aircraft was at an altitude <457 m
and may have disturbed the whales.

For white whales. the aerial observers recorded 458 surfacing and no dive
records. O these surfacing records, 400 were obtained during playbacks of
drilling sounds. and 23 during presumably undisturbed conditions. W recorded
451 orientations and 284 estinates of the relative speed of nobvenent of
i ndi vi dual whal es.

| ce-based Observations

oservations of bowheads or white whales were conducted by ice-based obser-
vers on nine occasions from30 April to 30 May 1989 to hel p neet specific object-
ives 4, 5 and 6. Two observers used binoculars and a |land surveyor’'s theodolite
to search for whales. The observation site was usually on an ice ridge 2-5 m
ASL. and was <300 m from the sound projector. When whal es were spotted, one
observer watched the whal es and dictated observations to the second observer,
who recorded all relevant observations onto data sheets or into field notebooks.

The digital theodolite (Lietz/Sokisha Mbdel DT20E. 20 second preci sion)
was used to determine successive positions of whales and seals in relation to
the sound projector. Upon arrival at the daily site. the theodolite was set Up
on the highest ice perch within -300 mof the projector and -20 m of open water.
The hei ght of the theodolite was determ ned each day by taking a horizonta
reading froma vertical stadia rod at the projector |ocation. Theodolite
bearings were measured in degrees. nminutes and seconds from the horizontal zero
(referenced to magnetic north) and a vertical zero (referenced to the leveling
device on the theodolite). Most ice ridges on which the theodolite was placed
were |less stable than desired. To control for error, the horizontal and vertica
zeros were checked every 30 nin (approx. ) and after tracking episodes. and were
reset if off by greater than one minute of arc

The distances of whales fromthe theodolite were calculated by sinple trig-
ononetry (Felleman and Chumbley 1983). This calculation did not correct for the
curvature of the earth, but this error is small for the conbinations of perch
hei ghts and the short (<2 km) distances involved in the 1989 observations of
whales (Table 2). A whale 500 m from tl.e observers at an observation height of
2 mASL would be 5 mfarther than the distance calculated by the sinple fornmula.
Anot her potential error results from the refraction caused by tenperature grad-
ients in the air above the water (Sonntag and Ellison 1987). This error could
be significant for |ow perch heights and whales nore than -1 km away when wi nd
conditions are calmand air tenperatures are low. However. the lack of reliable
data on vertical tenperature gradients in the air over a |ead prevents an eval ua-
tion of refraction error.
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Table 2. Under esti mati on of di st ances calculated from
theodolite data (in m) when curvature of the earth
corrections are not used*.

Di stance from Perch (m

Perch

Hei ght 100 m 500 m 1000 m 1500 m 2000 m
ln 0.09 10.0 94. 6 448 N A
2m 0, 04 ‘5.1 42.9 163 485
3m 0.04 3.3 27.8 101 270
4 m 0.03 2.5 20.5 72.9 188
5m 0.02 2.0 16. 3 57.1 145
6 m 0.01 1.6 13.5 47.0 118

* Formula for curvature of the earth from Kewalo Basin Mrine
Manmal Lab., HI.

After the theodolite was set up, the relative locations of the projector.
t he manual | y-depl oyed sonobuoy, and the ice edge across the lead were docunent-
ed by theodolite readings. Depending upon the width of the lead and the height
of the perch, the waters within -2-3 km of the theodolite were 'scanned inter-
mttently with binoculars. Wen an aninmal was sighted, its bearing and depres-
sion angle were determned using the theodolite. Theodolite readi ngs were
recorded when the crosshairs were aligned with the waterline of the surfacing
animl . An attenpt was nmade to obtain a reading each tine an animal surfaced
for a blow At each of these points, the tine was al so noted. Aninals were
tracked for as long as they remained in view

Addi tional notes were made in real tinme of initial and final sightings of
all animals, including estinmated distance and magnetic bearing from the projec-
tor. group size and conposition. general behavior, direction of movenment and
subsequent shifts in direction, blow tines, sighting conditions, presence of
other species, and any other occurrences of interest. including aircraft flying
overhead. These notes were nade whether or not the theodolite and/ or projector
were in operation.

Bowhead Photogrammetrv and Photo-identification

W phot ographed bowhead whal es using the calibrated vertical photography
techni que devel oped by LG (Davis et al. 1983). Two types of information were
obtai ned from the photographic imges:

1. The sizes of individual whales were deternined. This was inportant
becausz whal e behavior is expected to vary with the age and size of
whales and because the timng of bowhead mgration past Barrow is
partially segregated according to size (Nerini et al. 1987).
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2. Information on local novenments and residence tines of whales was obtained
bv phot ographi ng indivi dual whales on nore than one occasi on. This
information is inmportant when interpreting potential effects of simulated
industrial disturbance.

This work provided sone of the information needed to neet specific objectives
4 and 6.

The acquisition of information on |ocal novenents and residence times of
bowheads was enhanced by cl ose cooperation between this study and the NMFS/NMML
aerial photography project (specific objective 7). Before and after each flight.
representatives of the two project teams nmet in Barrow and discussed their plans
or findings. Wien both teans were flying, they Oaintained VHF radio contact.
In this way it was possible to avoid having both groups photograph at the sane
| ocation on the sane day. In addition, we were able to direct the NMWL crew to
certain whales that were too far fromthe sound projector to be a priority for
us, and the NMML crew occasionally pointed out situations that might afford us
a useful research opportunity. FEach crew benefited from weather reports provided
by the other crew, given that there are no weather stations NE of Barrow.

Field Procedures

In 1989, we obtained vertical photographs at the conclusions of 5 of the
= 17 behavi oral observation sessions and on 5 other occasi ons when behaviora

observations were not conducted. During photography sessions, the aircraft
descended to 145 m (475 ft) ASL. Because of the potential to disturb whales
during photography fromthis |low altitude, whales were not photographed if they
could potentially be observed by the ice-based observers after the aircraft left.

or if the aircraft mght return to the sane area to conduct further behaviora

observations later the sane day.

During photo sessions. the aircraft circled the location of the whales and
flew directly over themat -165 km/h when they surfaced. Photographs were taken
with a hand-held Pentax 6x7 cmcanera with a 105 nmf2.4 lens pointed directly
downward through a ventral canera port. Ektachrone 200 color positive film was
used for all photography. The firing of the camera was audible to all observers
through the intercom system As each photograph was taken. the pilot read the
altitude fromthe analog display of the radar altimeter and the |eft observer
recorded the tine and radar altitude froma digital display in the rear of the

aircraft. The altitude as read by the pilot was recorded by the right front
observer. The two altitude records were later conpared to ensure that no
recording error had occurred. In addition. as the camera was fired the front

observer recorded the time and position fromthe VLF navigation system Two
identical calibrated canera/lens systems were used: the systemthat was used was
recorded for each roll of film

Cal i bration photographs of a target of known di mensions were obtained to
permt calculation of actual whale sizes from the photographs. The target was
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spread out on land in a "+" configuration, with a [ength and width of 20.0 m
Fi ve phot ographs of the target were taken with each canera/lens system

Si ze Measurenents

| mages of bowhead whales and calibration targets were measured directly from
the processed filmto the nearest 0.01 mm using a Zeiss binocular dissecting
m croscope and a stage microneter. The average of three blind replicate nmeasure-
ments was used to calculate the dinmensions of the target or whale using the
foll owi ng equation from Jacobson (1978)

Calculated length = _Altitude x Image size
Focal length of lens

The dinensions cal culated fromthe above formula were then corrected for distor-
tion caused by the focal plane shutter in the camera (see Davis et al. 1986b).

Cal cul ated target sizes (corrected as above) were regressed against the
known target measurements to give the follow ng regression equation:

Actual length = (Calculated length - 0.034)/0.99533

This equation corrects for systematic biases, e.g. in the altitude values derived
fromthe aircraft’s radar altineter, and was used to convert cal cul ated whal e
| engths to actual Iengths. Recent studies (Koski and Johnson 1987: Nerini et
al . 1987: Dave Withrow, NMFS, pers. comm.) have indicated that radar altinet-
ers may give slightly different altitude readings over |and and water. The
observed differences appear to be consistent for a given individual radar alt-
imeter. Altitude readings were -1.3% /| ower over water than land, resulting in
a slight underestimation of whale length (Nerini et al. 1987). However, it is
not known whether the difference is the same for all altimeters made by the sane
manuf acturer, or for altimeters nade by different manufacturers. The |engths
presented in this report are based on calibration data from targets photographed
over land. with no correction for any |land/ water effect.

The quality of the nmeasurenents varied from one photograph to another
because of the varying postures of the whales and changing sea state and |ighting
conditions . The repeatability of each nmeasurement was assigned a grade from1l
to 6, following Davis et al. (1986b). A grade 1 neasurenent was the highest
qual ity neasuremnent.

| ndi vidual Identification

Koski and Johnson (1987), Richardson et al. (1987b) and Koski et al. (1988)
have shown that vertical photographs can be used to document short-term (wthin
day), mediumterm (day-to-day), and long-term (year-to-year) novement patterns
of bowhead whal es. Phot ographs obtai ned by us and NMML., when conbi ned. mi ght
provide information on rates of novenent of bowheads subjected to playback
experinents in conparison to those not subjected to playback experinents.
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I ndi vi dual whale inmages fromthis study were enlarged as 5x7 inch custom
prints and labelled. Each whale imge was assigned a re-identification grade
as in previous studies (Davis et al. 1983, 1986a,b). Photographs of whales that
woul d be recognizable in another photo of simlar or better quality taken in
anot her year were grade A Phot os of whales that would be recognizable in a
photo of similar or better quality taken the sane day or within a few days were
grade B. Photos of whales that probably would be unrecogni zabl e in another photo
of simlar or better quality were grade C

The grading of prints involved a subjective assessment of focus, resolu-
tion, lighting. glare. reflection, sea state and posture of the whale, as wel
as distinctiveness of the whale’ s narkings. A poor quality photo of a very
distinctively marked whale might be graded Awhile an excellent photo of a whale
with no distinctive markings night be graded C. W have not considered grade C
phot ographs in this analysis. Each grade A and B print was then assigned to
one of 20 files depending upon the ambunt of white on the Iower jaw and in the
tail region (Davis et al. 1983: Braham and Rugh 1983).

Each whal e inage was conpared to all others acquired in this study, and to
all images that NMML obtained after 7 May 1989. Each grade A whal e inmage was
al so compared to our collection of summer and autum photos acquired since 1981
in the Canadi an and Al askan Beaufort Seas. In these inter-year conparisons.
whale inmages were conpared to all other inmages in the same file and in *adjacent”
files containing inmages with simlar characteristics

Pl ayback Experinents

Pl aybacks were conducted to neet specific objective 4. “To neasure the
short-term behavioral responses of . . . whales . . . to underwater playbacks of the
continuous drilling platform sound. “ Drilling platform sounds were projected
froma nobile ice-based canp that was established on the pack ice each day when
weat her and ice conditions were suitable. Playbacks were conducted on 12 occas-
ions . During seven of these sessions, no white whales or bowheads were seen
while the projector was operating, although during two of these seven sessions
{16 and 21 May) whal es were observed before the projector was on. During one
session (19 May) observations of whales were obtained only fromthe ice canp
because low cloud cover prevented aerial observations fromaltitude =457 m
During the remaining four sessions (14, 23, 27 and 29 May) observations of whal es
were obtained by both the ice-based and aircraft-based crews.

Pl ayback Equi pnent and Procedures

A single broadband J-11 projector was used for all playback experinents.
The J-n can produce a source level up to about 164-166 dB re 1 uPa-m W thout
distortion. Its effective bandwidth is 20-12.000 Hz. It was powered by a 250 W
Bogen Mr250 power anplifier. The J-n and its ancillary equi pment were portable
by helicopter. which allowed us to conduct “single-day” experinments at changing
| ocati ons.
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In order to operate the anplifier and other electronic equipment for a
significant length of time, it was necessary to use a generator rather than
batteries to provide power. The generator produced significant airborne noise
but little of this noise was transmtted into the water because of attenuation
by the snow covered ice. Noi se | evel s produced by the 2.2 kW Honda gasoline-
powered generator were low in conparison to those from the projector (see
“Physi cal Acoustics Results", p. 97).

Each day when weat her and ice conditions permitted. the ice canp was
established on the pack ice along a | ead near the east end of an open water
area. \Wen possible. the camp was placed to the east or northeast of whales
| ocated by aerial reconnaissance. The J-n projector and ancillary equipnent’
the sound recording and nonitoring equi pment, and the theodolite were set up
This process normally required at least 2 hours after arrival at the site. The
theodolite crew then wat ched for approaching whal es, supported by the aerial
crew whenever feasible. If no whales were seen close to the projector, it was
started. (We did not plan to start the projector when whales were within a few
hundred neters, since the sudden onset of industrial sound would not be typica
of an actual oil-industry site, and mght cause startle reactions that could
confound interpretation of |ater behavioral observations. )

It was inportant to obtain the nost accurate possible data on the relative
positions of whales and the sound projector. These data were needed to plot
whal e movenents and to estimate received sound |evels when these were not neas-
ured directly by sonobuoys. When whales were within view of ice-based observers
the nost precise positional data were obtained with the theodolite. However
for whales observed from the air, other procedures were necessary.

The absolute location of the ice canmp was determned using the VLF naviga-
tion systenms on the Twin OQtter and helicopter (usually accurate within about 1-2
km and using a Si-Tex mpdel A-310 satellite navigation receiver at the ice canp
(accuracy 0.1-0.2 kmy. The position of the ice canp often changed substantially
during an experinment due to wind- and current-induced drifting of the ice. To
account for this, all whale sightings and novements were plotted relative to
the sound projector. To help determ ne whale positions relative to the ice canp,
the observation aircraft was often flown fromthe |ocation where whales had just
dived to the ice canp. By flying directly over these two positions within a
short interval, the aircraft’s VLF navigation system provided accurate (+0.3 km)
data on the whal e-to-projector distance and bearing even though absol ute position
readouts from the VLF system were |ess precise. In addition. during pl aybacks
we frequently recorded the position of the whale according to the aircraft’s VLF
navi gation system and we made visual estimates of the distance fromthe whale
to the projector during nost whale surfacings. Wale-to-projector bearings were
estimated by reference to the aircraft’s gyroconpass. Upon our return to the
Barrow airport after each flight, we recorded the amount of drift in the absolute
OGNS readout during the flight. [t was usually about 1 km
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Acoustical Monitoring

Sound |evels reaching whales during playback experinments were neasured
and/ or estimted using several techniques, as described in preceding subsec-
tions on “Acoustical Field Methods” and “Acoustical Analysis Procedures”. By
having a variety of nonitoring capabilities. we were able to obtain the necessary
data on sound exposure levels in a wide variety of field situations, including
situations where sone nethods were inpractical

The transmi ssion |oss nmeasurenents described earlier, along with mathemat-
ical nodels of transmission loss. provided estinates of received |level as a
function of ‘range under varying ice conditions. When direct measurenments of
sounds reaching the whales were inpractical, the TL data and nodels were used
to estimate the received |evels.

The observation aircraft was equipped to drop sonobuoys near whal es that
were under observation fromthe aircraft, and to record the telenetered data on
sounds being received by the whales. This permtted accurate neasurenent of
sound levels received by some of the whales observed from the aircraft.

We al so naintained a nmonitor sonobuoy about 1 km from the projector site
during nost periods when the ice canp was operating. (However, on 29 May an
i ce pan crushed the nonitor sonobuoy, so these data were not available for much
of that day.) The telenetered signals were nonitored periodically at the
projector site and al so aboard the observation aircraft when it was in the area.
These data provided a direct neasurenent of received industrial noise |evel at
one distance fromthe projector. On 14, 19, 23 and 27 My, the nonitor sonobuoy
was positioned close to the point of closest approach of sone of the whales that
were observed, thus providing direct information about sound levels received by
the whales. Even when the whales did not approach close to the nonitor sonobuoy,
the received sound levels there provided a calibration point for estimtes nade
using propagati on nodels.

Behavi oral Obhservations

To maxi m ze the power of the observations in assessing the hypotheses. we
pl anned to use whal es approaching the sound projector as their own controls.
Qur intent was to conpare the behavior of the sanme whal es when they were at
various distances from the projector. This approach reduces the conplications
caused by differences in the natural activities of different individual whales.
We planned to begin observing the nmovenents and behavior of whales when they
were far enough fromthe projector that they could not hear it or, at the least,
were not likely to react to it. W then intended to observe their novenents
and behavior as they approached and passed the projector.

Because the projector had to be re-established on the ice each day, the
prc jector often began operating while whales were already under observation from
the aircraft. To elimnate observer expectancy biases, we attenpted to prevent
the two prinmary behavioral observers in the aircraft from know ng whether or not
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the sound projector was operating. This “blind” observation protocol was only
imperfectly achieved because of difficulties in isolating the aerial observers
from some radio conmunications. The behavioral observers usually did not know
exactly when the projector was turned on or off. However. during the major part
of each observation session near the projector site, they were aware that the
projector was operating. This know edge would affect few (if any) of the data
col  ect ed. Estimated swi nmmng speed was one variable that required a partly
subj ective judgerment, and thus there is the possibility of observer expectancy
bias in this case.

In addition to the aerial observations, the ice-based crew recorded whal e
behavi or and novenments with the aid of the theodolite during playback experi-
ments. Because of the low vantage point fromthe ice, ice-based observers could
not see whales unless they were within %-2 km of the projector. The npst val u-
abl e data obtained fromthe ice-based observations were data on the cl osest
poi nt of approach to the projector and on the precise tracks of whales that
approached or passed the projector. More precise data of these types could be
obt ai ned by theodolite than by aerial observations. Also, ice-based observers
sonetimes were able to collect data when aerial observations were inpractica
because of low cloud ceiling or limted aircraft endurance.

Because of their proximty to the projector site, the ice-based observers
were aware of projector status (on or off). However, most of their data were
theodolite readouts, which do not involve subjective judgnents. Thus, observer
bias would not be a problemin these data.

To determne the reactions of whales to the drilling sounds, we planned to
conduct three types of conparisons of whale nmovenents and behavior: (1) For
whal es that approach and pass the operating projector, exam ne novenments and
behavi or as a function of distance fromthe projector, allow ng each animl or
group to serve as its own control. (2) Conpare the novenents and behavior of
whal es passing the ice-based crew at times when the projector is operating vs.
silent. (3) Compare the movements and behavior of whales seen near the operat-
ing projector vs. those seen at times and locations when the ice-based crew is
absent. Because there were few opportunities for playbacks in 1989. we decided
to operate the projector on each day when whales were passing it. Thus, few
data of the type needed for comparison (2) were obtained in 1989. However, we
recognize that this type of control information is needed to confirm that any
observed changes in behavior are attributable to the noise rather than to the
physi cal presence of the ice-based crew.  The 1990 field program will include
a number of control observation periods
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GENERAL CHRONOLOGY OF 1989 FIELD ACTIVITIES

Prelim nary Sound Propagation Tests, 25-30 April

Plans called for prelimnary sound propagation tests to be conducted from
25 to 30 April 1989. The main field program including noise playback experi-
gents . was to extend fromlto 28 May. The purpose of the late April work was
to determ ne whether the actual radius of detectability of the projected sounds
was any greater than that predicted before the field season (cf. Appendix A).
If not, the main field program could go ahead during May as planned

The necessary research permt was issued by the National Mrine Fisheries
Service on 24 April, and fieldwork started on 25 April, as scheduled. The ice-
based crew used the helicopter to conduct an initial ice reconnaissance ENE of
Barrow.  The purpose was to sel ect prospective sites for the prelimnary sound
propagation tests (otherwise known as Transmission Loss or TL tests). Logist-
i cal constraints and poor weather prevented conduct of the first TL test unti
29 April (Table 3).

TL tests were conducted on 29 and 30 April. There was no open water along
the edge of the landfast ice. so the sound projector was set up on an ice pan
alongside a small open-water area amidst the pack ice. The projector sites on
the two days were 79 and 86 km respectively, ENE of Barrew (Fig. 19). The
projector was set up on the sane ice pan on the two successive days. but the
ice had drifted eastward several kiloneters in the interim Recording sites
were to the west and northwest of the projector. Alnost all of the region around
the projector (>99% was covered by pack ice. The ice was especially heavily
ridged a few kilometers west of the projector site. Two bowheads were heard (but
not seen) during the TL test on 29 April. Three bowheads were seen near the
projector during the TL test on 30 April. One of these was observed just before
and during broadcast of some of the test sounds

The acoustic data fromthese two prelimnary TL tests were analyzed in
Barrow on 1 May to determine how far the drilling sounds were audible under the
i ce. Because the sounds attenuated rapidly with increasing distance and were
inaudible within 5-10 km it was concluded that the main field program could go
ahead as planned.

Main Fie.d Program. 1-30 Mavy 1989

The Twin Otter and its crew were at Barrow by the evening of 30 April. On
1 May an aerial survey was conducted to determne the general ice conditions in
the study area and to test the equipnent aboard the Twin Gter. On 2 May the
aerial crew conducted a survey ENE and NE of Barrow and found little open water
and no bowheads. Because no bowheads were found, playback experinents were not
practical. Hence. the ice-ba:ed crew conducted a third TL test am dst snoot her
ice slightly north of the first two TL test sites (Fig. 19).



Table 3. Summary of daily activities and weather and ice conditions, 25 April-30 May 1989.

Ice-based Crew

Alrcraft-bgsed Crew

Nober af Namber  Of
Transm.  Karluk Overall Cloud Behaviar
Ferry Loss Projec- White Ice Ceiling/ Survey Obser. Phatogt. White
Date  Flights  Test  tires Bowheads Whales  Location Other Conditi. Visibility (h)  Sess. (h) location  Bowieads Whales othek-
-25 Apr 1 0 0 ENE Ice reconnaissance
26 Apr 0 foar ViSibility
2ar 0 -35° with st
chill fector
2 fpr 0 Poor ViSibility
W tpr 6 #l 2 heard 0 71038 In hole among >99%
154934 peck ica, Whales
before transmission
0w 8 £ 3 0(30* 9% In hole amng >9% Aircraft cws arrives
154025° pack ice at Barrgw
1 Yay 0 Analyze TL data >9% L7 Survey e Of O 0
Barrow
2 May 3 #3 0 0 71939¢ >99% Fog until noong 1.9 Sutvey ENE of O 22 Few gpen water areas
15403} ¢ Nerrow Creeks — clear, excellent Barrow
visibility PM
3Mey 6 PL o O] 7noas;  Broadeast into 99% Fog witil 12:00; 2.5 25 0.3 71"33'-71039" 25 5 thales within T €St ri cted
1530540 area of thin ice clear, excellent 155028 -155¢30" e (I .8, vithin 60 w
risi b|||1y ] of Barrow)
4 My O Low ceiling,
Pogr visibility
sy O Low ceiling. 2.4 Survey ENE of O 36
Poar Visibility Barrow
sy 4 p2 0 0 71037 Broadeast into 9% Low ceiling E of 2.3 1.8 71040" 155057 10 71 Bowhezds Wit hi N testricted
154044°  Open lead among Small leads 155° (168 ). area. Low eeilings E of
pack ice Clear at Barraw, 1559,
TMay 6 P3 0 0 71957'  Broadcest into >99% Clear o nigh 2.7 15 survey ENE Of 3 69
15a0s8;  efrozen jem cloud Barrow
among pack lce 71047 155°29’
8 My 0 No Flight due to 100% Clear of high 2.1 Survey e of 0 12 Virtuall'y no oen water,
lack of open water cloud Barrom

froze OVerni ght

Contioed , , .

g9 48oTouoryn 6967



Table 3. Continued.

Ice-based Cr €W Arcraft-based Cr ew
Nurber af fumber  Of
T e, Kariuk overal | Cloud Behavior
Ferry Loss Projec- kite Ice Ceiling/ Survey (bser. Photogr. White
Dats  Flights  rest tions  Bowheads Whales  Location Gther Conditi. Visibility (h)  Sess. () Location  Bowheads Whales Other
9 May 2 44 0 1} 71950! TL conducted at 1003 Fog AM; clear 3.2 Survey €N of O 55
155930 thinly refrozen PH Barraw

lead. Sowheads and
vhite whales heard

but not seen.
10 May O Low ceiling all day.
Poar visibility i1 PM
11 My O 9% Low ceiling. Poor
Narcow lead visibility i N snow,
developing fog .
12 tay O 95% Low ceiling, Poor L9 0.l Survey ENE of 4 &8
Offshore vigibility 1n snow, Barre.d
leads fog. 17055' 155°04'
developing
13 My o 85% Low ceiling, Poor 1.5 Survey ENE of 1 kil
Large leed visibility in snow, Barrow
along ice edge  fog.
E of Barrow
w My 4 P4 3 WY mess sroadcast into 8s% Gaod visibility, 23 55 0.4 survey ENE of  26( 1)- 160( B) Projection experinent
19503 oen lead amng  OFfsnore leed  Ceiling s m Barraw
pack ice in pack iCe until 15:00; 7103)2'. 71060
%5-305 mafter 154°451- 155" 50"
16:00
Sty 0 85-90% Lw cei ling. 2.0 0.2 Survey e of 133
Some new ice  POOr visibility Barrow
OVer nigt in snow gt 155°08"
71954' 154928"
16 May 4 P5 2 13(6) 71944 Brosdeast into 9B Ceiling le-x5 m 2.2 Survey ENE of 0 22
155908'  open | €ad amog Sore NEW ice  Visibility good Barrow
pack ice OVer night with accasional
sSnaw

Contined, . .+ .

69 4AJoTouoayy 6861



Table 3. Continued.

Ice-based Crew Aircraft-based crew
Narber  Of hmber Of
Transm,  Karluk Overall Cloud Behavior
Ferry loss  Projec- White Ice Ceiling/ Survey (Obser. Phatogr. white
Date  Flights  Jest tions Bowheads Whales  Location Other Conditi, Visibility (h)  Sess, (h Location Bawheads  Whales Other
17 My 2 03 71935°  Por weather to 95% Ceiling 120- 180 & 2.2 Survey ENE of ) 9
1550441 east; helicopter New ice formed  tp esst. Vis.im'.lity Barrow
overflight sound over night good 0 poor | N
Measuremen snow
18 May 1 o(l) o Flig aborted >90% White-out conditions 2.1 1.0 Survey Eof1s 22
due to poor s areas. Ceiling Barrow
visibility varisble 150- 450 a. 71934'-71036"
1560 00*-15¢015°
19 My 4 P& 4 2 71040 Broadcast into >90% Ceiling 10 w
155923'  large open lead Visibility g (18 kn
in pack 1ce except f Or  ocossional
MW squalls,
2 May 0 3 Variable, low ceilings 1.3 Survey ENE of O 0
Lead formed #d poor visibility Barrow
along lendfast
ice edge
21 May B P? 0 7 71°35.81  Broadcast along W 85% VYery low ceiling 1.5 Survey ENE of O 22
155916 ' sige Of main |ead Strong winds (100 m} in blowing Barrow
move icCe SNow
22 May o 80% Low ceiling. Poor
visibility i suw
and fog
3 My 4 P8 3(3) 7(5) 71037 Broadeast into 13 Vari abl e ceiling 3.8 45 Survey ENE of 5(2) 76( 3) Projection experiment
155%02' large open lead Lead Bkmwide 130450 M Cood Barrow
arong pack ice AE of Barrow  Visibility 71038¢ 155007* ;
‘ 71942" 254941,
24 my O 8 Lowceiling with 1.4 1.1 Survey ENEof 6 59 Test difar soncbuoy. Major
N of lead ieing i N A, Good Barrow lead slong fast ice edge
90 pack ice  ViSibility beloe 71936' 155056 NE of Barrow far rest of
160-275 m later study .
25 My 4 #5 0 c(1) 710374 Broadeast into 80% Low ceilingand poor 1.8 1.3 Survey ENE of 10 51 Aerial photogrammetry
154939°  gmall lead visibility wtil late Barrow Cal ibration
among pack ice 1 cay wen CeIliNg

N of main lead

lifts to 200-260 ¢

71035 155038 ;
710330 154954 5
71033" 155012¢

Continved, . o+
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Table 3. Concluded.

Ice-based Crew Aircra Ft-based Orew
Number of Number of
Tram  Karluk Overall Cloud Behav 100
Ferry Lass Projec- White Ice Ceiling/ Survey Obser. Fhotogr, White
Date  flights  7est  tions  Bawbeads Whales  Location Gther Conditi, Visibility (h)  Sess. () Location  Bowheads Whales Q her
26 May 1 0 0 Flight aborted 80z Ceiling a visibility
due to fog variabl e i fog
27 May 4 P9 o(1) s 71035¢ Broadcast anong ;14 cl ear 3.8 55 0.9 Survey ENE Of 17 52( 8) Nommal Behavior
1549341 pack ice N of Barrow Projection experiment
main open |ead. 703 154033‘,
71033¢ 154°42"
4 r10 0 0 71035’ Broadcast along 71038' 155018¢ Projection experiment
154945* N Side of mewn
lead
28 May 4 PLL 0 0 71035 Broadcast along N 80% Clear AM. High 53 0.7 0.6 survey e Of 3
154°54"  Si CK of open lead cloud PM. Barrow
Helicopter and 71939 155°00"
Twin Otter over-
flight sound
megsuremen ts .
W May 4 P12 o(2) 2 71041° Broadcast into 80% Some hi gh cl oud. 3.9 2.5 0. 3 Survey ENEof 4 77 Projection experiment
154°49'  small | ead amng Good visibility. Barrow
pack 1ce on N side 1%z 255° 06’
of main open lead
0 May 2 0 0 Nao projections due 80% Clear 2.1 Survey ENE Of 0 0
to wnstable ice ead partially Barrow

conditions

blocked by pans

o Numbers in perentheses | Ndi cat e whales observed auring fery fiights.
** Numbers I1n parentheses indicate additional whales seen fromthe aircraft that were alsa seen from the ice-based camp.

£8oTouoayn 6861
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Fig.19. Locations where ice-based crews conducted transmission loss tests or broadcast drilling

sounds, 29 April-29 May 1989. Locations are approximate because of ice drift during
the course of each day’s work.
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Fig. 20. Locations where behavior of bowhead whales was observed and vertical photographs
were obtained by the aerial crew, 3-29 May 1989. Numbers outside parentheses indicate
the date (in May 1989). Numbers in parentheses refer to behavior observation session
numbersin Table 4 (prefixed by a B) or photo session numbers (P) where more than one

occur on the same day.
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On 3 May the ice-based crew projected drilling sounds into a recently
refrozen lead found ami dst the pack ice the previous day (Fig.19). However,
no whal es were seen near the projector. After conducting extensive surveys near
the projector site and not finding any bowheads, the aerial crew observed
bowheads engaged in various activities closer to Barrow (Table 4. Fig. 20).
About 25 bowheads were seen: this was the second-highest daily total for the
entire field season. Mst of the whales were migrating through narrow inter-
mttent leads, which made it inpossible for us to observe specific whales for
prol onged periods. Playback experinments were not possible in this area because
it was less than 60 km from Pt. Barrow.

Low ceilings and poor visibility prevented useful work on 4 and 5 May.
However, on 5 May the aircraft crew conducted a |owlevel survey to nonitor ice
conditions and to select a potential site for an experiment the next day.

The weat her cleared at Barrow on 6 May, but | ow cloud persisted east of
 ongi tude 155°W. The ice-based crew projected drilling sounds into an open |ead
am dst the pack ice and saw no whal es. Because of the low ceilings at the
projector site, the aerial crew conducted behavioral observations of bowheads
closer to Barrow where the ceiling was higher but where drilling sounds could
not be projected into the water.

The weat her was clear and cold on 7 May and again little open water and
few whal es were found. The ice-based crew set up the sound projector along a
refrozen lead in the pack ice, but saw no whales. After finding no whales near
the projector, the aerial crew observed the behavior of three mgrating and
resting bowheads el sewhere.

Cold tenperatures and light winds persisted on 8-10 May, and the few small
open water areas that had been present froze. No bowheads were seen by the
aerial crewon 8 or 9 My. The ice-based crew conducted a fourth TL test far
offshore along a thinly refrozen | ead. The ice was much snoother at this TL
site than at previous sites.

From1ll to 13 May the weat her was poor with Iow ceilings, fog and |ight
snow. Leads were starting to develop in the offshore pack ice. Another |ead
started to devel op near the edge of the landfast ice off Barrow, but did not
extend east of Pt. Barrow Few bowheads but nunerous white whales were seen
during surveys conducted by the aerial crew.

The weather cleared on 14 May, and the projector was set up along a long
| ead oriented NNE-SSWthrough the pack ice (Fig. 19). Large nunbers of both
bowheads and white whales were found in the vicinity. This was the first
occasion when all of the factors necessary for a playback experinment were present
at the sane place and time, viz an area of open water 60+ km beyond Pt. Barrow
whales in that area. and cloud ceiling high enough (=460 m) to all ow behavi oral
observations from the air. The aerial crew observed two bowheads as they
mograted from4.7 to 0.5 and 0.9 kmfromthe operating projector. Numerous white
whal es were also observed as they approached and passed the operating projector.



Table 4. Summary of aerial behavioral observation sessions, 1989.

% Ice
No. of Bowheads
Behavior Predom nant Water
Date Obs. Oba. General Predominant Speed of Size Depth Sea in
1989 Seas.  Locat ion Period Grcle Area Activity Oientation Travel Clasases Di sturbance (m) State circle overall
3 Wy 1 71%33f - 16:13- 3-5 15 sone mgrating mostly E sl ow unknown none 40 0 85 9s
155”28’ 17:36 slowy, sone
sexual activity
3 May 2 71739’ - 18:11- 3 3 1 water-col um vari abl e zero-renting 2 adults none 150 0 95 98
155”30’ 19:15 feedi ng, 1 small sub-
2 resting adul t
6 May 3a 71e40*- 15:53- 4 9 probably NE medi um unknown none 120 0 95 99
155" 57" 16:34 migrating
3b T1*40*- 16:55~ 2 9 pr obabl y NE and S medi um unknown none 130 0 95 99
155" 55” 17:05 mgrating
3c 71" 39’ - 17:12- 3 9 sexual activity variable slow-medium adults none 150 0 95 99
155059’ 16:10
7 May 4 71%41 - 15:58- 3 3 migrating and NNw zer 0- medi um unknown none 260 0 99 >99
155°290 17:25 resting
12 May 5 71°55" - 12:55- 1 1 mgrating NE medi um unknown potent i al 280 1 85 95
155" 04" 13:01 aircraft
14 May 6 71"40' - 10:34- 3 8 no forward NE to SW zero-sl ow unknown none 205 1 S0 85
155" 40’ 11:08 nmot i on- sl ow
14 May 7 71~44%- 11:29- 3 6 mgrating NE medi um adults plus none to 11:58 170 2 35 S5
155°01 14:47 - one whale subadults Karl ukplay-
br eachi ng back after
11:58
14 May S 71038’ - 16:37- var. var. pr obabl y ENE 8l ow-medium unknown potent ial 160- 233 1 90- 95 S5
71" 50’ 18:12 m grating aircraft
154”45’ -
155”50

Continued...
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Table 4. Concluded.

5 Ice
No. of Bowheads
Behavior R Predom nant wat er
Dat e s . s . Gensral Predominant Speed of si ze Depth  sea in
1989 Seas. Locati on Period Circle Azxea Activity Orientation Travel Classes Disturbance (m) state circle overall
23 May 9 71°427-  12:22- 3 1 migrating E medium unknoun aircraft to 12 i 90 80
154°41° 14:32 12; 40; post-
aircraft teo
13: 10; then none;
TL 13:59-14:09;
then distant
Karluk pl ayback
23 May 10 T1°38° - 15:40- 1-3 4 2 mgrating Wand SE alow 3 adults Karluk playback 80-115 1 80 80
155" 07’ 18:02 2 local 1 calf
movement
24 May 11 T1°36° - 19:12- 2 4 m grating NE s=low-medium 1 adult, 1 calf potential 4s2 0 85 80
154° 56’ 20:17 2 unknown aircraft
disturbance
27 May 12 71°330- 9:22- 4 6 m grating variable NE sl ow nmedium 2 adult-calf none 42 1 50 80
154233/ 11:47 to SE pairs
27 May 13 T1°33¢ - 12:47- 2 2 migrating variable NE  aslow-medium adult/calf Karluk pl ayback 42 1 65 80
154°42 14:58 to s Soncbuoy drop at
13:30
27 May 14 71°38°- 19:29- 2 4 local novenent variable slow adule/calf none to 20:11 140 [} 0 80
155°18° 20:23 Sonobuoy drop
after 20:11
2a May 15 71039/~  11:46~ 2 3 local novenent SW to BW slow adult/calf nione 95 1 80 80
155°00’ 12:30
29 May 16 71042’ - 10:28- 2 2 local movement SEto S slow adult/calf none 160 1 85 80
155°08' 10:46 and W
29 May 17a 71°42 '~ 12:20 2 2 local movement SE to SW slow adul t/cal f none to 12:53; 170 1] a5 80
155°08’ 13:58 TL 12:53-13:02;
then distant
Karluk playback.
Soncbuoy drop
at 13:21
17b 71°42¢ - 14:50- 2 2 laocal novenent s to SW alow - adult /calf distant Karluk 160 1 85 80
155°08’ 15:23 pl ayback

ey

9/ Asorouoayy 68671
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The ice-based crew observed a single white whal e by theodolite for 25 mn as it
approached and retreated fromthe projector. Several additional bowheads and
white whal es were observed for briefer periods by the aerial and ice-based crews.
Aerial observations of whales passing the projector were curtailed when the cloud
ceiling descended below 460 m during the afternoon. Even so, nore bowheads and
white whales were seen on this date than on any other (Table 3).

The ceilings were low and the visibility was poor for nmost of 15 May. In
the evening, the visibility inproved and the aerial crew conducted a reconnais-
sance ENE of Barrow. Five bowheads and 133 white whal es were seen.

On 16 May. the visibility was generally good, but ceilings were too |ow
for aerial observations. The ice-based crew observed a nother/calf bowhead and
three white whales. which were potentially disturbed by the Bell 212 helicopter
during depl oyment of equipnent. White whales (n=16) were observed before the
projector was started, but no whales were sighted while the projector was
operating.

On 17 May, the ceiling was | ow 60+ km east of Pt. Barrow where we could
conduct playback experinments. Therefore. the ice-based crew depl oyed hydro-
phones from an ice pan 55 km NE of Barrow to measure the levels and character-
istics of underwater sounds from Bell 212 helicopter overflights at different
altitudes.

On 18 May, the ceiling was again too low to conduct aerial observations of
whal e behavior. Leads through the offshore pack ice were starting to open again.
but the only bowheads found during an aerial reconnai ssance (n=15) were in the

| ead near the fast ice edge 30 km NE of Barrow. W took 13 vertical photographs
of these whal es.

The ceilings remained |ow on 19 Miy, again preventing aerial observations
of behavior. However. the ice-based crew set up the sound projector on the pack
ice and projected drilling sounds into an L-shaped |ead. Four bowheads and two
white whal es were observed approaching the operating projector. A theodolite
was used to track these whales. One bowhead approached to within 100-120 m of
the operating projector.

From 20 to 22 May. the ceilings remained |low and visibility was poor in
snow and fog. Strong w nds rmoved the offshore pack ice. resulting in nore open
water amdst the pack ice. The lead along the tast ice edge finally extended
eastward into our study area. Aerial surveys on 20 and 21 My detected no
bowheads and few (22) white whal es. On 21 May, the ice-based crew set up the
projector on the pack ice edge along the north side of the nain nearshore |ead
between the pack and | andfast ice. However. no bowhead or white whales were
seen while the projector was operating.

On 23 May, the ice-based crew set up near the east end of an area of open
water area amidst the pack ice a few kilometers north of the nearshore I ead.
Whal es exposed to noise fromthe projector were observed fromboth the ice and
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the observation aircraft. A mother and calf bowhead heading north and west away
fromthe projector were observed when the projector was broadcasting drilling
sounds. Two additional bowheads were observed as close as 2.3 and 2.4 km from
the operating projector. mgrating eastward past it. About 50 white whales were
wat ched as they mgrated from5 km WNWto 0.5 km NNE of the operating projector.
They then hesitated for 12-20 rein, dove under the pan supporting the projector,
surfaced 300-600 m SSE to SE of the projector, and continued nmigrating E.

Low ceilings persisted throughout 24 May. The aerial crew conducted a |ow
level survey ENE of Barrow and sighted numerous white whal es and several
bowheads. W tested the operation of a DIFAR (directional) sonobuoy fromthe
Twin Oter near 4 bowheads and 11 white whales.

On 25 May. the ice-based crew set up the projector on the pack ice just
north of the nearshore |ead, but no whales were sighted nearby. Hence , a fifth
sound transmission |loss test was conducted along the north edge of the nearshore
lead. The aerial crew sighted 11 bowheads (including 5 cow calf pairs) and 51
white whales in or near the nearshore |lead closer to Barrow. The cow cal f
bowheads were all photographed. Low ceilings and fog prevented work on 26 May.

On 27 May, the projector was initially set up along a secondary lead -4 km
north of the main nearshore |ead. The projector was again set up on the pack
i ce because the bowheads seen -60 km beyond Pt. Barrow in nid-late May had all
been either in the pack ice or along the north edge of the nearshore |ead--none
were on the south side of the nearshore lead. On 27 May, the ice-based crew saw
14 white whal es but no bowheads pass the projector. All bowheads sighted by the
aerial crew were noving along the north edge of the main nearshore |ead. about
4 km south of the projector. Hence, during late afternoon the projector was
noved to a large pan along the north side of the lead. In the evening, no whales
were found near the projector operating at its new |location, so the aerial crew
observed a mother/calf pair -20 km WNW of the projector. This same cow calf pair
was observed on 28 and 29 May (identity photographically confirnmed).

Weat her conditions were ideal on 28 May. The projector was set up on the
pack ice near the north side of the nmain E-Wnearshore | ead. However, no whal es
approached the projector. The aerial crew observed the behavior of a nother/calf
pair 13 knNW of the projector. Late in the day, the underwater sounds from both
the Bell 212 helicopter and the Twin Oter were neasured by flying at several
altitudes over hydrophores deployed from the ice canp.

Fi el dwork had been scheduled to end on 28 May. However, at that time the
ice and weather conditions were inproved fromthose in early and m d- My, and
at least a few bowheads and white whales were still migrating through the study
area. Hence , after consultation with MV5, we decided to continue fieldwrk for
two or three nore days.

On 29 May, the weather was again good. The projector was set up on the
| argest available lead anmidst the pack ice a few km north of the nain nearshore
| ead. Two white whal es passed the projector before it was operating. but no
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whal es were seen near the projector afterwards. A nother/calf bowhead and 50
mgrating white whales were observed about 10 km west of the projector, where
drilling sounds were not detectable. The bowheads remained in that area through
the day.

The weat her was clear on 30 May, but it was wi ndy and the ice conditions
had changed dranatically. The main nearshore |lead was partially bl ocked by
| arge pans and the pack ice was shifting rapidly. The ice-based crew set up
the projector on a large pan along the north side of the flaw | ead. However .
no whales were seen in the area by either crew Because of the unstable and
dangerous ice conditions. the ice-based crew returned to Barrow w thout
projecting drilling sounds

Summarv of Field Activities

The helicopter-supported crew worked fromthe ice on 18 days between 29
April and 30 May. They conducted sound transm ssion |oss experinments on five
days. aircraft noise measurements on two days, and projected drilling noise into
the water for several hours on each of 11 days (Table 3). On five of these days.
we observed bowhead whales that were within the area ensonified by the projector:
during the TL test on 30 April and the periods with drilling noise on 14. 19.
23, 27 May. On four days”, white whales were also observed near the operating
projector (14, 19. 23 and 27 May). \Whales near the projector were observed from
the ice on 30 April and 19 May, and from both the ice and the air on 14, 23 and
27 May. Overall. the aircraft crew conducted reconnai ssance surveys on 24 days
froml to 30 May, behavioral observations on 10 days, and photogrammetry on 8
days (Table 3).

The absence of a nearshore lead until 20 May in 1989, and the absence of
a consistent whale mgration corridor even after that date, reduced the nunber
of opportunities for observations of whales passing the sound projector. By
the last week of May, when weather and ice conditions were greatly inproved
few whales were passing. Al ice-based work had to be done fromthe pack ice
rather than fromthe edge of the landfast ice. This was necessary because there
was no |ead along the edge of the |landfast ice until 20 May, and even then the
whal es continued to nmigrate farther offshore. Nonethel ess . useful data were
obtai ned on the reactions of bowhead and white whales to drilling noise, and nost
of the desired physical acoustic data were collected. The availability of full-
time helicopter support allowed us to work fromdifferent |ocations on the noving
pack ice each day.
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PHYSICAL ACOUSTICS RESULTS

[ ndustrial Noise

Specific objective 1 was to record and characterize noise froma drilling
operation on a grounded ice pad in shallow water during late winter. Specific
objective 5 required study of noise received during helicopter overflights. and
objective 6 required anal yses of other conponents of the acoustic environnent
of whal es during spring. Underwater noise fromthree sources was recorded and
studied during fieldwrk in 1989: noise fromdrilling on the Karluk artific-
ial ice island near Prudhoe Bay, noise froma Bell 212 helicopter flying over
pack ice, and noise froma deHavilland Twin Otter flying over pack ice.

Drilling Noise from Karluk lce Platform

Noi se fromthe Karluk drillsite (described under “Methods”, p. 44) was
recorded on 30-31 March at distances ranging from 0.20 to 5 km sout heast and
0.13 to 2 kmnorthwest of the drillrig. These underwater recordings were
obtained by drilling through the stable fast ice surrounding the grounded ice
pad on which the rig was operating.

The sound energy was strongest at frequencies bel ow about 300 Hz (Fig. 21A,
228 . The received level of the sounds was greatly reduced by the tine they had
propagated 2 kmfromthe rig through the shallow (6-7 m. ice-covered (2 m
i nshore water (Fig. 21B, 22B). At 2 km. the only noise components that were well
above the natural background |evel were a strong tone at 25 Hz and a weaker tone
at 294 Hz. The source of the 25 Hz tone is unknown. It appeared in all spectra
of drilling sounds except those at 130 and 200 m--the shortest ranges. The
294 Hz tone did not appear in the spectra for other ranges.

Figure 23 is a waterfall spectrogram of a three-mnute segment of Karluk
drilling sounds recorded 130 m northwest of the rig. This was the 3-rein segnent
projected during playback experinments. Although the energy is generally concen-
trated at the sane frequencies throughout the 3-rein period, the spectrum levels
vary with time. Note, for exanple, the increase in anplitude of the strongest
tone , at 83 Hz, near the end of the 3-rein segnent. The consi stent | ack of
significant energy at frequencies above 320 Hz is notable. For conpari son,
Figure 24 presents a waterfall spectrogram of a 3-rein segnent of icebreaker
sounds. The Karluk drilling sounds were much nore consistent over time, and were
confined to lower frequencies (Fig. 23 vs. 24).

The Karluk data were collected with a recording system whose response
di m ni shes severely at frequencies below 20 Hz. W calibrated our system down
to 10 Hz and applied correction factors to conpensate for the variable frequency

response. However, the accuracy of the results below 20 Hz is uncertain, and
we have no data bel ow 10 Hz. The spectra of the Karluk sounds indicate that
the sound level did not diminish at frequencies down to at |east 20 Hz. The

tape recorder and hydrophore responses limt know edge of infrasonic sound energy
at frequencies below 10 Hz. Some nachinery on the rig has operational periodic-
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ities at Ouch lower frequencies, e.g. puwswith piston rates near 1 or 2 Hz.
These infrasonic conmponents nmay be strong. They are not expected to propagate
through the shallow water around the Karluk site. but propagation through the
bottom m ght nake such sounds detectable at significant distances fromthe rig.
In future, it will be desirable to use a hydrophore and recordi ng equi pnent that
can provide calibrated neasurenents of infrasounds. However, the inability to
record | owfrequency (<10 Hz) conponents in 1989 did not affect the playbacks.
The main factor limting playback fidelity was the inability of any practical
projector to project significant sound energy below about 20 Hz.

The overall level of the drilling sounds dimnished rapidly with increas-
ing range fromthe Karluk rig (Fig. 25). The broadband (20-1000 Hz) |evel
di m ni shed to about the background anbient level within -2 km. On the SE |eg,
the received level at range 5 kmwas 2 dB higher than that at 2 km (Fig. 23).
i ndi cati ng that broadband nmeasurenments at both ranges were domi nated by the
background noise. not the drillrig. The recordings southeast of the rig. and
some of those to the northwest, were nade on one afternoon. Q her recordings
on the northwest leg were made during the following [Jorning. Wather conditions,
wat er depths and ice conditions were about the same and the rig was drilling on
both occasi ons. However, there [Jight have been sonme changes in the machinery
operating at various times.

Received levels 0.13 to 1 kmfromthe rig were used to derive a sinple
equation for broadband received level (20-1000 Hz) vs. range. W nerged the
data fromthe SE and NWIl egs, excluding the “rig not drilling” data. The best-
fit equation including only a logarithmc spreading loss termis as follows:

RL (dBre 1 pgPa) = 96.7 - 31.0 log R

where R is the range in km If sinple spherical spreading were occurring. the
logarithmic termwould be 20 log R The higher loss rate seen near Karlukis
the result of the low frequencies in shallow water and the shallow hydrophore.

Aircraft Noise

Measurenents of underwater noise during flyovers by a Bell 212 helicopter
were Oade on 17 and 28 May. On the latter date, similar neasurements were nade
for the Twin Oter fixed-wing aircraft used for aerial observations of bowheads.
The objectives were to investigate the effects of

aircraft type,
aircraft altitude,

- flight direction relative to orientation of ice edge, and
receiving hydrophore depth

on neasurenents of

the spectral characteristics and levels of underwater noise.

the rate of change of the sound levels as the aircraft approached and
flew away, and

the duration of audibility of the sounds.
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Fig. 21. Low frequency spectra (10-1000 Hz) of drilling sounds received at ranges 130 m (A)
and 2000 m (B) from the actual Karluk drillsite. The tones in the 2000 m spectrum are
at 25 and 294 Hz. See following Figure for 10-4000 Hz spectra,
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Bel| 212 Helicopter. --This twin-turbine aircraft has a two-bladed main rotor
turning at 324 rpmand atwo-bladed tail rotor turning at 1650 rpm  The corres-
pondi ng fundanental shaft frequencies are 5.4 Hz and 27.5 Hz: the fundanent al
bl ade frequencies are thus twice as high. 10.8 and 55 Hz. The bl ade frequencies.
and to a decreasing degree their harnonics, are expected to have high sound
levels . Figure 26A shows the sound spectrum for a9-s period while the heli-
copter flew directly overhead at altitude 1.500 ft (460 nj. Sonme of the peak
sound levels and their frequencies were as foll ows:

Frequency Level

(Hz) (dB re 1 yPa) Source of Tone

22.0 97 Main rotor blade, 2nd harnonic

32.0 88 Main rotor blade, 3rd harnonic

44,5 84 Main rotor blade. 4th harnonic

55.0 81 Main rotor blade, 5th harnonic

and tail rotor bl ade, fundamenta

57.0 85 Unknown

There are tones at various higher frequencies. but sone of them appear in Figure
26A as narrow bands of frequencies. There are two reasons: Doppler shift during
the 9-s anal ysis period spreads each of the higher-frequency tones across a
noticeable range of frequencies. Also, the simlar but not identical harmonic
frequencies of the tail and main rotors produce closel y-spaced tones. each
smeared by Doppler shift. The 20-500 Hz band |evel for the Bell 212 sound
spectrum shown in Figure 26A was 103 dB re 1 pPa.

Figure 27 shows waterfall spectrograms for overflights of the Bell 212 at
low altitude (150 m Fig. 27A,B) and higher altitude (460 o, Fig. 27Cc,D). Figure
27C.D depicts the sane overflight as in Figure 26A. The upper and |ower spectro-
grans show the sounds received sinultaneously 3 mand 18 m bel ow the water’s
surface. These graphs show the spectral conposition and relative levels of the
sounds over a 60-s period as the helicopter approached. flew directly overhead
(at tinme 30 s), and flew away. The tonal sounds were stronger and detectable
| onger 3 m below the surface than 18 m deep, as predicted by theory (Urick 1972).
It is interesting that the sounds ahead of the aircraft were stronger than those
following it. Significantly nore rotor blade sound energy is radiated ahead than
behind. However, it nay also be inportant that the helicopter was flying over
open water while it was approaching, and over ice as it noved away. A pronounced
Doppler shift in the frequencies of the tones was al so evident as the helicopter
passed overhead (Fig. 27). As expected, apparent frequencies decreased as the
hel i copter passed overhead.

The tenporal characteristics of underwater sounds received from the passing
hel i copter depended strongly on its altitude. also as expected. The apparent
duration of the sound increased as helicopter altitude increased, at |east up
to 1000 ft or 305 m (Fig. 28A.B). During ahelicopter pass at 76 mASL, its
noi se was not evident underwater until about 15 s before it passed overhead.
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Fig.27. Effect of recelver depth (3 vs. 18 m) and aircraft atitude (150 vs. 460 m) on the
underwater sounds received from a Bell 212 helicopter flying towards, over, and away
from the receiver, 17 May 1989. Water depth was =170 m.
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Bell 212 Overflight, 17 May 1989, 16:49, 500° Northbound, 20-200 Hz Level
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Fig. 28. Recei ved levelsof Bell 212 helicopter sound at depths 3 and 18 m as a function of time
during overflights at atitudes (A) 150 m and (B) 460 m. Water depth was =170 m. The

apparent anomalies are due to animal calls or ice sounds.
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During passes at 150 and 305 m ASL. the received sound |evel was already elevated
slightly about 30 s before the helicopter passed overhead.

Received levels at 3 m depth were higher than those at 18 m depth for nost
of each helicopter pass. However. the 3 mvs. 18 mdifference was snuller or
absent when the helicopter was directly overhead than when it was approaching
or noving away (Fig. 28). The peak level. when the helicopter was directly over-
head, was higher during the pass at 150 m ASL than during the pass at 460 m
The peak level tended to decrease with increasing aircraft altitude.

Most of these trends are consistent with expectation fromtheory and with
the few measurements of underwater noise from aircraft published in the open
l[iterature (Urick 1972: G eene 1985: Geene in Richardson et al. 1989).

Twin Oter. --Twin Qtter sounds contained fewer pronminent tones than did Bell
212 helicopter sounds (Fig. 26B vs. A). This is partly explained by the presence
of two sets of blades operating at widely different speeds on the helicopter.
The Twin Oter is pulled along by two turbine-powered three-bladed propellers.
The strongest tones fromthe Twin Qtter, based on the analysis shown in Fig. 26B.
were as follows:

Frequency Level
(Hz) (dB re 1 pPa) Source of Tone
83.0 98 Bl ade rate, fundanental
165.5 84 Bl ade rate, 2nd harnonic
248.0 79 Bl ade rate. 3rd harnonic
273.0 72 Unknown
330.5 68 Blade rate, 4th harnonic

For a blade-rate fundanmental at 83 Hz. the propeller shaft rate would be 1660
rpm This is close to rates previously reported for Twin Oters (1625 and 1670
rpm, G eene 1982, 1985).

The 20-500 Hz band level for the Twin Qter spectrumin Figure 26B was
100dB re 1 pPa, as conpared to 103 dB for the corresponding Bell 212 sound (cf.
Fig. 26A). Thus the helicopter was somewhat noisier than the Twin Qter.

The fundanental 83 Hz tone was at least faintly detectable for at |east 30 s
preceding and following Twin Oter overflights at both 150 and 460 m altitude
(Fig. 29). Doppler shift was again evident. Some tones seened slightly nore
promnent at 3 mthan at 18 m depth. However. in contrast to the Bell 212
results (Fig. 28), overall received levels (20-200 Hz band) were similar at 3
and 18 m depth at nost times during the Twin Qtter overflights (Fig. 30). This
may have been related to the stronger background noise levels during the Twin
Qter overflights. The |l evel when the Twin Oter was directly overhead was
slightly higher when received at 18 mthan at 3 mdepth. As in the case of the
Bel | 212, the peak received level was slightly higher during the low altitude
pass (150 m ASL) than during the higher pass (460 m).
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Fig.29. Effect of receiver depth (3 vs. 18 m) and aircraft atitude (150 vs. 460 m) on the
underwater sounds received from a Twin Otter aircraft flying towards, over, and away
from the receiver, 28 May 1989. Water depth 34 m. The descending frequency sweeps
above 300 Hz are bearded sedl calls.
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Twin Otler Querflight, 28 May 1989, 17:23. 500" Eastbound. 90 kis, 20-200 Hz Level

A. 150 m
—3m Hydrophore
“18m Hydrophore
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Twin Otler Overflight, 28 May 1989, 16:57. 1500' Eastbound, 90 kis. 20-200 Hz Level
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Received levels of Twin Otter sound at depths 3 and 18 m as a function of time during

overflights at atitudes (A) 150 m and (B) 460 m. Water depth 34 m. The apparent
anomaly at the 18 sec point in Figure 30A is due to a strong sound (not from the Twin

Otter) near 200 Hz (cf. Fig. 29A,B).
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Anbi ent _and Drilling Noi se During Pl aybacks

Measur enents of anbi ent noi se were required by specific objective 2. The
ambi ent noi se was expected to vary considerably with time, since it is influenced
heavily by ice activity, wind. and aninal calling. We include sone specific
exanpl es of ambi ent noise spectra for periods just before or after playback
experiments . These natural sounds are compared with sanple spectra for periods
when Karluk drilling noise was being transnitted into the water. Most of the
sounds described bel ow were recorded via sonobuoys depl oyed about 1 km fromthe
sound projector. Additional nmeasurements of sound |evels received near whal es
before , during and after playback experinents are summari zed later ("Bowhead

Results: Reactions to Playbacks”). Measurenents of the |evels of projected
drilling sounds received near whales were needed to interpret the behavioral
responses of whales to playbacks of drilling noise (specific objective 4). To

help interpret the sounds received near whales, we al so exam ned the sounds
emtted by the generator that powered the sound projector, and we evaluated the
fidelity with which the projector reproduced the drilling sounds.

Generator _Noi se

A potentially inportant constituent of the background sound during play-
backs was sound fromthe gasoline generator running at the ice canp to power the
anplifier for the J-n projector. Exami nation of the data showed that. during
pl aybacks, generator sounds would not have been detectable at any range fromthe
projector. In the absence of masking noise fromthe projector. generator sounds
were detectable at 18 m depth within a few hundred oeters.

Two generators were used, both of which could provide up to 2.2 kW of elec-
trical power. The first was a new. relatively quiet generator used through
14 May. Measurenents of its sounds during an otherw se-quiet period showed three
relatively weak tones (63, 126, 189 Hz) at range 100 m  These were the funda-
mental frequency of the power frequency and its first two harmonics. One very
weak tone was evident at 63 Hz at range 200 i-n, and there were no detectable tones
at range 410 m The second generator, which was ol der and subjectively noisier,
had to be used from 16 May onward. Measurenents nmade on 25 May showed three
strong tones at range 200 m and six strong tones at range 400 m (Fig. 31). These
tones were at frequencies from60 to 300 Hz. Mst of them represented the power
frequency and its harnonics. but there was also a tone at 3.5 times the power
frequency. These tones were not evident in the anbient noise signals received
at sonobuoys -1 km from the ice canp while the generator was running but the
projector was silent.

During playbacks of drilling noise. the spectrumlevels of the Karluk sounds
were about 30 dB stronger than the levels of the generator tones at corresponding
frequencies (e.g. Fig. 31 vs. Fig. 32). The generator noise neasurements were
made with a hydrophore at depth 18 m A shallower hydrophore would be expected
to reveal [loderately higher levels of generator noise at short ranges. However,
with the possible exception of shallow depths directly below the generator,
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generator noi se woul d not have been detectable at any depth or at any distance
from the projector during the noise playbacks.

Fidelity of Drilling Noise Pl aybacks

To eval uate the adequacy of playbacks in simulating noise fromthe drill-
site, we conpared the Karluk sounds as originally received near the drillrig with
the sounds received at simlar distances fromthe projector system Some changes
in sound characteristics are expected because of (1) linmitations in the recording
and playback systenms. and (2) environmental differences between the original
drillsite vs. the projector site. The original drillsite was in shallow water
(6.8 m. whereas all playback sites were in considerably deeper water. Hence.
sound propagation during playbacks woul d not be expected to be directly conpar-
able to that at the Karluk drillsite. Gven this, it would not be reasonable
to conpare the signals received at |ong distances. W restrict nost conparisons
to short distances (but see Fig. 34, later).

The original recording used for all playbacks was recorded at range 130m
For conparison. we considered sounds recorded 200 m from the projector during
a transmission loss test on 9 May 1989. The water depth at the Kariuk drillsite
was 6.8 m, ice thickness was 21m and hydrophore depth was 3.2m At the 9 May
projector site, the water depth was 142 m ice thickness varied from0.2 to 3 m
and the hydrophore (and projector) depths were 18 m

We conpared the narrowband spectra (Fig. 32) and third-octave spectra (Fig.
33). The sound energy near both sources was concentrated in the frequency range
50-350 Hz. Because the hydrophore was slightly farther from the projector than
from the actual drillsite. the received spectrum near the projector would. ideal-
ly, be parallel to but a few decibels Iower than that near the actual drillsite.
This was generally true between about 200 and 750 Hz. However. there were three
principal differences in the two spectra. (1) Levels at frequencies <50 Hz were
markedl y hi gher near the drillsite than near the projector (Fig. 32B). This
difference is attributed to the reduced output from the J-11 projector at freg-
uenci es below 50 Hz. even though it is rated as being capable of projecting sone
energy at frequencies as low as 20 Hz when operated near 30 mdepth. (2) Spect-
rum | evel s between 60 and 250 Hz were relatively constant near the actual drill-
site but increased with frequency near the projector. This is attributed to
interference effects associated with surface reflections over the 200 m path
between the projector and the receiving hydrophore. (3) At frequencies >400 Hz.
the differences between the received | evels near the actual drillsite and
projector increased with increasing frequency.

Apparent sound levels at frequencies above 3 kHz (Fig. 32A. 33) represent
system noi se rather than underwater sound. Underwat er sound |evels at these
hi gh frequenci es woul d have been even |ower than the low | evels shown in Fig.
32A. The seenmingly higher levels of high-frequency noise near the actual drill-
site than near the projector reflect different recorder settings rather than
different sound levels. Note that the system noise spectrumlevels are >57 dB
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bel ow the strongest Kariuk spectrum levels (Fig. 32A). Hence, very little energy
was received or projected at these high frequencies.

A conparison of the distance-dependence of the received noise |evels near
the drillsite and the projector sites is of sonewhat doubtful relevance. The
wat er depths were nuch greater at the projector sites. and bowheads woul d not
occur anywhere near the Karluk drillsite in spring. (The drillsite was inside
the barrier island chain and surrounded by landfast ice.) However, the overal
received levels of drilling noise (20-1000 Hz band) apparently were higher within
-200 mof the actual drillsite thanat corresponding distances fromthe projector
when it was broadcasting the drilling sound (Fig. 34). At internediate dist-
ances, on the order of 200-500 m received broadband |evels were simlar near
the drillsite and the projector (Fig. 34). At distances greater than -500 m.
received | evel s were higher near projector sites. Thus , the rate of sound
attenuation with increasing distance was higher near the actual drillsite. This
was to be expected, given the rapid attenuation of |owfrequency sounds in
shallow water. At distances greater than -200 m, levels near the projector were
as high as or higher than those near the actual drillsite.

It is enphasized that these conparisons refer to sounds above 20 Hz.  The
drillsite enmitted strong sound at frequencies as low as 10-20 Hz, and probably
lower; the sound projector did not (Fig. 32B). |If data on received levels at
frequencies below 20 Hz were available and included in Figure 34, levels near
the actual drillsite would be higher by an unknown but significant anount: |evels
near the projector would be essentially unchanged fromthose shown in Fig. 34.

Sounds During Specific Pl ayback Tests

Figure 35 shows the spectrum for ambient sounds recorded via a sonobuoy 1 km
fromthe ice canp inmediately after the end of the playback experiment on 14 My
1989. This is an unremarkable spectrum typical of situations when there was
no especially proninent ice noise and when there were no promnent aninal calls.
The gradual decrease in received spectrum levels With increasing frequency is
typical of such situations

For comparison. Figure 36 shows spectra of sounds recorded a few m nutes
earlier while the Karluk drilling noise was being projected. Figure 36A shows
the spectrumof the drilling noise as it was emitted fromthe projector, whereas
Figure 36B shows the spectrumreceived at the sonobuoy 1 kmaway. As expected.
the sounds enmitted fromthe projector were simlar in spectral characteristics
to those recorded near Karluk itself, but the projector output at |ow frequencies
was reduced (Fig. 36A vs. 21A; note the differences in horizontal scales). The
effects of transmi ssion |oss and background noise on the sounds received 1 km
fromthe projector are clear from Figure 36A vs. 36B. Above -500 Hz, where there

was little drilling noise energy, projection of the drilling noise had no obvious
effect on sound levels 1 km away (Fig. 36B vs. Fig. 35). Bel ow about 350 Hz.
Karluk sounds were obvious 1 kmfromthe projector. However. the shape of the

| owfrequency spectrumrecorded 1 km away differed fromthe shape of the emtted
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Fig. 34. Received levels of Karluk drilling sound, 20-1000 Hz band, as a function of distance from
the actual drillsite (black triangles) and the sound projector during three transmission loss
tests (open symbols).
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Fig. 36. A sanpl e spectrum for the Karluk drilling platform sounds on the loop tape transmitted
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recorded drilling signal and because of propagation loss effects en route to the sonobuoy.
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spectrum The differences occurred, at least in part, because of frequency-
dependent variations in transm ssion |oss between the projector and sonobuoy.

Fi gure 37 conpares anbi ent noise before a playback on 19 May 1989 with the
conbined drilling and anbi ent noise received at the same sonobuoy (1.1 km from
the projector) while drilling noise was being projected. Again. drilling sounds
were promnent 1.1 km from the projector at frequencies bel ow about 350 Hz. The
many peaks in Figure 37B above 300 Hz are spaced at varying intervals of 16-23
Hz.  Their source is unknown.

Figure 38A vs. B is a simlar comparison of ambient noise vs. drilling plus
ambi ent noi se received at a sonobucy 1.1-1.3 kmfromthe projector on 23 May
1989. Drilling sounds were prominent below -300 Hz: the strong components above
1000 Hz are bearded seal (Erignathusbarbatus) sounds (Fig. 38B). In general,
bearded seal calls were extremely common and often very intense at frequencies
above 1000 Hz. The same loud bearded seal calls were often detected simultan-
eously at sonobuoys located several km apart. Figure 39 shows additional examp-
les of the strong effects that animal calls can have on ambient noise spectra.

Variability in Anbi ent Noise

An overviewof the variability in anbient noise is given in Figure 40. which
di spl ays the 20-1000 Hz band |evels of received noise vs. date. Thi s graph
excl udes neasurenents contam nated by man-made sounds. No measurenents were made
during storns, when we were not on the ice. Thus, there may well have been, at
certain times, higher sound levels than any of those shown in Figure 40. How
ever, even on the days when neasurenents were nade, there was considerable vari-
ability in anbient noise |evels. There was nuch ice noise at sone |ocations
wher e anbi ent noise was Oeasured during transmssion |oss tests. At tines, there
also were high anmbient |evels because of the presence of animal calls, including
white whale and bowhead calls as well as bearded seal calls.

Three major factors influence anbient noise in the arctic: ice activity
(pressure ridging, fracturing), wind, and animal calls. These factors influence
the anbient noise in different frequency regions. Pressure ice noise tends to
be at low frequencies whereas thermal cracking in ice tends to create high freg-
uency noise. Wnd noise can be at all frequencies. Animal calls vary in freqg-
uency. Most bowhead calls are at |ow frequencies (<400 Hz), white whal es calls
are at high frequencies (>5000 Hz), and bearded seal calls are internediate in
frequency.

Sound Propagati on

Specific objective 3 for the 1989 programwas to neasure and model transm s-
sion |l oss of underwater sound in the study area based on playbacks of test tones
and the Karluk continuous drilling platform noise. The results from transmn ssion
loss (TL) tests 2-5 are presented in this report. Test 1. conducted on 29 April,
was not successfully completed and is not discussed. Results fromtests 2-5 are
presented individually.
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Field Data

TL Test #2.--The second TL test was conducted on 30 April 1989 anidst pack
ice (see Fig. 19 on p. 72 for projector location). The receiving stations were
100 m to 18 km west and northwest of the projector. with heaw pack ice between
the projector and the nmore distant receiving stations. Water depth was 40-95
m  Table 5A shows the received |levels of the eight tones (.50-10,000 Hz) as a
function of distance. along with their source levels 1 mfromthe projector
Al tones at or bel ow 1000 Hz were detectable as much as 1.85 km away. The 100-
500 Hz tones also were detected 4.1 km away. Table 5A shows the received |evels
at various ranges. and Table 5B shows the corresponding transm ssion |osses
relative to the known source level at 1 m The transmission [oss values are
plotted vs. range in Figure 41.

Table 6 shows the received levels of the sanple of Karluk drilling sounds
as a function of range. The overall source level was 164 dB re 1 pPa, but source
level s by third-octave could not be determined on this date. Hence. TL values
for Karluk sounds could not be determined on a third-octave basis for this date.

TL Test #3.--The third TL test was conducted on 2 May 1989 ami dst pack ice
(Fig. 19). \Water depths were 49-63 m  Tables 7A.C present, respectively, the
received level and transmi ssion |loss data for pure tones: Figure 42A shows the
same data. For nost frequencies, the tones were detectable as much as 4.7 km
fromthe projector, and the 200 Hz tone was detectable 10.4 km away.

Tabl es 7B,D show the received levels and transmission |osses for the sanple
of Karluk drilling sounds in relation to range. The measurenments are presented
by third-octave bands, considering those bands w thin which Kariuk sounds were
strong (the bands centered at 63-315 Hz: see also Fig. 42B). At certain frequen-

cies, the Karluk sounds were still evident at range 4.7 km but there was no
evi dence of these sounds at ranges 10.4 or 18.9 km (I'n contrast, the 200 Hz
tone was evident at 10.4 km) It was expected that the drilling sounds woul d

not be detectable as far away as the pure tones. When pure tones were projected.
all of the projector output was concentrated at one frequency: when broadband
drilling sounds were projected the overall source level was simlar but |ess
power was enitted at each particular frequency. Tabl e 8 presents the Karluk
received level data for all |/3-octave bands from 20 to 1600 Hz, along with
ambient noise data collected at corresponding ranges. These data show how the
level of drilling sounds in each band approaches the anmbient level in that band
at distances ranging from about 3 to 10 km (Related data are plotted in Fig
81, p. 228.)

For certain frequencies. transnmission loss was determned using both pure
tones and the sanple of Karluk drilling sounds. |In these cases, there was fairly
good agreement (Fig. 42A vs. B)

TL Test #4.--The fourth TL test was conducted on 9 May on snoother pack ice
well to the northwest of the |ocations of previous TL experiments (Fig. 19).
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Table 5. Sound propagation loss data from a transmission test (TL #2) with single frequency
tones, 30 April 1989.

Range, km 0.001 0.1 0.2 0.93 1.85 4.07

50 Hz 158,0 113,0 120.0 106.4
100 Hz| wee0  W07.0 150 190 %9 8.4 A, Received level,
200 Hz 169,0 123,8 120.3 112.8 9.1 80.4
500 | 1650 161 167 1061 945 803 dB re 1 uPa.
1000 Hz 159.0 121.0 116.9 97.4 97.8

2000 Hz 162.0 117.4 115.2
5000 Hz 162.0 120.3 119.6
10000 Hz 171.0 118,7 122.4

50 Hz 00 450 8.0 5.6 158.0
100 Hz 00  61.0 43,0  49.0 8.1 gr| B+ Trans. Loss,

200 Hz 0.0 452 487 56.2 72,9 886 dB re 1 m.
500 Hz 0.0 38.9 18.3 58.9 70,5 847

1000 Hz 0,0 38.0 1.1 616 61.2

2000 Hz 0.0 44.6 46,8

5000 Hz 0.0 4.7 42,4

10000 H; 0,0 52.3 48.6
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Table 6. Received levels in third octave bands (dB re 1pPa) vs. range for the transmitted Karluk
drilling sounds, Transmission Loss Test #2,30 April 1989.

Center Fr.|[0.100 km [0.200km |0.93 km [1.85 km [4.07 Kkm
20.0 89.6 88.3| 91.4
25.0 89.0 86.01 89.9
31.5 90.5 85.71 85.6
40.0 94.5 93.0| 85.1
50.0 100.2 100.31 87.5
63.0 115.5] 110.5] 102.7
80.0 115.7 114.5| 105. 1 93.2
100.0 105.3 115.7] 103.3 9.1
125.0 110. 4] 114.7) 105.5 97.0
160.0 119.5] 108.2] 100.4 98.5
200.0 117.9 114.0] 106.1 94.5
250.01 116.9 110.8] 107.6 91.1
315.0[ 107.2 105.41 93.8 89.0
400.0j 97.5 93.51 841 82.5
500.0 97.9 95.01 81.9 76.6
630.0 99.2 94.8| 81.5
800.0 83.6 88.6| 75.1
1000.0 87.1 85.1 74.8
1250.0 87.1 84.5] 73.8|
1600.0 79.4 76.7| 70.9|
2000.0 80.5 78.41 70.8]
2071000 12471 121.8] 113.4] 104.4
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Table 7. Sound propagation loss data from a transmission test (TL #3) with (A, C) single
frequency tones and (B, D) Karluk drilling noise, 2 May 1989.

Range, km|  0.001 0.1 02 197 3.03 4,68 10.3¢
50 H 159.0 1152 111.6 96.6 88.5
100 Hz 169.0 118.2 1170 103.4 102,2 70.8
200 Hz 1709 116.7 1211 108,2 99.8 88.2 716
500Hz| 1630 @19 1082 9.3 84.1 76.4
1000 H: 161,0 101.2 1135 91.3 89.5 61.1
2000 Hz 157,0 97.0 97.8 945 82.4 56.6
5000 Hz 154.0 87,0 98.6 88.7 10.3
1000022 168,0 88,7 68, 1
83 Hz 153.0 101,Y 103.9 95.9 83.8
80 155,0 1052 101.2 94.2 87.7
100 Fz 156.0 106.3 108.2 99.3 88.4
125 # 158,0 100.1 112.1 9.1 85.5
1601 159.0 107.9 1129 99.9 87.0 74
200 H 161.0 107.6 111.6 98,6 91.2 19
250 Hz 158.0 106.5 108.5 935 85.8 73
315 149.0 101.4 99 4 ‘0.4 78,0
Nk 0.0 43.8 47 4 62.4 10,5
100 Hz 0.0 50.8 520 65.6 66. 8 9.2
00wy 0.0 53.3 489 518 10.2 81.8 98.
W tiz 0.0 g3 1 56.8 9.7 80.9 88.6
1000 Hz 0.0 598 475 69.7 7.5 999
2000 H 0.0 0.0 59.2 62.5 74,6 100.4
5000 Hz 0.0 670 554 65.3 83.7
10000 H: 00 79.3 99.9
83 Hz 0.0 511 491 571 69.2
80 ¥z 00 498 533 60.8 673
100 H 0.0 49 7 4.7 56.7 676
i25 H 0.0 578 45.9 62.9 72.5
160 Hz 0.0 311 4.1 591 720 85.0
200 Hz 0.0 534 494 62.4 69.8 32.0
250 H; 0.0 515 495 64.5 12.2 85.0
315 He 0.0 476 49.6 58.6 710

A. Received Levels,
Tones,
dB re 1 uPa.

B. Received Levels,
Karluk 3rd Octave

Band Levels,
dB re 1 uPa.

C. Trans. Loss for
Tones,
dB re 1 m,

D. Trans. Loss for
Karluk 3rd Octave
Band Levels,
dBre 1 m.
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2 May 1989. The corresponding values are presented in Table 7.



Physi cal Acoustics Results 117

Table8. Received levels in third octave bands (dB re 1 pPa) vs. range (m) for (A) the transmitted
Karluk drilling sounds and (B) the ambient noise at the various receiving stations,
Transmission Loss Test #3, 2 May 1989.

A B.

Source| Karluk| Kariuk|_ Kariuk| Karluk| Kerluk|| mbient| Ambient| 4mbient| smbienl] Ambient| ambient smbient| ambient]

range (m)| 01 200[1970] 3030] ae8c| 100l 100 2000 197] 3030| 4s80] 10390 18930

200 78| 102l 671 7 6] 64| 98  m| e8] s8] 91] a4
25| 7l o] e8| 70| 65| 64l 97l vl 6ol & 9l 83
31.5 _ He|_80] 94 o] s6] || _64] 6] 95| 69 65 81  oof 8
wH| 9l el el 89 61l 6ol 9s|  est s3] w8l 90| 79
sod | 98] 9] 9l ol 50| 92| es| 63| 7w e 79
63M:| 10| 104] 96| B4 7 sel ol esl e[ vl ss| 5
80 Hi 105 101] 94| e8] _| 57|59 go|  esl el w8 e
100#:] 108] 108] 99| 88 51 57 erl es] 6ol vl 82
125 #| 100] 12| 95| 86 se| 56| e8| edl 6ol | w9 m

160 H 108f 113 100 87 © 14 58 56 84 65 61 68 79 73

200Hzf 108 112 99 9l 79 55 55 82 60 60 68 I 72

250 Hi|  107[— 109 941 86| __ 73 55 54 81 60 98 67 16 71

3151 101 99 90 78 83 53 79 58 56 66 75 68
400 Hs 87 87 19 75 53 52 7% 58 97 65 72 66
5001121 86— 87[ 75 B4 53 51 72 60 57 64 71 67
63011z 87 88 77 82 32 90 72 59 o6 62 10 64
800 Hz 14 84| T T8|__ 52 49 73 56 55 59 69 63
1000 H 70 78— 66| 62 2 48 72 94 93 60 68 61
1250 H 75 18| 62| — 89| 48151 Y 74 T Y4 5] 66 60
1600 H: 63 73[ 59)__ 56| _51 48 72 b4 52 36 65 58
20-500 Hz 115] 119 106|— 96]— _ 15|17 0 103 Bl— 74 90 97 89

20-1000 Hz| 115 119] 106 97 75 70 103 8 74 90 978 9
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The water was deeper, dimnishing from 142 mat the projector site to 113 m at
the nost distant receiving station 17.4 km to the southwest. Tables 9A.C present
the received level and transmission |oss data for pure tones (see also Fig. 43A).
Most tones were clearly detectable at range 8.9 km and sone were weakly evident
at 17.4 kmas well. Tones were detectable farther away on this day than during
other TL tests. This was primarily because the anbient noise |levels at the
distant receiver sites were |lower for this test than for the others. A so, the
deeper water, and correspondingly fewer bottomand ice interactions for the
spreadi ng sound rays, may have contributed a reduced rate of sound attenuation.

The corresponding data for the sample of Karluk drilling sounds are shown
in Tables 9B,D, and in Figure 43B. These sounds were clearly detectable at
ranges as great as 8.9 kmbut, in contrast to some tones, not at 17.4 km  The

transm ssion | oss data derived fromanalysis of drilling sounds vs. pure tones
are not in good agreement for ranges beyond 1.4 km (Fig. 43A vs. B). Table 10
presents the full range of I[/3-octave band levels for the drilling and anbient

sounds at the various receiving stations (see also Fig. 81, p. 228).

The received levels of the HFM frequency sweeps were also determ ned for
TL test 4 (Table 11A). Geeneridge’ s standard analysis procedures were applied
for all conbinations of frequency and range at which the sweep was audi bl e.
Transmi ssion | osses neasured with tones and sweeps can be conpared. At ranges
8.9 and 17.4 km the differences for seven measurements were 0.5-4.7 dB, averag-
ing 2.3 dB (Table 9C vs. 11A). At low frequencies (=200 Hz), the differences
were less than 2 dB.

TL Test #5.--The fifth TL test was done on 25 May al ong the north edge of
the nearshore |ead separating the landfast ice fromthe pack ice. Water depths
increased from42 mat the projector to 111 mat the nost distant receiving
station. Transm ssion loss estimtes based on tones and Karluk sounds were in
good agreement for the frequencies in comon (Table 12C vs. D Fig. 44A vs. B)

Several tones and drilling sounds in several |/3-octave bands were detectable
as far as 9.2 km away. Tabl e 13 presents the full range of |/3-octave band
level s for the drilling and ambient sounds at the various receiving stations (see

also Fig. 81, p. 228).

The received levels of the HFM frequency sweeps were also determined for
TL test 5 (Table 11B). Figure 45 is a waterfall spectrum of the four successive
HFM sweeps near 1000 Hz as received at range 890 m The concluding |ow frequency
portion of a typical descending-frequency bearded seal call appears at frequen-
cies <500 Hz. At range 3.95 km transm ssion |osses neasured with tones and
sweeps differed by 0.4-4.3 dB; the average difference for 5 frequencies was 1.6
dB (Table 12C vs. 11B). At low frequencies (<200 Hz) the differences again were
less than 2 dB.

Propagation Mbdel s

Maj or factors influencing sound propagation in the study area during spring
i ncl ude water depth, sound speed profile, roughness of the underice surface,
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Table 9. Sound propagation loss data from a transmission test (TL #4) with (A, C) single
frequency tones and (B, D) Karluk drilling noise, 9 May 1989.

Ronge. Km  0.001 0.1 02 0.41 1.43 2.65 8.9 17.¢

100 Hz 1632 1220 1096 105.2 109.6 96.2 841 577 ’

200H:| 1665 1280 1154 1116 1075 995  8s.8  72( for Tones.
500 Hz| 1622 1158 1163 1096 1021 90.4 73.6 61€ dB re 1 uPa.
1000112] 1585 1180 1018 1112 933 86.5 67.6 62¢
2000Hz| 1565  111.8  100.0 928 1019 79.4 65.4
5000 Hz| 1534 1105 1054 910 853 4.7 5.4
10000 Hz| 1590 1145 1129 1038 816 726
63Hz| 1511 1072 979 899 899 849 80. 1 .
80Hz| 1531 1092 992 972 942 842 798 B. Received Levels,
100 w| 1525 1108 996 933 95.3 848 769 Karluk 3rd Ott,
125 H| 1522 1129 102.1 921 9.1 80. 1 76.0
160 Hz 1545 1168 10649 949 939 849 76.0 Band Levels,
200 w| 1565 1197 106 1016 1006 876 715 dB re 1 uPa.
250 H| 1562 1170 1095 985 1035 825 769 -
315112 147.8 107 1 101 4 92.4 894 754 11,2
50 Hz 00 435 528 518 604 637 847 94t
100 4; 00 4172 536 580 536 670 79| 105¢f C, Trans. Loss for
200 Hz 88 385 511 549 59.0 670 177 94 € Tones,
500117 464 459 52.6 601 718 886  100.f
1000 H7 00 405 567 473 652 720 909 95 ds re 1m.
2000 H; 0.0 447 S65 631 546 771 911
5000 Hz 00 429 480 564 68 1 787 940

| 0000 Hz 0.0 445 461 55.2 774 86.4

63 H; 00 43.9 53.2 61.2 61.2 662 71.0

80zl 00 439 539 559 589 689 733 D. Trans. Loss for
100 H; 00 417 52.9 5.2 57.2 677 156 Karluk 3rd Ott,
125 Hz 00 393 50 1 60.1 55 1 721 762 Band Levels
160 H7 00 377 416 59.6 606 696 785 ’

dB re 1 m,

200 Hz 00 368 459 54.9 559 68.9 790
250 11; 00 100 467 517 527 137 793
315 H;z 00 40.7 464 554 584 72 4 766
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Fig. 43. Transmission loss vs. range. for (A) pure tones and (B) Karluk sounds during Test #4 on
9 May 1989. The corresponding values are presented in Table 9.
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Table 10. Received levels in third octave bands (dB re1pPa) vs. range (m) for (A) the
transmitted Karluk drilling sounds and (B) the ambient noise at the various receiving
stations, Transmission Loss Test #4, 9 May 1989.

A. B.

SOUTCE Kariuk| Kerly Kurlukl Karluk Kariuk| Korluk]| Ambient| Ambienl| Ambient] Ambient] Ambient] Ambienl| Ambient| Ambient| Ambient| Ambient
Range (m)| 100{ 20(| 410 1430 2650 100 100] 200[ 410] 410] 1430 1430] 1430] 2650{ 8900
20 Mzl 80f 7| 70| v¥3| 7272 8&|| 68|__ 70 0| 74| 68| 69| v4[ 70| 70| 67
25  HWe|79|v| e 74 T2 sl 69| 70| vl 79| 66|69 7| 72|72 66
St5H| 81| W74 T4 &9 SB||_64|__ 700 69| 73] 61 68| 76| 69| 69| 64
40 Hz} 88|  ve|__ m{_ 78| 73|82 61| 68 69 73| 60| 70| 72| 70] 70| 63

50 Hz} 92|  B¢| 79|_ 8Y__ 74| 80| _61|__ 69[__ 68 72|__ 600 69l 71 73720 62

63Hz 107 9¢| 90| 9| 85| so)| 65| 71| 60| 70|59 68 71| 68| 68| 63
WH| meo 9¢| 97| | sa| so||_s1|__o66] 67(__67] 58] 66| 69] 66|66 62

100 H [ 411 10C|__ 93|__ 95(__ 85|  7¥||_62|__ 66|__ 68 67|__59f 63| 69] 65/ 65 61

125 | M3 10z| 92| 97| 80f 76| 61| 62 69 65| 63| 6467 65 65| 60
160H | WY 107  95(_ 94| 85|__ 76|| 66|__62|__ 71| 64|__ 65| 63|__ 67[__ 62|. 62|__65

200 | e 113 102| 101 e8| 78||_69|__ 63|__ 73|__ 64| 66| 63] 67|_61|__61| 66
250 H |l 1ic|_ oo| toa|__ 83[_ || 62|61 9| 63|_s5[ 62| 66| 61| 61| 65
35 H | 107) 103| 92| s9|__ 75 an|{_63|__59|__69| 59| _s5[__ 60 62|__ 58| 58|63

400 ) 9w 91| 82| _ 75|_ 67|_ 79|| 62| 59| __ 67| 57|__ 54| __ 59| _ 61| __ 56| _ 56| __ 59
500 H 91 91| 83|__ 77|_ 68| _ 75([_57|— 59|68 S6|__52| 57| 99|_56|__ 56| 58

630 M| 9 92| 86| _ 80|__ v2|  64||_56| 58| __ 66 95| 50| 54| 57| 57| _57| 56

800 1| @0 _82| s3] 73| 63| or|[_54| 56| ea|__ 53|40 52| o552 52| 55

1000 1| 88| 74| 82| _69|__ 59| _ 54| 55| 62| 52| 50| 50| 54| 54|54
(250 Hz{ 83{ 78| 80| _ 70|_ 60| 58| 55| 60(__50|__ 51|50 52[ 51| 5l
1600 It | w0 e 57 _ 56| 52|__6l|__49|__47]__48|__52[__50| 50

20-500 I ws| 108 107 93] 92 CT6(__ 78| 8Y|__82_T4|__ 78| 82 T9|_ 9| %

20-1000 Hz| heAg 1ni5| 106] 107 93] 92| 76| 78| @8I 83| v4f v 8] 79 79| 75
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Table 11. Sound propagation loss data, in dB re source level at 1 m, based on HFM sweeps
received during (A) transmission test 4 on 9 May 1989 and (B) transmission test 5on
25-26 May 1989.

A.TL test #4, 9 May 1989.

Center fr.l0.001 km 0.1 km 10. 2 km 0.6 km [1.43 km {2.65 km 8.9 km  117.4 km
50 Hz 0.0 46.6] 56.1 61.0 58. 9 65.8l 83.8|

100 Hz 0.0 41.3 53.6 59.0 56.3 68.9| 80.2]

200 Hz 0.0 37.5 48.3 56.7 58.1 68.3| 79.5] 94.0
500 Hz 0.0 43.0 44 .5| 51.2 57.8 66.9 84.3

1000 Hz 0.0 38.5 53.3| 45.1 58.8 74.6 88.0

2000 Hz 0.0 42.2 51.3 54.7 53.3 74.8 86.4

5000 Hz 8.0 42.1 45.91 50.8 61.4 80.4

B. TL test#5, 25-26 May 1989.

Center Fr.|0.001 km {0.1 km (0.2 km 0.4 km [0.8%9 km [2.02 km [3.95 km
50 Hz 0.0] 46.4] 37.01 42.7| 56.4] 62.5| 64.5
100 Hz 0.0 35.3| 44 0| 41.0] 54,21 60.4| 64.0
200 Hz 0.0l 38.8| 47 .4 46,3 53.7| 64 .31 68.5
500 Hz 0.0l 34.31 40.1| 42.1| 52.1| 62.11 65.9
“1000 Hz 0.0 36.0| 40.1] 44 3| 55.4] 65.5|

12000 Hz 0.0 38.6| 44 1| 46 .11 58.41 67.31 75.1
/5000 . Hz 001 41,6l 47.8l 47.6l 72.7! 83.5]
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Sound propagation loss data from a transmission test (TL #5) with (A, C) single

A.

Received Levels
for Tones,
dB re 1 uPa,

Received Levels,
Karluk 3rd Ott,
Band Levels,

dB re 1 uPa.

Trans, Loss for
Tones,
dB re 1 m.

Trans. Loss for
Kariuk 3rd Oct.
Band Levels,

B re 1 m

Table 12.
frequency tones and (B, D) Karluk drilling noise, 25-26 May 1989.
Ronge. km|  0.001 0.1 0.2 0.4 0.89 202 3.95 9.21
50Hz| 1560 1087 1176 1132 93.0 934 919
I00Hz| 1600 1268 1106 1186 1072 97.8 97.3 808
2001z| 1640 1247 1185 1174 1116 97.3 94.6 84,7
5001z| 1530 1207 1139 1119 1052 93.0 914 76,9
1000 Hz| 1480 1136 1095 98.1 97.7 88.7 74,6 422
2000Hz| 1450 1097 1030  100.1 955 86.4 711 583
5000 Hz| 1400 1090 1020 97.7 12.2 57.0 74.0
10000 Hz| 1450 1077 91.0 88.6 74,9 65.9
63 W] 1500 1089  107.9  100.9 939 899 839 709
80 u; 1520 1112 104.2 1082 95.2 892 802 722
100 1500 1133 1063 1093 96.3 893 843 693
125 1 150.0 17.1 11 109, 1 92.1 911 851 70.1
160 Hz 1530 1209 1099 1089 979 88.9 85.9 739
WOHz| 1960 166 1096 1086 1026 91.6 876 776
250 Hz| 1530 1145 1105 1125 985 935 865 755
35 H 1440 1114 105.4 1054 884 834 724 674
50 iz 00 473 384 428 630 626 64 1
100 Hy 00 332 494 414 52.8 622 627 792
200 H; 00 393 455 466 52.4 667 694 793
500 Hz 00 323 391 411 478 600 616 761
1000 Hz 00 344 385 49.9 503 593 734 1058
200014 00 353 420 449 495 586 139 867
5000 Hz 00 310 380 423 67.8 830
10000 Hz 00 373 540 564 70,1 79,1
63 Hz 00 41 421 491 561 601 661 79,1
80 Hz 00 408 478 438 56.8 62.8 718 798
100 H, 0.0 67 437 107 537 60.7 65.7 801
125 Hz 00 329 389 409 579 589 649 799
160 H7 0.0 321 131 44 551 641 671 791
200 Hy 0.0 394 46.4 414 5.34 64.4 68.4 78.4
250 Hz 00 385 425 405 54.5 59.5 66.5 175
315 Hz 0.0 326 38.6 386 55.6 60.6 71.6 16.6
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Fig. 44. Transmission loss vs. range for (A) pure tones and (B) Karluk sounds during Test #5 on
25-26 May 1989. The corresponding values are presented in Table 12.



Table 13. Received levels in third octave bands (dB re1pPa) vs. range (m) for (A) the transmitted Karluk drilling sounds and (B)
the ambient noise at the various receiving stations, Transmission Loss Test #5, 25-26 May 1989.
A . B.
Source] Kerhk  Kerl  ard|_ Kaf  Karll]  Kerlul] Kerlud Ambient| _Ambient| Ambien] Ambien| Ambien| Ambient| Anbient| Atbient| Ambient
Range (m) 10 200 400 890 2020  395( 9210 100 200 400 890 2020] 2020] 3950 3950| 9210
20 H 9 77 78 4 68] 6t 68| — 69— 69 75 70 76|68 6 5|71 69
25 Mz 82 79 80— 6. 20 6t 70 69 66|  T4_ w0 T2 67 67 K] I
L5 H 89 85 82 [4 I 6¢ 70 68 64— 73| 69— 68 67 65/6 6 67
40 H 87 97 92 i 74 6¢ 70 67 67 76 70 0 69 60 65 10
50 Hz 91 100 93 82— 7 74 69 66 68| 73 0_ 75 74 73 66(68
63 Hef 109 108] 101 7] ) 84 | e8| 63— 71 70 75 72 06 3| 68
80 | 111 104f 108 95 89 B¢ 72 69 62 74 69 68 67 66 62 73
1001Z]  a13[  108f 109 %6 89 84 69| 64l— 63 72 66 73 66| 70| 62 67
125 H 17 111 109 92 91 Be 70 62 64 72 70 72 66| 68__ 64 68
160 Hz 121 110 109] 98 89 8¢ 74 63 60 71 70 71 66]66 64| 66
200 H 17 110] 109 103 92 Bt 78 62[_ 60 i 69 69 72|16 716 467 66
250 H 115 111 113 99 94 8 76 73 72 72 7017 2 2|7 1 7416 7
315 H 111 105 105 88 83 Lt 67 69 60 82| 80 nl_  68|7 2 737 6
400 H 98— 96 901, 87 89 & 66 72 57| 82 71 71 69 69/68 80
500 H 98 91 91 99 75 Ti 68[|_ 86 57 66 78 70/ 66| 63 67_ 17
630 H 102 93 ML 89| 79 73 70 80 62 66 81| 70(_ 66 73 67 66
800 llz] 96 96 861 78— 76| 66 1 M- 72 741 86 79 66 80|17 2|68
1000 H 88 94 821 86 76 79 68 60 me T8l 81 83— 69 8l 67(6 5
1250 H L 86 801. 02 84 71 60 54 68 74 78 79 83 77|68 61
1600 Hz 1 71 13 83 89 50 a7 sl 59 60(7 4(7 8 85 60[71 5 9
20-500 Hz 125 118 118 107f_ 100 94 83 85 77 80 84 84 811 80 80 84
20-1000 H: 125 118 118 107 100 94 84 88 79 88 90 36 81 85 81 85

$3TNnsey SOTISNODY TEBOTSAYJ
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bottom conposition, and sound frequency. The water depth. being generally
shallow. limts |ow frequency propagation. However, depths at different |oca-
tions in the study area vary greatly (Fig. 19). This will cause local variations
in propagation. Sound speed usually varies with depth in the water colum. and
under ice the sound speed tends to increase with increasing depth. This causes
sound rays to be refracted upward, whereupon they are reflected by the ice

The rough underice surface scatters sound, especially at higher frequen-
cies. This scattering results in sound attenuation whose magnitude is linearly
related to range. This attenuation is additional to the usual spreading |osses
that are logarithmcally related to range. The amount of scattering |oss caused
by the underice surface is related to ice roughness, with greater |osses under
rough ice than under snoother ice.

The effects of ice roughness on scattering |loss are frequency dependent.
Sound wavel ength is inversely related to frequency, and it is the relationship
between ice roughness and wavel ength that determnes the amount of scattering
loss . At high frequencies (kilohertz range), volunetric absorption of sound by
seawater also becomes an inportant factor in |ong-distance sound propagation.

Weston/Smith Propagation Models for 1989 Data. --Sem -enpirical Weston/Smith
sound propagation nodels were fitted to the transm ssion | oss data acquired
during TL Tests 4 and 5, as described in the “Methods” section. These nodels
assune that there is a spherical spreading region near the sound source, cylind-
rical spreading at somewhat greater ranges, a third “node stripping” region,
and--at the |ongest ranges--a fourth “lowest node” region. The nodels allow for
gradual changes in water depth along the propagation path and for volunetric
absorption of high-frequency sounds. However. they do not allow for vertica
changes in sound speed within the water colum.

The enpirical conponents of the Weston/Smth nodels are the several site-
specific terns that are derived by regression analysis of TL data nmeasured in
the field (see Methods). Table 14 shows the results of the regression anal yses
of the data for TL Tests 4 and 5.

The bottom |l oss values (b) in Table 14 were conparable for the tw test

areas (except at 2 kHz). In both areas, b tended to increase with increasing
frequency. This suggests that bottom conposition in the two test areas is
simlar.

The ice scattering loss A, was frequency dependent, becoming larger wth
i ncreasing frequency. Thi s was expect ed. The under-ice roughness produces
greater scattering when the sound wavel engths becone shorter.

The local anomaly values (A.) shown in Table 14 are negative for nost
transm ssion |oss measurenents. This was likely caused by the relatively high
val ues of scattering |oss fiom the ice layer. Previous neasurenents in coastal
regions of the Al askan Beaufort Sea during open water conditions often showed
positive transmission anonalies (Mles et al. 1987)
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Tabl e 14. Parameters for Weston/Smth nodel for best-fit
match to transm ssion | oss data from TL Tests 4
and 5. May 1989

Par anet er
Frequency 4, ( ds/ Fig.
(kH ) b sin ¢. bounce) A.(dB)  Eum( dB) No.
A. TL Test 4
0. 05 0. 45 0.2 0.15 -4 2.8 46A
0.1 0. 65 0.2 0.22 -3 3.8 46B
0.2 0. 90 0.2 0.17 -1 2.4 46C
0.5 1.35 0.8 0.20 -4 1.7 46D
1 0. 85 0.8 0.17 -6 5.3 46E
2 0. 25 0.8 0.30 -1 5.1 46F
5 1.74 0.8 0.30 -6 3.7 46G
B. TL Test 5
0. 05 0. 40 0.2 0.03 -1 3.9 47A
0.1 0. 88 0.8 0.05 -1 2.8 47B
0,2 0. 95 0.8 0.05 -5 1.9 47C
0.5 1.20 0.8 0.07 1 1.9 47D
1 0. 67 0.8 0.17 -1 0.7 47E
2 1.22 0.8 0.11 -2 1.7 47F
5 1.29 0.8 0.40 -2 6.4 47G

The E.. colum in Table 14 shows the average difference between the data and
the val ues expected based on the best-fit Weston/Smith curves. The smal | est
errors occurred in the md-frequency range. Those data apparently were |ess
i nfluenced by station-specific variations in local bottom and ice conditions than
were the low and high frequency results

Fi gure 46A-G shows the curves obtained using the Weston/Smith nodels with
the paraneters shown in Table 14a for TL Test 4. As’ indicated by the E.. values
in the table, the largest differences between the fitted curves and the data
occur at 1 and 2 kHz (Fig. 46E,F). For both of these frequencies, TL val ues
based on the 2 or 3 different signal types frequently were closely grouped but
of fset some distance fromthe fitted curve. This is probably partly a result
of thz fact that the Weston/Smith nodel predictions are for depth-averaged TL.
whereas the data were all neasured at one hydrophore depth (18 m). Also, for
narrow band data (e.g. the pure tones) and even for bandwi dths as broad as 1/3-
octave (e.g. the Karluk and HFM signals), multipath interference effects cause
| ocal deviations from the overall transmission loss trend. These deviations are
particularly common at short distances from the source. These effects can be
mnimzed by using frequency or spatial averaging in obtaining the transm ssion
loss data. The TL data fromthe Karluk signals and HFM sweeps already incorpor-
ate some frequency averaging, since their bandw dths were |/3-octave. Ano the r
approach is to use a nodel that does not incorporate depth averaging.
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Fig. 46. Measured transmssion lossdata from TL test #4, 9 My 1989, conpared with best-fit
Veston/Smith model with ice scattering term (A) 50 Hz, (B) 100 Hz, (C) 200 Hz, (D)
500 Hz, (E) 1 kHz, (F) 2 kHz, (G 5 kHz.
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Figure 47A-G show the comparisons for TL Test 5. Here the agreement between
the fitted curves and the data is fair at 50 and 100 Hz. and generally good for
the [id-frequencies. However, at 5 kHz the data showed considerable scatter
(Fig, 47G6). The outlying data point for the pure tone measurenent at range 4 km
was not used in the analysis. The BBN matched-filter HFM data point (Fig. 47G)
suggests that the nodel may overestimate transm ssion loss (i.e. underestinate
received |levels) at ranges beyond 4 km As noted earlier, the mtched-filter
HFM data points were not included in the Weston/Snith anal yses but are shown in
Fig. 47 for conparison with the model, predictions.

Caution is necessary in any application of these Wston/Smith nodels to
other source locations and transm ssion paths within the study area. The nodels
are specific to the ice conditions and bottom sl ope geonetries that were involved
in TL Tests 4 and 5, anong other restrictions. However, some generalizations
to other Beaufort regions with simlar water depths and ice cover can be made.
These nodel s may be useful in predicting sound transmission ranges under simlar
field conditions during future spring seasons.

Figure 48A summarizes the Weston/Smith predictions of transmssion [oss as
a function of frequency for a series of ranges extending southwest from a source
in the Test 4 area. The effects of noderate bottom | osses and noderate ice
scattering |osses produce a generally frequency-independent transm ssion |oss
below 1 kHz in this region. Ice conditions in this test area were nearly 100%
cover, largely by relatively snooth pack ice. The apparent increase in transms-
sion loss around 100 -Hz at the longer ranges was the result of the slightly
higher estimated ice scattering loss at this frequency (see Table 14A).  Above
1 kHz. the effects of molecular absorption as well as higher rates of ice scat-
tering loss become significant at |onger ranges.

Simlar curves are shown in Figure 48B for westward propagation fromthe
Test 5 area. There the |low frequency transmission |oss was independent of freq-
uency up 500 Hz. The transm ssion | osses were lower in this area than in the
Test 4 area in part because of |ower ice scattering |losses at |ow frequency (see
Table 14). The propagation path during Test 5 was near a pack ice edge border-
ing an open lead. The relatively lowice scattering |osses at 2 kHz (possibly
anomal ous) as conpared with those at 1 kHz caused greater attenuation at 1 kHz
than at 2 kHz, unlike the situation in the Test 4 area. Another reason for the
predicted slower attenuation of sounds in the Test 5 than in the Test 4 area was
the increasing water depth along the Test 5 propagation path, as opposed to the
dimnishing water depth along the Test 4 path (Fig. 49).

Comparison with Theoretical PE Mbdels. --Prior to the 1989 field season. sone
prelimnary transmssion |oss nodeling was performed for the present study area
(Malme et al. 1989; included as Appendix A of this report). The objective was
to estinmate, for the sounds that were to be projected during this study. received
.evels vs. range and mexi mum antici pated ranges of audibility. These nodel s
assuned that the sounds would be projected fromsites 60 km ENE or NE of Pt.
Barrow (see Fig. 1A in Appendix A). The nodel s attenpted to predict sound
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TRANSMISSION LOSS MODEL, EXTENDED RANGE PREDICTIONS FOR TEST 4 AREA
Solid curves based on data, dashed curves are model predictions
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1/3 Cctave Band Center Frequency, KHz
Predicted transmission loss vs. frequency at selected ranges, basedon the Weston/Smith
models for (A) southwest propagation from the TL test #4 area, and (B) westward
propagation from the TL test #5 area. Solid curves based on data; dashed curves are
model predictions beyond the range of data.
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attenuation rates along propagation paths oriented to the WSW or SW, toward the
Pt. Barrow area. This nodeling was done using the Parabolic Equation or PE nodel
(U.S. Naval Cceanographic Ofice 1988a,b,¢), which is capable of nodeling sound
transm ssion under ice cover based on infornmation about bottom conposition, bot-
tom sl ope. sound speed profile, and ice layer roughness. Bottom profiles for
the two transnission paths nodel ed are shown in Figure 49 (Tracks A and B)

A conmparison of these depth profiles with the profiles for the test areas
actual ly studied in 1989 shows considerable differences. However, in order to
conpare the PE nodel results and the neasured data, we decided to conpare the
predictions for Track B, conmencing in deep water NE of Pt. Barrow. with the
Weston/ Smith nodel and enpirical data from TL Test 4. 1In both cases, sounds
propagat ed sout hwest from deeper water into shallower water. The bottom sl opes
were generally simlar for the first 30 km but the bottom depth was 120 m deeper
for Track B than for the actual TL Test 4. A |l-mrns ice roughness was assuned

inthe PE nodel. Test 4 wasconducted in an area of relatively snmooth pack ice
where the under-ice roughness probably was not inconsistent with the |-m average
used in the PE nodel. As a result, the ice scattering losses in the Test 4 area

woul d be expected to be conparable to those predicted by the PE nodel for
Track B. However, the shallower water in the Test 4 area would be expected to
cause higher transmission |osses than predicted by PE nodel for Track B, except
near the end of Track B where the water shoals rapidly (Fig. 49).

The measured results shown in Figure 50A-C generally agree with the shape
of the transm ssion |oss curves predicted by the PE model for Track B. However.
as expected, the neasured data had sonmewhat higher transmission losses. Itis
not possible to resolve whether this was attributable to the depth difference
alone, or whether i-t was also affected by differences in ice conditions. Perhaps
the actual ice conditions during Test 4averaged sonewhat rougher than the ice
assumed in the PE nodel. Mire detailed field neasurements of ice conditions and
bott om t opogr aphy, beyond the scope of the present project, would be needed to
resolve this. (The promnent “valley” and “peak” near 1 kmin the results from
the PE nodel were caused by interference of the nodel ed sound conponents trans-
mtted via direct and bottomreflected paths. These effects are strongly depend-
ent on the precise frequency and receiver depth being nodel ed. They are usually
not as pronounced in broadband or depth-averaged data.) This conparison shows
that the PE nodel is useful for predicting transm ssion |oss in ice-covered
regions, but that it is inportant to use accurate input paraneter values, and
to be cautious in interpreting the predictions--especially for longer ranges

PE nmodel predictions for Track A, oriented toward Pt. Barrow froma point
60 kmto the ENE, were inappropriate for conmparison with the Weston/Snith nodel s
and data from Test 5, even though the assuned (Track A) and actual (Test 4)
sources were in the same general area. The bottom slopes for these two tracks
are quite different- -downsl ope into deeper water for westward propagati on during
Test 5 vs. upslope into shallower water for WSW propagation al ong Track A
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Transnmission Loss in Various Shallow Water Areas

Sound transmi ssion data have been reported in a nore-or-less standardized
way based on several studies of TL in the Beaufort and Chukchi Seas and off the
California coast. 1tis of interest to conpare sound attenuation rates in these
various regions with those during spring in our study area northeast of Pt.
Barrow (specifically at Test sites 4 and 5).

Data Sources. --For the Canadian Beaufort Sea measurementsofradiated noise
fromdredging and drilling activities during summer open-water conditions (G eene
1985) were anal yzed by Mles et al. (1987) to obtain transm ssion |oss informa-
tion. For the Al askan Beaufort Sea, transmission |loss was measured directly by
Mles et al. (1987) during late sumer. Geene (1981) reported TL data fromthe
Chukchi Sea during winter and summer conditions. Malme et al. (1984) obtained
data on TL off the California coast. Malme et al. measured received levels of
pul ses from an airgun source: the dominant frequencies were in the |/3-octave
band centered at 100 Hz. Considering all of these studies, nobst data were
obtained in water depths <100 m Consequently. data fromthe Test 5 area, wth
depths 42 to 112 m were considered to be the nost appropriate for conparison.

Al of the above datasets were analyzed to obtain best-fit coefficients for
the Weston/Smith mdel such that comparisons could be made on a numerical basis
as well as graphically. (The Chukchi Sea “dataset” used in this analysis was
actually generated using the regression fornulae reported by G eene (1981), which
were based on his analysis of neasured data.) The Weston/Smith nodels are nost
accurate when vertical gradients of sound speed are small. Because of this, we
attenpted to select datasets with little or no vertical variation in sound speed.
Unfortunately. this was not always possible because sound speed profiles some-
times were not reported. Aso, in sone areas the neasurenents were made during
seasons when sharp speed gradients exist.

Weston/ Snith Parameters. --In nost arctic regions that becone ice-free in
sumer , a layer of slightly warnmer water develops near the surface in late
summrer.  Since sound speed is faster in this layer, sound rays tend to be bent
(refracted) downward from a shal | ow underwat er source. Hence. these sound rays
undergo many reflections fromthe bottom and surface as they travel away from
the source. Because of these reflections. the transnmission loss is higher than
woul d occur in water with a nmore uniform tenmperature distribution.

In late autum, the surface |ayer beconmes colder than the deeper. nore
saline water, and sound speed near the surface becones slower than that at depth
In this case sound rays are bent upward as they travel away from a shal | ow
source . and the nunber of bottomreflections is reduced. |f the surface is calm
or covered with smooth ice, the transm ssion loss is reduced relative to that
in the neutral gradient case. However. when the surface is covered with rough
broken ice, reflection and scattering losses are high and transmssion loss is
i ncreased.
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The regional and seasonal conparisons are shown in Table 15 for I/3-octave
frequency bands centered at 100, 500, and 2000 Hz. The bottom | oss paraneter
(b) estimates for our Test 5 site were higher than the values derived for other
sites in the Beaufort Sea, with the exception of the Nerlerk site in the Canadian
Beaufort. The b values tend to increase with frequency, i.e. nore bottom| oss
at higher frequencies. The |ow values of bottomloss reported for many nearshore
sites in the Beaufort Sea have been hypothesized to result from the presence of
sub-bottom permafrost layers (Mles et al. 1987). The seaward extent of these
| ayers has not been reported for nost regions of the Beaufort. The Test 5 site
may not have a sub-bottom permafrost layer. However, the higher values of b
estimated for Test 5 may al so be artifactual: the nodeling process cannot totally
isolate the effects of bottom |oss parameter b fromthose of the scattering |oss
paraneter, A,. The analysis optinizes the paraneter estimates to obtain the
| owest possible E., error value. However, several pairs of b and A, values could
be found that woul d produce sinilar near-minimumerror val ues.

The estimated ice scattering | oss paraneter A at 100 Hz was | ower for our
Test 5 area in spring than for the Chukchi Sea in winter. This was to be expect-
ed; neasurenents in the Test 5 area were along a pack ice edge bordering an open
| ead whereas the Chukchi winter mneasurements were under 100% ice cover. The
anal ysis did not show any neasurable scattering |oss for the Chukchi sunmer
condition. However, this may have been an artifact, given that our application
of the Weston/Smith procedure to the Chukchi Sea was indirect. At 500 Hz. scat-
tering loss during Test 5 in spring was conparable to that in the Chukchi Sea
inwinter. Again, however, the indirect analysis process for the Chukchi nmay
have obscured any differences

TL vs. Area and Frequency.--The transm ssion |oss curves corresponding to
the paraneter estinmates in Table 15 are shown in Figure 51A-¢ for 100 Hz. 500 Hz,

and 2 kHz.

At 100 Hz (Fig. 51A). the | owest values of transm ssion loss were found at
t he Belcher and Erik sites in the eastern Al askan Beaufort Sea. where TL was
measured during predominantly open water conditions. Sound speed gradients were
slightly downward refracting (Belcher) or neutral (Erik). Transm ssion loss
during our Test 5 in spring was significantly greater, and sinmilar to that
evident in the Chukchi Sea during winter with 100% ice cover. Transm ssion |oss
curves obtained for two California sites were internmediate between those for the
eastern Al askan Beaufort in |late sumer versus the Chukchi and Test 5 areas in
winter or spring. TL in the Chukchi Sea during summer (50%ice cover) was al so
intermediate and simlar to that off California (Fig. 51A)

The two California curves were nearly identical to one another (Fig. 51A)
al though their depths and bottom | oss paraneters were quite different (Table 15).
This denonstrates an interaction between bottom|oss and water depth in influenc-
ing transmission |oss. In this case, the shallow area has | ow bottom | oss and
the deeper area relatively high bottom |oss
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Table 15. Sunmary of Weston/Smith parameters for shall ow water propagation
in several regions,

Depth Ice Sin

Areal/Site (m cover ¢. A, b A, E. Ref s
A. 100Hz
akBeaufort, spring/Test 5 &2 5% 0.2 0.03 040 -1 3.9
AK Beaufort. summer/Belcher(east) 55 ox 0.8 0.30 5 1.5 (a)
AK Beaufort, summer/Erik 40 10% 0.8 0.15 2 2.7 (a)
Can. Beaufort, summer/Nerlerk(l) 46 0% 0.3 1.15 1.8 (b)(a)
Can. Beaufort. summer/Amerk(2) 28 02 0.3 0.20 2.1 (b)(a)
Chukchi, sunmmer 48 50% 0.2 0 076 -1 1.4 (c)
Chukchi, W nter 48 100% 0.2 0.08 0.78 2 1.3 (c¢)
Calif. Coast/Soberanes 80 0% 0.4 - 2 o 4.7 (d)
Calif. Coast/Estero Bay 35 0% 0.8 0.16 8.4 (e)
B. 500 Hz
AK Beaufort, spring/Test 5 &2 50% 0.8 0.07 1.20 1 1.9
AK Beaufort, summer/Belcher(east) 55 0% 0.2 - 0.25 3 1.2 (a)
AKX Beaufort, summer/Erik 40 10% 0.3 - 0.40 -1 2.8 (a)
Chukehi, sunmmer 48 50% 0.8 0.04 1.18 -6 2.6 (o
Chukchi, Wi nter 48 100% 0.8 0.07 0.89 -3 1.6 (O
C 2 kK -
AK Beaufort, spring/Test 5 42 50% 0.8 0.11 1.22 -2 1.7
AK Beaufort, summer/Belcher(east) 55 0% 0.4 - 0.40 0 1.4 (a)
AK Beaufort, summer/Erik 40 10% 0.3 - 0.55 -1 3.9 (a)

Notes: (1) 250 Hz band data. radiated noise from dredge AQUARIUS.

(2) 315 Hz band data, radiated noise from caisson drill rig.
Refs: (a) Mles et al. (1987) (d) Malme et al. (1984)
(b) Geene (1985) (e) Malme et al. (1986)
(c) Geene (1981)
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At 500 Hz, the lowest transmission |osses again were found under open water
conditions in the Beaufort Sea (Fig. 51B). The curves for two sites in the
Canadi an Beaufort (Nerlerk and Amerk) were between those obtained at the Al askan
Beaufort sites (Belcher and Erik). As at 100 Hz, there was nore transm ssion
loss in the Test 5 and Chukchi Sea areas. TL in the Test 5 area was conparable
to that obtained in the Chukchi Sea. At 500 Hz, there was little apparent
difference between TL in the Chukchi during summer and winter, contrary to the
results for 100 Hz. Unfortunately, no 500 Hz data are available for the
California coast.

At 2 kBz, the two sites in the eastern Al askan Beaufort had very similar
and quite efficient transmission characteristics during the open water season
(Fig. 51C). Transmission losses were again considerably higher in the Test 5
area in spring and in the Chukchi Sea during both winter and summer. The Test
5 and Chukchi curves were similar to one another. At this frequency, TL in the
Chukchi Sea under summer 50% ice cover was apparently greater than that under
winter 100% ice cover (Fig.51C). More data are needed to determine whether this
is a general or site-specific phenomenon in the Chukchi.

These transm ssion loss conparisons confirmthat ice cover has a signif-
i cant influence on shallow water transmission loss. TL in our study area was
consi derably higher than that observed previously in the Beaufort Sea during late
sumrer, when there was little or no ice. It is not known whether all or only
part of this increased loss was attributable to the ice layer present in spring
Some of the increase may have been caused by increased bottom | oss in our study
area relative to that in the central and eastern Beaufort Sea. Measurenents at
the same site under varying ice conditions would be useful to help answer this
question. Such data would al so be useful for refining sound propagation nodel s
for ice cover conditions

The general simlarity between transm ssion loss in our study area in the
western Beaufort Sea during spring and in the Chukchi Sea during late winter-
early spring (Greene 1981) is al so noteworthy. It suggests that reactions of
whal es to man-nmade noise may occur at simlar distances from noise sources in
these two areas, assuming that reaction thresholds are the same (see point Ib
in “Assunptions and Limitations” section, p.22).
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BOMHEAD WHALE RESULTS

This section begins with a general description of the spring bowhead
mgration east of Pt. Barrow in 1989. including results from aerial surveys and
sightings fromthe ice. photogrammetry/photoidentification work. and behavioral
observations in the absence of disturbance. These data address part of specific
objective 6, “To docunent . . . the novenments, behavior, basic biology . . . of
bowheads , ..”". These “normal behavior” data are al so needed as background

(control) information for the analysis of reactions to disturbance (specific
objectives 4 and 5), covered later in this section.

Distribution and Mvenents of Bowheads

Bowheads in General

Forty-five bowhead whales were recorded during late April and the early
part of May (Fig. 52). Two of these were recorded on 29 April and four on 30
April when the ice-based crew was conducting prelimnary sound propagation tests,
before the main field program started. Because ice cover wasextensive during
this period, whales tended to be concentrated in the few open-water areas am dst
the pack ice, and directions of novenment of whales were influenced by the orien-
tation of open areas. The predonminant orientation of whales was northeast, but
a few bowheads were nmoving NNW al ong | eads oriented NNW-SSE. The bowheads
observed were primarily migrating or socializing: a few whales were resting.

More bowheads (70) were sighted during the 11-20 May period than during the
previous and follow ng periods '(Fig. 53). The nmain E-Wlead along the fast ice
edge within our study area did not start to formuntil the end of the period
(20 May) . Narrow | eads oriented NE-SW devel oped amidst the pack ice at the
start of this period and whale sightings were scattered throughout these I eads.
Sightings were nore dispersed and farther offshore during mid-My than during
early or late My. Bowheads tended to be found farther north as they noved
eastward. Al nmost all bowheads that were noving were oriented in a northeast
direction. Mst whales observed during this period were migrating and few were
socializing or resting.

A wel | -defined E-W “nearshore” |ead was present along the |andfast ice edge
during the 21-30 May peri od. Mbost of our bowhead sightings in late May were
along the north side of this lead or amidst the pack ice just north of the |ead
(Fig. 54). Only 54 bowheads were recorded, although survey effort by the Twin
Qter crew increased to 23.7 h during this period from 15.5 h during the previ-
ous period (Table 3). Poor weather limted survey coverage during the first
half of the late May peri od. Hence nost of the effort and sightings were on
26-29 May. A high proportion of the bowheads passing on those dates were cows
with calves (Fig. 54). Their novenents are discussed in greater detail below.
Whal es sighted during this period were nigrating, engaged in local novenents,
or resting. Mst of those that were migrating were traveling generally eastward
along the northern (offshore) side of the nearshore lead or through the pack ice
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north of that lead. However, many of the cowcalf pairs that were sighted were
oriented in other or random directions (see below).

Figure 55 shows the |ocations where the NVFS photogrammetry crew phot o-
graphed bowheads from md April to early June 1989--a |onger period than our
st udy. They also found that bowheads were widely scattered in 1989. Thei r
results show that bowheads were |ess concentrated along the southern edge of
their igration corridor (the fast ice edge) than they had been during 1985 and
1987 (cf. Fig. 4A.C. p. 8-10). Because of the absence of a well-defined |ead
along the fast ice or in the offshore shear zone within our study area, the
bowhead migration corridor appears to have been wider in 1989 than in npbst years.
As a result, nunbers of bowheads passing any one |ocation were smaller in 1989
than in some other years. This reduced the nunbers that we could expect to
observe passing a fixed study site, and nade it necessary to relocate the
experinmental site from day to day.

Mbt hers and Cal ves

During 1989, nothers and cal ves noved through the study area later than
most ot her bowheads. The first nother/calf pair sighted by us was seen fromthe
ice canp on 16 May. However. nothers and calves were not conmon until 23 May.
During the 23-29 May period, 67% (36 of 54) of the bowheads recorded were either
mot hers or calves (excluding a nmother and yearling sighted on 24 May). In con-

trast, during the 29 April-19 May period only 3.5% (4 of 115) were nothers or
cal ves.

Mt hers and cal ves tended to be found along the north side of the |ead that
was present along the fast ice edge during the last third of May (Fig. 54) .
Mgrating mothers and calves tended to move along or just north of the pack ice
edge . Mdthers and calves engaged in other activities (resting or local travel)
were found am dst pack ice north of the lead and in the open water of the |ead.

Bowhead Photogrammetry and Photoi dentification

Bowhead Si zes

Usable length neasurenents (grades 1-6) were obtained from 30 bowheads
during this 1989 spring study. An additional four approximte messurements Were
obtained for whales that were deeply submerged or from photographs that were
taken when the altitude of the aircraft was changing rapidly. The | ocations
where these photographs were taken are shown in Figure 20 (p. 73).

Few length measurements were obtained during the first half of My because
of poor weather, little open water. and technical problens during sone of the
few opportunities for photogranmmetry. O the seven whal es neasured from3 to
15 May, one was an immature (10.6 m) and the others were adults ranging in size
from<14.0 to 15.7 m(Fig. 56). On 18 May, seven additional adult whales
ranging in size from14.5 to 16.7 m were photographed (Fig. 56).
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Al 20 whal es measured on 26-27 May were cow calf pairs (Fig. 56). One of
these pairs was initially photographed on 27 May and re-photographed on 28 and
29 May, when the whales were 10 and 13 km respectively. fromtheir initial (27
May) position. The oean length of all nothers photographed was 14.96 m (+ 0. 77
s.d.; n = 9 excluding one approxi mate |ength). The cal ves averaged 4.62 m
(# 0.32 s.d., : n = 8 excluding two approximate |engths). The smallest and |argest
calves were 4.0 and 5.0 mlong, and the smallest and | argest nothers were 13.9
and 15.9 m

Al though we obtained few | ength neasurenents during this study. our data
confirmthe age segregation noted by Nerini et al. (1987). In fact, the data
suggest that segregation may have “been nore pronounced in 1989. Nerini et al.
(1987) found that subadult whales (<13.0 mlong) were npst conmmon during the
early part of the mgration, and that adult whal es were nost common during the
latter part. In addition, Nerini et al. found that nothers with cal ves tended
to be anmong the last of the mgrants. We found that virtually all bowheads
passing Barrow after 13 May were either adults or calves. After 24 May 1989.
nmost of the bowheads encountered were nmothers with calves (28 of 37. or 76%.

Wthin Season Resightings

Besi des providing data on the sizes of bowheads whose behavior was studied,
aerial photography docunented the novenents of bowheads that were photographed
during nore than one photo session. Wthin-season resightings were recognized
by comparing each of our recognizable photographic images with (1) each other
and (2) the spring 1989 photographic images obtained by the National Marine
Mammal Laboratory (NMML).

In May 1989, we acquired a total of 45 potentially re-identifiable (grade
A and B) images of bowheads. These images were of 20 different adult bowheads
phot ographed on 14-29 May. Nine re-identifiable bowheads were photographed
once, seven were photographed tw ce, three were photographed three tines, and
one was photographed 13 times on three days (27-29 Muy). Seven of the adults
we phot ographed were acconpani ed by calves. including the one photographed on
27-29 My.

We al so conpared our photos with images of 47 adult bowheads photographed
by NMML. on 12-31 May 1989. Five of our 20 different recognizable adults (25%)
were al so phot ographed by NMML in 1989. In addition we recognized a sixth
bowhead, not photographed by us, that was photographed by NMML on two different
days. O these six whales photographed during more than one photo-session, two
were resighted on the sane day that they were originally photographed, and four
wer e phot ographed on two or three different days (Table 16).

The novenents of the re-identified bowheads are shown in Figure 57. Two
bowheads photographed in the same “general location and at approximtely the sane
time on 17 May had traveled in opposite directions when they were resighted on
the follow ng day. The refighting locations on 18 May were 19 km apart. One
of these bowheads traveled 6 km ENE over a 23 h period (net rate of novenent



Table 16. Inter-session resightings of bowheads, May 1989.

First Phot ographed Refighting ts) Net Distance ApParent
Hours Bet Ween Rate of . Whale Accompanied
Source of ] ] ] ] Bet ween Si ghti ngs Mvenent  Headi ng Length ?y)
Phot os’ Date Tinme Latitude  Long itude Dat e Time Latitude  Longitude Si ghtings (km (km/hr) °T) (n calf?
NMML-NMML 17 May 16:22:08 71 °35.5’/N 155 °S3'W 18 May 15:13:51 71 °36.7'N 155°43'W 22.86 6.25 0.3 69 15.0’ no
NMML-LGL 17 May 16:35:32 71°35.8'N 155°55'W 18 May 11:39:30 71°34.3'N 156°16; W 19.07 12.58 0.7 257 16.0 yes
LGL-NMML 18 May 12:00:30 71°34.6'N 156°08'W 18 My 15:09:08 71 °36.3°N 155 °47'w 314 12.67 4.0 I 14.5 no
LGL- N 18 May 12:00:30 71°34.6'N 156°08°W 18 May 15:09:08 T1°36.3‘N 155°47'W 3.14 12. 67 4.0 75 15.1 no
LGL-NMML 26 May 00:04:15 71 37,7y 155 °30°W 27 May 11:23:10 71 »39,9'n 155°21'W 35.32 6.64 0.2 52 14.2 yes
LGL-NMML 27 May 20:28:50 71 °37.2°N 155 e19¢y 28 May 11:14:34 71 °40. 5'N 155°01°W 14.76 12.13 0.8 60 14.9 yes
LG 28 May 12:50:30 71 ©38.9°N 155 °05‘ W 1.60 3.77 2.4 218
NMML 29 Kay 11:26:57 71°41.1’N 155°08'w 22.61 4.43 0.2 337
LGL 29 May 15:32:50 71 °42.3'N 155 °08'W 4.10 2.22 0.5 357
* NMML - 1989 spring photographic studies by National Marine Mammal Laboratory. LG - This study by LG for MMs.
‘ NMML prelinminary length neasurenent, subject to revision.
Table 17. Between-year bowhead resightings, various origins and years, to MMS study area, May 1989.
First Phot ographed Resighting(s ) Whal e Length inm
Year of
Sour ce of , Refighting
Phot os Year Date Lot’ o Latitude Longitude Dat e Lot’ Latitude Longi t ude (m
LGL- NMML 1982-89 16 Aug H 69°48.5'N 138°49'W 27 May BR 71°37.0'N  155°33'W 15. 8
LGL- (NMML~-LGL) 1982-89 18 Aug H 70°05.0°N 138°26'W 17, 18 May BR 71°34.3'N° 156°16"W° 16.0
NMML-LGL 1985- 89 2 June BR 71°24.1'N 156°37'W 15 May BR 71°54.0'N  154°28'W 14.0
NWL- LG 1985- 89 2 June BR 71°24.2'N 156°37'W 18 May BR 71°35.3'N  156°05'W 14.7
“ LGL - 1982 photographic study by LG for National Marine Fisheries Service (Davis et al. 1983), or this study by LG for MMS (1989).

NMML -
® HI = Herschel

Island, BR = Barrow Region.
NWL prelimnary |ength nmeasurenent,
¢ 18 May position.

Spring phot o%r aphi c studies by National

Marine Mammal Laboratory.

subject to revision.
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Fig. 57. Inter-day resightings and Wi t hi n-cl ay sightings>1h apart of bowhead whales photographed in the study area during May 1989,
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0.3 km/h). The other bowhead traveled 13 km WSW over a 19 h period (0.7 kmh)
The latter bowhead was observed with a calf on 17 May. but the calf was neither
observed nor photographed on 18 May.

Two bowheads photographed together on 18 May were still together when they
were resighted 3.1 h later. These bowheads had migrated 13 km ENE at an apparent
rate of 4.0 kmh. the fastest rate docunented photographically in this study.

A cow cal f pair photographed early on 26 May had traveled 7 km NE when they
were resighted 35 h later on 27 May. This pair had traveled at an apparent rate
of only 0.2 knih.

Anot her cow-calf pair was photographed on 27. 28 and 29 My. This pair
moved in a variety of directions between sightings, including NNE, SW wNw and
N. The net distances travel ed between successive sightings ranged from 2 to
12 km and apparent speeds ranged fromO0.2 to 2.4 km'h. The net distance between
the original and final sighting locations was only 12 km The net rate of
movenent indicated by this distance over 44 h was 0.3 kmh. The novenents of
this cowcalf pair are mapped and discussed in nore detail in a later section
(see Fig. 57 and Fig. 58 on p. 168).

Bet ween- Year Resightings

We documented several between-year resightings by conparing our 1989 grade A
photos with all grade A photos obtained in previous sumrer and autumm photo-
graphi c studies conducted in the Al askan and Canadi an Beaufort Sea (cf. Koski
et al. 1988). In addition, some of our nost highly nmarked 1989 whal e photos were
conpared to a subset of the NMML spring photos from 1985-87. W have not yet
assigned re-identification grades or file nunbers to these spring NMML phot o-
graphs: the conparisons with these photos were not systematic.

At least three of the 15 (20% grade A whal es photographed by us in the
spring of 1989 were also photographed in an earlier year. W also recognized
a bowhead in the spring 1989 NMW collection that had been photographed in an
earlier year (Table 17). Al four of these resighted bowheads were adults. 14
to 16 mlong.

Two bowheads phot ographed on 17-18 and 27 May 1989 were originally photo-
graphed by LG in md-August 1982 near Herschel Island, These resightings span
nearly seven years. the |longest refighting period to date. 0.e of these whal es
phot ogr aphed on 17-18 May (see Table 16 for details), was photographed with a
calf in 1982. It was observed with a calf on 17 May 1989 (David Wthrow NMML,
pers. comm.) but the calf was neither observed nor photographed on 18 May. This
is the same bowhead that traveled 13 km WSW between 17 and 18 My

Two ot her bowheads photographed on 15 and 18 May 1989 had been phot ographed
by NMML on 2 June 1985 near Barrow. These bowheads were phkotographed 18 and 15
days earlier, respectively, in 1989 than they were in 1985. Rugh (in press)
found that six bowheads photographed in the springs of both 1985 and 1986 were
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phot ogr aphed on dates (corrected to a common longitude) differing by 3 to 20
days (mean = 10.0). Five of these six whales were photographed earlier in 1986
than in 1985.

Behavi or of Undi st urbed Bowheads

W observed the behavior of bowhead whal es during 17 behavioral observa-
tion sessions on 10 different days from3 to 29 May 1989 (Table 4). Tot al
observation tinme was 25.60 h. The estimated number of whales within the area
being circled (typically about 2-3 kmin dianmeter) ranged fromone to five. On
one day (3 May) there were as nmany as 15 whales within 5 km of the center of the
observation circle. \Wter depths at observation sites ranged from 40 to 280 m
based on the bathymetric chart for the area. I ce cover within the observation
circle ranged fromO to 99% but was usually 80-95% Largely because of the
danpening effect of ice on wave action, sea states were invariably low (O 2).

Most behavi oral observations were am dst pack ice well north of the |andfast
ice edge (Fig. 20, p. 73). The large anount of ice often made it very difficult
or inpossible to resight traveling bowheads when they surfaced after a |ong dive.
Hence, we often were unable to determine dive durations of traveling whales, or
to follow them for prolonged periods

The present section is based on observations when bowheads were not exposed
to any known source of human disturbance. Observation periods counted as
presumabl y undi sturbed were those when the observation aircraft was at an
altitude of at |east 457 m (1500 ft), no other aircraft were nearby, the
underwat er sound projector was not operating, and there had been no potentia
di sturbance within the preceding 30 mn period. O the 25.6 h of behavi oral
observations , 12.27 h were under “presunmably undisturbed” conditions. Thes e
12.27 h of presunmably undisturbed observations came from 12 observation ses-
sions on 8 days. Sone observations on 29 May were obtained about 10 km from

the operating sound projector. These observati ons have been treated as
potentially disturbed, i.e. excluded fromthis section, even though there was
no evidence that projected drilling noise was detectable at that distance.

CGeneral activities of the bowheads varied. The majority were mgrating
actively toward the northeast or east, but some were actively socializing or
resting nore or |ess notionless. Some of the mothers and cal ves seen during
the last week of May were migrating actively in the expected directions, but
others were resting or traveling slowy in other directions

Surfacing, Respiration and Diving Behavi or

We determned the durations of surfacings and dives. the number of visible
blows per surfacing, and the intervals between successive visible blows within
a surfacing. Definitions and criteria were the sane as in our previous related
studies (e.g. Dorsey et al. 1989). Table 18 sunmarizes these data for various
conbi nations of whale activity (resting. traveling. socializing) and whal e status
(rmother, calf, other), considering only the presunably undisturbed bowheads



Table 18. Surfacing, respiration and dive behavior of undisturbed bowheads observed from a Twin Otter aircraft, May 1989.

I'ndividual Blow Intervals (s) Mean Blow Interval (s) t of Bl ows/Surfacing Duration of Surfacing (mn) Duration of Dive (rein)
nmean s.d n nmean s.d n nmean s.d n mean s.d n nmean s.d n

Cal ves

Rest 0 0 0 0

Travel 15.62 11.48 19 15. 36 6.79 40 6. 44 4.28 23 1.57 1.09 3 3.66 2.27 30

Socjal 0 0 0

AL 17.52 1400 284 16. 46 7.61 62 5.37 4. 60 43 1.58 1.70 5 2.91 1.99 52
Mot her s

Rest 0 0 0

Travel 19. 95 1556 1l 22.97 17.94 28 5.37 2.50 19 1.77 1.06 2 6.80 2.89 21

Soci al 0 0 0

A1 20.77 1488 13 23.36 15.90 38 4.24 2.64 34 1. 44 1.08 3 6.12 3.15 34
O hers

Rest 95. 64 141.34 85 70. 28 76.71 10 7.60 3.65 5 4.64 2.79 13.70 13.19 8

Travel 16,71 8.39 115 17.87 6.50 29 5.00 3.51 7 1.81 1.07 0

Soci al 21.59 15.40 124 23.06 14.03 37 1.50 0.71 2 0.24 0.30 %.gg 0. 00 1

AL 34.13 71.07 422 26.31 31.45 86 6. 94 5. 02 18 2.69 2.08 21 11. 12.96 7
Mt hers & Others

Rest 95. 64 141.34 85 70. 28 76.71 10 7.60 3.65 5 4,64 2.79 13.70 13.19 8

Travel 18. 29 12.50 225 20. 38 13.53 57 5.27 2.74 26 1.78 1. 05 3 6. 80 2.89 21

Soci al 21.59 15.40 124 23. 06 14.03 37 1.50 0.71 2 0.24 0.30 1.02 0.00 1

A1 30. 82 62.33 561 25. 40 27.59 124 5.17 3.82 52 1.88 1.61 b 7.10 6.18 41
Calves vs. Mthers

Travel t’ = 2.14, df = 33, * t' = 1.01, df = 38, = t = 0.68, df = 53, ns t = 4.34, df = 49, **x*

Al t* = 2.51, df = 48, * ¢ 1.35, df = 70, ns t’ = 0.48, df = 90, ns t = 5.80, df = 84, #*»
Mbt hers vs. Qhers

Travel t' = 1.42, df = 34, ns t =0.30, df = 24, ns t =o010 df = 31, ns

A1l t' = 0.69, df = 122, =s t' = 2.13, df = 23, * t' = 2.57, df = 27, * t' = 1.17, df = 6, ns

t' is the test statistic calculated without assuming equality of population variances.
ns neans P>0. |; (*) means 0.1>P>0 .05; * neans 0.05> P>0. 0l;e ** nmeans P< 0.001..

The *All’ activity category includes whal es engaged in unclassified activities, so its sample size usually exceeds the sumof the sanple sizes for resting,
traveling and socializing whales.
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The blow interval data are presented in two ways: (1) considering each
i ndividual blow interval as a unit, and (2) considering the nean of all bl ow
intervals within a single surfacing as a unit. In method (1), the sanple size
is the total number of blow intervals recorded. whereas in nethod (2) it is the
nunber of surfacings during which one or nore blow intervals were recorded.
The sampl e sizes and the standard deviations are both smaller for nean bl ow
intervals (method 2) than for individual blow intervals (method 1). The dura-
tions of successive individual blow intervals within a surfacing are presumably
not independent. Hence, statistical conparisons of blow intervals are based on

the nmean blow intervals.

Even when each surfacing or dive contributes only one observation to the
analysis, there is still concern about possible lack of independence between
successive surfacings or dives of a single whale (e.g. Machlis et al. 1985:
Hoekstra and Jansen 1986). Because it is frequently inmpossible to deternine
whet her a given whal e has been observed previously. there is no way to obtain
a single average value of each variable for each individual animal. Hence. in
anal yses in which each surfacing or dive contributes one observation, we place
little enphasis on differences that, by standard statistical methods, are only
marginally significant (e.g. 0.1 > P > 0.01).

Traveling bowheads (calves excluded) surfaced for an average of 1.78 O in.
dove for 6.80 rein, and blew 5.27 times per surfacing (Table 18). Intervals
between successive visible blows within a surfacing averaged 18.3 s. These neans
include results for bowhead nothers with acconpanying calves as well “other non-
calves” .  Values for traveling nothers were sinmilar to those for “others”. The
di fferences between nothers and others were non-significant. although nost sanple
sizes were snall (Table 18).

The average dive duration reported here (6.80 rein) may be realistic for
bowheads traveling along short |eads through pack ice. However. it no doubt
underestinates the overall average dive duration during spring migration. W
were unabl e to resight identifiable bowheads when they resurfaced after |ong
di ves under areas of extensive ice, so these long dives are absent from our
sanple . On 27 May. the one day when we observed whal es actively mgrating
through largely open waters near the north side of the nearshore |ead, dive
durations of two mothers averaged 7.08 + s.d. 2.42 nmin (n=14); their surfacings
averaged 1.93 # 1.08 min (n=18).

Resting bowheads (cal ves excl uded) surfaced for an average of 4.64 min. dove
for 13.7 rein, and were observed to blow 7.60 times per surfacing (Table 18).
Sanpl e sizes were small, but each of these means was higher than -that for travel-
ing ani mals. Interval s between successive visible blows averaged 95.6 s. much
| onger than those for traveling bowheads. For resting whales. the nean nunber
of blows per surfacing may be underestinmated and the mean bl ow interval overest-
imted, since sonme blows by resting bowheads are invisible (Carroll and Smith-
hisler 1980; LGL unpubl. data).
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Socializing bowheads (calves excluded) blew. on the average.once every
21.6 s while at the surface. This value is similar to the mean for traveling
animals but much less than that for resting bowheads (Table18). The other
variables were rarely recorded for socializing whales.

QG her Behavioral Variables

Several other behavioral variables were recorded consistently during aerial
observation sessions. This section summarizes the results for five of these
variables in the absence of disturbance (Tables 19. 20). Mthers and “others”
are consi dered together. Data of these types can be useful in recognizing
alterations in behavior in the presence of disturbance.

The pre-dive flex is a concave bending of the back that often occurs 10-20 s
before bowheads dive. Although sanple sizes for nost categories of whales were
smll , pre-dive flexes were quite uncommon during the spring of 1989 (Table 19:
cf. Warsig et al. 1985).

Bowheads and other whales often raise their flukes out of the water at the
end of a surfacing as they are diving. However, in the spring of 1989, only
about 5% of the dives by nothers and “others” were fluke-out dives (Table 19).
In contrast. during autumm migration in the Al askan Beaufort Sea, bowheads raise
their flukes -27% of the time (Richardson and Finley 1989:43).

Aerial behaviors include behaviors in which a part of the bodyisraised
above the surface of the water. These behaviors include breaches, flipper and
tail slaps. rolls, and various combinations (wiarsig et al. 1985. 1989). During
a roll along the longitudinal axis of the body. at least one flipper is raised
above the surface. Amongst undisturbed mother and “other” whales during the
spring of 1989, rolls were seen commonly (8% of 140 surfacings). All of these
rolls involved whales that were engaged in social interactions. However. other
aerial behaviors were rare or unseen (Table 19).

The frequency of turns during surfacings depended on whale activity.
Traveling whales usually (33 of 36 surfacings) maintained their original heading
t hroughout the surfacing. Resting whales often turned slowy (5 of 10
surfacings) . and socializing whales usually turned (12 of 14).

Swi mming speeds during a particular surfacing cannot be determ ned quanti-
tatively during aerial observations. However, as in previous related studies.
we recorded relative speed on an ordinal “none. slow noderate, fast” scale.
Not surprisingly, resting whales were usually classified as having no forward
speed. traveling whales were usually nmoving at slow or noderate speed. and
soci alizing whales had the nost variable speeds (Table 20).

Sexual Activity

Several generally lowintensity but distinct bouts of actual or presuned
sexual activity were seen in the study area on 3 and 6 May. On 3 May. a group
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Table 19. Frequency of pre-dive flexes, fluke-out dives, and aerial behaviors during surfacines by undi st urbed
bowheads observed from a Twin Qtter aircraft,’ My 1989. The wnits of observation are surfacings by
an individual whale.

Pre-dive Fl ex Fl ukes Qut as Diving ierial Behaviors
Whal e Status mowe S wes wmueson muces em CTCTSToToTososoos
and Group Flip- Tai l 2or 3
Activity No Yes Total No Yes fTotal None Roll Slap Sl ap Breach Types Total
Cal ves
Rest 0 0 0
Travel 2 0 42 41 1 42 42 0 0 1 0 0 43
Social 0 0 0
Other/tnk. 29 0 29 2 0 29 29 0 0 0 0 0 29
All 71 0 7 70 1 7 71 0 0 1 0 0 72
Mot hers
Rest 0 0 0
Travel 30 1 31 30 1 31 32 0 0 0 0 0 32
Soci al 0 0 0
Other/Unk. 16 0 16 16 0 16 16 0 0 0 0 0 16
All 46 1 47 46 1 47 48 0 0 0 0 0 48
Others
Rest 9 1 10 10 O 10 12 0 0 0 0 0 12
Travel 23 1 24 23 1 24 30 0 0 0 0 0 30
Soci al 1-4 115 14 0 14 27 1 0 0 0 0 38
Other/Unk. 10 1 11 8 3 11 11 0 0 1 0 0 12
Al 56 4 60 55 4 59 80 11 0 1 0 0 92
Hothers + Cthers
Rest 9 1 10 10 O 10 12 0 0 0 0 0 12
Travel 53 2 55 53 2 55 62 0 0 0 0 0 62
Social 14 1 15 4 0 14 27 11 O 0 0 0 38
3 27 27 0 0 1 0 0 28

Other/Unk. 26 1 27 24

-an maw Sow oo wow o

All 102 5 107 101 5 106 128 11 0 1 O 0 140
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Table 20. Frequency of turms and varieus swiming speeds during surfacings by undisturbed bowheads
observed froma Twin Qtter aircraft, My 1989, The units of observation are surfacings hy
an individual whale,

----------------------------------

Turns Estimted Speed at Surface

Vhale Status  ~-rrrrrrrmmmmmmmmmemeeeees TTT TTTTTTTTTTmmmmmmmmomsss mmmmmmsmmomoomeeeeees
and Group Hult- Hod- Hoving; Change
Activity None Right Left iple Total None Slow crate Fast speed?* MII Speed Total
Cal ves

Rest 0 0

Travel 22 1 3 7 33 o 14 12 0 5 0 7 38

Soci al 0 0

O her/ 11 nk. 171 2 3 23 ! 1 1 1 0 5 0 3 21

All 39 2 5 10 56 1 25 13 0 10 O 10 59
Mot hers

Rest 0 0

Tr avel 23 0 2 0 25 1 9 9 0 4 0 4 2

Social 0

Other /Unk. 10 1 5 0 16 1 4 0 0 2 0 2 9

All 3 1 7 0 41 2 13 9 0 6 0 6 36
Qhers

Rest 5 0 3 2 1 O 7 1 0 0 0 0 3 1

Travel 10 1 0 O 11 0 12 11 0 0 0 3 26

Soci al 2 4 4 4 14 6 5 5 1 1 0 3 21

QOther/Unk. 7 3 0 0 10 6 2 3 0 0 0 1 12

Al 24 8 7 6 4 19 20 19 1 1 0 10 70
Mothers + Qthers

Rest 5 0 3 2 1 O 7 1 0 0 0 0 3 11

Travel 33 1 2 0 36 1 21 20 0 4 0 7 53

Social 2 4 4 ] 14 6 5 5 1 1 0 3 21

7 6 3 0 2 0 3 2 1

Other/tnk. 17 4 5 0 26

* Koving forward but speed was not estinated.
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of at least 4 whales socialized by rolling together, creating whitewater, in a
manner simlar to that described by Everitt and Krognman (1979). This activity,
which lasted for at least 4.2 rein, was the npbst active socializing we saw in My
1989. W surmise that mating was occurring based on the sinmilarity’ of the action
to mating seen in bowheads (Everitt and Krogman 1979), right whal es (Payne and
Dorsey 1983) and gray whales (Norris et al. 1983). However, it was not possible
to determne the sex of any individual during this brief observation. Several
ot her bouts of probable sexual activity were seen on 3 May. At 17:04:30,
17:09:35, 17:11:20 and 17:20:30, we saw pairs of whales with ventrumnms touching
for5to 67 s. In the first three observations, the whales appeared to be “stuck
together” with noforward motion. One whale was dorsum up near the surface and
the other ventrum up below it. In the final observation, the two whales traveled
forward slowy while ventrumto ventrum.

On 6 May, we watched for 6 mn (17:12:12 to 17:18:14) as a pair of bowheads
soci alized, generally at low intensity and positioned side by side. At one
point, the [ower whale turned ventrumup, half-way underneath the dorsum up
whale. W clearly saw a penis snaking toward the belly of the dorsum-up aninal.
The two stayed in this position, with no forward notion, for -14 s. but we do
not know if copulation took place. A third whale was -120 mfromthe socially-
active pair, and was not seen to interact with the pair.

Our brief but clear views of social-sexual activity in early May reinforce
the general impression that mating occurs mainly in spring, and wanes in freg-
uency thereafter (Nerini et al. 1984).

Mot her _and Cal f Behavi or

Bowheads probably calve from about March to July (Nerini et al. 1984).
Thus, calves encountered during May may vary in age from newborn to about three
mont hs. These calves are nuch smaller and younger than those whose behavi or
has been docunented during previous late summer and early autum studies, Thus,
cal f behavior is expected to differ in spring fromthat docunented previously.
There is the additional possibility that behavior in spring may vary anong
mot her/cal f pairs depending on the size (=age) of the calf.

Consi stency of Eastward Myvenent. --The noverments of nother/calf pairs were
| ess consistently eastward or northeastward than were those of other bnwheads.
Ot her whal es observed during this study either remained in one |ocation (while
resting, feeding or socializing) or traveled generally eastward or northeast-
ward. Traveling whales followed |ead systens when |eads were available. and
deviations in their courses appeared to be related to changes in the orienta-
tions of leads or open water. Mther/calf pairs sonmetimes behaved in a simlar
mrine r. However, on other occasions they lingered in one area for a prol onged
period, or even noved westward. W obtained two types of evidence bearing on
this point: prolonged observations of specific nother/calf pairs during behav-
ioral observation sessions, and re-identifications fromday to day based on
phot oi dentification.
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We observed the behavior of three mother/calf pairs during periods when no

known source of potential disturbance was present. The first two pairs were
observed from9:36 to 11:45 on 27 May as they noved generally east along the
north edge of the lead through open water or, at nost, |ight pack ice (see

Fig. 67, p. 193). The lengths of whales (1)-(4) in neters were. respectively.
4.8, 15.9, 4.9 and 15.7 m Calves are 4.0-4.5 mlong when born, so these calves
were among the older calves seen at this time of year (see “Bowhead Photogram-
metry") . Both pairs noved steadily at noderate to slow speed and followed al ong
or just inside the southern edge of the pack ice. The average rates of novement
of whales 1 & 2 and 3 & 4 were 5.1 and 4.8 knm'h. respectively. These rates are
simlar to mean short-termrates of nmovement recorded during previous studies
of all bowheads (5.0 km/h--Koski and Davis 1980: 5.1 km/h--Rugh 1987) and
mot her/calf pairs near Barrow (4.8 kmh “best duplicate” speeds wi thout current
conpensation--Ceorge and Carroll 1987).

The third nother/calf pair was observed on 27, 28 and 29 May. Thei r
identity was confirmed on each day by vertical photographs taken after that day’s
behavi oral observations were conpleted. The lengths of this mther and calf were
14.9 and 4.0 m This calf was one of the smallest calves that has been measured
photogrammetrically. |t was probably a recently-born calf. Fromtheir initial
position at 19:30 h on 27 May, this nother/calf pair mved 12 km NE over a 44.2 h
period (Fig. 58) . Their net rate of novenent was 0.3 kmh. This is slower than
average net rates of novenent for whales sighted >10 h apart (1.2 km/h) during
a phot ographic study in the same area during the springs of 1985-86 (Rugh 1987).°
During the observations on 28 My this pair neandered generally southwestward
On 29 May they were several kilometers NNW of the location where they |ast seen
on 28 May (Fig. 58).

W observed only one other instance of bowheads. also a nother/calf pair,
moving generally westward during behavior observation sessions. That observa-
tion was during a drilling noise playback. and in that case the westward nove-
ment may have been attributable to disturbance (see Fig. 64.P. 187). However
photogrammetry data obtained by ourselves and NMFS reveal a third record of
westward noverment by a nother/calf pair (Fig. 57) . Those whal es noved 12km
WsW from 17 to 18 May. The sizes of these two calves could not be neasured

The back and forth movenents of the mother and calf on 28 and 29 May
(Fig. 58) may have been related to the overall heavy ice cover east of their
| ocations. W presune that a small calf cannot travel as far under ice as can
a larger whale, and that a small calf may be unable to surface through some new
ice or brash ice that poses no obstacle to a larger whale. On both 28 and
29 May, the mother/calf pair was in an open water area anong large ice pans and

“ Rugh (1987) noted that whales that travel slowy or deviate fromtheir
mgratory course are nore likely to be re-photographed on a subsequent date than
are whales that migrate steadily through the survey area. In fact. steadily
m grating whal es woul d pass through our study area in about * day, and thereafter
woul d not be present to be rephotographed.
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Fig. 58. Track of a mother and caf bowhead whale on 27-29 May 1989, as determined from

positions obtained during behavior observation sessions and aerial photogrammetry during
this study and during aerial photogrammetry conducted by NMFS on 28 and 29 May
(NMFS, unpublished data).
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brash ice. Simlar open water areas were absent east and northeast of their
| ocations.

In summary. our limted data from 1989 suggest that. during spring
m gration, bowhead nothers with new y-born calves Oay be less inclined to travel
t hrough heavy ice conditions. The few data available to date suggest that
Oothers with small calves may linger in areas of open water when ice conditions
to the east are severe.

"Riding" Behavior. --During travel, calves alternated among (1) sw nmng
beside the nmother, usually just behind the broadest portion of the back and in
front of the tail: (2) angling toward the teat area of the mother in apparent

short nursing bouts, with each bout lasting less than 10 s: and (3) “riding” on
the back of the nmother while both Oother and calf were subnerged. This |ast
form of |ocomotion has not been described in detail for bowhead whal es. but was
nmentioned by Carroll and Smithhisler (1980). The calf appears to be dragged
al ong by the hydrodynam c forces created by the notion of the |arger aninmal.

Ri ding consists of the calf appearing to lie on the back of the nother.
pointed in the sane direction as nother, with rostrumslightly behind the mid-
back of mother and in an area where nother’s back curves down toward the tail.
Fromthe air. we could not determne the exact spacing of nother and calf. The
calf may not actually be touching the nother’s back at all times. but may sinply
be sucked along by a Bernoulli effect of reduced (therefore attractive) pressure
between two bodies that are alnmpst but not quite touching (Kelly 1959). Carroll
and Smithhisler (1980) suggested that a very small calf may grasp the nother with
its flippers. We have no evidence of this. Dol phin young ride beside the backs
of adults in what has been ternmed echelon-swiming (Kelly 1959: Norris and
Prescott 1961). At times, dolphin calves are totally pulled along by the notions
of the adults, without any fluke beats of their own (Norris and Dohl 1980: Irvine
et al. 1981). However. it is more common for this behavior to supplement rather
than totally replace swimming DOotions by the calf.

I n bowhead whales, the calf is on the top of the nother rather than beside
her during riding. Hence. in bowheads the term “echel on-swi mming” is not appro-
priate. However, riding by bowhead cal ves appears to function at |east as
efficiently as echel on-sw nming by dol phins. Bowhead cal ves beat their tails
very little (and perhaps at times not at all) while in riding position.

Because the calf is on top of the mother while riding. the nother has to
be subnerged well below the surface. Hence , riding can only be seen in clear
water. Indeed, several times during May 1989 we observed |one calves apparent-
l'y moving along effortlessly on their own. After several seconds or even mnutes
of observation fromthe aircraft, we saw the vague and partially-obscured outline
of the adult farther below the surface. The presence of the nother bel ow the
calf would not have been evident fromthe |ow vantagepoints available to ice-
based observers. Riding may also occur with both aninals well below the surface:
we would not be able to detect these cases even from an observation aircraft.
Riding is disrupted when the calf sinks below the Jother to nurse. although it
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is likely that the calf still gains a hydrodynam c advantage while close beside
or underneath the traveling adult.

Mt hers and cal ves were seen fromthe air each day from 23 to 29 May. On
23 May, a nother and calf were observed traveling under potentially disturbed

conditions (drilling playback) for 33 rein, with the calf generally close beside
t he not her. No riding was seen. On 24 May, a nother and calf were observed
for 1.2 hr, traveling at slow to medium speed under potentially disturbed
conditions (low aircraft altitude). The calf rode on the back of mother for

50% of that time. On 25 and 26 May, we saw several nothers and cal ves, but due
to low clouds we were not able to nmake detailed behavioral observations. On 27
My, we observed four nother-calf pairs during three behavioral observation
sessions. Pairs were observed for 1.2, 1.0, 2.1, and 0.9 hr. Cal ves of the
first three pairs rode on their mothers only about 10 to 20% of the time while
the whales were visible. The fourth calf seen on 27 May rode -30% of the tine
as the pair traveled just below the surface. This calf alternated riding with
several other activities:

- swinming along the side of the nother:

- apparent nursing as it oriented bel ow the nother: and

- changes in direction (on two occasions). Wien the calf changed direction
the mother also changed direction and turned sharply in front of the
waywar d cal f, physically forcing it back to the original orientation

On28 May, a nother-calf pair was observed as they noved at generally slow
speeds for 0.7 hr (11:46-12:30, Fig. 58). The calf rode somewhat |ess than half
of the visible tine. On 29 May, the sane nother-calf pair was observed for a
total of 2.0 hr during three behavioral observation sessions (Fig. 58). The
calf again rode sonewhat |ess than one-half of the visible tine as the pair
slowy neandered back and forth in an open area am dst the pack ice

Riding is likely important to the calf only during the first few months of
life. R ding has not been seen in the Canadian Beaufort Sea in |late sumrer or
the Al askan Beaufort in autum. By late sumer, the conbination of the calf’s
increased size, its nuscular development, and the end of spring mgration nake

riding unnecessary.

It is not clsar whether “riding” by bowhead calves is a form of assisted
| oconption, or whether the mother actually carries the young. Dol phins assist
the loconotion of their young by echelon sw mmng (Kelly 1959). Only a few non-
marsupi al placental manmals actually carry their young--mainly primates and
possi bly porpoises (the finless porpoise, Neophocaena phocaenocides, Pilleri and
Chen 1979). Most female prinates carry their infants on their bodies for nost
of the day (Nicolson 1987). Whitten (1982) has calculated that the energetic
cost of infant transport in primates is significant. Sone prosimans carry their
young for short distances by mouth (Klopfer and Boskoff 1979). but the energy
cost of this is thought to be small. In baleen whales, riding likely gives
pronounced hydrodynam ¢ and energetic advantages to migrating newborn. W



&

Bowhead Results 171

suspect that it will be described in several other baleen whales. such asright
and gray whales, in future

Surfacing, Respiration and Diving Behavior of Calves. --Table 18 summari zes
the standard surfacing, respiration and diving variables for all calves observed
under presumably undisturbed conditions. Interval s between successive visible
respirations tended to be shorter in calves than in nothers (P<0.05). Durations
of surfacings and nunber of visible blows per surfacing did not differ appreci-
ably between calves and nothers, but dive durations tended to be shorter for
calves (nmeans 2.91 vs. 6.12 rein: P<0.00l). Also, dives by “others” averaged

consi derably longer than those by mothers (neans 11.89 vs. 6.12 rein). This
di fference probably woul d have been nore pronounced if we had been able to docu-
ment the long underice dives by “others”, The nost notable characteristic of

the surfacing, respiration and diving behavior of calves was their short dives.

Surfacing, respiration and dive variables for two large calves nmigrating
with their nothers on the norning of 27 May are conpared in Table 21 with val ues
for the single small calf and its nother lingering in the study area on 27, 28
and 29 May. The traveling calves were 4.8 and 4.9 mlong: the lingering calf
was 4.0 mlong. Mean blow intervals and duration of surfacing were simlar for

the traveling vs. lingering calves. However, the nunber of blows per surfacing
was marginally lower for the small lingering calf, and its average dive duration
was markedly shorter (Table 21). It is uncertain whether the difference in dive

durations was attributable to the different sizes (and ages) of the calves, or
to their different activities

Tabl e a1 Surfacing, respiration and dive behavior of undisturbed bowhead calves and mothers observed
from a Twin Otter aircraft while the whales were traveling (morning of 27 May, two pairs)
and lingering (27-29 Mav.one pair observed repeatedly). The lingering calf was smaller,
Because each line of data came fromrepeated cbservations of only one or two individuals,
the statistical conparisons should be interpreted with caution.

Mean Bl ow # of Bl ows/ Duration of Duration of
Intervals (s) Surf acing Surfacing (rein) Dive (rein)
Mean s.d. n P Mean s.d. n P Mean s.¢. n P Mean s.d. N P
Cal ves
Travel 14.9 6.18 28 t 7.5 2,95 11t 1.78 0.75 19 t’ 5,20 1.83 17 t’
Li nger 17.7 8.48 34 ns 4.7 4.88 32 « 1,47 2.05 34 ns 1.80 0,70 35 woxx
Mot her s
Travel 23.6 20.27 22 t’ 5.9 2.14 13t 1.93 1.08 18 t 7,08 2.42 14t
Li nger 23.1 6.95 16 ns 3.2 2.40 21 1.02 090 21 ¥ 544 347 20 ns
“P" colums show the type of t-test used to conpare traveling VS. lingering (t=standard: t’ = unequal
variances) , and the rmn nal significance of the differer :e:
ns By .1 0.1>P>0.05 * 0.05> P>¢ .01 ** 0. 1>P>0.001 #%k Pcg, 001

Ri ding confers a hydrodynam ¢ advantage to the young calf, and may all ow
mgration at tines and places when the calf would be unable to travel unassist-
ed. It may. for exanple. allow the calf to hold its breath |onger while nother
and calf mgrate under ice between leads. Blow rate (nunber of blows per min-
ute , averaged over surfacing and dive periods) may be a good neasure of energy
utilization. Because nost of the present observations were in relatively short
sequences, we could not calculate blow rates with adequate accuracy. W could,
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however, conpare blow intervals of calves that were riding with those i med-
iately before or after riding, while the same calf was sw nmng beside the adult

at a speed of travel similar to that during riding. Intervals between successive
visible blows by calves were |onger when the calves were riding than while they
were swinmming on their own (Table 22). Both presumably undisturbed and poten-
tially disturbed calves are considered in this Table. Li kewi se, killer whale

(Orcinus orca) calves breathe about twi ce as often when swinmng unassisted than
when echel on swimming beside an adult (von Kugelgen 1988). These results are
suggestive , but do not necessarily prove that blow rates would be lower for

calves that are riding.

Table 22. Individual blow intervals (in seconds) for calves that were
riding vs. those during adjacent non-riding periods.

Ri di ng Not Riding
Dat e Mean s.d. n Mean sod. n
24 May 20.7 18.76 39 16.5 9. 40 13
27 May 32.3 19. 34 14 10,1 5.09 9
29 May 33.9 20.48 10 18.0 13.42 26
29 May 41.8 11.84 4 21,3 14.48 8

I'f riding confers an energetic advantage to the young, it should be of sone
energetic disadvantage to the assisting adult. Such a disadvantage has been
denonstrated for echel on-swimmng killer whale adults. They breathe 90+ s.d.
18.0 times/I-m (n = 41) when nmoving with a calf conpared to 74 + 16.0 tines/hr
(n = 9) when alone (Wiite 1988). We do not have conparable data for bowhead
whale adults due to the scarcity of prolonged observations in 1989.

G her Behavioral Variables .--Pre-dive flexes were not seen in calves, and
only 1 of 71 surfacings ended with a fluke-out dive (Table 19). The only aeri al
behavi or noticed was a single surfacing with a tail slap. Calves often turned
while at the surface; their speeds were typically classified as slow or noderate

(Tabl e 20).

Mot her and Yearling. --On one occasion, we observed a large bowhead acconp-
anied by a snall whale that we assumed to be a one-year-old (yearling). These
whal es were seen at 18:58 on 24 May in a small crack in the pack ice. The ceil-
ing was |ow (160-200 m), so we were unable to observe them without potentially
disturbing them with the observation aircraft. Therefore, we observed for only
5nn.  Unfortunately, photogrammetry was inpractical on this occasion.

The assuned yearling was a uniform dark color and noticeably |arger than

a small light-colored calf sighted only 9 min later. The yearling was strongly
associated with the larger animal. It swam close to the tail of its presuned
ot her . The position and behavior of the yearling were simlar to those of

calves that we have observed during summer and autumm.
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Adults that are closely acconpanied by yearlings have not been reported
previously during spring or summer. This information is inportant in relation
to the unknown age of weaning in bowheads. Phot ographs obtai ned by NWVFS at
Barrow during the spring have not been exam ned systematically for the presence
of mothers acconpanied by yearlings. Two adults acconpani ed by probabl e year-
lings have been identified among their photographs, but at nost only a few nore
exist (D. Wthrow, NMFS. pers. conm). Al vertical photographs taken in the
Beaufort Sea fromlate July to Oid October have been exam ned for adult/yearling
pairs but none have been identified (Koski et al. 1988). Assuming that calves
are born from March through July. the scarcity of nother-yearling pairs in My
suggests that nost calves are weaned before they reach an age of 10-15 nonths.
A few individuals, presunably some of those born in sumer rather than spring
may not be weaned by the follow ng Muy.

High priority should be given to photographing nothers acconpanied by
yearlings if they are encountered. Photogrammetric data on these animals would
provi de much-needed information on |engths of vyearlings

Timing of Migration by Mdthers with Calves. --The tendency for nothers with
calves to pass Barrow late in the spring nmigration season (Nerini et al. 1987
this study) nay be related, in part, to avoidance of severe ice conditions
During late May of 1989, we saw bowhead nothers and cal ves nmeanderi ng back and
forth in large openings, apparently unwilling to travel eastward under large ice
pans, even though adults w thout calves were migrating through those areas.
However, there probably are other reasons for the late mgration of mothers with
calves , since the same phenonenon is seen in other bal een whales that do not have
to contend with ice. Simlar segregation, with fenales and their new y-born
young migrating to higher latitudes after the rest of animals, has been observed
in the closely related southern right whale, Eubalaena australis (Payne in
press), the hunpback whale. Megaptera novaeangliae (Dawbin 1966: Forestell 1986).
and the gray whale, Eschrichtius robustus (Rice and Wolman 1971).

Most bal een whal es undergo extensive migrations that take themto rel a-
tively warmwaters in winter and to nore productive and col der waters in sunmer
(review by Evans 1987). It has been assuned that it is of advantage for the
young to be born into warmwaters, although this hypothesis has not been invest-
i gated adequately on physiol ogical grounds. However, bowheads remmin near ice
nmost of the year, and they are in near-freezing water at nost times. The only
exception is when they feed in shallow nearshore waters warmed by the sunmer sun
and river outflows, such as that of the Mackenzie River (Bradstreet et al. 1987)
In that case, the whales experience warmer tenperatures in sumrer. not wnter.
Water tenperatures are not appreciably warmer near Barrow (or el sewhere along
the spring migration route) during late May and early June than they are earlier
in the spring.

why , then, are bowhead nothers and calves the last to pass Pt. Barrow in
spring? We believe that the segregation of nmothers and calves may, at least in

part, be due to the tendency for ice conditions to inprove as the spring progres-
ses. At any time during spring. ice leads may close in response to shifting
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wi nds or refreeze in cold weather. However. these deteriorating conditions tend
to be less comon, |ess severe, and less prolonged later in the spring season
These conditions may be nost dangerous for calves. which do not dive for nearly

as long as adul ts.

Bowhead Reactions to Pl aybacks of Drilling Pl atform Sound

Specific objective 4 was to neasure the short-term behavioral responses of
whal es visible in openwater areasal ong their spring mgration corridor in the

western Beaufort Sea to underwater playbacks of continuous drilling sound
(p. 18). In this section we first describe each individual observation of
bowheads exposed to projected drilling sounds. W then summarize and integrate

all of these results. The daily accounts include considerable information about
ice conditions, since the nmovenents of the whales (as well as our ability to
monitor them) were strongly influenced by ice

30 April 1989

The ice-based crew conducted a transm ssion | oss (TL) test on this date
am dst heavy pack ice several kilonmeters north of the l|andfast ice edge. The
test sounds consisted of HFM warbl e tones, pure tones, and sanples of drilling
pl atform noi se (see “Methods: Sound Propagation”, p. 45). These sounds were
projected into a partially refrozen hole amdst the pack ice intermittently from
13:28 to 15:20 and for 5.5 of every 7.5 minutes from15:37 to 17:3%9 (Table 23).
The open-water area initially was -50 x 180 m and was oriented east-west, but
by 18:00 the lead had closed to -50 x 120 m (Fig. 59). This test was not
designed to study the reactions of whales to the projected sounds, so no
systematic observation protocol had been established. However. the crew tending
the projector watched for whales when possible.

Three single bowheads surfaced in the | ead and swam east al ong it. passing
60-75 mfromthe projector (distances estimted by eye by the ice-based crew
bel i eved accurate within + 10 mj. One of these (whale 2 in Table 23) surfaced
just previous to a transmi ssion of the test sounds that started at 15:37:30.
During the 1.4 nmin period while it was at the surface and under observation, the
proj ected sounds were two tonal sweeps centered at each of 50, 100. 200 and
500 Hz. [f it was swinmming at 5 kmh, whale 2 would have been 1.4 kmfromthe
projector during the previous sound transm ssion period. which ended 17 nin
before whale 2 was seen (Table 23).

The other two whales surfaced during quiet periods at 15:34 and 18:06, 14
and 27 rein, respectively, after the end of the npst recent sound transnmission
At the tinmes of these transmissions, the whales would have been 1.1 km (whale 1)
and 2.2 km (whale 3) fromthe projector if they swamat 5 km h (Table 23).

None of the whales showed visible signs of disturbance. \hale 2 blew one
or nore tines imediately before and five tines during the period while the test
tones were being 'broadcast. There was no change in its orientation or speed of
movenent, as estimted by visual observations fromthe ice, at the tine the tones
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Fig. 59. Ice conditions and whale tracks near the projector during a transmission loss test, 30
April 1989. The projector was operating for most of the time while whale #2 was under
observation.
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Tabl e 23. Estimated distances of three bowhead whales (1,2, 3) fromthe sound
projector during underwater transmission of test sounds and during
surfacing sequences near the projector. 30 April 1989

Estimated Distance

Ti me of Ti me When of Whale from Projector
TL Projection Whal e at Surface (km
14:39:30-14:53:30 *#l@-~3.4 #2 @ ~
15:14:50-15:20:15 * #1 @~1.1 2 @~

#1 @15:34:00 o 1@0 075 #2 @ 0.070
15:37:30-15:43:00 #2 @ 15:37:27-15:38:50 *% #2 @ 0.060-0.070
17:30:00-17:36:00 *#3e-2.5
17:38:00-17:39:20 * #3 @ ~2.2

#3 @ 18:06:15-18:07:08 *% #3 @ 0.060-0.075

*

This estimate assumes a migration speed of 5.0 kmh (see Koski and Davis
1980; Rugh 1987: George and Carroll 1987).
These are visual estimates and are probably accurate to + 10 m.

b3
%

started or at any other time during its surfacing. It followed the same course
as the whale that surfaced 2.5 mnutes earlier (previous to the 15:37 playback).

Source and received levels of the test tones and the sanples of KXKarluk
drilling sounds were nmeasured on 30 April at the site where the whales were
obser ved. The source levels of the various test tones 1 mfromthe projector
were 158-171 dB re 1 pPa, depending on frequency (Table 5. p. 112). Received
level s of the tones depended on frequency as well as range. The levels of the
strongest tones neasured are shown in Table 24, along with the received broadband
sound | evel s of the sanples of Karluk drilling sounds.

Based on the measurenents in Table 24, we estinate that whale 2 was exposed
to tones with received levels as high as ~130 dB when it swam within about 60 m
of the sound projector: the strongest tone at that range was probably at 500 Hz.
The ambi ent noise level was -80 dB in the |/3-octave band centered at 500 Hz and
95 dB on a broadband basis. Thus, the strongest tone received by the whale was
-50 dB above the background noise level within the relevant |/3-octave band’ and
35 dB above the broadband anbient |evel. It should be noted that all of these
estimated received levels and S:N ratios apply to a receiver at least a few
Oeters deep. The whale probably would not have received levels this strong. at
| east for frequencies below 500 Hz. when it was at the surface. The effective
depth of the hearing apparatus of a bowhead swinming at the surface is unknown.
In theory, the received |level of a 50 Hz signal received 60 mfromthe source

*Assumi ng that maski ng bands for bowhead hearing are roughly |/3-octave in
wi dt h.
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Table 24. Selected acoustical data vs. range during the transmission |oss test
and bowhead observations on 30 April 1989 (see Table 5 for details).

Strongest Tone Anbient Level s**
Karl uk
Range Frequency Level Level * Broadband 1/3-0ct.
1l m 200 Hz* ** 169 dB 164 dB 95 dB 81 dB
10 kHz 171
100 500 Hz 126 125 95 80
200 100 125 122 98 87
930 100 119 113 91 82
1850 100 100 104 94 87
4070 100 86

* Broadband | evel. frequencies up to 350 Hz.
** Anbient levels are given for (a) the same broad band as used for the Karluk
drilling sounds, and (b) the I/3-octave band containing the strongest tone.
*** Source |evels at 50, 100 and 500 Hz were 158, 168 and 165 dB re 1 pPa.

woul d be -18 dB less at depth 1 mthan at depths =15 m (Lloyd mirror effect--
Urick 1983). The correspondi ng attenuation values would be -~12 dB at 100 Hz,
6 dB at 200 Hz, and nil at 500 Hz.

Assumi ng that the three whales swamat 5 kmh, they were 1.1-2,2 kmfrom
the projector during their “penultimate” surfacings. At those distances. they
woul d have been exposed to a series of tones with levels up to 95-115 dB. based
on the measurements in Table 24. During the same “penultimate” surfacing, each
whal e was exposed to a brief sanple of drilling sounds. At these ranges, the
I/ 3-octave band with the strongest drilling sound was the band centered at
160 Hz, for which the received levels at 1.1-2.2 km were about 95-100 dB
(measuredas 98 dBat 1.85 km). The anbient noise level in that I/3-octave band
was 86 dB. so the drilling:anmbient noise ratio in that band was about 9-14 dB
The broadband |evel of drilling sounds at these ranges was about 100-110 dB. or
about 9-19 dB above the background ambi ent |evel in the correspondi ng band.

If the whales were swinmming slower than 5 km/hr, they would have been
closer to the projector during their “penultimte” surfacing, and exposed to
stronger sounds than those estimated above. It is unlikely that they swam much
faster than 5 km/hr. Even if they did travel as nmuch as 7.5 km/hr, and t hus
were farther away than estinmated above during the penultinmate surfacing, received
level s and drilling:anbient ratios would have been no nore than 3.5 dB | ower than
estinmated above--still well above the background noise |evel

Nespite exposure to these sounds during the “penultimate” surfacing 14-27
mn before they surfaced in the lead with the projector. the whales apparently
conti nued eastward toward the projector.
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14 Mav 1989

The ice-based crew set up the sound projector along the east side of a
long lead oriented SSWto NNE: the projector was toward the NNE end of the |ead
(Fig. 60). This was the |argest area of open water within many kil oneters.
Both the east and west sides of the |ead consisted of |arge consolidated pans
>5 km acr oss. The SWend of the |ead consisted of numerous | arge pans 0. 5-
2.0 kmin dianmeter with crushed ice (brash) arid open-water areas 50-200 min
dianeter between the pans. These open-water areas provided an apparent mgration
corridor for whales to enter the |ead where the projector was set up. To the
NNE of the projector site the |ead was bl ocked by convergi ng pans, but snall
el ongated open water areas and small leads filled with brash provided the nost
obvious mgration corridor for whales to leave the lead. There was a series of
small narrow | eads several kmto the NE of the projector site, but whal es woul d
have to pass under several km of apparently solid ice to reach this area

During an initial reconnaissance flight around the lead, while the
projector was being set up, bowheads were sighted swinm ng NE both at the north
end of the ODain lead N of the projector site and along the narrow | eads to the
NE (Fig. 60). Also, about eight bowheads were distributed am dst the pack ice

27 kmto the WoW of the open area at 10:34-11:08.

The ice-based crew began projecting the drilling platform sound at 11:58
and projected it continuously until 18:35. The projected sounds were nonitored
intermttently at a sonobuoy |ocated along the ice edge 1.0 km SSE of the
projector. After 18:35, the tape containing tonal sweeps, tones, and a brief
sample of the drilling noise was projected, and these test sounds were nonitored
by the sonobuoy 1.0 km SSE of the projector, Al sound projection ended at
18:44.,

At 11:30, before the playback began, the aircraft crew began Cbserving a
single bowhead that was tail slapping 4.6 km SSWof the projector site. It dove

at1l:31 and was not recogni zed again.

At 12:18, after the start of the playback. the aircraft crew sighted two
bowheads moving NE about 4.7 km SSW of the projector. These two whal es (#8 and
#9in Fig. 61) were nonitored until 13:52 as they followed the eastern side of
the lead northward to positions 0.9 and 0.5 km SE of the projector site. Thes e
final distances were determned by visual estimates fromthe aircraft, and are
believed to be accurate within £20%. Both of these bowheads were | ast seen
heading NNE under the ice. In addition to the three bowheads nentioned above.
several single bowheads were observed for short periods of time and one active
bowhead was observed from 14:25 to 14:46 as it perforned aerial activities 2.5
to 2.8 kmsouth of the projector (Cin Fig. 61).°® The observation aircraft then

* The designation of some whales by letter and others by nunber has no
speci al significance.



Bowhead Results 179

71°50'-

Z -

71°45

Area shown
in Fig. 61

LEGEND

Old ice

" Brash ice

—-—

—~-~0Open water

-

O Bowhead Whale
2 a 71°40'™

1 )] L ]
km

155°10° 155700’ 154" 50’

Fig. 60. Ice and lead conditions during a playback of drilling platform sounds conducted amidst
the pack ice NE of Barrow, Alaska, 14 May 1989. See next Figure for a more detailed
view of the area near the projector.
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left to refuel. Upon its return about 1.8 h later, the cloud ceiling had
decreased to -275 m preventing further aerial observations

The ice-based crew recorded five bowheads between 14:27 and 18:38. The
first of these was the aerially active bowhead that was al so observed by the
aircraft crew (whale Cin Fig.61). Aso, three bowheads were sighted between
16:10 and 16:13. Two were swinmming ENE 520-530 m south of the projector (#2
and #3 in Fig. 61: distance neasured by theodolite). They were |ast seen heading
under the ice near the CPA position of whale #9, observed fromthe aircraft over
2 h earlier. No changes in speed of mvement or direction of travel were noted
during the brief period while they were at the surface. The other whale was far
behind the first two and was al so heading ENE. but it was not resighted. The
fifth whale was sighted at 18:38, traveling NE at the horizon SSWof the pro-
jector as it dove. It was not resighted, but systematic observations terninated
before 18:44 when the projector was turned off and the ice-based crew began to
di sassenbl e gear.

Figure 62 shows respiration, surfacing and dive variables of bowheads
observed on 14 May 1989 in relation to the distance from the operating sound
projector. There were no statistically significant correlations between any of
these variables and the distance fromthe projector. However, whale #9's dives
seened to becone shorter as it approached the projector (Fig. 62). G ven the
known variability of these variables anong undi sturbed towheads, the sanple sizes
fromthis single experiment were too small to allow a meaningful interpretation
of the data from this experinment alone.

The path fol | owed by whales #8 and #9 from12:18 to 13:52 suggests t hat
they were not deflected by the projector, at |east at distances exceeding 1.5 km
Ext ensive open water was present to the west of the ice canp, and whales coul d
have detoured around the west side of the projector. However, they swam paralle
to the ice edge and toward the projector until they were 1.5 km fromit. At that
point the ice edge turned northeastward, slightly away from the projector
(Fig. 61). The whales turned NE, continuing to travel parallel to the ice edge
and were no longer oriented toward the projector. The ice edge turned sharply
to the NW -0.9 km SSE of the projector site. Both whal es mmintained their
previ ous NE headi ngs as they approached this corner and appeared to dive under
the ice at 13:40 and 13:46. \Wale #8 dove 0.9 km from the projector and was not
seen again. However, whale #9 surfaced once nore at 13:51. 400 m NNWof its
13:46 position. It was oriented NNE, although the adjacent ice edge was oriented
NW and the whale had noved NNWfromits previous position. Ic dove and was not
seen again, although we circled the area until 14:24.

Whal es #8 and #9 apparently passed to the east of the projector by noving
under an area of extensive ice toward the long narrow | eads NE of the projector
(Fig. 60). It is uncertain whether the presence of the operating projector
altered the paths of these two whales. Their turn fromNNE to NE 1.5 km south
of the projector at 13:36 mi ght have been attributable to the projector, but it
is also consistent with the general orientation of spring mgration and the
change in the orientation of the ice edge at that position. In any case. both
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whal es approached to 0.9 km and #9 approached to 0.5 km Two whal es seen by
the ice-based crew over two hours later at 16:10 apparently dove under the ice
at the sane |location as whale #9--about 0.5 km SE of the projector site. Thus ,
at least three bowheads approached to -0.5 km fromthe projector during the
pl ayback on this date.

During this playback experiment, a nonitor sonobuoy was placed 1015 m SSE
of the projector. along the ice edge (Fig. 61; distance determ ned by theodo-
lite) . The CPA locations where bowheads disappeared under the ice at 13:40 and
13:52 were very close to the line fromthe projector to the sonobuoy. The
broadband source level of drilling platform sounds was 165 dB re 1 pgPa-m, and
the broadband (20-1000 Hz) received level at the buoy 1.0 km away was 101 dB
(Fig. 36, p. 105). The broadband levels at distances of 0.5 and 0.9 km the
CPA distances of at |east 4 bowheads, are estinated to have been ~107 and ~102
ds . The natural anbient noise level in the same band was 94 4B (Fig. 35,
p. 104), so the broadband signal to noise ratios at ranges 0.5 and 0.9 km were
about 13 and 8 dB. Wthin various |/3-octave bands, the SN ratio at 1.0 km was
as high as 18 dB (for the band centered at 80 Hz). Hence , S:N for this band at
the CPA distances (0.5 and 0.9 km was about 24 and 19 dB:

Type 20-1000 Hz Peak 1/3-Octave*
Di stance of Drill. Amb. SN Freq. Drill. Amb. S: N
_(km  Data _(dB) (dB) (dB) {He) ~_(dB) (dB) (Hz)
Buoy 1.0 Meas. 101 94 7 80 96 78 18
CPA Bhd #9 @ 13:51 0.5
«2 Bhd @ 16:10 0.52 Est. 107 “ 13 80 102 w24
“ Bhd #8 & 13:40 0.9 " 102 " 8 80 97 * 19

¥ [/3-octave with maximum received ievel WaS same as that with maxi mum SN

The strongest tones in the spectrum of the drilling noise as received 1 km away
were at 66, 78, 101 and 225 Hz.

Thus , on 14 May at least four bowheads m grated toward and past the
projector. passing as close as 0.5 km (n=3) and 0.9 km (n=1). These whal es were
exposed to levels of drilling noise that were well above the natural background
level . The routes of the several other bowheads that were observed briefly
during this playback are unknown. Hence, we do not know how close they cane to
the projector. or whether their novenents were affected by the noise.

19 May 1989

The ice-based crew set up the sound projector on the west corner of an ice
pan -1 km square. The pan was situated at the vertex of an L-shaped open | ead
whose arnms extended NWand sWw fromthe ice pan (Fig. 63). The projector was
-1.14 kmto the NWof the SE edge of the lead (Fig. 63). The SWarm of the |ead
was ~1 kmw de as viewed fromthe projector site and the NWarmwas 1.5 km w de.
Two additional narrow |eads continued to the NE on either side of the pan
{Fig. 63). O these. the southern |ead narrowed from ~500 m wi de until it was
no longer visible as the “ice canmp pan” and the southern edge of the lead cane
together. Another narrow |l ead continued around the north end of the pan: this
narrow | ead contained brash ice where the two pans were converging, but appeared
to be a potential mgration corridor for whales continuing to the NE
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The Twin Otter aircraft did not fly on this day because of |ow ceilings
(<150 m ASL). No bowheads were seen during arrival of the helicopter at the canp
at 10:37, or during set up of the equipnent. which required until ~13:30. The
observers started full-tinme observations for whales at 13:30. Qher nmenbers of
the ice-based crew projected the transm ssion |oss tape from 13:43 to 13:50.
They began projecting the drilling platform sound at 13:;51 and projected
continuously until 18:10. They then projected the transmission |loss tape again
from18:11 to 18:18.

At 14:01, 10 min after the start of the playback of continuous drilling
noi se. a single bowhead whale was sighted traveling NNE at medi um speed toward
the pan with the sound projector. This whale was 500 oSSE of the projector as
measured by theodolite. The whale was north of the mouth of the narrow |ead to
the SE of the ice canp. The bowhead surfaced again at 14:04, north of its
original position and at the edge of the pan supporting the projector. The
whal e’s forward speed had decreased to slownone. The whale appeared to drift
NWat the surface, closely following the edge of the pan toward the projector.
The whal e di sappeared behind ice rubble at the pan edge at 14:05. but was still
moving slowy NWtoward the projector. Chservers were able to follow the whale
by hearing and seeing its blows rise above the rubble until it submerged at the
edge of the pan at ~14:07. It was still noving toward the projector.

The cl osest observed point of approach of this bowhead--the 14:07 | ocation
when it last blew-was 120 m from the projector. This distance was measured
along the ice edge using a Rolotape nmodel 400 neasuring wheel. This neasure-
ment is believed to be accurate within 2-3 o(accuracy %% clained by manufac-
turer ) . The whal e nay have approached cl oser to the projector before diving,
but it would have enmerged from behind the rubble ice if it had approached within
100 m of the projector. Thus , CPA while at the surface was 100-120 m This
whal e did not seemto be deflected by the projector sounds but it reduced its
speed of travel as it closely approached the projector. This mi ght have been
related to the noise, but might also have been related to the arrival of the
whal e at the eastern end of the |ead. The whale followed the ice edge north
al ong the nost extensive avail able channel of open water even though it m ght
i nstead have avoi ded cl ose approach to the projector if it had noved NE al ong
the south side of the pan (Fig. 63). It is possible that the bowhead was headed
toward the small lead along the north side of the pan on which the projector was
| ocated. However, the whale was not sighted after 14:07. |Its true CPA may have
been I ess than 100-120 mif it continued to approach the projector after diving.

A second bowhead was first sighted at 14:46. It was initially traveling
N at nedium speed 910 m SSE of the projector (theodolite neasurenment). The whale
subsequently appeared to change course slightly, and oriented NNW toward the
projector until 14:49. It then slapped a flipper, blew three nore tines. and
dove when 720 m SSE of the projector. It was not sighted again. Wth the
possi bl e exception of the flipperslap, the animal showed no overt signs of
di sturbance . Simlar to the first bowhead, the second bowhead appeared to
reorient generally northward along the open |ead and toward the projector when
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it approached the closing lead to the south of the projector. It was al so
travel ing NNW when | ast seen

A third and final group of two |arge bowheads was first sighted at 15:47
traveling NE at medium speed 1.8 km SSWof the projector (1.9 km when the earth
curvature is considered; perch height = 5.68 nm. The whales followed the |ead
in a relatively straight-line NEward course. They were tracked for 13 min
during which tine 13 positions were determ ned by theodolite. The group was | ast
sighted traveling NE up the narrowi ng section of the lead SE of the projector
site.  The whales were lost fromview 1.0 km SE of the projector (neasured by
t he theodolite) at 16:00 when they were obscured behind ice rubble, There was
no evidence that they were affected by the sound fromthe projector. as they did
not deviate from course, nor did they closely follow the southernnost edge of
the lead as mght have been expected if they were attenpting to mnimze exposure
to the projector. On the other hand, they did not curve to the north close to
the projector, as had the previous two whales. Their failure to do so mght have
represented avoidance of the projector, but this cannot be proven given the fact
that continued NEward migration southeast of the pan would be expected in the
absence of disturbance

Projected sounds (source level 162 dB re 1 pPa) were nonitored by a sono-
buoy placed 1.14 km SE of the projector, just beyond the location where the |ast
two bowheads were seen. The broadband (20-1000 Hz) received level of the drill-
i ng sounds at the sonobuoy was 106 dB re 1 pPa, or about 22 dB above the broad-
band ambi ent noise level of 84 dB in the same band (Fig. 37, p. 107). Received
levels 120 m, 720 m and 1.0 km from the projector, where the various whales were
last seen, were estimated to be 125, 110 and 107 dB, or 41, 26 and 23 dB above
t he broadband anbient noise level. Wthin single I/3-octave bands. signal to
noise ratios were as high as 30 dB at range 1.14 km (for the band centered at
200 Hz), and thus about 49, 34 and 31 dB at the CPA distances of the whales:

Di stance Dat a 20-1000 Hz Peak 1/3-QOctave*
(km Type Drill Amb. S:N Freg. Drill. Amb. S:N
Buoy 1.14 Mess. 106 ~ 84 22 200 102 72 30
CPA Bhd #1 0.12 Est. 125 “ 41 200 121 “ 49
“ Bhd #2 0.72 " 110 ¢ 26 200 106 “ 34
“ Bhd #3+4 1.0 -- 8l eas. 107 " 23 200 103 “ 31

*1/3-octave with maxi mum received | evel was same as that with maxi num S:N.

23 May 1989

The ice-based crew set up the sound projector on a large pan that jutted
out fromthe east side of an irregular hole am dst the pack ice. This location
gave them a view across open water extending -3 km to the SW. 1 kmto the west
and 2 kmto the Nw. The overall lead system ran from WNW to ESE. The | ead
contai ned sone |arge pans and nuch recently consolidated small pans and brash
(Fig. 64). Athough there was little open water along the |ead system whales
apparently could surface am dst the recently consolidated brash: all whales
observed in this region on 23 May entered and |left the open-water areas al ong
the brash-filled |eads.
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Before sound playbacks began, aerial observers saw two bowheads wel| away
fromthe ice canp. At 11:10 a single bowhead was sighted traveling NE 34 km
west of the projector: it was circled briefly. From 12:32 to 13:49, a second
whal e was followed as it nmoved east -10 km NE of the ice canp.

At 13:12 the ice-based observers sighted a nmother and calf bowhead noving
SE past the sound projector, which was not yet operating. Wien |ast sighted by
the ice-based crew at 13:14, the whales were estimated to be 40-50 m fromthe
quiet projector. At 14:42, the aerial crew sighted a nother-calf pair noving
north -1 kmnorth of the projector (distance estinated, believed accurate within
+0.3 km). The whales were moving parallel to the edge of a l|large pan. The
aircraft did not fly over or circle these whal es because the cloud ceiling was
too low (350 m) to allow observations from =457 m altitude. During the interval
between the two sightings the transm ssion loss test tape was projected (13:59
to 14:05) and the continuous playback of drilling platform sound was started (at
14:09); the latter continued until 19:06.

The aircraft crew also sighted a nother-calf pair 4.2 km NW of the
projector at 15:41 in a snmall open-water area among consolidated small and medi um
sized pans and brash. The ceiling had lifted to 460 mso the nother-calf pair
was observed until 16:23. During this period they noved slowy westward, i.e
more or less away from the operating projector. At 15:52 they entered a 1x2 km
area of open water that was oriented E-W and they continued to nove slowy west
until 16:18. When they were next sighted, at 16:23, they were noving slowly but
steadily NW through the open water 5 km WNW of the projector. W left them at
that time to follow another whale heading generally toward the projector. \Weak
drilling sounds were audible to the human ear in the signal received froma
sonobuoy dropped near the nother/calf at 16:03, about 5 km from the projector.
Spectral analysis of those signals confirmed the presence of the |ow frequency
tones characteristic of the Karluk drilling sounds (Fig. 65, |ower dotted
spectrum.

We suspect that the nother/calf pairs observed by the aerial crew at 14:42
and 15:41-16:23 represent sightings of the same two whal es. The headi ngs and
positions as a function of tine were consistent with gradual NWand W novenent
by one nother-calf pair. Bet ween 14:42 and 15:41, we repeatedly surveyed all
open water areas 2-30 km Nw, Wand SWof the projector site and no other bowheads
were Sighted. It is unknown whether this pair of whales traveling Wwas the sane
pair as was observed nmoving SE near the projector at 13:12, before the start of
t he playback,

At 16:13 a single bowhead whal e was first sighted migrating ESE at medium
speed about 5.2 km WNW of the sound projector (whale #5in Fig. 64). This sight-
ing was near the sonobuoy dropped a few mnutes earlier, where the drilling
sounds (97 dB re 1 pPa, 20-1000 Hz) were barely audible (Fig. 65). At 16:55,
42 0Oin later, it was seen 3.0 kmeast of its original position and 2.4 km NNW
of the projector, heading east. These distances were calculated from the
aircraft’s VLF navigation system and are believed to be accurate. relative to
one another, within -0.3 km \Whale #5 had an average “ground speed” of 4.3 knh
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into the westward-noving current, including a 36 min dive. Rel ative to the
westward-noving ice. it averaged 5.1 knih. A whale suspected to be the sane
i ndi vidual was seen at 18:04 about 6 km ESE of its 16:55 location and 5.5 km east
of the sound projector. The average speed of novement from 16:55 to 18:04, if
this was the same whale, was 5.2 kmh (“ground speed”). The straight line path
between the 16:55 and 18:04 positions passed as close as 2 km from the operating
proj ect or. The novenments of whal e #5 appear to have been unaffected by the
projection of the drilling platform sounds. Neither the direction nor speed of
novenent appear to have changed markedly asthewhale approached and passed the
projector: however, the closest point of approach was -2 km away, and the whale
was below ice and invisible at that tine.

One additional bowhead (#6 in Fig. 64) was sighted noving ESE 2.3 km NW
of the projector from17:26 to 17:31, but was not seen again. It appeared to
be migrating along a route simlar to that of whale #5.

Most of the respiration, surfacing and dive data fromthe 23 May experi -
ment were obtained fromthe nmother/calf pair while they were 4.2-5.0 km fromthe
projector and traveling away fromit (Fig. 66). Sanple sizes (n= 4-7, excluding
calves) were too small for neaningful interpretation of these data by thensel ves.

The broadband source level of the drilling sounds on this date was -162 dB
re 1 puPa-m. A nonitor sonobuoy was deployed manually 1.3 km WNW from t he
projector at 13:00. By 18:00, they had drifted closer together--to 0.96 km
determ ned by theodolite. In addition, a sonobuoy was airdropped 5 km WANW of

the projector at 16:03. Recei ved levels of drilling sounds at these two
| ocations are sumarized below, in relation to anbient noise recorded at the
moni tor buoy before the playback began. The drilling sounds were weakly audible

to the human ear at 5 kmrange, and evident by power spectrum analysis [Fig. 65,
lower spectrum). The sounds were strong at the manual | y-depl oyed soncbuoy -1 km
from the projector (Fig. 65, upper spectrum:

Di st ance Dat a 20-1000 Hz Peek 1/3-Octave**
(km Type Drill. Amb. S:N Freg. Drill. Amb. S:N
Buor #12 @ 14:10 1.2 Meas. 111 102 9 200 105 89 16
“ @ 16,04 1.1 " 108 ‘ 6 200 100 <86 214
#25 @ 16:05 5 " -97 <97 low* 160. 250 8g* - -
Cow/ cal f @ 14:42 1 ~Meas. 110 102 8 200 104 89 15
" @ 15:41 4.2 " 100 <97 10w 160. 250 89 - -
@ 16:23 5 " 98 <97 low* 160, 250 88* - -
Bhd #5,6, est. CPA 2 Est. 107  <g7 -lo 200 101 <86 =215

%« Drilling noise was faintly detectable 5 km from projector, but broadband and
all 1/3-octave levels there were slightly Iess than the anbient noise at
13:12, before the playback started.

#% 1/3-octave Wi th maxi num received |evel was same as that with maxi mum S: N

W estimate that the broadband (20-1000 Hz) received |level was -110 dB at
the 1 km di stance where the nother/calf pair was seen heading away fromthe
projector at 14:42. The level in the strongest |/3-octave band was -104 dB. or
-15 dB above the ambient level in that band. This nother/calf pair presumably
was exposed to higher levels earlier in the playback period when they apparently
were closer to the projector. At range 2 km the approximate CPA position for
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two whales that mgrated ESE past the projector, the broadband |evel was ~107 dB
(S:N -10 dB). and the peak |/3-octave band |evel was -101 dB. =15 dB above
ambient in that band (200 Hz)

27 May 1989

Whale observations and pl ayback experiments were conducted al ong the
southern edge of the pack ice that fornmed the north side of the open |ead along
the fast-ice edge. Two projector sites were used. The first site was -4 km
north of the open | ead am dst the pack ice. It was along a secondary | ead
oriented SSWto NNE. Although it seemed to be a likely migration corridor for
whal es arriving from the west, no bowheads mgrated into the secondary |ead
during the observation period. However, several whales were seen migrating east
along the south edge of the pack ice, i.e. along the north edge of the main lead.
Hence, in late afternoon the projector was noved to a second site on a large pan
facing SWinto the open lead (Fig. 67).

Two nother-calf pairs were observed by the aircraft crew from 09:36 to
11:45 as they nmoved al ong the south edge of the pack ice from 3.8 km SSWof the
projector site to 6.7 km ESE of the projector site’. The whales sonetines trav-
eled inside the irregular pack ice edge among | oose pans, and at other tines
travel ed along the open water side of the pack-ice edge (Fig. 67). No sounds
were projected during this period; the playback equipnent was being set up.

The transmission |oss -test tape containing warble tones, pure tones. and
a sample of drilling noise was projected at the first steintermttently from
12:28 to 12:58. Drilling noise was then projected from 12:59 to 15:42. A
mot her-cal f pair was observed from 12:46 to 14:47 as they noved from 3.7 km WW
of the projector to 4.0km south. Unexpectedly, these whales were severely
di sturbed by a sonobuoy dropped about 750 m ahead of the whales at 13:30, and
they did not resume their eastward mgration until about 14:00 (see later section
on reactions to sonobuoys).

The sensitivity of these bowheads to the sonobuoy drop conplicated interp-
retation of the data. However, it appears that the nother-calf pair observed
during the playback followed a route simlar to the routes followed by the two
not her-calf pairs observed before the playback began. The cl osest point of
approach to the projector was about 3.7 km about wher the projector was first
turned on (Fig. 67).

The transm ssion | oss test tape was already being broadcast when this
mother/calf pair was first seen, so these whales were exposed to various warble
tones, pure tones, and sanples of drilling sounds when they were passing their
CPA position. Received levels of the pure tones near the whales (range 3.7 km)
were estimated to be as high as 104 dB, depending on frequency, with the strong-
est tone at 200 Hz. These estinates are based on the neasured levels of the
tones at a sonobuoy 1.1 km from the projector, adjusted based on the measired
rate of attenuation of Karluk sounds between 1.1 and 4.6 km The estimted
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received levels of the tones were as nuch as 31 dB (at 200 Hz) and 27 4B (at
500 Hz) above the ambient noise level in the corresponding 1/3-octave bands:

Measur ed Measur ed Esti mat ed 1/3-0B

Tone Sour ce Level Level Ambient

Fr equency Level @1.1 km @ 3.7 km Noise S:N
50 153 99 84 72 12
100 162 102 87 68 19
200 165 119 104 73 31
500 159 109 94 67 27
1000 156 107 92 80 12
2000 152 102 87
5000 152 87 72
10000 155 95 80

The received broadband | evel of drilling sounds was 113 dB at the nonitor

sonobuoy | ocated 1.1 km SE of the projector, and 94 4B at the location 4.6 km
fromthe projector where a buoy was airdropped. Thus, the broadband level at
the CPA position would have been about 97 dB, or about 11 4B above the back-
ground ambient level on this occasion. The received level within the strongest
|/ 3-octave band woul d have been about 92 4B, or 22 dB above the anbient |evel
in that band:

Distance Data 20-1000 Hz Peak 1/3-Octave**
(km Type Drill. amb. §S:N Freg. Drill Amb. §:
Buoy #28 @ 12:48 1.1 Meas. 113 86 27 200 110 70 40
#15 @ 14:52 4.6 94 “ 8x 200 89 “ 19
Cow/calf @ CPA 3.7 Est. 97 “ 11 200 92 “ 22
* Drilling noise faintly audible to the human ear 4.6 km from the pro.iector.

#% 1/3-g ctave with maximum received level was sane as that, with maxinum S N.

When the data fromthe period of sonobuoy di sturbance are excluded, there
was no significant relationship between any of the respiration, surfacing and
dive variables and distance from the sound projector (Fig. 68). However. sanple
sizes were small, and the range of distances fromthe projector (3.7-4.7 km) was
too narrow for meaningful interpretation. Li kewise. there were no dranatic
di fferences between values for the nother and calf observed during the playback
versus those for two nothers and two cal ves observed nigrating along simlar
paths earlier in the day (Fig. 68; P>0.1 in each case).

Because the whal es seen during the norning and early afternoon were [ oving
along the north side of the main WE lead. -4 km from the projector. we decided
to relocate the projector closer to the |ead. Q| production sounds were
broadcast from the second projector site (Fig. 67) from 18:15 to 21:13. However.
no nore bowheads were observed near that site by either the ice-based or the
aircraft crew.

29 May 1989

The ice camp was set up aong the SE side of a 2x6 km open lead in the pack
ice about 8 km north of the main lead. The 2x6 km lead was oriented WSW to ENE
and was the largest area of open water north of the main lead. A series of
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Fig. 68.

Distance from Projector (km)

Distance from Projector (km)

Respiration, surfacing and dive variables for bowhead whales observed on 27 May 1989, plotted in relation to distance from
a projector broadcasting test tones and drilling platform sounds amidst pack ice NE of Barrow, Alaska. The column of data
points at the right side of each graph represents the two mother/calf pairs observed before the playback began, i.e. not exposed
to drilling sounds or any other known disturbances. All data shown were collected by aerial observers. The open and closed

symbols on the scatter plots represent data for mothers and calves, respectively. Positions of these whales are shown on the
preceding Figure.
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wi del y spaced open areas and very narrow cracks west of the 2x6 km lead provi ded
a possible whale migration corridor from the main |ead toward the 2x6 km | ead.

Drilling sounds were broadcast from13:03 to 19:47. No bowheads entered the | ead
where the projector was operating, but a mother-calf pair was observed 9-11 km
from the projector at various times throughout the day. This cow and smal |

(4.0 m calf had al so been observed and photographed on 27 and 28 May (Fig. 57,

p. 158). On 29 May, these whales were in a secondary |ead about 1x2 km in si ze,

whi ch was connected to the lead with the projector (Fig. 69). The activity of
t hese whal es was a conbination of resting, |ocal travel, nursing and probable
feeding by the mother, but no net movement occurred during the 10:31 to 15:57
period (Fig. 58, p. 168).

No change in behavior wasevident when the drilling sounds began to be
proj ectedat 13:03. At 10:31, whenwe first encountered these whal es, the nother
was swimring slowy and the calf was riding on her back. The cal f nursed

briefly, the mother dove (probably to feed), and the calf remained on or near
the surface. They remained at the sane location for 14 Oin. W then left to
search for whales that were either closer to or traveling toward the projector.
This search was unsuccessful. \Wen we returned at 12:26, the nother/calf pair
had moved only 100-200 mto the NW  Their behavior was unchanged. and a13:02
they were only 250-300 m NWof their initial (10:31) position. They continued
to feed, rest and slowly travel along the west side of the open water area. The
calf traveled on its nother’s back and occasionally nursed. We left this area
at 13:55 and returned atl4:52. The whales were then 1 kmnorth of their |ast
position. They swam slowly northward until the open water narrowed to a small
crack; then they turned and swam slowly southward. The calf continued to ride
on its nother’s back.

These whales probably could not hear the projected drilling sounds. The
sounds were not evident tothehuman ear in the signals detected by a